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Abstract

Thesis title: Human intestinal cells across space and time
By: Rasa Elmentaite
Cells of the human intestinal tract undergo dynamic changes from development to
adulthood and in response to environmental stimuli. Recent advances in high-throughput
profiling of cells using transcriptomic approaches have vastly expanded the catalogue of cells
that are found across the human body. Nonetheless, a holistic view of intestinal cell diversity
across distinct intestinal regions (space) and multiple life stages (time) is still lacking.
The work presented in this thesis is focused on building a reference of human intestinal
cell types using novel genomic approaches including single-cell RNA sequencing (scRNAseq) and spatial transcriptomics. Importantly, we use this data to gain new insights into
intestinal cell organisation and function during in utero development, homeostasis, and in
rare and complex diseases.
Chapter 1 introduces the advances in single-cell genomic approaches within the last
decade and contrasts them with previous technologies used for cataloguing cells. Following
an overview of single-cell technologies, the intestinal spatial architecture, as well as key
cell types (e.g. epithelium, enteric neurons, stromal and immune cells) required for the
proper intestinal function, will be summarized. As an intestinal surface area, innervation
and immunity are established during in utero development, this chapter will also outline the
principles of relevant developmental events, namely villus formation, enteric nervous system
development, and lymphoid structure formation.
Chapter 2 outlines the materials and methods used for the generation and analysis of
single-cell and spatial data that will be discussed in the following results chapters.
Chapter 3 focuses on deciphering the key cell players in the process of human villus
formation. This chapter outlines the single-cell profiles of human embryonic and early
fetal gut tissue and explores the interactions between epithelial and mesenchymal cells. In
addition, these cell type profiles and cell networks are compared and contrasted with cells
found in the children diagnosed with chronic inflammation of the small intestines or Crohn’s

viii
disease. This analysis reveals similarities in epithelial cell changes during development and
regeneration.
Chapter 4 is focused on an in-depth analysis of epithelial and neuronal lineage composition and developmental relationships across different intestinal regions and life stages. In
this chapter an integrated view of the gut is presented, encompassing cells from in utero
development, childhood and adulthood, and up to 11 intestinal regions. We resolve regional
differences of BEST4+ absorptive cells, implicate IgG sensing as a novel function of intestinal tuft cells and resolve differentiation of enteroendocrine cell subsets. Analysis of the
epithelial cells is followed by resolving the developing enteric nervous system at the singlecell resolution and showing the patterned expression of Hirschsprung’s disease-associated
genes.
Chapter 5 is focused on the development of local intestinal immunity. In this chapter,
the three key cell types that orchestrate lymph node and gut-associated lymphoid tissue
formation in humans are described. The comparisons of these subsets with cells expanded in
Crohn’s disease patients reveal re-initiation of this cellular program during inflammation to
recruit and retain immune cells to the site of damage.
Lastly, Chapter 6 summarises the insights gained through single-cell analysis of intestinal
cell types and discusses these results in the light of recent literature on development and
inflammation.
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Chapter 1
Introduction
The intestinal tract presents an extraordinary interface between the internal and external
environments. It evolved to digest food without destroying itself; to harbour more bacteria
than there are cells in the human body, yet keep pathogens at bay by employing resident
immune cells; and to home the enteric nervous system, which provides an essential brain-gut
connection responsible for that "gut feeling" we ought to always trust.
Although the microscopic structure of the adult intestinal tissues has been well described,
the precise cell type composition, and how it changes throughout life, are still unclear. With
advances in single-cell RNA sequencing (scRNA-seq) technologies, it is now possible to
obtain high resolution and transcriptome-wide measurements of messenger RNA (mRNA)
molecules from thousands of individual cells in a single experiment. Cells can be computationally grouped based on transcriptional similarity, and their unique transcriptional
identities can be explored to infer their function. Technological advances in combination
with improved access to developmental and adult human tissues provide an opportunity to
investigate intestinal cell heterogeneity in an unbiased and quantitative way.
This chapter describes principles of cell type organisation in tissues and discusses how
advances in single-cell technologies have shaped our understanding of cell type heterogeneity
and tissue composition in humans. After introducing the architecture of the developing and
adult intestinal tissue, encompassing multiple lineages required for the proper function of the
gut, I will outline the scope of this thesis.

1.1

Cells and principles of tissue organisation

Cells are the fundamental units of life. The first definition of a cell was based on the seminal
work of Schleiden and Schwann in 1839, which developed into what is now known as cell
theory (Schwann, 1847). Cell theory states that all living organisms are composed of one or
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more cells that support the structural and functional requirements of an organism. In multicellular organisms, including humans, cells are organised into tissues, which themselves are
the key components of organs. Human organs are composed out of four basic types of tissue:
epithelial, nervous, muscle, and connective tissue, and hundreds of distinct types of cells are
known to date.
Cells can be broadly categorised into primary or supportive cells based on their function (Meizlish et al., 2021). Primary cells perform the main function, and supportive cells
assist primary cells. Primary cells across human organs include epithelial cells in mucosal
tissues, myofibres in the skeletal muscle, cardiomyocytes in the heart, and neuronal cells
in the central and peripheral nervous systems. Epithelial, muscle, and neuronal cells are
supported by three omnipresent cell lineages: fibroblasts, vascular endothelial cells, and
immune cells. However, the distinction between primary and supportive cells can change
depending on the context (Meizlish et al., 2021). For example, endothelial cells are core
cells in blood vessels and have a primary function in blood transport. At the same time,
endothelial cells could be considered supportive cells at the organ level, because they assist
epithelial cells in nutrient absorption. Thus at each level of organisation- cells, tissue, organs,
and organ systems- the same context-dependent principles of functional organisation apply.
There are organs that perform either primary or supportive functions in an organ system. For
example, the mouth belongs and functions as part of the respiratory, sensory, and digestive
organ systems.
To study complex biological systems, cell biology as a field applies a deconstruction
approach. Instead of tackling the system as a whole, the focus is on the functional units cells. The aim is to establish a cellular taxonomy and a catalogue of all cells, and by doing
so define functional properties that are shared across all cells and those that are associated
with specialised cell types. Many features have been used to define functionally distinct cell
types, including morphology, location, ontogeny, and interactions with other cell types. On
the molecular level, these cell features are defined by the proteins that carry out cell function.
Therefore, the identity of a cell could be determined by measuring its proteome, which is the
complete set of proteins expressed by a cell. In a cell, proteins are manufactured through a
two-step process involving transcription and translation. During transcription, the instruction
for making a protein is transcribed from DNA into an mRNA molecule. Once the mRNA is
processed by splicing, it is then translated into a sequence of amino acids according to the
genetic code. This flow of information from DNA to mRNA to protein is explained by the
central dogma of molecular biology.
Over the last decades, technologies to support high-throughput analysis of genomes,
transcriptomes, and proteomes have been developed. While studying the proteome arguably
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presents the most accurate way to define the function of a cell, current technologies that
measure proteins in single cells rely on either predefined sets of molecules (e.g. single-cell
mass cytometry (CYTOF) (Bendall et al., 2011)) or lack throughput (e.g. single-cell mass
spectrometry (Budnik et al., 2018)). One of the core issues with studying the proteome is that
proteins cannot be amplified. An alternative is to study the transcriptome as a proxy for the
proteome, as at the steady-state, the level of a transcript correlates with its protein level (Liu
et al., 2016; Lundberg et al., 2010). The development of RNA sequencing (RNA-seq)
technology has provided a new method to accurately identify and quantify RNA with highthroughput (Mortazavi et al., 2008). Compared to previous transcript profiling methods such
as microarrays, RNA-seq offers unbiased detection of transcript isoforms and quantification
of RNA sequence variation, which better informs on the range of proteins found in a cell.
RNA-seq has been used to profile tissues and organs offering a population average of cells and
their responses. As such, it has been highly informative for studying cross-tissue and diseaseassociated gene expression in humans (Kim-Hellmuth et al., 2020; Yizhak et al., 2019).
Motivated by a desire to study precious oocyte cells, further methodological developments
led to the application of RNA-seq to single cells for the first time in 2009 (Tang et al., 2009).
Compared to bulk RNA-seq, single-cell methods offered the ability to study rare cells and
individual cell responses that would otherwise be lost at the population level. Over the last
decade, single-cell genomics has evolved into a completely separate field with a goal to
understand tissue heterogeneity. Technological improvements were driven by the motivation
to improve cell capture throughput. It also generated new questions and incited ongoing
debates over how cell type identity is defined and how it differs from cell states induced by
the environment (Lähnemann et al., 2020; Trapnell, 2015).
It is also worth noting that transcript levels do not always directly translate to protein
levels in cells. For this reason, it is still difficult to model the abundance of proteome
based on the transcriptome, especially during state transition events, such as response to
signaling (Liu et al., 2016). This is partly due to the time delay between transcription and
translation. Furthermore, both transcription and translation events are stochastic, meaning
there is randomness that can lead to significant cell-to-cell variation in transcript and protein
levels in otherwise genetically identical cells. At a steady state, these variations may average
out over time, but this is not the case during rapid cell transitions. This cell-to-cell variation
in gene expression is further influenced by a range of post-transcriptional modifications on
mRNA that affect their topology, lifespan, and translation rate. Detection and quantification
of post-transcriptional modifications on the whole transcriptome level are just beginning to
emerge, but similar to ’bulk’ RNA-seq methods, require many cells as an input (Dominissini
et al., 2012). Similarly, post-translational modifications add another level of complexity
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and can influence protein function (e.g. glycosylation, phosphorylation) and their half-life,
making it difficult to predict the function of a cell-based on transcriptome or proteome alone.
Therefore, performing measurements of multiple cell features in single cells is desirable for
precise modeling of cell function.

1.2

Single-cell genomics era

After the first report of scRNA-seq (Tang et al., 2009), the development of multiple accurate
and sensitive methods to profile single cells in parallel followed (Svensson et al., 2018). Early
approaches sampled only a handful of manually picked or flow-sorted cells and explored
different transcript segment capture (3′ , 5′ ends or full-length transcripts) (Hashimshony
et al., 2012; Islam et al., 2012; Natarajan, 2019; Picelli et al., 2013; Ramsköld et al., 2012).
This was followed by the development of MARS-Seq, which applied liquid handling in 384
well plates and increased cell capture to a thousand cells (Jaitin et al., 2014). In the same year,
the first commercially available scRNA-seq system was released by Fluidigm, which offered
automated cell lysis, RNA extraction, and cDNA synthesis for up to 800 cells all within
one microfluidic chip system (Fluidigm C1, https://www.fluidigm.com). Technologies that
utilise cell barcoding and random unique molecular identifier (UMI) sequences for labeling
individual mRNA molecules in cells enabled high-throughput cell capture. Thousands of
cells are captured using nanowell, droplet, and in situ techniques (Svensson et al., 2018). The
most recent technologies such as SPLiT-seq (Rosenberg et al., 2018) and sciRNA-seq3 (Cao
et al., 2019) increase throughput to hundreds of thousands and millions of cells per run by
exploiting multiplexed barcoding.

1.2.1

scRNA-seq experimental workflow

Regardless of technology, the first and critical step in scRNA-seq experiments is cell isolation.
To sequence large quantities of cells in a single experiment requires effective cell isolation of
heterogeneous cells. Cells can be released from tissue using enzymatic digestion (e.g. using
Liberase or Collagenase enzymes) or physical dissociation. However, organs composed of
complex tissues may require more than one cell isolation approach. For example, circulating
immune cells can be collected by washing the tissue with PBS, while stromal cells have
a tight network of connections to the extracellular matrix requiring longer digestion. In
addition, manipulation of fragile cells may lead to cell death. Part of the experimental
workflow in scRNA-seq experiments is the assessment of cell viability using Trypan blue
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dye which passes through the broken cell membrane and stains the cytoplasm of dead cells
(Figure 1.1).
The profiling of single cells has been driven in large part by a desire to study rare
cells. Therefore enrichment of target cell populations is an important part of the scRNA-seq
workflow. A classical method for cell retrieval is micromanipulation or manual cell picking
from a cell suspension using a glass micropipette and an inverted microscope (BrehmStecher and Johnson, 2004; Guo et al., 2017). Although micromanipulation is a very
flexible technology, isolating single cells is time-consuming and has low throughput. The
development of high throughput microfluidics combined with fluorescence-activated cell
sorting (FACS) provided the ability to purify single cells in parallel (Bonner et al., 1972;
Julius et al., 1972). The method is based on the ability to tag specific cell surface molecules
with a fluorescent monoclonal antibody and sorting of cells based on fluorescence. In addition
to cell isolation, cellular properties such as relative size and granularity as well as a spectrum
of functional properties can be recorded by FACS prior to sequencing. Today FACS is a
preferred method for enriching rare cells (<1% in a population) or depleting highly abundant
cells for scRNA-seq experiments. For example, stromal cells are a minor population in
immune cell-dominated lymphoid tissues such as lymph nodes. Immune cell depletion
based on CD45 receptor expression allows enrichment of the stromal and endothelial cell
fraction in the final cell suspension. Similarly, commercially available methods such as
magnetic-activated cell sorting (MACS) can be applied to enrich or deplete target populations
using magnetic nanoparticles coated with antibodies against a particular surface antigen
and a column containing a strong magnet (Miltenyi et al., 1990). Unlike FACS, MACS
does not require expensive equipment and an experienced user. The potential limitations of
sorting technologies include the requirement for a large starting number of cells (>10,000),
availability of monoclonal antibodies against target proteins of interest, and prior knowledge
of specific surface markers.
Following target cell type isolation, single cells and their mRNA molecules need to be captured and tagged using cell-specific barcodes. Currently, the most popular method for scRNAseq is the commercially available droplet-based 10x Genomics platform (https://www.10xgeno
mics.com/). Similar to its predecessor technologies Drop-seq and In-Drop (Klein et al., 2015;
Macosko et al., 2015; Zheng et al., 2017), cells in the 10x Genomics platform are captured
into the water in oil emulsion. Apart from a cell each droplet contains gel bead-in-emulsion
(GEM) with covalently linked oligos(Figure 1.1). In the 3′ transcript capture technology, each
oligo contains a single-stranded sequence comprised of a 16 nucleotide unique molecular
identifier (UMI), 10 nucleotide cell barcode required to relate captured mRNA molecules to
its cell, and deoxythymine (polydT) required for the capture of the poly(A) tail of mRNA
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molecules. In the 5′ transcript capture technology, a polydT oligo is instead supplied as
a reverse transcription primer. The 5′ gel bead contains a TSO (template switch oligo),
which hybridizes to the free C nucleotides added to the cDNA during reverse transcription
and allows incorporation of the gel bead oligo sequence into the cDNA strand (Figure 1.1).
Typical cell recovery in 10x Genomics experiments span 5,000-10,000 cells. Commonly,
only 10-20% of mRNA will be captured from each cell (Islam et al., 2014) and the low
mRNA capture remains a challenge for existing scRNA-seq protocols.
An added advantage of 5′ capture technology is the ability to amplify antigen receptor or
V(D)J sequences from single cells(Figure 1.1). Highly diverse antigen-binding regions of
T and B cell receptors (TCR and BCR) result from the V(D)J somatic recombination that
occurs in developing and maturing lymphocytes (Janeway Jr et al., 2001). The resulting
unique amino acid sequences in the antigen-binding regions allow for the recognition of
self-antigens and foreign antigens from a wide variety of pathogens. The variable part of
TCR or BCR is in the 5′ end of the transcript of both light and heavy chains (Figure 1.1).
By utilising a primer against the constant region, variable (V), diversity (D), and joining (J)
segments are amplified during the 10x Genomics workflow. This enables the identification of
clonal T or B cells based on their TCR or BCR sequence similarity.
In parallel with improvements in droplet scRNA-seq, technologies to measure chromatin
accessibility (scATAC-seq) or gene expression from single nuclei (snRNA-seq) have been
developed. snRNA-seq enables sequencing of transcriptomes from cells that are difficult
to isolate from tissues, such as cardiac cells (Litviňuková et al., 2020). scATAC-seq allows for gene expression to be related to genome-wide chromatin accessibility in single
cells (Buenrostro et al., 2015). Following combined gene expression and V(D)J sequencing in single cells, technology development has started to shift towards sampling multiple
cell readouts from single cells. Technologies for combined sequencing of gene expression
and chromatin accessibility in single nuclei have emerged (Cao et al., 2018; Chen et al.,
2019). Today commercial assays for multiome sequencing are available from 10x Genomics
(https://www.10xgenomics.com/). In addition, technologies such as CITE-seq enable detection of cellular proteins in combination with the single-cell transcriptomes by utilising a panel
of oligonucleotide-labeled antibodies (Stoeckius et al., 2017). Finally, protocols to measure
DNA accessibility, mRNA, and protein in single cells have recently been published (Swanson
et al., 2021).
Despite providing a wealth of information, single-cell methods typically do not preserve
spatial tissue context. This has motivated the development of methods for whole transcriptome spatial mapping. Single-molecule fluorescence in situ hybridization (smFISH) has
been the main technology to detect and quantify individual transcripts in tissue. smFISH
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Fig. 1.1 Experimental scRNA-seq workflow.
Tissue sample is dissociated to single-cell suspension using enzymatic or mechanical digestion. Cell viability is assessed using bright-field microscopy and cells are counted. At this
point, cell type enrichment can be performed (e.g. using magnetic or fluorescence-activated
cell sorting) to select cells of interest. Various platforms for single-cell capturing are available; the droplet-based 10x Genomics scRNA-seq technology workflow is illustrated here.
In the 10x Genomics workflow, each barcoded bead forms an isolated droplet in oil-phased
channels, and individual target cells can incorporate into the droplet where the actual capturing of mRNA occurs. Each barcoded bead is tagged with oligo sequences containing
i) a cell barcode, ii) a unique molecular identifier (UMI), and iii) a poly-dT sequence for
hybridization to the poly(A) tails of each mRNA (3′ technology) or template switching oligo
(5′ technology). 5′ capture technology can be used to amplify the antigen receptor sequences
(light and heavy chains of T/B cell receptors and antibodies) characteristic to T and B cell
lymphocytes. Figure generated using BioRender.
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typically detects up to 3-4 mRNA types (e.g. RNAscope (Wang et al., 2012)). Over the last
five years, the technology has advanced to enable the detection of hundreds or thousands of
mRNA molecule types in parallel. Some of the main multiplexed smFISH methods include
MERFISH (Chen et al., 2015; Xia et al., 2019), in situ sequencing (Ke et al., 2013) and
seqFISH (Eng et al., 2019). An alternative method called spatial transcriptomics was first
developed by Ståhl et al. (2016) and uses an oligo-dT tagged grid of spots, each of which has
a unique spatial barcode. Fresh-frozen tissue sections are placed on the grid, permeabilised,
and captured RNA is used to prepare sequencing libraries of the whole transcriptome. The
sequencing data is then related to histology images of tissue taken prior to permeabilisation.
Since each spot covers 100 µm, it captures approximately 10-100 cells depending on the
anatomical structure and cell density. Current commercially available systems have reduced
the spot size to 55 µm (10x Genomics Visium), and alternative methods with 2–10 µm spots
have been published (e.g. Slide-seq (Rodriques et al., 2019), high-definition spatial transcriptomics (Vickovic et al., 2019)). Although current commercial spatial transcriptomics assays
do not offer single-cell resolution, cells can be computationally resolved using single cell or
nuclei transcriptome mapping to the spatial coordinates (e.g. Stereoscope (Andersson et al.,
2020), Seurat (Stuart et al., 2019), RCTD (Cable et al., 2021), Cell2location (Kleshchevnikov
et al., 2020).

1.2.2

Computational cell type classification

Advances in the scRNA-seq field were further driven by the development of user-friendly
computational tools and pipelines for data pre-processing and downstream analysis. Common
best practices have been thoroughly reviewed by Luecken and Theis (2019) and Hwang et al.
(2018). In brief, scRNA-seq analysis workflows begin with sequencing read alignment and
quantification resulting in a cell x gene count matrix. The mapping can be performed by
utilising existing bulk RNA-seq alignment and quantification methods such as STAR (Dobin
et al., 2013). Dedicated scRNA-seq pre-processing pipelines, such as Cell Ranger (Zheng
et al., 2017), include an additional demultiplexing step to assign reads to cellular barcodes
and collapse reads with identical UMIs. Once the count matrix is generated, the downstream
analysis includes read normalisation, quality control, feature selection, dimensionality reduction (e.g. PCA, t-SNE, UMAP), and cell clustering (e.g. leiden, louvain (Traag et al.,
2019)). These steps are outlined in the analysis toolkits in R and python (Butler et al., 2018;
McCarthy et al., 2017; Wolf et al., 2018).
Quality control steps typically involve the identification of cell barcodes with a low
number of genes or UMI counts that correspond to empty droplets. Similarly, doublets
that result from the capture of more than one cell in a single droplet can be removed by
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thresholding the outliers with an unexpectedly high number of UMI counts and genes. More
sophisticated algorithms for doublet detection are also available such as Scrublet (Wolock
et al., 2019), DoubletFinder (McGinnis et al., 2019) and others thoroughly benchmarked
by Xi and Li (2021). Both aforementioned methods generate artificial doublets by adding
up the existing droplet gene expression profiles and calculate the doublet score for each
real droplet based on the proportion of artificial droplets in their k-nearest neighbour space.
Scrublet and DoubletFinder are user-friendly and perform best on both synthetic and realworld scRNA-seq data (Xi and Li, 2021), making them currently the most popular methods
for doublet identification. Other sophisticated quality control methods include those that
estimate and remove ambient or free-floating mRNA counts from the count matrix such as
soupX (Young and Behjati, 2020), Cellbender (Fleming et al., 2019) and souporcell (Heaton
et al., 2020). Ambient mRNA counts originate from lysed cells and tend to vary in different
tissue types and experiments. The existing methods estimate ambient mRNA contamination
in the empty droplets and use this information to correct counts in real droplets.
The first goal of the downstream scRNA-seq analysis is cell type annotation. This
typically involves cell clustering and examination of known marker gene expression to
identify previously known cell types. Differential gene expression analysis between cell
clusters can assist in this task and provide new candidate marker genes. It is worth noting
that experiments typically contain multiple samples with distinct technical and biological
variations. For this reason, it is important to evaluate and account for batch effects or systemic
technical variation unrelated to biology and often a result of variations in sample preparation.
This is especially important when handling human tissues, as experimental conditions are
often difficult to control and depend on sample availability. To account for technical variation,
several batch alignment methods have been developed (Butler et al., 2018; Korsunsky et al.,
2019; Polański et al., 2020). Experimentally, batch effects can be controlled by pooling cells
across samples or experiments using multiplexing and cell tagging approaches (Shin et al.,
2019; Stoeckius et al., 2018).
Using clustering and marker genes also allows for novel cell type discovery. Within
the last few years, many disease-relevant and rare cell types and states have been identified
using this approach, including lung ionocytes (Plasschaert et al., 2018) and placental NK
cells (Vento-Tormo et al., 2018). However, manual cell type annotation is an iterative and
laborious process. For this reason, tools that automatically annotate single cells are gaining
popularity. Amongst these methods, recently reviewed by Pasquini et al. (2021), are those
based on marker genes (e.g. logistic regression), correlation-based methods that require a
single-cell reference dataset (e.g. Azimuth, scmap (Kiselev et al., 2018), CellTypist (Conde
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et al., 2021)) and neural network-based algorithms for semi-supervised label transfer (e.g.
scNym (Kimmel and Kelley, 2021)).
Within tissues, individual cells continuously undergo dynamic changes during differentiation and in response to external signals. scRNA-seq data is able to capture these subtle
changes and can be used to infer lineage relationships and cell position along differentiation
trajectories. Trajectory inference adds value by revealing gene expression dynamics across
cells and can identify factors triggering state transitions. The concept of ordering single cells
along a "pseudotime" trajectory was first introduced by the development of the Monocle
algorithm and using data from time course experiments (Trapnell et al., 2014). The original
Monocle algorithm required user input to specify the starting point of branched trajectories
based on prior experimental or biological knowledge and has been improved since to include
unsupervised data-driven approaches (Qiu et al., 2017). Most trajectory analysis methods
order individual cells based on gene expression. In contrast, scVelo exploits RNA kinetics
to estimate the future transcriptomic state of cells (La Manno et al., 2018). The method
relies on quantifying the proportion of spliced/unspliced reads in single cells and uses this
information to infer the rate of change in transcript abundance for each gene. These estimates
allow cells to be placed along the trajectory without prior knowledge of the "root" cell. More
complex differentiation trajectories can be summarised using PAGA graph-like maps based
on estimating connectivity between cell clusters (Wolf et al., 2019).
Transcriptomics data is also often used to predict receptor-ligand interactions in tissues (Elmentaite et al., 2019). The benefit of single-cell data is the ability to identify
between interacting cell types and computational approaches have been developed to assist
in studying cell-cell interactions (Armingol et al., 2021). In tissues, cells communicate either
through direct interaction via gap junctions/surface receptors or secreted paracrine (local)
and endocrine (distant) ligands. Cell-cell communication scenarios include ligand-receptor,
receptor-receptor, and extracellular matrix-receptor interactions. The most common methods
used for predicting cell-cell communication from transcriptomics data take advantage of
curated databases of known ligand and receptor pairs (Armingol et al., 2021; Efremova
et al., 2020; Jin et al., 2021; Vento-Tormo et al., 2018). Nevertheless, the interpretation
of the interaction networks requires a number of assumptions, including that the protein is
translated, presented on the surface of a cell, and is in proximity to its interactive partner.
This is especially relevant for organs such as the gut, composed of highly compartmentalised
tissue layers and cells capable of bridging these layers (e.g. stromal, immune, endothelial,
and neural cells). Therefore, it is important to emphasise that interaction analysis is an
intermediate step, and inferred signalling should be validated in tissues.

1.3 Architecture of the adult intestine
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The international Human Cell Atlas (HCA) initiative aims to create a comprehensive
reference map of all human cells based on genomic data (Regev et al., 2017). Since the launch
of the HCA consortium in 2016, the number of single-cell studies focusing on individual
human organs has grown rapidly, with over 54 million cells and nuclei sequenced from 18
organs so far (Lindeboom et al., 2021). The first large-scale scRNA-seq datasets included
multiple tissues (e.g. fetal placenta and maternal blood, decidua (Vento-Tormo et al., 2018).
However, the most common approach has been to tackle one organ at a time. These singleorgan datasets in combination with recent cross-tissue studies (Buechler et al., 2021; Conde
et al., 2021; Eraslan et al., 2021; Han et al., 2020; He et al., 2020; Quake et al., 2021; Sungnak
et al., 2020) are revealing substantial cellular heterogeneity across tissues and disease states.

1.3

Architecture of the adult intestine

The gastrointestinal (GI) tract is one of the largest organ systems in the human body with
primary functions in digestion and nutrient absorption. It is also the body’s largest reservoir
of lymphoid tissue and is supported by the enteric nervous system which has more neurons
than the spinal cord (Mowat and Agace, 2014; Watson et al., 2010). Organs that belong to the
GI tract include the esophagus, stomach, small intestine, and colon, and these organs work in
coordination with the pancreas, liver, and gall bladder(Figure 1.2a). The lower intestinal tract
or gut is further functionally divided into the small intestinal regions including duodenum,
jejunum, and ileum, and colonic regions, including appendix, caecum, colon (subdivided into
ascending, transverse, descending, sigmoid segments), and rectum. Common to all intestinal
regions is the presence of four tissue layers: mucosa, submucosa, muscularis propria, and
serosa (Figure 1.2b). The mucosa is the innermost layer of the gut lined by the absorptive
epithelium. The mucosal layer also includes a layer of connective tissue called lamina
propria, which contains circulating immune cells, connective fibroblasts, and a thin layer of
smooth muscle called muscularis mucosae. Beneath the mucosa rests the submucosal layer,
which contains networks of large blood and lymphatic vessels, connective tissue, and enteric
ganglia (submucosal plexus). Wrapping around the submucosa, the muscalaris propria with
circular and longitudinal smooth muscle layers generate rhythmic peristaltic contractions
that move the food along the intestinal tract. In addition, the myenteric plexus composed
of enteric neurons and glia are located within this layer. Signalling between the myenteric
and submucosal plexii is required to control peristaltic movements and secretory functions
of intestinal epithelial cells. An additional layer of signal control between motor neurons
and smooth muscle cells is mediated by intestinal pacemaker cells or interstitial cells of
Cajal (ICC) located in between the muscular layers (Sanders et al., 2016, 2012). Finally, the
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outermost layer of the gut is covered by the mesothelial cells of the serosa layer that function
to reduce the friction between internal organs. While this general architecture is conserved
across regions, there are also unique features in mucosa layers such as villi that are found
only in the small intestinal regions and are necessary to fulfill the absorptive requirements of
the upper GI tract (Figure 1.2b).
Changes in the cell type composition and their function in the intestinal tissue are
associated with the development of inflammatory bowel disease (IBD). IBD is an umbrella
term for two complex chronic inflammatory conditions: Crohn’s disease (CD) and ulcerative
colitis (UC). While CD most often affects the small intestine, UC occurs in the colon and
rectum. In recent decades, incidences of IBD in children and adults have risen around the
world (Molodecky et al., 2012; Rosen et al., 2015). Inflammation observed in IBD is a
result of a combination of environmental and genetic factors that cause microbial imbalance,
breakdown of the absorptive epithelial layer, and overactivation of immune responses. Current
treatments for patients with IBD include anti-inflammatory and immune-suppressive drugs
or antibody-based treatments that target tumor necrosis factor (TNF) or affect immune cell
recruitment (Neurath, 2017). While side effects such as opportunistic re-infections are
common with these therapies, long-term effects of untreated inflammation include cancers.
Therefore, there is a need for the development of targeted therapies based on molecular
pathways and processes that are specific to intestinal biology (Uhlig and Powrie, 2018).

1.3.1

Cellular complexity of the adult intestine

Transcriptional profiling of tissue offers insights into the molecular mechanisms underlying
the function of the intestines in health and IBD. For example, bulk RNA-seq profiling of the
whole tissue or purified intestinal populations provided gene signatures to distinguish between
subtypes of IBD (Escudero-Hernández et al., 2021; Holgersen et al., 2015; Hong et al., 2017;
Howell et al., 2018). Although significant progress in understanding the cellular landscape
of the gut was made prior to the development of scRNA-seq technologies, single-cell data
has provided an unprecedented resolution to comprehensively connect existing individual
insights. This section will outline the exceptional cellular complexity of the intestinal tract
focusing on the epithelial, stromal, immune, and neural lineages, and will discuss the existing
knowledge in the light of relevant single-cell studies published to date.
To adequately fulfill the cellular demands of these complex functions, the simple columnar
intestinal epithelium is organized into villi, finger-like structures that protrude into the lumen.
The intestine has a high rate of epithelial cell turnover, driven by undifferentiated intestinal
stem cells at the base of domains called crypts. The intestinal stem cells uniquely marked
by LGR5 (Barker et al., 2007) proliferate via a transit-amplifying (TA) cell stage and give
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Fig. 1.2 Architecture of the adult human intestine.
a) Digestive organ system. Intestinal regions are highlighted in bold. b) Layers of the gut
wall, including mucosa, submucosa, myenteric plexus, and serosa. Zoom panel shows the
endoscopic, histological, and cellular differences between the small intestinal and colonic
mucosa layers. The small intestinal epithelium contains proliferative crypts and villi. Intestinal epithelial cells are produced from stem cells near the bottom of the crypts. After a few
days, villus-tip epithelial cells are replaced by new cells that are migrating upwards from the
crypts. Stem cells in the crypts give rise to enterocytes/colonocytes, and secretory cells such
as mucus-secreting goblet cells and Paneth cells that produce antimicrobial peptides. Most
intestinal immune cells are found in the lamina propria and intraepithelial lymphocytes are
interspersed between epithelial cells. Colonic epithelium lacks villi and Paneth cells. The
main function of the colonic epithelium is to reabsorb water and create a barrier from the
commensal microbiota. DC, dendritic cell; SIgA, secretory immunoglobulin A. Adapted
from Mowat and Agace (2014). Figure generated using BioRender.
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rise to specialised epithelial lineages. These include absorptive enterocytes/colonocytes,
enteroendocrine, goblet, Paneth, tuft, and microfold cells. Each epithelial subtype performs
a specialised function. In addition, a unique kind of absorptive colonocytes expressing
calcium-sensitive chloride channel bestrophin-4 (BEST4) has been identified using single-cell
studies (Huang et al., 2019; Parikh et al., 2019; Smillie et al., 2019). This cell type expresses
pH detecting proton channel otopetrin 2 (OTOP2) and may function to transport salt, ions,
and metals to maintain luminal pH and support optimal microbial growth (Parikh et al., 2019;
Smillie et al., 2019). BEST4+ cells have potential roles in both IBD (Parikh et al., 2019;
Smillie et al., 2019) and colorectal cancers (Li et al., 2017; Uhlitz et al., 2020).
The intestinal epithelium is directly exposed to contents of the lumen and acts as an
important mediator between commensal microbes and local immune cells. Single-cell studies
have clarified ways in which intestinal epithelial cells participate in immune responses. For
example, sentinel goblet cells in colonic crypts were previously shown to detect bacterial
invasion and secrete specific mucins (encoded by MUC2 gene) that protect the intestinal
epithelium from pathogens (Birchenough et al., 2016). A recent single-cell study has shown
the presence of inflammation-associated goblet cells in the human colon (Parikh et al., 2019).
These goblet cells secreted an antibacterial defense factor encoded by the WFDC2 gene,
which is associated with UC. This revealed a possible functional role of goblet cells in
protecting mucosal barrier integrity. In addition, single-cell studies have added evidence for
immunity-related functions of tuft and microfold cells. Tuft cells are very rare (<0.4% of the
intestinal epithelium) and have a role in sensing luminal pathogens and mounting a defense
against helminths (Gerbe et al., 2016; Von Moltke et al., 2016). Single-cell studies in mice
have described the presence of two types of tuft cells, one expressing neuron-related genes
and the other with immune-modulatory functions (Haber et al., 2017). In humans, tuft cell
function is less well defined, even though they have been shown to express CD-associated
genes (Huang et al., 2019). Microfold cells are also rare and have a specialised function.
They overlie Peyer′ s patches in the small intestines and survey and transport luminal antigens
to the lamina propria (Dillon and Lo, 2019; Mabbott et al., 2013). A recent single-cell study
has shown that microfold cells are expanded 17-fold in inflamed human colon (Smillie et al.,
2019). Nevertheless, their functional role in inflammation is not well understood.
Stromal cells are tasked with maintaining the structure and integrity of the epithelial barrier and interact through ligand and receptor signalling with both epithelial and immune cells.
In the gut, stromal cells include mesenchymal origin cells such as fibroblasts, myofibroblasts,
smooth muscle cells in the lamina propria, and vascular pericytes and fibroblasts that support
endothelial cells. It is well known that mesenchymal factors are required for the maintenance
and differentiation of intestinal epithelial cells. Developments of in vitro organoid systems
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have been instrumental in understanding the minimal composition of the niche required
for epithelial cell survival (Sato et al., 2009). Regarding signalling cues, R-spondin (WNT
pathway agonist), epidermal growth factor (EGF), and the bone morphogenetic protein
(BMP) signalling inhibitor noggin are all required to maintain intestinal cells in culture. Both
crypt-base Paneth cells and mesenchymal cells supply factors needed to activate WNT, EGF
and inhibit BMP signalling in intestinal stem cells (Sato et al., 2011a). In mice, FOXL1+
mesenchymal cells or telocytes have been identified as the source of Wnt ligands required
for the control of intestinal stem cell proliferation (Aoki et al., 2016). While studies in
mice corroborate the importance of the mesenchyme for providing these essential signals,
the heterogeneity of mesenchymal subsets was not clear prior to advances in single-cell
technology. Recent scRNA-seq studies profiling gut mucosa revealed previously unknown
heterogeneity within the stromal compartment. Five distinct mesenchymal populations were
defined in the human colon, including myofibroblasts, lamina propria fibroblasts (Stromal 1),
WNT and BMP-producing upper crypt fibroblasts (Stromal 2), RSPO3+ crypt base fibroblasts
(Stromal 3), and UC-associated fibroblasts (Stromal 4) (Kinchen et al., 2018; Smillie et al.,
2019). Another study identified a similar population of inflammation-associated fibroblasts
that are significantly expanded in biopsies from UC patients versus controls (Smillie et al.,
2019). Transcriptional profiles of inflammation-associated fibroblasts suggest their role in
recruiting immune cells to the gut mucosa.
In healthy tissue, intestinal fibroblasts are positioned in discrete compartments to support
the needs of LGR5+ intestinal stem cells and individual differentiating enterocytes along
the crypt axis. Stromal 1 lamina propria fibroblasts populate the mucosal connective tissue
and provide structural support in tissue. Stromal 2 fibroblasts reside in close proximity to
epithelial cells, suggesting a role in epithelial cell differentiation and barrier maintenance via
the production of WNT5A, WNT5B, BMP2, and BMP5. Crypt base fibroblasts in contrast
regulate the survival of intestinal stem cells specifically (Kinchen et al., 2018; Smillie et al.,
2019). The mesenchymal cell subsets in the small intestine and during development are less
well resolved.
The intestinal tract is also a principal site where priming of adaptive immune cell responses occurs. In addition to associated mesenteric lymph nodes (mLN), the intestinal tract
also contains local sites of gut-associated lymphoid tissue (GALT), including Peyer′ s patches
and colonic patches. These secondary lymphoid sites have evolved to support the intestinal
immune system in maintaining tolerance to food antigens and commensal microbiota. In
addition, they are necessary for effective host response upon infection. GALTs are found in
the mucosa and submucosa where adaptive T and B cells are generated. Conversely, effector
immune cells are distributed throughout the lamina propria and within the epithelium. Just
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like lymph nodes, GALTs are highly compartmentalised into T cell zones and B cell zones
(or germinal centres) and contain a variety of specialised immune cells, such as macrophages,
dendritic cells, and T follicular helper cells (reviewed in Krishnamurty and Turley (2020)).
Fibroblasts play an important role in compartmentalisation of the immune cells within
GALT structures. Fibroblastic reticular cells (FRCs) are found across secondary lymphoid
organs. FRCs in T cell zones attract CCR7-expressing naïve T cells and DCs via the
expression of CCL19 and CCL21 and are termed T-zone reticular cells (TRCs). In the B
cell zones, CXCL13-expressing fibroblasts are predominant and recruit CXCR5-expressing
B cells and follicular T cells. B cell FRCs are known as marginal reticular cells (MRCs)
and follicular dendritic cells (FDCs)(reviewed in Krishnamurty and Turley (2020)). Several
single-cell studies report the presence of immune-organizing fibroblasts across human tissues.
For example, up to five FRC populations have been identified in human lymph nodes with
defined counterparts in mice (Kapoor et al., 2021; Takeda et al., 2019). Interestingly, TRCs
defined in humans provided signals to conventional dendritic cells that are key to a proper T
cell response, suggesting that TRCs not only recruit T cells but also provide a niche to lymph
node resident cells (Kapoor et al., 2021). FDC and TRC-like subsets were also observed
in human intestinal data (Kinchen et al., 2018), however, these populations are less well
characterised.
There are important differences in the distribution of GALT structures and variation in
immune populations along the intestinal tract. For example, the frequency of lymphoid
follicles in both humans and mice peaks in the terminal ileum (Mowat and Agace, 2014).
There are also differences in immune cell frequency, for example, T regulatory (Treg) cell
accumulation in the colon. Recent profiling of human intestinal immune cells has shown an
increase of immunosuppressive genes in regulatory T cells between the mesenteric lymph
nodes and the colon (James et al., 2020). B cell diversity also varies across the length of the
colon. Profiling transcriptomes and antigen receptors of single immune cells revealed that B
cells clonally expand from the cecum to the sigmoid colon, likely because of the increasing
number of reactive bacterial species (James et al., 2020). Factors that determine regional
differences in the intestinal immune system have the potential to explain why intestinal
diseases tend to occur at particular anatomical sites.
Finally, enteric neurons reside within the gut wall and are spatially positioned in two
layers: between the circular and longitudinal muscle layers (myenteric plexus) and in the
submucosa (submucosal plexus). ENS neurons and glia are organized into ganglia, that
contain diverse neuronal subtypes. The neurons between the two layers are interconnected
by interneurons, motor neurons, and enteric glial cells. Isolation of single enteric neurons is
challenging using current cell dissociation protocols because they are rare and form intricate
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networks with other neurons. To put this into context, in one study, only 48 neurons out
of 20,167 nuclei profiled have been captured using 10x Genomics technologies (Wright
et al., 2021). A recent study used profiling of intact nuclei with ribosome-bound mRNA
(RAISIN RNA-seq) to capture 6,513 enteric neurons of the colon out of 1.6 million cells
sequenced (Drokhlyansky et al., 2020). Collectively, single-cell studies define 4–7 types of
enteric glia and 20 enteric neuron types, 8–14 of which are located in the myenteric plexus.
Cross-tissue studies in mice have shown that enteric neurons have similarities with neurons
found in the central and peripheral nervous systems and share expression of neurotransmitters
and neuropeptides such as acetylcholine, GABA, glutamate and nitric oxide (Zeisel et al.,
2018).

1.4

Prenatal intestinal development

To fully mature, the intestine must go through a series of developmental transitions starting
with the formation of three primary germ layers: endoderm, mesoderm, and ectoderm. Germ
layers arise from embryonic stem cells during a process known as gastrulation. Within the gut
endoderm develops into the epithelial lining facing the lumen, the mesoderm forms smooth
muscle layers and fibroblasts, and ectoderm gives rise to the enteric nervous system. At the
start of embryonic development, the endoderm exists as a sheet of simple epithelium with
underlying mesoderm. Through a stepwise process of gut tube morphogenesis, the endoderm
folds to create a closed tube. The newly formed gut tube is regionally patterned along the
anterior-posterior (A–P) axis into the foregut, midgut, and hindgut. Ultimately, the foregut
will give rise to the esophagus, stomach, lungs, pancreas, and liver; the midgut develops
into the small intestine, and the hindgut forms the appendix, large intestines, and rectum
(reviewed in Spence et al. (2011a)). Concurrently, the gut grows rapidly, lengthens, and as a
result produces a regular "looping" pattern to fit within the body cavity. This looping can
be explained by mechanical forces that arise from the differences in elasticity and rate of
growth between gut and anchoring mesentery, which pulls the gut into loops (Savin et al.,
2011). At the cellular level, these forces are established by the epithelial and mesoderm cells
of the mesentery that expand and contract to facilitated gut tube looping and rotation (Welsh
et al., 2013). Within the gut tube, the epithelium undergoes a stepwise transition from
pseudostratified epithelium to crypt-villi structures. At 4 weeks of gestation, vagal neural
crest cells migrate from the neural tube and gradually colonise the entire length of the gut.
At weeks 8–11 of gestation, lymph node, and gut-associated lymphoid tissue organogenesis
begins. While development is generally similar across species, mouse and human intestinal
development have some differences (Table 1.1). For example, crypts in humans form during
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Table 1.1 Milestones of intestinal development. Adapted from (Walton et al., 2016a).
*Gestational age is measured from the first day of the mother’s last menstrual cycle. Postconception week (PCW) is approx. 2 weeks later than GW (e.g. 4 GW = approx. 2 PCW).
Developmental event
Gut tube closure
NCC migration
Loop formation
Villus emergence
Retraction of the gut to body cavity
Lymph node and GALT formation
Crypt development

Human (40 week gestation)

Mouse (19 day gestation)

Gestation week (GW)*.

Embryonic day

week 4
week 4
week 5
weeks 7-9
week 10
weeks 8-19
weeks 11-12

E9.5
E9.5
E10.5
E14.5-E15.5
E17
E11–E14 to Post-natal day 7
Post-natal

the second trimester, but postnatally in mice. These subtle differences motivate the study of
molecular mechanisms involved in human intestinal development.
The molecular mechanisms of gut formation in the model organisms have been studied in
detail (Spence et al., 2011a). As a result, protocols that mimic embryonic development have
been developed for in vitro differentiation of human pluripotent stem cells (McCracken et al.,
2011; Spence et al., 2011b). These protocols use a stepwise stimulation with cytokines, such
as FGF9 and WNT agonists, to favour undifferentiated stem cells that form 3-dimensional
spheroids called human intestinal organoids. It is also possible to derive intestinal organoids
from primary tissue (Sato et al., 2011a, 2009). Morphologically, epithelial organoids can
either form simple proliferative spheroids or have crypt-like structures. With plans to use
organoids in drug screening, diagnostic, and other clinical applications, it is crucial that they
faithfully recapitulate their in vivo tissue counterparts. Building a development reference will
provide a more detailed roadmap to guide improvements in in vitro models (Haniffa et al.,
2021).

1.4.1

Enteric nervous system development

The network of neurons and glia that constitute the enteric nervous system (ENS) is established prior to villus formation (Table 1.1). The ENS forms from a population of neural
crest-derived cells (NCCs) that originate from the neural plate. These highly proliferative
and migratory NCCs invade and colonise the entire length of the bowel. As NCCs migrate
along the mesenchyme of the gut, a fraction of them undergoes differentiation into neurons
and glia. This process of colonisation starts at 4 weeks of gestation and is complete within 3
weeks.
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Early lineage tracing experiments in mouse and chick established that multiple sources
of NCCs contribute to ENS development. The majority of ENS is derived from the vagal
crest (Yntema and Hammond, 1954). Vagal NCCs migrate in a rostral to the caudal direction
and colonise the foregut, midgut, and parts of the hindgut (Espinosa-Medina et al., 2017;
Heanue and Pachnis, 2007). In contrast, sacral NCCs colonise in the opposite direction and
contribute to the ENS to a lesser extent giving rise to only a fraction of hindgut neurons and
glia (Kapur, 2000). Eventually, both vagal and sacral populations form functionally identical
neurons and glia. In addition, some neurons are also generated post-natally from Schwann
cell progenitors (SCPs), which invade the gut alongside the extrinsic nerves. In mice, 5-20%
of neurons in myenteric and submucosal plexus of both small and large intestines are derived
from SCPs (Uesaka et al., 2015).
Once NCCs enter the gut wall, they are termed enteric neural crest cells (ENCCs).
ENCCs can be distinguished by the expression of transcription factors SOX10, PHOX2B,
and ASCL1, and receptors RET and EDNRB. The ligands neurotrophic factor (GDNF) and
endothelin 3 (EDN3) that bind RET and EDNRB, respectively, are produced by mesenchyme
and act as chemoattractants for the migrating ENCCs.
Perturbations in these pathways result in Hirschsprung′ s disease that is characterised
by the loss or impaired differentiation of the enteric nervous system and can manifest at
variable locations of the distal bowel. Understanding the sources of the ligands and receptors
associated with Hirschsprung′ s disease has the potential to engineer targets that would
restore enteric innervation after birth. To date, the genes associated with developmental
conditions including Hirschsprung′ s disease have been mapped in humans using adult single
cells (Drokhlyansky et al., 2020). The study showed broad expression of risk genes such as
RET across adult neurons with little variability across fine neuronal subsets (Drokhlyansky
et al., 2020). I will explore human ENS development and expression of Hirschsprung′ s
disease risk genes in the developmental subsets in Chapter 4.

1.4.2

Villus formation

Multiple cellular changes transform the epithelium into villi. On the microscopic level, a
number of sequential changes occur in the epithelium including lumenal closure, formation
of small lumen-like vacuoles, and recanalisation or restoration of the lumen associated with
primary villi generation (Matsumoto et al., 2002). This epithelial transformation passes the
small intestine in the proximal-distal (cranio-caudal) direction (Matsumoto et al., 2002).
Although previously mistaken to be multilayered, the epithelial layer prior to villi formation
is pseudostratified and contains thin and densely packed cells (Grosse et al., 2011).
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The key process that supports gut lengthening, as well as villi morphogenesis, is cell
proliferation. In fact, this was realised because of the parallels with neural crest tube
development where cell shape, polarity, and cycle dynamics play a role. It was shown that
epithelial nuclei within the pseudostratified layer undergo apical to basal migration known as
interkinetic nuclear migration (Grosse et al., 2011). During villi formation, epithelial cells
located at the tip of the outgrowing villi shorten into columnar cells and exit from the cell
cycle. In contrast, cells in between forming villi remain proliferative giving rise to adult
LGR5-expressing stem cells.
Seminal work in chicken and mice has shaped our understanding of villus emergence
during development. Similar molecular and cellular players are involved in villus emergence
in both species (Walton et al., 2016a). However, villus emergence is driven by mesenchymal
cell signaling in mice, and in chickens, this process is governed by tensile forces from
differentiating smooth muscle. In chicken, the epithelium is gradually transformed, first into
regular longitudinal ridges, then zig-zags, and finally villi. This transition occurs due to
the tensile forces of differentiating smooth muscle, which bends the expanding epithelium
and underlying mesenchyme. The three stages of epithelial formation are linked with the
formation of three layers of developing muscle; firstly the inner circular muscle forms, and is
followed by outer longitudinal smooth muscle and finally development of longitudinal inner
smooth muscle in the middle of the two (Shyer et al., 2013). When muscle development is
halted using small molecule inhibitors, the epithelium remains flat and villi do not form (Shyer
et al., 2013).
At the molecular level, hedgehog ligands are the key signals involved in this process.
Sonic hedgehog (Shh) ligand is continuously expressed by the epithelium at each stage
of epithelial deformation. However, only the mesenchyme that is directly underneath the
forming villi tip expresses the hedgehog signalling receptors (e.g. Ptc1 in chicken). The
underlying mesenchyme is also marked by the expression of Bmp4, which is induced by
Shh (Roberts et al., 1995), and Pdgfrb (Shyer et al., 2015). In fact, placing a mesh grid on
top of flat epithelium prior to villus formation, allows artificial villi to extend into the mesh
spaces and upregulate Bmp and Pdgfrb expression in the mesenchyme (Shyer et al., 2015).
This suggests that force-driven epithelial bending promotes mesenchymal clustering at the
villus top and supports mesenchymal-epithelial crosstalk.
Recent studies show that the formation of muscle layers is also controlled by Bmp and
Hh signalling (Huycke et al., 2019). In mice, smooth muscle development is four times
quicker than in chicken (occurs in 48 hours, compared to 8 days in chicken). The quick
pace may be the reason why intermediate stages with ridges and zig-zags are not observed
in mice (Shyer et al., 2013; Walton et al., 2012). Instead in mice, Pdgfrb+ mesenchymal
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clusters orchestrate villus emergence (Karlsson et al., 2000; Walton et al., 2012). The patterns
formed by mesenchymal clusters share features with the Turing field model, which employs
diffusible activator and inhibitor molecules whose interactions lead to the formation of
patterns (Turing, 1990). As Pdgfrb+ mesenchymal clusters also expressed multiple Bmp
ligands (including Bmp1/2/4/5/7) they were proposed to act as Turing inhibitors and Bmp
inhibitors as activators (Karlsson et al., 2000). Artificial formation of villi using a mesh
grid however does not produce mesenchyme sized to the grid spaces (Karlsson et al., 2000),
therefore suggesting that forces generated by smooth muscle affect murine mesenchymal
clusters to a lesser extent than those observed in chicken.
To summarise, interactions between mesenchymal and epithelial cell types drive the
mechanics of villi formation in model organisms. While different mechanisms of villi
formation have been proposed between species, how they relate to human development is
still unclear. This topic will be explored in Chapter 3.

1.4.3

Establishment of intestinal immunity

Fibroblasts also play a critical role in the development of secondary lymphoid organs. Lymph
nodes and GALT form at around 8-11 weeks of gestation in humans (Table 1.1). Both lymph
node and GALT formation are initiated via a stepwise paracrine interaction between lymphoid
tissue organiser (LTo) and circulating lymphoid tissue inducer (LTi) cells (Table 1.2). The
first LTo cells to be identified were PDGFRα+ (encoded by PDGFRA) mesenchymal origin
cells (mLTo) expressing the lymphotoxin-β receptor (encoded by LTBR)(Adachi et al., 1997;
Browning and French, 2002; Honda et al., 2001; Rennert et al., 1998). These sessile cells
are found within developing lymph node anlagen or intestinal mucosa. In contrast, LTi
cells are considered CD45+ innate lymphoid type 3 cells (ILC3) that express lymphotoxin
(encoded by LTA and LTB). Through the use of genetically modified mice, it became clear
that interaction of LTi and mLTo cells via the LTβ R - LTα1β 2 signalling axis is essential for
both lymph node and Peyer′ s patches formation, as mice lacking either component fail to
develop these structures (De Togni et al., 1994; Koni et al., 1997). Eventually, mesenchymal
LTo cells further differentiate into multiple FRC subsets and organize immune cells into
distinct zones (germinal centers and T cell zones).
Following mLTo-LTi interaction via LTβ R - LTα1β 2, mLTo cells activate canonical
and non-canonical NFκB signalling resulting in stromal production of multiple recruiting
signals and adhesion molecules in order to further recruit and retain LTi cells (Yoshida et al.,
2002). For example, LTi cells express CXCR5 and CCR7 receptors, while mLTo produce
their chemokines CXCL13 and CCL19 or CCL21, respectively (Luther et al., 2003; Mebius
et al., 1997; Ohl et al., 2003; Van De Pavert et al., 2009). It is not entirely clear whether
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Table 1.2 Known ligand and receptor interactions between mLTo and LTi cells

First interaction
Initial recruitment
Adhesion
Activation
Recruitment signal
Recruitment signal

mLTo

LTi

LTβ R
IL7
VCAM-1/ICAM-1/MAdCAM-1
RANK (TNFRSF11A)
CXCL13
CCL19/21

LTα1β 2
IL7αR (IL7R)
integrin α4β 7 (ITGB7)
RANKL (TNFSF11)
CXCR5
CCR7

mLTo-LTi interaction via LTβ R - LTα1β 2 is absolutely necessary to induce this recruitment,
as retinoic acid can induce CXCL13 expression in mLTo cells independently of lymphotoxin
signalling (Van De Pavert et al., 2009). Therefore what drives the initial recruitment of LTi
cells is still debatable.
In a quest to identify what guides the initial LTi cell recruitment, LTi cells have been
extensively phenotyped in mice resulting in a catalogue of surface receptors and transcription
factors that are characteristic to these rare cells (Table 1.2). One of the most exclusive markers
for LTi cells is transcription factor RORγt (encoded by RORC). In its absence, LTi cells are
not generated and lymph nodes and Peyer′ s patches do not develop (Eberl et al., 2004). LTi
cells have a potential to differentiate to natural killer cells, dendritic antigen-presenting cells,
but not T or B lymphocytes (Mebius et al., 1997). Human LTi cells are less well characterised.
Some reports suggest that human LTi cells are IL-17 producing RORC+ IL7R+ cells and
are committed NK precursors (Cupedo et al., 2009). Surface receptor Neuropilin1 (NRP1)
was also identified as a marker for human ILC3s with LTi phenotype and in vitro LTi activity
(Shikhagaie et al., 2017).
Recently, an amended model of lymph node formation has been proposed (Onder and
Ludewig, 2018), where endothelial cells act as additional organiser cells. It is now clear that
three cells are involved; eLTo cells drive initial recruitment and retention of LTi cells via
both LTβ R and RANK signaling to the anlagen, and then activate mLTo cells to drive the
positive feed-forward loop with LTi cells to further specify differentiation of mesenchymal
subsets and recruitment of mature lymphocytes (Krishnamurty and Turley, 2020). While the
models of both lymph node and Peyer′ s patches formation have been described in molecular
detail, the knowledge of this process in humans is less well understood (Krishnamurty and
Turley, 2020). I will take advantage of scRNA-seq data generated in this thesis to address the
existence of the three-cell model in human lymph node and GALT formation in Chapter 5.

1.5 Insights and scope of this thesis
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Insights and scope of this thesis

Over the last decade, advances in single-cell profiling have revolutionized our understanding
of cell type heterogeneity and tissue complexity. At the same time, access to human adult
and fetal tissues offers an opportunity to study different stages of human life. This thesis
describes the generation and analysis of a human gut cell atlas encompassing extensive sampling of the intestinal tract during development, adulthood, and disease. As developmental
processes of the gut have been described using genetic manipulation of model organisms,
we use human data to compare and contrast the molecular mechanisms at play during villus
formation, enteric nervous system development, and lymphoid structure formation in humans.
We focus on these mechanisms because of their importance in human disease, including
developmental Hirschsprung′ s disease and complex IBD. New insights into molecular and
cellular mechanisms gained through single-cell studies are expected to result in functional
targets, novel therapies, and diagnostics that will profoundly impact the medical research we
know today.
Chapter 3 will take a deep dive into the epithelial cell heterogeneity in development and
childhood focusing on the process of villus formation in humans. The chapter will describe
the epithelial signalling with mesenchymal cells that govern epithelial remodeling to villi.
Chapter 4 will focus on building an integrated view of intestinal tissues and comprehensive
analysis of scRNA-seq and antigen receptor data. The single-cell dataset encompasses almost
half a million cells from up to 5 anatomical regions in the developing and up to eleven distinct
anatomical regions in healthy paediatric and adult human gut. Using this atlas, I will describe
changes in epithelial diversity from development to adulthood and from small to large
intestinal regions. In particular, I discover transcriptional differences of BEST4 epithelial
cells across intestinal regions, describe the Tuft cell function in immunoglobulin sensing,
and resolve the differentiation of enteroendocrine progenitors to their mature progeny. In
this chapter, I will also discuss the concurrent enteric nervous system development. I will
describe the heterogeneity of neural cell populations in the developing enteric nervous system
and pinpoint the timing difference between neurogenesis and gliogenesis in humans. Finally,
I will show that Hirschsprung′ s disease-associated genes are expressed across multiple neural
and mesenchymal subsets, which guide ENCC invasion and colonisation of the developing
gut.
In Chapter 5 I will focus on the event of secondary lymphoid organ formation in humans
and its relevance to chronic inflammation in the gut. I will define three subsets of LTilike cells, as well as mLTo and endothelial eLTo populations involved in lymphoid tissue
organisation in humans. Using spatial transcriptomics data, I will resolve the positioning
and recruitment of specific immune populations in developing gut. Finally, this chapter will
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translate these results in the context of inflammatory bowel diseases and suggest the potential
of this developmental organisation program to recruit and retain immune cells to the site of
inflammation.

Chapter 2
Materials and Methods
Materials and methods outlined in this chapter cover work published in Elmentaite et al.
(2020), Ross et al. (2021), and Elmentaite et al. (2021). The schematic workflow used for the
data generation and analysis for this thesis is illustrated in Figure 2.1.
All contributions are outlined in detail in the publications and contributions relevant to
experimental work are outlined below. In brief, Alexander DB Ross performed the majority
of the fetal first trimester and paediatric sample collection, dissociation, and single-cell
experiment (further referred to as processing) with the help of Komal Nayak and myself.
Second-trimester tissue sample processing to single-cells was performed by me with help
of Kylie R. James. The adult tissue sampling strategy was designed by Kylie R. James and
myself, and tissue processing was performed by the members of the Cellular Generation
and Phenotyping (CGaP) team members at the Sanger Institute. The organoid culture
experiments were performed by Komal Nayak, Francesca Perrone, Alexander DB Ross,
and myself. Mouse tuft cell-related experiments were designed and performed by Aaron
Fleming and Menna R. Clatworthy. Single-molecule FISH experiments were designed by
me; Kenny Roberts, Liz Tuck and CGaP team performed tissue sectioning, staining, and
imaging. Analysis and interpretation of the single-cell and imaging data presented in the
thesis was performed by me unless stated otherwise in the relevant sections below.
The human intestinal tissue was collected from four different sources outlined in this
section. Relevant ethical regulations and guidelines were followed to access and use the tissue
for research, and informed personal or maternal consent was obtained from all participants.
Sample-associated metadata can be found in Appendix Tables A1-A3.
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Fig. 2.1 Schematic workflow for analysing intestinal single-cell data.
Tissue sample is dissociated to single cells and analysed by droplet-based scRNA-seq
technology. Cell-type identification is performed using unbiased clustering of data and
annotation of cells based on marker gene expression. Previous knowledge of receptorligand pairs is used for inferring cell-cell communication and formulating new hypotheses.
Similarly, trajectory analysis can be performed to infer lineage relationships between captured
cells. Spatial methods, such as spatial transcriptomics and smFISH are used to validate
inferred interactions, thus providing insights into a model for the interaction network and
differentiation trajectories within the tissue. Adapted from Elmentaite et al. (2019), Current
Opinions in Systems biology.

2.1

Fetal intestinal samples (6-17 PCW)

Human intestinal samples from the first-trimester development were collected from patients undergoing elective pregnancy termination at the Cambridge Addenbrooke′ s hospital.

2.2 Paediatric intestinal samples (4-15 years)
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Procurement and study of fetal samples were approved by REC-96/085, East of England
Cambridge Central Research Ethics Committee.
Intestinal tissue from the second-trimester development was collected from the Human
Developmental Biology Resource (HDBR, www.hdbr.org), approved by REC18/NE/0290IRAS project ID: 250012, North East Newcastle and North Tyneside 1 Research Ethics
Committee. Fetal age was estimated using post-conception weeks (PCW). Mesenteric lymph
nodes (mLN) were excised from the mesentery by the HDBR team. Fetal intestinal regions
were dissected into proximal ileum (also referred to as the duo-jejunum), middle and/or
terminal ileum, and colon using anatomical landmarks prior to dissociation.

2.2

Paediatric intestinal samples (4-15 years)

Mucosal biopsies were collected from patients undergoing elective colonoscopy at the
Cambridge Addenbrooke’s Hospital. Paediatric patient material used for scRNA-seq and in
intestinal organoid culture was obtained with informed consent from either parent and/or
patients using age-appropriate consent forms. The research study was approved by REC12/EE/0482, NRES Committee East of England, Hertfordshire, and REC-17/EE/0265- IRAS
project ID: 222907, East of England - Cambridge South Research Ethics Committee. Both
Crohn′ s disease and control (no inflammation) samples were collected based on macroscopic
and histological analysis. Tissue dissociation was performed within 1 hour of biopsy retrieval.

2.3

Adult intestinal samples (20-75 years)

Human adult tissue was obtained by the Cambridge Biorepository of Translational Medicine
from deceased transplant organ donors. Informed consent was obtained from the donor families and tissue collection was approved by REC 15/EE/0152, East of England—Cambridge
South Research Ethics Committee.
Fresh mucosal intestinal tissue and mLN from the intestinal mesentery were excised
within 1 hour of circulatory arrest. Up to eleven distinct locations were collected for each
organ donor, including duodenum (two locations DUO1 and DUO2 that were pooled in
the analysis), jejunum (JEJ), ileum (two locations ILE1, ILE2 that were pooled in the
analysis), appendix (APD), caecum (CAE), ascending colon (ACL), transverse colon (TCL),
descending colon (DCL), sigmoid colon (SCL), rectum (REC), and mLN. Intestinal tissue
was preserved in the University of Wisconsin organ-preservation solution (Belzer UW Cold
Storage Solution; Bridge to Life) and mLN were stored in saline at 4°C until processing.
Tissue dissociation was performed within 2 hours of tissue retrieval.

28

2.4

Materials and Methods

Tissue dissociation and enrichment

Intestinal samples were processed using the protocol as outlined in Ross et al. (2021)
with some modifications. Briefly, paediatric biopsies or fetal tissue sections were washed
with Hanks Buffered Saline Solution (HBSS; Sigma-Aldrich; cat: 55021C), minced using
a surgical scalpel, and digested in 1-2 ml of digestion solution containing 1.07 Wunsch
units/ml of Liberase TL (Roche; cat: 5401020001) or DH (Roche; cat: 5401089001), 70-600
U of Hyaluronidase (Merck; cat: 385931-25KU), and HBSS. Digestion was performed on
a shaking platform (750 rpm) at 37°C for up to 30-60 min. The tissue was homogenised
using a 1% BSA coated P1000 pipette tip every 15 mins. Undigested tissue was removed by
filtering the suspension through a 40-100 mm cell strainer followed by 10 ml of neutralisation
media with RPMI medium with HEPES (Gibco; cat: 42401042) and 20% (v/v) FBS (SigmaAldrich; cat: 25200-056). Cells were collected by centrifugation at 400 g at 4°C for 5 min
and the pelleted cells were re-suspended in DMEM or FACS buffer (1% (v/v) FBS in PBS).
Cells were counted using a NucleoCounter NC-200 and Via1-Cassette (ChemoMetec).
All gut samples with cell yield greater than 500,000 (except those specified in Appendix
Tables A1-A2, column "Fraction" as "SC") were subjected to magnetic cell separation
(MACS). MACS enrichment was performed according to the manufacturer’s protocol using
either CD326 (encoded by EPCAM) or CD45 magnetic microbeads (Milteny biotec) for the
enrichment of epithelial or immune populations, respectively. Briefly, pelleted single cells
(300 g at 4°C) were re-suspended in MACS modified solution (PBS with 0.5% BSA, 2 mM
EDTA and 100 IU/mL DNaseII) and stained with CD326 or CD45 magnetic microbeads
(Milteny biotec) according to the manufacturer’s protocol using AutoMACS Pro Separator.
Fetal CD45+ and CD45- fractions were combined at a 1:1 ratio.

2.5

Single-cell sequencing

Total and enriched single-cell suspensions were processed for scRNA-seq according to the
manufacturer’s protocol using the Chromium Single Cell 3′ v.2 or 5′ v.2 (10x Genomics) to
recover 5000−10000 cells per reaction. Sequencing libraries were prepared according to the
manufacturer’s protocol. Pools of up to 16 libraries were sequenced across both lanes of an
Illumina NovaSeq 6000 S2 flow cell or Illumina HiSeq 4000 with 50bp paired-end reads.
cDNA from samples processed with 5′ chemistry and enriched for immune cells (CD45+
fractions, and total mLN) were subjected to 10x Genomics VDJ library generation using
manufacturer’s protocol. BCR and TCR libraries were pooled and sequenced on a single
lane of an Illumina HiSeq 4000 with 150bp paired-end reads.

2.6 Intestinal organoid culture

2.6
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Intestinal organoid culture

Fetal organoids were cultured in Matrigel (Corning) using media described in Fordham et al.
(2013) and also provided in Appendix Table A4. During organoid culture, the media was
replaced every 48-72 hours. Organoids were passaged using mechanical disruption with
a P1000 pipette and re-seeded in fresh growth-factor reduced Matrigel (Corning). When
comparing culture media, multiple wells were seeded from a single dissociated sample,
and wells assigned to either of the media. Organoid lines grown in WNT2B were grown
in identical conditions, but with WNT3A replaced by recombinant human WNT2B at
100ng/ml (Abcam). Organoids were derived from fetal ileum from embryos aged 5.5 and
6.4 PCW (BRC2038, BRC2039) and were maintained in vitro for 17 passages. Organoids
were dissociated for single-cell RNA-sequencing at passage 1 (1 week) or passage 17 ( 4
months) in culture and profiled using 3′ v.2 10x Genomics single-cell transcriptomics. For
the WNT2B/WNT3A comparison experiment, cells from fetal ileum from an embryo at 6.4
PCW (BRC2206) were used to generate organoid lines in either WNT2B and WNT3A, with
dissociation for single-cell analysis performed five days after the first passage.
Intestinal organoids from paediatric patients were also cultured in Matrigel (Corning)
following the same procedure. When comparing culture media, multiple wells were seeded
from a single dissociated sample. The organoids were then allowed to grow for 5 days
followed by 24 hours treatment with recombinant human protein TNF (H8916, Sigma
Aldrich) at 40 ng/ml or IFNγ (PHC4031, Life Technologies) at 20 ng/ml. Organoids were in
vitro differentiated for 4 days by culturing in a differentiation medium (Kraiczy et al., 2019)
and then collected for RNA extraction.
Fetal organoid processing for single-cell sequencing analysis was performed by removing
the organoids from matrigel using incubation with Cell Recovery Solution at 4 C for 20
minutes, pelleting the cells, and re-suspending in TrypLE enzyme solution (Thermo Fisher)
for incubation at 37C for 10 mins. Cells were pelleted again and resuspended in DMEM/F12.
Brightfield images of organoids were taken using an EVOS Cell Imaging Systems microscope
(Thermo Fisher).

2.7

RNA extraction, reverse transcription and quantitative
PCR

Total RNA was extracted with the GenElute Mammalian Total RNA Miniprep kit (Sigma)
and 1 µg of RNA was reverse-transcribed using the QuantiTect Reverse Transcription Kit
(Qiagen). Complementary DNA corresponding to 5 ng RNA was used for real-time PCR
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performed by QuantiFast SYBR Green PCR Master Mix (Qiagen) on the 7500 Fast real-time
PCR system, 7500 software v.2.0.6 (Applied Biosciences by Thermo Fisher Scientific).
Primers for the specific target amplification were:
FCGR2A fwd 5′ -CCATCCCACAAGCAAACCACAG-3′ ;
FCGR2A rev 5′ -AGCAGTCGCAATGACCACAG-3′ ;
FCGR2B fwd 5′ -CCATCCCACAAGCAAACCACAG-3′ ;
FCGR2B rev 5′ -ACAGCAATCCCAGTGACCACAG-3′ ;
PLCG2 fwd 5′ -AACCCATCTGACCCTCCTCTTG-3′ ;
PLCG2 rev 5′ -AGACTGCTGTTCCCTGTGTTCC-3′ ;
POU2F3 fwd 5′ -TTCAGCCAGACCACCATCTCAC-3′ ;
POU2F3 rev 5′ -GGACTCTGCATCATTCAGCCAC-3′ ;
MUC2 fwd 5′ -GATTCGAAGTGAAGAGCAAG-3′ ;
MUC2 rev 5′ -CACTTGGAGGAATAAACTGG-3′ ;
LGR5 fwd 5′ -CTCCCAGGTCTGGTGTGTTG-3′ ;
LGR5 rev 5′ -GAGGTCTAGGTAGGAGGTGAAG-3′ .
Relative quantifications were normalized against GAPDH and calculated applying the
∆∆Ct method. Statistical analysis was performed using GraphPadPrism 7 software (GraphPad
Software) and the multiple t-test analysis.

2.8

Plate-based Smart-seq2

Plate-based scRNA-seq was performed with the NEBNext Single Cell/Low Input RNA
Library Prep Kit for Illumina (catalog no. E6420L; New England Biolabs). Total cell
fractions from dissociated gut sections of donors BRC2033-2034, F67, F72, F78 were snapfrozen in 10% (v/v) DMSO in 90% (v/v) BSA. Cells were thawed rapidly in a 37°C water
bath and diluted slowly with a pre-warmed FACS buffer (2% (v/v) FBS in D-PBS). Cells
were pelleted by centrifugation for 5 min at 300 g, washed with 300 µl of D-PBS, and
pelleted as before. Cells were resuspended in 100 µl of Zombie Aqua Fixable Viability Kit
(1:200 dilution; catalog no. 423101) and incubated at room temperature for 15 minutes. Cells
were washed with 2 ml of FACS buffer followed by 300 µl of FACS buffer and resuspended
in a total of 100 µl of Brilliant Violet 650 mouse anti-human CD45 (Biolegend catalog
no. 304043), Alexa Fluor 700 mouse anti-human CD4 (Biolegend, catalog no. 300526),
and APCH7 mouse anti-human CD19 (BD biosciences, catalog no. 560727) and incubated
for 20 minutes in the dark at room temperature. Cells were washed twice with 300 µl
of FACS buffer. Single, live, CD45+ cells were FACS sorted into wells of a 384-well

2.9 Cryosectioning, smFISH, and imaging
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plate (catalog no. 0030128508; Eppendorf) containing 2 µl of 1× NEB Next Cell Lysis
Buffer (New England Biolabs). FACS sorting was performed with a BD Influx sorter (BD
Biosciences) with the indexing setting enabled. Plates were sealed and spun at 100 g for 1
min then immediately frozen on dry ice and stored at -80 °C. cDNA and sequencing library
generation was performed in an automated manner on the Bravo NGS Workstation (Agilent
Technologies) as previously described 6. The purified pool was quantified on an Agilent
Bioanalyzer (Agilent Technologies) and sequenced on one lane of an Illumina HiSeq 4000.
Raw reads were aligned to the human transcriptome version GRCh38-3.0.0 using STAR
aligner (v2.5.1b).

2.9

Cryosectioning, smFISH, and imaging

Tissue was prepared, stained, and imaged largely as described previously (Bayraktar et al.,
2020). Briefly, tissue samples were embedded in OCT and frozen at -60°C on an isopentanedry ice slurry. Tissue was cryosectioned (Leica CM3050 S cryostat) at 10-16 µm thickness
on SuperFrost®Plus™ slides (VWR). Sections were then fixed in PBS with 4% paraformaldehyde for 15 minutes at 4°C, and dehydrated through a series of ethanol treatments (50%,
70%, 100%, and 100% ethanol, for 5 minutes each).
Staining was performed utilising an automated Leica BOND RX platform and RNAscope
Multiplex Fluorescent Reagent Kit v2 Assay (Advanced Cell Diagnostics, Bio-Techne). In
short, slides were pre-treated to retrieve epitopes with Protease IV digestion for 30 minutes,
following RNAscope probe hybridisation and channel development with DAPI, Opal 520,
Opal 570, and Opal 650 dyes (Akoya Biosciences). The fourth channel was developed
using TSA-biotin (TSA Plus Biotin Kit, Perkin Elmer) and streptavidin-conjugated Atto 425
(Sigma Aldrich). Perkin Elmer Opera Phenix High-Content Screening System was used to
image stained slides in confocal mode with 1 µm z-step size, using a 20× (NA 0.16, 0.299
µm/pixel) and 40× (NA 1.1, 0.149 µm/pixel) water-immersion objective.

2.10

Spatial transcriptomics sample preparation

10x Visium sample preparation was performed by Cellular Generation and Phenotyping
(CGaP) core facility.
OCT-embedded fresh frozen samples were also processed with the 10x Genomics Visium
platform. Tissue sections (10 µm; Leica CX3050S cryostat) were preselected based on
morphology, orientation (based on H&E staining), and RNA Integrity Number (RIN) that
was obtained using Agilent2100 Bioanalyzer. Based on tissue optimisation (TO) slide results,
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12 min permeabilisation was selected for fetal tissue processing on the Library Preparation
slide. After transcript capture, Visium Library Preparation Protocol (10x Genomics) was
performed following manufacturer′ s guidelines. All images for this process were scanned
x40 on Hamamatsu NanoZoomer S60. Eight cDNA libraries were diluted and pooled to
a final concentration of 2.25nM (200 µl volume) and sequenced on 2 x SP flow cells of
Illumina NovaSeq 6000.

2.11

Flow cytometry validation of Fcgr on mice tuft cells

Mouse tuft cell-related experiments were designed and performed by Aaron Fleming and
Menna R. Clatworthy.
C57BL/6 mice were obtained from Jackson Laboratories and maintained in specificpathogen-free conditions at a Home-Office-approved facility at the University of Cambridge.
Female mice aged 10–14 weeks were used; the numbers of mice used are included in the
relevant figure legends. All procedures were carried out in accordance with ethical guidelines
with the United Kingdom Animals (Scientific Procedures) Act of 1986 and approved by The
University of Cambridge Animal Welfare and Ethical Review Body.
C57BL/6 mice received either normal drinking water or 2% (w/v) 36,000–50,000 MW
dextran sodium sulfate (DSS) (MP Biomedicals) to induce colitis. For DSS treatment, mice
received DSS water for 5 days followed by 14 days of normal drinking water, and then a final
5 days of 2% (w/v) DSS prior to being culled.
The small intestines of mice were flushed of faecal content with ice-cold PBS, opened
longitudinally, cut into 0.5-cm pieces, and washed by vortexing three times with PBS with
10 mM HEPES. Tissue was then incubated with an epithelial stripping solution (RPMI-1640
with 2% (v/v) FCS, 10 mM HEPES, 1 mM DTT, and 5 mM EDTA) at 37 °C for two intervals
of 20 min to remove epithelial cells. The epithelial fraction was subsequently incubated at 37
°C for 10 min with dispase (0.3 U/ml, Sigma-Aldrich) and passed through a 100 µm filter
to obtain a single-cell suspension. Cells were blocked for 20 min at 4 °C with 0.5% (v/v)
heat-inactivated mouse serum followed by extracellular staining in PBS at 4 °C for 45 min
with the following antibodies; EpCAM-FITC (1:400, G8.8, Invitrogen), CD45-Bv650 (1:200,
30-F11, BioLegend), CD11b-Bv421 (1:300, M1/70, BD Biosciences), Siglec-F-APC (1:200,
1RNM44N, Invitrogen), FcγRI-PE (1:200, X54-5/7.1, BioLegend), FcγRIIB-PE (1:200,
AT130-2, Invitrogen), FcγRII/RIII-PE-Cy7 (1:200, 2.4G2, BD Biosciences), FcγRIV-PE
(1:200, 9E9, BioLegend) and Rat IgG2b, κ isotype-PE-Cy7 (1:200, LOU/C, BD Biosciences).
Cells were then stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher
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Scientific) for 20 min at room temperature, fixed with 2% PFA, and analysed on a CytoFLEX
LX (Beckman Coulter) flow cytometer.

2.12

RNA expression quantification and quality control

CellRanger software (10x Genomics) v3.0.0-v3.0.2 was used to map and quantify raw sequencing data to the human transcriptome GRCh38-3.0.0 reference. CellRanger V(D)J v.3.1.0
(10x Genomics) was used to align sequencing of Ig heavy and light chains to cellranger-vdjGRCh38-alts-ensembl-3.1.0 with default settings. Sequencing read alignment was performed
by core sequencing pipelines, Steven Leonard and Krzysztof Polanski.
Standard scRNA-seq analysis, including quality control, differential expression, and
clustering were performed using python package Scanpy (versions 1.4-1.5) (Wolf et al.,
2018). Single-cell counts for fetal, paediatric, and adult samples were handled separately to
control for anticipated differences in cell expression and sample quality. We used Pandas
(version 1.1.2), NumPy (version 0.25.2), and Anndata (version 0.6.19) to combine single-cell
count matrices. The count data was normalised using sc.pp.normalize_total(adata) function
with a scale factor 10,000 to make counts comparable across cells, and log-transformed (ln
or natural log) using sc.pp.log1p(adata) function. Normalised as well as raw count data is
available online at gutcellatlas.org.
Quality control of scRNA-seq data was performed taking into consideration the number
of Unique Molecular Identifiers (UMIs) and the number of genes captured per cell. Cells
with 200-9000 total genes were kept for downstream analysis, as cells outside this range were
considered as empty droplets or probable doublets. In addition, cells with greater than 50%
mitochondrial reads were excluded from the analysis. While in peripheral blood samples
more stringent filters are typically applied (5-10% of mitochondrial reads), we were more
lenient at this filtering step in order to retain the epithelial cells that are generally more fragile
and more affected by dissociation than circulating immune cells. In terms of genes, we
excluded genes with expression in fewer than 3 cells.
In addition to commonly used quality control filters, we applied SoupX (Young and
Behjati, 2020) and Scrublet (Wolock et al., 2019) algorithms to remove ambient mRNA
and doublets, respectively. In brief, we ran SoupX functions autoEstCont(sc) and adjustCounts(sc) on each 10x run with default parameters to estimate and remove ambient mRNA
contamination from the raw count matrix. Scrublet (version 0.2.1) was applied to detect
cell doublets and a score cut-off of 0.25 was used to assist in doublet exclusion. Additional
manual doublet exclusion was performed throughout downstream processing based on unexpected co-expression of canonical markers such as CD3D (component of the TCR) and
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EPCAM, as well as Goblet (MUC2) and enterocyte (VILL). Manual exclusion of cell doublets
was an iterative process.

2.13

Gene set scoring

The scoring of gene sets was performed using scanpy sc.tl.score_genes() function with default
parameters. The function calculates the average expression of selected genes subtracted
from the average expression of reference genes. Cell cycle score was calculated using
expression of 97 cell cycle genes from Tirosh et al. (2016) using an in-build function
sc.tl.score_genes_cell_cycle().
Gene lists used in Chapter 2: The crypt-villus axis score was derived using genes defined
by Moor et al. (2018); Parikh et al. (2019) (SEPP1, CEACAM7, PLAC8, CEACAM1, TSPAN1,
CEACAM5, CEACAM6, IFI27, DHRS9, KRT20, RHOC, CD177, PKIB, HPGD, LYPD8,
APOBEC1, APOB, APOA4, APOA1, NPC1L1, EGFR, KLF4, ENPP3, NT5E, SLC28A2,
ADA). Hedgehog signalling activation was scored use the following manually curated genes:
PTCH1, PTCH2, GLI1, GLI2, GLI3, SMO.
Gene lists used in Chapters 3-5: For MHCII scoring of M cells and B cells we use the
following genes: SECTM1, CD320, CD3EAP, CD177, CD74, CIITA, RELB, TAP2, HLADRA, HLA-DRB5, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DQB1-AS1, HLA-DQA2,
HLA-DQB2, HLA-DOB, HLA-DMB, HLA-DMA, HLA-DOA, HLA-DPA1, HLA-DPB1. Neural cell signature score was calculated using the curated gene sets from Lasrado et al.
(2017) (glial cell markers: ERBB3, PLP1, COL18A1, SOX10, GAS7, FABP7, NID1, QKI,
SPARC, MEST, WWTR1, GPM6B, RASA3, FLRT1, ITPRIPL1, ITGA4, POSTN, PDPN,
NRCAM, TSPAN18, RGCC, LAMA4, PTPRZ1, HMGA2, TGFB2, ITGA6, SOX5, MTAP,
HEYL, GPR17, TTYH1; neuronal cell markers: ELAVL3, ELAVL4, TUBB2B, PHOX2B, RET,
CHRNA3). NFκB signalling pathway score was calculated using genes from http://www.gseamsigdb.org/gsea/msigdb/genesets.jsp (NFKB2, BIRC3, TNFAIP2, TNIP1, NOTCH2, TMEM173,
TIFA, PRDX4, CAMK4, BCL3, CHUK, IKBKB, IKBKE, NFKB1, NFKB2, NFKBIA, NFKBIB,
NFKBIE, REL, RELA, RELB).

2.14

Dimensionality reduction

To obtain a general view of the cells captured in the experiments, we used dimensionality
reduction and visualised the results using Uniform Manifold Approximation and Projection
(UMAP) (McInnes et al., 2018). Prior to generation of UMAP, we identified highly variable
genes using the sc.pl.highly_variable_genes() function. Cell cycle score, percentage of
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mitochondrial genes, and total counts (or UMI) were removed using the sc.pp.regress_out()
function. Each gene was scaled to unit variance using the sc.pp.scale() function. We then
performed principal components analysis (PCA) to reveal the main axes of variation and
inspected the contribution of single Principal Components (PCs) to the total variance by
plotting sc.pl.pca_variance_ratio(). After manual inspection of PC variance, we considered
30-50 PCs when computing the neighborhood relations of cells prior to computing UMAP
using the sc.tl.umap() function. To perform unsupervised clustering of cells based on their
transcriptional similarities, we used scanpy implementation of Leiden algorithm (Traag et al.,
2019). Batch correction within and between the datasets was performed using bbknn (version
1.3.9, neighbours=2-3, metric=′ euclidean′ , n_pcs=30-50, batch_key = ′ fetal_id′ or ′ batch′ ).

2.15

Trajectory analysis using RNA velocity and PAGA

Fetal epithelial cell dynamics in small bowel samples were analysed using scVelo (version
0.21) package implementation in Scanpy (v1.4.5 or v1.5.1) (Bergen et al., 2020; Svensson
and Pachter, 2018).
Prior to trajectory analysis, the data was sub-clustered on the cell lineage of interest.
For example, to obtain results in Chapter 2, epithelial cells were split into two groups 6–8
PCW (including F6.7, F6.9, F.7.9), and 9-10 PCW (including F9.9, F10, F10.1, F10.2).
The clustering and visualisation were repeated using the same parameters as above for
the sub-clustered cells. The data was then processed using default parameters following
pre-processing as described in scanpy scVelo implementation. In short, the gene-specific
velocities are obtained by fitting a ratio between unspliced and spliced mRNA abundances
and then computing how the observed abundances change from those observed in steady-state.
The ratio of ′ spliced′ , ′ unspliced′ , and ′ ambiguous′ transcripts was calculated to be 0.67, 0.25,
0.07, and 0.76, 0.17, 0.06 for 6-8 PCW and 9-10 PCW groups, respectively. The samples were
pre-processed using functions for detection of a minimum number of counts, filtering, and
normalisation using scv.pp.filter_and_normalise and followed by scv.pp.moments function.
The gene-specific velocities were then calculated using scv.tl.velocity with mode set to
stochastic, and scv.tl.velocity_graph functions) and visualised using scv.pl.velocity_graph
function. In addition, we used tl.recover_latent_time function to infer a shared latent time
from splicing dynamics and plotted the genes along the time axis sorted by expression along
dynamics using scv.pl.heatmap function.
For Partition-based graph abstraction (PAGA) analysis (Wolf et al., 2019), we use scanpy
implementation, sc.tl.draw_graph (init_pos=′ paga′ ) followed by sc.tl.paga (threshold=0.3)
and sc.pl.paga function for analysis and plotting, and similarly scanpy scVelo implementation
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function scv.tl.paga with default parameters and scv.pl.paga function for velocity-driven
paga analysis and plotting. To visualise genes that change along the pseudotime we use
sc.pl.paga_path() function with pseudotime set to dpt_pseudotime.
For epithelial, enteroendocrine, and neuronal cell trajectory analysis the gene-specific
velocities were obtained using the same workflow and scv.tl.velocity(mode=′ stochastic′ ).

2.16

Cell-cell interactions

To infer cell-cell interactions we applied the CellPhoneDB v2.0 python package (Efremova
et al., 2020; Vento-Tormo et al., 2018) to four separate datasets: 1) embryonic cells from duojejunum and ileum; 2) fetal cells from duo-jejunum and ileum; 3) healthy paediatric samples,
and 4) CD samples. Log transformed and normalised counts, and cell type annotations were
used as an input. To narrow down the most relevant interactions, we looked for specific
interactions classified by ligand-receptor expression in more than 10% of cells within a
cluster and where log2 mean expression of ligand-receptor pair is greater than 0.

2.17

BCR analysis

Single-cell BCR analyses were performed as described previously (King et al., 2021). The
BCR sequence mapping was performed by Steven Leonard and Hamish King. BCR results
were integrated with scRNA-seq data, plotted, and interpreted by myself with the help of
Kylie James.
Briefly, poor quality or incomplete VDJ contig sequences were discarded and all IgH
sequences for each donor were combined together. IgH sequences were annotated with
IgBLAST before isotype reassignment using AssignGenes.py (pRESTO; (Vander Heiden
et al., 2014)). Ambiguous V gene calls were corrected using TIgGER v.03.1 before identifying clonally-related sequences with DefineClones.py (ChangeO v.0.4.5; (Gupta et al.,
2015)) using a threshold of 0.2 for nearest neighbour distances. The germline IgH sequence
for each clonal family was determined using CreateGermlines.py (ChangeO v.0.4.5 (Gupta
et al., 2015)) followed by using observedMutations (Shazam v.0.1.11; (Gupta et al., 2015))
to calculate somatic hypermutation frequencies for individual sequences. Finally, for integration with the single-cell gene expression object, the number of high-quality and annotated
contigs per Ig chain (IgH, IgK, IgL) was determined for each cell barcode. If multiple
unique sequences for a given chain were detected, that cell was annotated as “Multi” and
not considered in further analysis. BCR metadata was combined with the scRNA object for
downstream analysis and comparison of different B cell populations.

2.18 Integration of spatial and single-cell data

2.18
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Integration of spatial and single-cell data

The method was run by Vitalii Kleshchevnikov and I guided the analysis and interpretation
of the results.
10x Genomics Visium spatial sequencing samples were aligned to the human genome
GRCh38-3.0.0 reference (consistently with single-cell RNA-seq samples) using 10x Genomics SpaceRanger v1.2.1 and exonic reads were used to produce mRNA count matrices for
each sample. 10x Genomics SpaceRanger was also used to align paired histology images with
mRNA capture spot positions in the Visium slide. The paired image was used to determine
the average number of nuclei per Visium location in the tissue and used as a hyperparameter
in the spatial mapping of cell types.
To spatially map developing gut cell types in situ, 10x Genomics Visium mRNA count
matrices were integrated with scRNA-seq data using cell2location method as described in
detail in Kleshchevnikov et al. (2020). Briefly, cell2location model estimates the abundance of
each cell population in each location by decomposing mRNA counts in 10x Genomics Visium
data using the transcriptional signatures of reference cell types. Reference signatures of 65
cell populations (neuronal and mesenchymal subtypes were grouped together where relevant
to simplify interpretation of spatial mapping) from the 12-17 PCW small intestine samples
were estimated using a Negative Binomial regression model provided in the cell2ocation
package. We provide spatial cell abundance maps of all 65 cell subsets on GitHub (see URL:
https://github.com/vitkl/fetal_gut_mapping/) and the distribution of all 65 cell subsets across
tissue zones.
Untransformed and unnormalised mRNA counts were used as input to both the regression
model for estimating signatures (filtered to 13,904 genes and 124,049 cells) and cell2location
model for estimating spatial abundance of cell populations (filtered to 13,904 genes shared
with scRNA-seq, 4,645 locations, 3 experiments analysed jointly). Cell2location was used
with the following settings (all other settings set to default values): Training iterations: 40000.
Cells per location N=12, estimated based on comparison to histology image paired with
10x Genomics Visium; Cell types per location A=8, assuming that most cells in a given
location are of a different type; Co-located cell type groups per location Y=4. To identify
tissue zones and groups of cell types that belong to them (dotplot), conventional non-negative
matrix factorisation (NMF) was applied to cell abundance estimated by cell2location. A
NMF model was trained for a range of factors/tissue zones R=8, .., 35 and the decomposition
into 17 factors was selected as a balance between segmenting relevant tissue zones (lymphoid
structures, blood vessel types) and over-separating known zones into several distinct factors.
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Materials and Methods

Cell type composition analysis using meta data

Cell type composition analysis was developed and performed by Natsuhiko Kumasaka.
The number of cells for each sample (N=159 samples in total with complete metadata)
and coarse-grain cell type (9 different cell types in total) combination was modeled with a
generalised linear mixed model with a Poisson outcome. The 5 clinical factors (Age group,
Donor, Biopsy, Disease and Gender) and the 3 technical factors (Fraction, Enzyme and 10x
kit) were fitted as random effects to overcome the collinearity among the factors. The effect
of each clinical/technical factor on cell type composition was estimated by the interaction
term with the cell type. The ‘glmer’ function in the lme4 package implemented on R was used
to fit the model. The standard error of the standard deviation parameter for each factor was
estimated using the numDeriv package. The effect size of each level of a clinical/technical
factor was obtained by the posterior mean of the corresponding random effect coefficient
and the local true sign rate (LTSR) was calculated from the posterior distribution. See
Supplementary Note Section of the original publication (Elmentaite et al., 2021).

2.20

Differential cell-state abundance analysis for BEST4
epithelial cells

To identify region-specific subpopulations, we performed compositional analysis between
BEST4 epithelial cells from the small and large intestines, using a tool for differential abundance testing on KNN graph neighbourhoods, implemented in the R package miloR (v0.99.8,
https://github.com/MarioniLab/miloR) (Dann et al., 2020). The method was developed and
run on the intestinal data by Emma Dann.
Briefly, we performed PCA dimensionality reduction and KNN graph embedding on
the BEST4 epithelial cells. We define a neighbourhood as the group of cells connected to a
sampled cell by an edge in the KNN graph. Cells are sampled for neighbourhood construction
using the algorithm proposed previously (Gut et al., 2015). For each neighbourhood we
then perform hypothesis testing between conditions to identify differentially abundant cell
states whilst controlling the FDR across the graph neighbourhoods. We test for differences in
abundance between the cells from small and large intestine tissue in adult samples and fetal
samples. To identify markers of SI-specific and LI-specific subpopulations, we performed differential gene expression (DGE) analysis between adult cells in neighbourhoods enriched for
small intestine cells and in neighborhoods enriched for large intestine cells (10% FDR for the
differential abundance test). The DGE test was performed using a linear model implemented
in the package limma (v3.46.0) (Ritchie et al., 2015), using 10% FDR, and aggregating
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expression profiles by sample(implemented in the function findNhoodGroupMarkers of the
miloR package, with option aggregateSamples=TRUE). Gene Ontology enrichment analysis
was performed using the R package clusterProfiler (v3.18.1).

2.21

Disease-linked gene expression

Hirschsprung’s disease genes were curated from The Human Phenotype Ontology website
(see URL: https://hpo.jax.org/app/, Aganglionic megacolon HP:0002251) and Tang et al.
(2018). We selected genes with higher than or equal to 0.1 expression in neural lineage single
cells and calculated mean expression per cluster and organ. Expression is visualised using
seaborn.clustermap() function (version 0.11.0).

2.22

Cell type enrichment analysis for IBD-GWAS genes

Cell type enrichment analysis was developed and performed by Natsuhiko Kumasaka and
results were plotted and interpreted by me.
IBD GWAS summary statistics of Crohn’s disease (CD) and ulcerative colitis (UC) were
obtained from the International Inflammatory Bowel Disease Genetics Consortium (IIBDGC)
(see URL: https://www.ibdgenetics.org/). The GWAS enrichment analysis of 103 annotated
gut cell types for CD and UC was performed using an fGWAS approach (Pickrell, 2014;
Veyrieras et al., 2008), often used for fine-mapping and enrichment analysis of various
functional annotations for molecular quantitative trait and GWAS loci. The association
statistics (log odds ratios and standard errors) were converted into the approximate Bayes
factors using the Wakefield approach (Wakefield, 2007). A cis-regulatory region of 1Mb
centred at the transcription start site (TSS) was defined for each gene (Ensembl GRCh37
Release 101). The Bayes factors of variants existing in each cis region were weighted and
averaged by the prior probability (an exponential function of TSS proximity) estimated from
the distance distribution of regulatory interactions (Kumasaka et al., 2019). The likelihood of
an fGWAS model was given by the averaged Bayes factors across all genome-wide genes
multiplied by the feature-level prior probability obtained from a linear combination of cell
type-specific expression and the averaged expression across all cell types as a baseline
expression. The enrichment of each cell type was estimated as the maximum likelihood
estimator of the effect size for the cell type-specific expression. The code of the hierarchical
model (see URL: https://github.com/natsuhiko/PHM) was utilised for the enrichment analysis. The detailed model derivation is included in the Supplementary Notes of the original
publication (Elmentaite et al., 2021).

Chapter 3
Villus formation in humans
Human gut development requires an orchestrated interaction of differentiating cell types.
Here, we generate an in-depth single-cell map of the developing human intestine at 6-10
weeks post-conception. Our analysis reveals the transcriptional profile of uniformly cycling
epithelial precursor cells; distinct from LGR5-expressing cells. We propose that these
cells may contribute to differentiated cell subsets via the generation of LGR5-expressing
stem cells and receive signals from surrounding mesenchymal cells. Furthermore, we draw
parallels between the transcriptomes of ex vivo tissues and in vitro fetal organoids, revealing
the maturation of organoid cultures in a dish. Lastly, we compare scRNA-seq profiles
from paediatric Crohn’s disease epithelium alongside matched healthy controls to reveal
disease-associated changes in the epithelial composition. Contrasting these with the fetal
profiles reveals the re-activation of fetal transcription factors in Crohn’s disease. Our study
underscores the importance of unraveling fetal development in understanding disease.
This chapter has been published in Developmental Cell as Single-Cell Sequencing of
Developing Human Gut Reveals Transcriptional Links to Childhood Crohn’s Disease (Elmentaite et al., 2020). The majority of the experimental data collection in this chapter has
been performed by Alexander DB Ross, who is a shared first author in this publication.
Experimental protocols have also been published in Ross et al. (2021). This study was
designed and initiated by Ludovic Vallier, Matthias Zilbauer, and Sarah A. Teichmann. I
have analysed and interpreted the scRNA-seq data and generated figures.

3.1

Introduction

Development of the human intestine is a highly complex process that requires synergy
between a wide range of cell types. Subtle differences between humans and mice (Chin et al.,
2017; Yanai et al., 2017) combined with a limited access to human fetal and embryonic tissues,
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has rendered our understanding of these processes in humans rudimentary. Importantly,
environmentally triggered alterations in early development have been implicated in a range
of immune-mediated pathologies, including inflammatory bowel diseases (IBD) (DupaulChicoine et al., 2013; Kraiczy et al., 2016; Sonntag et al., 2007). Furthermore, a number
of studies have reported a link between early fetal intestinal epithelial cell dynamics and
IBD (Kraiczy et al., 2016; Wang et al., 2019; Yui et al., 2018), suggesting that fetal-like
transcriptional programs may re-appear in the intestinal epithelium of IBD patients. Hence,
deciphering physiological intestinal development is a critical step toward prevention and
treatment of such conditions.
The human intestinal tract develops from the endodermal germ cell layer of the embryo,
beginning with the formation of a simple tube at 3–4 weeks post-conception (PCW). Prior
to villus formation, the intestinal epithelium, forming the innermost lining of the gut tube,
is pseudostratified and is globally proliferative (Grosse et al., 2011). By the end of the first
trimester (12 PCW), regionalization of the intestinal tube occurs and a crypt-villus axis starts
to appear. While little is known about the villus formation in humans, two mechanisms have
been proposed in model organisms: mesenchymal clustering in mice and the force generated
by smooth muscle in chickens (Karlsson et al., 2000; Shyer et al., 2013; Walton et al., 2016a,
2012, 2016b). While there are significant differences between the two models, both employ
similar signaling, including gradients of hedgehog (HH), Platelet-derived growth factor
(PDGF), and bone morphogenetic protein (BMP) ligands (Geske et al., 2008; Kolterud et al.,
2009; Korinek et al., 1998; Kurahashi et al., 2008; Madison et al., 2009). In addition, it has
been observed that villi and LGR5+ adult stem cells emerge in a proximal-to-distal wave,
arising in the duodenum and extending to the ileum (Shyer et al., 2015). While similar
proximal to distal differentiation has been observed microscopically in the human fetal
intestine (de Bakker et al., 2016), what cell types follow this wave is not clear.
In the adult intestine, LGR5 is a marker of stem cells that reside at the bottom of intestinal
crypts and give rise to all epithelial cell subsets (Barker et al., 2007). The ability to generate
self-organizing intestinal epithelial organoids from fetal gut epithelium as early as 8–10
PCW implies the presence of these LGR5+ stem cells (Fordham et al., 2013). Indeed,
the use of organoid models as tools to investigate early fetal intestinal development has
been demonstrated previously (Kraiczy et al., 2019). Nevertheless, the cross-talk between
epithelial cell subsets and other mucosal cell types, as well as cell lineage trajectories, remain
unknown. Recent studies have used single-cell RNA sequencing (scRNA-seq) to interrogate
intestinal regional specification and immune system development in mice and humans (Gao
et al., 2018; Holloway et al., 2021; Li et al., 2019; Schreurs et al., 2019; Yu et al., 2020).
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However, human villus formation and epithelial dynamics have not yet been explored in
detail.
In this study, we performed single-cell transcriptional profiling of human embryonic
and early fetal gut samples obtained from nine human embryos spanning between ages 6
and 10 PCW. Additionally, we profiled mucosal biopsies from the small bowel of healthy
children aged between 4 and 12 years and a group of children newly diagnosed with Crohn’s
disease (CD)—a common form of IBD. In total, we generated single-cell transcriptomes of
90,000 primary human intestinal cells, providing a rich resource and a detailed roadmap.
Using these data, as well as scRNA-seq profiles of human fetal gut derived organoids, we
describe embryonic and fetal epithelium composition, trace their differentiation dynamics
and signaling partners, and provide links to regenerating CD epithelium.

3.2
3.2.1

Results
Human gut development at the single-cell resolution

Human embryos with a post-conceptional age ranging from 6 to 10 weeks were dissected
to remove the intestinal tube, which was divided into proximal small bowel (duodenum
and jejunum), distal small bowel (ileum), and large bowel (colon) (Figure 3.1a). Tissue
samples were dissociated into single-cell suspensions and processed using the 10x Genomics
Chromium workflow. In a subset of samples, the intestinal epithelial cell fraction was
enriched by performing magnetic bead sorting for epithelial cell adhesion molecule CD326
(encoded by EPCAM). In total, 62,854 fetal (n = 34) cells passed quality control and doublet
exclusion criteria (Figure 3.1b, Supplementary Fig. B.1a-c).
Clustering and cell-type-specific marker gene expression revealed eight major cell types in
embryonic/fetal samples, including immune, erythroblast, endothelial, neural, smooth muscle
(SMC), mesenchymal, mesothelial (or serosa) and epithelial cell lineages (Figures 3.1b-c).
Assessment of cellular subsets and their expression markers allowed us to further subdivide
cell types, as outlined in Figures 3.1b-c.
In addition, UMAP projection of filtered cells showed a division within epithelial and
mesenchymal lineages that reflected their spatio-temporal differences (Figure 3.1d). For
example, epithelial cells from the small intestinal regions clustered separately from colonic
epithelium, and there was also a difference between epithelial cells from timepoints 6.1-8.4
PCW and 8.4-10.2 PCW (Figure 3.1d). Temporal and regional separation in other cell types,
such as endothelial, immune, and neuronal cells was less pronounced. These differences
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likely reflect major developmental changes in epithelial and mesenchymal cell populations
during the first trimester of development.
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Fig. 3.1 Cells of the human gut during the first trimester of development.
a) Schematic with number and age of fetal samples collected. b) UMAP visualisation of
single-cells from developing samples. SI, small intestinal; EC, endothelial; FLC, fibroblasts;
Epi, epithelium; ICC, interstitial cells of Cajal; Prog, progenitors. c) Dot plot with mean
expression and percentage (%) of the cell expressing marker genes in each population as in
b). d) UMAP projections colored by intestinal region (top) or post-conception week (bottom).
Epithelial cells are circled in black. e) Abundance of cells captured at sampled developmental
timepoints and intestinal regions. Timepoints highlighted in yellow reflect early embryonic
samples, while in green are samples at fetal age. Crypt/absorptive group reflects epithelial
cells named SI Epi, Colonic Epi, and Uniform prog. in b).
As expected, the duo-jejunum region had a higher abundance of differentiated cell states
at any given time point compared to other sampled regions (Figure 3.1e), suggesting that
the human intestine also follows a proximal-to-distal wave of differentiation. For instance,
secretory epithelial subsets were more frequently observed in the duo-jejunum, followed by
their expansion in the ileum at 9.2 PCW, and only a small subset of these cells was observed
in the colon at any given developmental week. In contrast, undifferentiated cells, such as
the mesenchymal mesoderm 1 subset were more frequently observed in the colonic samples

3.2 Results

45

compared with the proximal gut. Finally, scRNA-seq data provides evidence that epithelial
and mesenchymal subsets are not the only populations that follow the proximal-to-distal
wave. We observe differences in time of intestinal vascularisation across three regions as
shown by the differential abundance of endothelial populations (Figure 3.1e).
Taken together, scRNA-seq data highlights global changes in the human gut composition
during the first trimester of development and suggests that intestinal development in humans
proceeds in a proximal-to-distal wave along the length of the intestine.

3.2.2

Uniform epithelial progenitors

Approximately midway through the first trimester, the human intestine is lined by a thick,
pseudostratified epithelium that largely fills the intestinal lumen (Figure 3.2a). Only 3–4
weeks later a single-cell layer starts to appear and by 10 PCW a primitive villus structure
can be observed (Figure 3.2a). In order to examine transcriptional changes that occur during
this transition, we sub-clustered fetal small bowel (duo-jejunum and ileum) epithelial cells
based on the expression of EPCAM. Following dimensionality reduction, we identified 11
epithelial cell clusters and their differentially expressed genes (Figure 3.2b-c). Among them
were two clusters: a cluster with high expression of canonical adult-stem-cell genes (van der
Flier et al., 2009), including a leucine-rich repeat-containing G-protein coupled receptor 5
(LGR5), achaete-scute complex homolog 2 (ASCL2), ephrin type-B receptor 2 (EPHB2),
and repulsive guidance molecule BMP co-receptor B (RGMB) (Figure 3.2b-c), and a cluster
that was defined by high expression of sonic hedgehog (SHH), phospholipase A2 group IIA
(PLA2G2A), brain expressed X-linked 5 (BEX5), and cadherin-2 (CDH2) (Figure 3.2b-c).
The latter cluster, which we refer to as “uniform progenitors”, displayed relatively low or
absent expression of LGR5, ASCL2, and SMOC2 (Figure 3.2b-c, Supplementary Fig. B.2a-b).
Conversely, the LGR5-high stem-cell cluster showed downregulation of genes expressed in
the uniform progenitors, such as BEX5 and CDH2 (Supplementary Fig. B.2c). Consistent
with the presence of adult-like stem cells, we observed their progeny cells, including three
clusters of differentiating absorptive enterocytes (marked by ANPEP, SI, FABP1, RBP2),
recently described BEST4/OTOP2+ epithelial cells (Ito et al., 2013; Parikh et al., 2019;
Smillie et al., 2019) as well as Goblet (SPEDEF, FCGBP, CLCA1) and enteroendocrine
(CHGA, NEUORD1, NTS) cells.
The number of uniform progenitors decreased at 10 PCW, coinciding with villus emergence and the appearance of LGR5+ stem cells, immature and maturing enterocytes, and
goblet and enteroendocrine cells (Figure 3.2d). In addition, we used expression data to
define the position of differentiating epithelial cell subsets along the crypt-villus (base-top)
axis using scoring of gene sets previously reported in adults (Moor et al., 2018; Parikh
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et al., 2019)(Chapter 2). While immature and differentiated enterocytes as well as BEST4enterocytes localized to the top of the axis, the cycling cells, LGR5+ stem cells, and uniform
progenitors localized to the crypt bottom (Figure 3.2e).
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Fig. 3.2 Transcriptional profile of uniform epithelial progenitors.
a) Representative hematoxylin and eosin (H&E) staining of the cross-section of developing
human small bowel at 6 and 10 PCW (n = 3 replicates, scale bar= 100 µm). b) UMAP
visualisation of the epithelial cells from small bowel samples only (duo-jejunum and ileum).
The colors shown are cell-type annotations. c) Barplot showing the percentage of epithelial
cell types at 6-10 PCW. Color-coding reflects cell types in b). d) Violin plots with the
inferred pseudo-spatial distribution of epithelial cells in b) along the crypt-villus (base-top)
axis. The gene list used for scoring cells for the crypt-villus was manually curated from
previous studies in humans and mice (Moor et al., 2018; Parikh et al., 2019). e) Marker gene
expression in the epithelial populations in b) shown as a dot plot.
The proliferation of the intestinal epithelial cells is tightly regulated in both development
and adulthood (Walton et al., 2016a,b). During villus formation, epithelial cells that will
become the villus tip withdraw from the cell cycle, and cells located in the inter-villus
domains remain proliferative. This process is necessary for the emergence of LGR5+ stem
cells in the gut. To resolve the spatial position of uniform progenitors in situ, we performed
smFISH imaging of the developing gut prior and post villus formation (Figure 3.3a). We
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have chosen to visualise BEX5 transcripts to locate uniform progenitors as well as LGR5
and MKI67 transcripts to understand uniform progenitor positioning relative to stem and
cycling cells (Figure 3.3a). Additionally, we have decided to include the probe for the
tumor-associated calcium signal transducer 2 gene (TACSTD2, also known as TROP2), as
it has been described as a specific marker of epithelial progenitors prior to Lgr5-stem cell
emergence in fetal mice (Mustata et al., 2013).
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Fig. 3.3 Epithelial cell transition during villus formation.
a) Representative smFISH images of developing gut cross-sections at embryonic (6 PCW)
and fetal (10 PCW) stages. Embryonic epithelium is pseudostratified and fetal epithelium
contains developing villi. Sections were stained for the MKI67, LGR5, BEX5, and TACSTD2
transcripts. Cells are stained with DAPI. Zoom-in boxes show each channel independently.
Scale bar: main panel, 100 µm; zoom panel, 50 µm. b) and c) UMAP visualisation of
epithelial cells from embryonic (b, ages 6.7-7.9 PCW) and fetal (c, ages 9.2-10.2 PCW)
colored by cell type. Overlayed arrows represent scVelo differentiation trajectories. d) and e)
Feature plots with expression of LGR5, BEX5, TACSTD2 and inferred cell cycle stages at
embryonic (c) and fetal (e) timepoints.
At the embryonic stage, the whole gut tube consisted of highly proliferative cells
(MKI67+). The epithelium was specifically marked by BEX5 (cyan), as well as low expression of LGR5 (green) and TACSTD2 (red)(Figure 3.3a). We note that at this stage, the
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whole epithelium was expressing low levels of stem cell marker LGR5, as opposed to crypt
cells in the adults. At the fetal stage, epithelium expressing LGR5, TACSTD2 and BEX5
became restricted to the inter-villus domains (Figure 3.3a). In addition, restricted cells
upregulated LGR5 and TACSTD2, and downregulated BEX5 (Figure 3.3a), suggesting that
these cells undergo transcriptional transition upon change in their physical location. This is
consistent with a recent report in mice, which has proposed that intestinal stem cell identity
is induced by their tissue position rather than being an intrinsic property (Guiu et al., 2019).
Together, these results suggest that at the embryonic stages, the epithelium is composed of
highly cycling, uniform progenitors that express low levels of LGR5.
In addition, we applied the scVelo and partition-based graph abstraction (PAGA) trajectory
algorithms to epithelial cells of the small bowel (duo-jejunum and ileum) to better understand
cell differentiation dynamics during the transition from embryonic (6–8 PCW) to early
fetal (9–10 PCW) epithelium (Figure 3.3b,c, Supplementary Fig. B.2d-e). At the embryonic
stages, cycling cells formed the start point of the trajectory and differentiated towards uniform
progenitors (Figure 3.3b,d, Supplementary Fig. B.2f-h). We also observed a small proportion
of secretory cells, such as enteroendocrine and goblet cells, that were present at this stage,
that may have arisen from the cycling cells, or newly formed stem cells as we observe some
scattered expression of LGR5 in the cycling cell clusters (Figure 3.3d). At the fetal stage,
we observed changes in the epithelial trajectory, where cycling cells differentiated towards
enterocytes, secretory subsets, as well as LGR5high adult-like stem cells (Figure 3.3c, e,
Supplementary Fig. B.2i-k).
In summary, we used scRNA-seq data to identify epithelial cell changes during the
process of villus formation in humans. We identify rapidly cycling and BEX5-expressing
uniform progenitors. In addition, based on imaging and in silico trajectory analysis, we
describe complex dynamics of their differentiation towards LGR5-expressing stem cells
positioned at the bottom of the forming crypts.

3.2.3

Cell-cell interactions during villus formation

Remodeling of epithelium from pseudostratified to crypt-villus critically relies on the crosstalk with non-epithelial cell subsets. Next, we aimed to address mechanisms and signaling
pathways implicated in human villus formation. First, we defined the changes in mesenchymal cell abundance across developmental time points in both small and large intestines in
order to identify potential cell types that appear or become restricted during villus formation
(Figure 3.4a, Supplementary Fig. B.3a). At sampled timepoints, we observed the disappearance of undifferentiated mesodermal subsets and the appearance of more differentiated
mesenchymal subsets, suggesting remodeling of the mesenchymal compartment. Coinciding
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with epithelial remodeling, we detected the emergence of FOXL1+ fibroblasts in small intestinal regions. In contrast, developing SMCs were captured in both regions across embryonic
and fetal time points (Figure 3.4a). Similar mesenchymal cells expressing FoxL1 have been
previously observed to constitute the stem cell niche in adult mice (Aoki et al., 2016).
Apart from high expression of PDGF receptor genes, FOXL1-expressing fibroblasts were
marked by expression of multiple BMP ligands (BMP3/5/7) as well as the adult colonic
mucosal S2 fibroblast marker, F3 (Kinchen et al., 2018). We further show that FOXL1expressing cells transcriptionally best match adult S2 cells described in the colon (Kinchen
et al., 2018) (Supplementary Fig. B.3d-e).
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a) Bar plots showing abundance or percentage of mesenchymal and neuronal cells in the small
(left) and large (right) intestines. b) Barplot showing the activation of Hedgehog signaling
in populations as in a). c) Dot plot with the expression of BMP, RSPO, and WNT pathway
agonists and antagonist genes in the selected populations. d) Schematic with a summary of
epithelial and mesenchymal cell signalling taking into account their pseudo-positioning in
the small intestine. FLC, fibroblasts; SMC, smooth muscle cells; EC, endothelial cells; ICC,
interstitial cells of Cajal; PCW, post-conception weeks.
HH pathway activation is instrumental in regulating many aspects of intestinal development, including mesenchymal clustering during villus emergence. For example, mesenchy-
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mal cluster size is controlled by GLI2-driven activation of cell polarity pathway (Rao-Bhatia
et al., 2020; Walton et al., 2012) and GLI2 was also shown to regulate WNT ligand expression in FOXL1+ stromal cells (Kim et al., 2020). In addition, FoxL1 was shown to control
epithelial proliferation via HH signalling (Madison et al., 2009). Given that the uniform
epithelium expressed sonic hedgehog (SHH) ligand (Figure 3.2b), we further addressed
which mesenchymal subsets show activation of HH signaling based on the co-expression
of HH signaling pathway components (see Chapter 2). This analysis suggested that, out of
differentiated cell types, both FOXL1+ fibroblasts and SMCs are likely responders to HH
signaling (Figure 3.4b).
In addition to HH pathway genes, we observe high expression of WNT5A, WNT5B, PDGF
receptors, multiple BMP ligands (BMP3, BMP5, and BMP7)(Figure 3.4c), consistent with
previously described villus tip stromal cells. In contrast, developing SMCs and myofibroblasts
were marked by expression of BMP antagonists (NOG, GREM1, and GREM2), consistent
with opposing gradients reported in the microenvironment of the adult mouse gut (McCarthy
et al., 2020). We also observed expression of multiple WNT and RSPO ligand genes primarily
in mesothelial serosa cells (Figure 3.4c), and further visualized the expression of WNT2B
transcripts in these cells in situ (Supplementary Fig. B.3b). We summarise the positioning
and signalling observed in this data in a schematic of the cross-section of the embryonic gut
(Figure 3.2d).
Moreover, we visualised PDGFRA-high and FOXL1 and F3 expressing mesenchymal
cells clustering around the pseudostratified epithelium in human embryos (6 PCW) and
at the top of the forming villi (10 PCW, Figure 3.5a, Supplementary Fig. B.3b). This
observation suggests that FOXL1+ fibroblasts are reminiscent of mesenchymal clustering
seen in E14.5 mouse embryos (Walton et al., 2016a,b). We further used smFISH to validate
epithelial expression of SHH and in situ expression of its receptor, PTCH1 by the surrounding
mesenchyme (Figure 3.5b). We show that PTCH1 expression forms ripples with high
expression by cells located around the epithelium (at the site of clustering FOXL1+ fibroblasts)
and SMCs that were marked by PLA2G2A expression in scRNA-seq data (Supplementary
Fig. B.3a) as well as in situ (Supplementary Fig. B.3c, white arrows).
Finally, we applied CellPhoneDB analysis (Efremova et al., 2020; Vento-Tormo et al.,
2018) to identify relevant cell-cell interactions governing villi formation. FOXL1+ and
WNT4+ fibroblasts showed the highest number of predicted cell-cell interactions with epithelial cells in both fetal and embryonic time points (Supplementary Fig. B.3f-g). FOXL1+
fibroblasts and uniform progenitors interacted via BMP, PDGF, NOTCH, WNT, and FGF
signaling pathways (Figure 3.5c), consistent with observations in mice. Amongst less well
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Fig. 3.5 Cell-cell interactions that govern villus emergence.
a) and b) Representative images of smFISH staining in the pseudostratified (embryonic, left
panel) and epithelium that contains villi (fetal, right panel). Scale bar: main panel, 100
µm. PLA2G2A expression marks developing smooth muscle, UPK3B+ mesothelial or serosa
cells, and uniform progenitor cells. c) Summary of cell-cell ligand-receptor interactions
as inferred using CellphoneDB pipeline. Selected interactions between uniform progenitor
cells and mesenchymal/endothelial populations are shown. Interactions are contrasted
between embryonic (labelled as E in the x-axis) and fetal (labelled as F in the x-axis) stages.
Permutation p-value is displayed as point size, and color indicates log-transformed mean
expression of ligand and receptor. The schematic explains the interacting cell type and
molecule pairing: Cell-types in blue express black molecules, cell-types in green express red
molecules or molecule complexes.
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known ligands were NRG1, CXCL12, VEGFA, as well as growth factors, such as IGF2, PTN,
and MDK secreted by FOXL1+ fibroblasts (Figure 3.5c).
Together, this data suggests that villus formation follows a similar mechanism as described
in mice and resolves cellular players and signalling pathways involved in human villus
formation.

3.2.4

Fetal organoids show in vitro maturation

The ability of intestinal epithelial stem cells to give rise to all cell subsets has led to the
development of intestinal organoid culture models (Sato et al., 2011a,b; Tsai et al., 2017).
Such organoids can be generated from the human fetal gut, providing the opportunity
to investigate epithelial cell-intrinsic and -extrinsic developmental mechanisms (Fordham
et al., 2013; Kraiczy et al., 2019). Here, we applied scRNA-seq to developing human gut
organoids (see Methods) and performed in silico analyses by classifying epithelial cells using
transcriptional profiles derived from primary tissue.
In the adult small bowel mucosa, Paneth cells have been found to express the Wntagonist WNT3A, thereby providing a critical signal to the stem-cell niche (Sato et al.,
2011a,b). In addition to the absence of Paneth cells in the developing gut, we were also
unable to identify any WNT3A-expressing mesenchymal cells in our scRNA-seq datasets
(Figure 3.4c). Culture of intestinal epithelial organoids (IEOs) in the presence of recombinant
WNT2B protein, expressed by the embryonic/fetal mesenchymal subsets (Figure 3.4c),
did not lead to morphological difference or transcriptional activation of the Wnt signaling
pathway (Supplementary Fig. B.4d-h). However, given that WNT3A forms a key ingredient
of previously reported human adult and fetal mucosa-derived intestinal epithelial organoid
cultures (Fordham et al., 2013; Kraiczy et al., 2019; Sato et al., 2011a,b), we aimed at
assessing its requirement and impact on fetal gut organoids. IEO cultures were generated from
the proximal small bowel and cultured in the presence or absence of WNT3A-conditioned
medium (Figure 3.6a). The inclusion of WNT3A led to the presence of budding, crypt
structures, while organoids lacking WNT3A appeared more spheroid-like (Figure 3.6b).
Interestingly, single-cell transcriptional profiling of these cultures at an early passage (i.e.,
passage 2—approximately 2–3 weeks in culture) revealed the presence of intestinal epithelial
cells as well as a small fraction of mesenchymal cells that resembled FOXL1-fibroblasts
(Figure 3.6c-f, Supplementary Fig. B.4a-b). Organoids were viable for several weeks
even if cultured in the absence of WNT3A and showed evidence of active cell cycling
(Figure 3.6e). However, WNT3A was required for long-term culture as organoids lacking
WNT3A showed reduced viability and could not be cultured beyond 6 weeks. Importantly,
observed phenotypic differences were matched by dramatic transcriptional changes leading

53

3.2 Results

b

a

f

c

epithelial

d

g

WNT3A+

Cells with >80% probability
+

% of cells

mesenchymal

WNT3A-

-

+

h
top

Position along crypt-villus axis

e

base

Fig. 3.6 Fetal intestinal organoids mature in culture.
a) Schematic representation of WNT3A organoid culture experiment.b) Brightfield images of
fetal organoids grown without (WNT3A-) or with (WNT3A+) conditional medium at passage
2, day 5 post-passage. Scale bar: top panels, 1,000 µm, top panels, 200 µm. UMAP plots of
single cells from fetal organoids grown with or without WNT3A. Cells are colored by either
c) cell type, d) condition, or e) cell cycle phase. f) Cell-type prediction in WNT3A organoid
culture using logistic regression classifiers trained on all primary small intestinal fetal cells.
UMAP plots show overlaid predicted probability for selected cell types. The abundance of
cell types (% of cells) in organoids, as confidently predicted (over 80% probability of a single
cell type) by the logistic regression classifier. h) Pseudo-spatial distribution of organoid
epithelial cells along the crypt-villus (base-top) axis. FLC, fibroblasts; SMC, smooth muscle
cells; EC, endothelial cells; ICC, interstitial cells of Cajal; PCW, post-conception weeks;
prog, progenitor. Organoids were derived from fetal tissues BRC2038-6.4, BRC2039-5.4,
BRC2206-6.5 PCW.
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Fig. 3.7 Fetal intestinal organoids mature in culture.
a) Schematic representation of the experimental design. The experiment was performed
using two independent biological samples (replicate 1 from 5.4 PCW and replicate 2 from
6.4 PCW). UMAP plots with single cells colored by either b) passage or c) cell cycle phase.
On day 5 of passage 1 (p1) organoids were split and one fraction was kept in the culture
while the other was dissociated and processed using 3’ V2 10x Genomics protocol. On
day 5 of passage 17 (p17), the organoids were dissociated and processed using the 10x
Genomics platform again. d) Prediction of cell types of p1 and p17 organoids using logistic
regression trained on primary fetal cells. UMAP plots represent visualization with overlaid
predicted probability for selected cell types. e) Predicted cell-type abundance or PCW age
of fetal organoids grown for 1 or 17 passages as predicted using the logistic classifier. f)
Pseudo-spatial distribution of organoid epithelial cells along the crypt-villus (base-top) axis.
FLC, fibroblasts; SMC, smooth muscle cells; EC, endothelial cells; ICC, interstitial cells of
Cajal; PCW, post-conception weeks; prog, progenitor. Organoids were derived from fetal
tissues BRC2038-6.4, BRC2039-5.4, BRC2206-6.5 PCW.
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to a clear separation of cells according to culture conditions (Figure 3.6d). Removing or
reducing WNT3A in adult mucosa-derived IEOs has been shown to induce differentiation
of epithelial cells and a reduced expression of LGR5 (Kraiczy et al., 2019). In contrast,
when assessing epithelial cell identity and composition of fetal organoids using a logistic
regression model trained on the primary fetal scRNA-seq profiles, organoids cultured in the
presence of WNT3A were found to contain a greater proportion of differentiated cell types,
including enterocytes and enteroendocrine cells compared with those cultured in its absence
(Figure 3.6f-h).
Previous work suggests that human fetal gut organoids undergo a degree of in vitro
maturation in culture (Kraiczy et al., 2019; Tsai et al., 2017). In order to examine this
further, we generated organoids from embryonic gut samples aged 6 PCW and kept them in
a complete culture medium (containing WNT3A) over 5 months (Figure 3.7a). Single-cell
profiling was applied to cultures once they were first established (after one week, passage
1) and following 5 months in culture (17 passages). Uniform manifold approximation and
projection (UMAP) clustering revealed separation according to duration in culture, suggesting
that significant transcriptional changes occur over time (Figure 3.7b). Major differences
were also observed with regard to the predicted cell composition, such that older cultures
contained a higher proportion of differentiated cell types, including enterocytes and goblet
cell progenitors (Figure 3.7c-d, Supplementary Fig. B.4c). Similar to the primary fetal
scRNA-seq, organoid-derived enterocytes, and BEST4 enterocytes were predicted to localize
to the top of the villus axis, while the cycling cells and LGR5 stem cells, to the bottom of
this axis (Figure 3.7e-f)—providing further evidence of epithelial cell maturity.
In summary, our findings reveal the effects of WNT signaling and specifically WNT3A
on human fetal epithelial organoid cell diversity and maturity.

3.2.5

Regeneration of inflamed epithelium in patients with Crohn’s
Disease

Inflammation in patients with CD affects across all layers of the gut and is a result of both
genetic and environmental factors. It is generally believed that abnormal interactions between
the commensal microbiome and the mucosal immune system result in an uncontrolled
intestinal inflammation and damage to the intestinal epithelium. However, it is becoming
apparent that changes in intestinal epithelial cell composition, function, and cell dynamics
play a critical role in the pathogenesis and resolution of CD. To investigate the epithelial
cell dynamics and transcriptional changes during human CD, we performed scRNA-seq on
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terminal ileum biopsies obtained from healthy children (n= 8) and those newly diagnosed
with CD (n= 7) (Figure 3.8a).
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Fig. 3.8 Map of intestinal cells in paediatric health and Crohn’s disease.
a) Inflamed (Crohn’s disease) and uninflamed (normal control) terminal ileum samples
were collected from children undergoing routine colonoscopy at the time of diagnosis and
processed with scRNA-seq. b) and c) UMAP visualisations of paediatric cells from control (b)
and Crohn’s disease (c) patients. d) Dot plot with marker genes used to identify populations
in b). The same populations were observed in the Crohn’s disease patients. e) Proportion
change of non-immune (left) and immune (right) cell populations in control and Crohn’s
disease patients. FLC, fibroblasts; EC, endothelial cells; S1-S4, Stromal1-Stromal4 cells.
Total of 22,500 paediatric cells passed quality control(Supplementary Fig. B.1d-e). Cells
from both control and CD cases were annotated separately (Figure 3.8b-d), and we observe
cells from five cell compartments, including epithelial, mesenchymal, glial, vascular, and
immune cells. Compared to developmental samples, paediatric samples were dominated
by immune cells, including follicular/memory B cells, T cells, plasma, and myeloid cells.
There was also little-to-none temporal separation in epithelial cells of paediatric samples
(Supplementary Fig. B.1f-i), suggesting that epithelial maturation differences in childhood
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are more subtle. Compared with healthy children, patients with CD showed an increased
proportion of arterial and venous endothelial cells, suggesting increased local vascularisation
(Figure 3.8e). In addition, there was an expansion of fibroblasts that transcriptionally
resembled S4 stromal cells first described in the adult ulcerative colitis patients (Kinchen
et al., 2018) (Figure 3.8e,Supplementary Fig. B.6a-i). This is the first report showing
the direct correspondence of stromal subsets expanded in both IBD types. Finally, in the
immune compartment, we observed expansion of myeloid, CD4 T cells, and IgG plasma
cells (Figure 3.8e)- features recently described in the adult CD patients (Martin et al., 2019).
Alterations in the composition, function, and cell dynamics of the intestinal epithelium are
thought to play a critical role in the pathogenesis of CD. Moreover, a link has been proposed
between early fetal development and regenerating epithelium in mice by demonstrating
partial reprogramming of the regenerating colonic epithelium (Wang et al., 2019; Yui et al.,
2018). In order to investigate these observations in humans, we compared epithelial cell type
composition between CD and age-matched control patients.
Comparing epithelial cell composition between CD and age-matched control samples, we
observed significant differences, including an increase in transit-amplifying (TA), goblet, and
tuft cells, while the proportion of fully differentiated enterocytes was significantly reduced
in CD epithelium (Figure 3.9a-d, Supplementary Fig. B.5a-d). We then interrogated the
cross-talk between stromal cells and the affected intestinal epithelial subtypes in the context
of CD. We identified a number of cell-cell interactions that were specific between CD
cell-type pairs (Figure 3.9e). For example, S4 fibroblasts were found to uniquely signal
to CD TA cells via a WNT2 ligand that was received by epithelial subtypes via FZD3
receptor (Figure 3.9e). In addition, we observed chemokines and cytokines, such as CXCL2,
CXCL10, CXCL13, CCL11, and IL6 that were expressed by the S4 fibroblast population
and received by intestinal epithelial cells. Interestingly, among cytokine interactions, we
found TNFSF10-TNFRSF10B signals that promote tumor necrosis factor (TNF)-related
apoptosis and elimination of intestinal epithelial cells (Begue et al., 2006; Wu et al., 2019).
Compared to healthy patients, specificity of TNFSF10-TNFRSF10B signaling in CD patients
was reduced between goblet cells and S4 fibroblasts, while it remained similar in enterocytes.
These changes may contribute to the selective loss of enterocytes and increase in goblet cell
abundance seen in CD. Together, these findings highlight the complex cross-talk between
the epithelium and surrounding stromal cells, which is likely to contribute toward chronic
mucosal inflammation observed in childhood-onset CD.
Finally, growth factor interactions that we observed during development, such as interactions via WNT5A, FGF7, IGF2, MDK, and NRG1 ligands, were also changed between
controls and CD patients. To further understand the regulation of cell-cell interactions, we
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Fig. 3.9 Epithelial cell dynamics during inflammation.
a) and b) UMAP projections of sub-clustered epithelial cells from control (a) and Crohn’s
disease (b) patients. (Continued on the next page)
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Fig. 3.9 (continued) c) Changes in the epithelial population composition in health and
Crohn’s disease. For significant changes, p values (t-test) are shown. d) Schematic showing
the epithelial changes observed in a-c) analysis. e) Predicted cell-cell interactions shown
as a dot plot, where point size indicates permutation p-value (derived using CellPhoneDB)
and color shows scaled mean expression level of ligand and receptor. Selected interactions
between affected epithelial populations and stromal (S1-S4 fibroblasts (FLC)), as well as
endothelial cells (Arterial/venous endothelial cells (EC)), are shown. f) Relative mean
expression of transcription factors, which were differentially expressed in Crohn’s epithelium.
Patients with minimal epithelial composition changes in scRNA-seq data were grouped
as “non-inflamed CD”. Arrows indicate genes discussed in the text, where red arrows
point to genes previously linked to proliferation, and black arrows point to genes linked to
inflammation and/or development. Epi, epithelium; CD, Crohn’s disease.

aimed to identify the transcription factors that were shared between CD and developing
epithelium (Figure 3.9f). As shown in Figure 3.9f, we identified a number of such genes,
some of which have been linked to IBD pathogenesis. Examples include the B lymphocyteinduced maturation protein-1 (Blimp1; encoded by the gene PRDM1) (Ellinghaus et al., 2013;
Harper et al., 2011; Muncan et al., 2011); Forkhead Box transcription factors, FOXP1 and
FOXM1, linked to CD (Bo et al., 2018; De Lange et al., 2017); tumor suppressor ARID1A,
recently reported to be under positive selection for somatic mutations in IBD colon (Olafsson
et al., 2020); cell proliferation genes, such as TP53 and MYC, associated with inflammation
induced colorectal cancers (Du et al., 2017; Horvath et al., 2015; Lu et al., 2017); and
HMGA1/HMGB2 genes involved in the stem-cell expansion and associated with IBD (Bush
et al., 2013; Takaishi et al., 2012; Vitali et al., 2011; Xian et al., 2017). Furthermore, our
analyses identified several transcription factors implicated in stem cell and embryonic development. For example, the Wnt signaling transcription factor, TCF4 (Barker et al., 1999;
Wehkamp et al., 2007), as well as FOXA2, and SOX9, expression of which is associated with
development.
Taken together, our results confirm previous reports of altered intestinal epithelial cell
dynamics in regenerating CD epithelium and identify several disease-associated cell-cell
interactions in childhood-onset CD. Importantly, we provide supportive evidence for the
partial reactivation of developmental transcriptional pathways in CD epithelium.

3.3

Discussion

Previous studies have reported the presence of proliferative, immature progenitor epithelial
cells in the human fetal intestine at around 10 PCW (Fordham et al., 2013; Guiu et al.,
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2019). We demonstrate that this cell population forms the vast majority of pseudostratified
intestinal epithelium in the human embryo (6–8 PCW) and expresses CDH2, BEX5, SSH, and
PLA2G2A, all of which have been previously linked to the stem-cell potential. For example,
CDH2 was linked to regulation of cell fate decision in the mesodermal lineage (Alimperti
and Andreadis, 2015), and SHH to the initiation of villus formation in the developing mouse
intestine (Shyer et al., 2015), while BEX-family genes were found to be expressed in tissue
stem/progenitor cells (Ito et al., 2014). In addition, we demonstrate LGR5 expression in
the embryonic epithelium, albeit at lower levels than in fetal tissue. At the embryonic
stages, all epithelium is uniformly cycling, while at the fetal stages, cycling cells become
restricted to the bottom of the inter-villus domains, and upregulate LGR5 expression. While
analogous processes of early epithelial development were previously reported in chicken and
mouse (Shyer et al., 2015), scRNA-seq data provide insights into the diversity and maturity
of epithelial cell types found at fetal stages. Nevertheless, lineage tracing experiments in
organoid cultures are necessary to provide evidence on the source of LGR5 stem cells in
humans.
The presence of secretory cells, including enteroendocrine and goblet cells, in multiple
embryonic samples, prompted us to hypothesize that the more abundant, cycling, uniform
progenitors, as opposed to a few captured LGR5 stem cells, may be the source of secretory
cells. These observations are in keeping with recent lineage tracing experiments by Guiu
et al. (2019) that suggest the presence of alternative sources for differentiated cell subsets
during development, given that fetal LGR5 cells alone are unable to sustain intestinal growth.
In silico trajectory analysis implies that the uniform embryonic progenitors and cycling cells
may be the source of differentiated cell subsets captured in embryonic stages; however, future
studies are needed to address the source of differentiated cells in the fetal gut.
Intestinal villus formation is one of the key developmental milestones of the first trimester.
While common pathways have been proposed to mediate villus formation in chicken and mice
(Bmp, Hh, Pdgf), the mechanisms differ between species. In the chicken model, the force
generated by smooth muscle progressively deforms the epithelium to generate mucosal folds.
In turn, the mesenchymal clusters form at the villus tips and restrict epithelial proliferation
via Bmp signals (Shyer et al., 2015). A different mechanism was proposed in mice, where
villus formation is driven by self-organizing mesenchymal cell clusters (Karlsson et al., 2000;
Walton et al., 2016a, 2012, 2016b) and is uncoupled from the development of smooth muscle
layers. Recent reports implicate the mesenchymal Fat4/PCP pathway in the organisation of
mesenchymal clusters and demarcation of the emerging villus (Rao-Bhatia et al., 2020).
Using scRNA-seq data, we show that the appearance of FOXL1 fibroblasts was coincidental with epithelial changes in the human intestinal epithelium. Foxl1 in mice (also known
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as Fkh6) marks a population of subepithelial telocytes that are essential for the intestinal
stem-cell niche (Kaestner, 2019; Kaestner et al., 1996, 1997; McCarthy et al., 2020; ShoshkesCarmel et al., 2018). In adult mice, telocytes support epithelial zonation along the villus and
were recently shown to express Lgr5, Bmp, and Wnt ligands at the villus tip (Halpern et al.,
2020). Our scRNA-seq and imaging data suggest that FOXL1 fibroblasts start developing at
the embryonic stage in the absence of any visible villi. FOXL1 fibroblasts were also the main
responders to HH signaling and expressed BMP and PDGFR genes during development,
suggestive of their role as clustering mesenchymal cells critical for villus formation. Using
in silico ligand-receptor analyses, we further identified multiple ligands-encoding genes,
including WNT5A, WNT2, NRG1, and IGF2, with potential to modulate early villus formation
in humans. Finally, we show transcriptional similarities between FOXL1 fibroblasts and S2
fibroblasts found in the human adult gut, suggesting that two cell states may represent the
same lineage of mesenchymal cells equivalent to murine telocytes.
The mesenchymal cell clustering and subsequent villus emergence were proposed to
follow a proximal-to-distal wave (Spence et al., 2011a; Walton et al., 2012). Fordham
et al. (2013) challenged this view by culturing fetal epithelial cells from proximal, middle,
and distal regions of the mouse gut and observing the opposite trend of differentiation
in the organoid system. While in this work restricted cell lineages were traced (Pdgfra+
mesenchymal cell clusters or differentiating epithelial cells), scRNA-seq allows for the
investigation of multiple cell lineages at the same time. Our dataset provides evidence that
multiple cell lineages differentiate and, in the case of immune cells, home to the proximal
intestinal regions first. We also observed differences in vascularization between three regions,
where endothelial cells differentiated in the proximal-to-distal wave during human intestinal
development.
IEOs have been generated from the human fetal gut and shown to undergo a degree of
in vitro development highlighting their use as powerful experimental tools (Fordham et al.,
2013; Guiu et al., 2019; Kraiczy et al., 2019). Here, we combined the generation of fetal
organoids with single-cell profiling to interrogate fetal culture composition. Our findings
indicate that, while not required for their establishment and short-term culture, WNT3A is
essential for the long-term propagation of fetal organoids and was found to be associated
with a higher proportion of differentiated cell subsets. This parallels studies in mice, where
embryonic progenitors were able to proliferate independently of Wnt prior to villus formation
but not after (Chin et al., 2016). These findings also point to differences between adult and
fetal gut epithelium as the generation of adult mucosa-derived intestinal organoids critically
relies on the presence of WNT3A, while its withdrawal leads to increased differentiation into
epithelial cell subsets and reduced expression of LGR5 (Fordham et al., 2013; Kraiczy et al.,

62

Villus formation in humans

2019). Furthermore, organoids kept in culture for several months were found to contain an
increased proportion of differentiated cell subsets as well as an increased number of LGR5+
cells. This suggests that current intestinal culture conditions select for highly proliferating
cells. Finally, our in vitro studies further illustrate the utility of single-cell transcriptomics as
a critical reference for validating and interpreting fetal organoid culture work.
A developmental origin of disease pathogenesis has been proposed for many complex,
multifactorial conditions. IBD, and particularly CD, are thought to be caused by a complex interplay between the environment and genetic predisposition leading to an irreversibly altered
immune response. Recent studies have reported expansion of a colonic mesenchymal subset
in adult ulcerative colitis and associated this with resistance to anti-TNF treatment (Kinchen
et al., 2018; Smillie et al., 2019). We observed expansion of a similar mesenchymal population in childhood CD, suggesting similarities between adult- and paediatric-onset IBD.
In addition, a comparison between CD and healthy epithelium suggests that CD epithelium is rapidly cycling and poised for goblet cell differentiation, consistent with previous
reports (Gersemann et al., 2009). Furthermore, we describe ligand and receptor pairs that
uniquely signal between affected epithelial subsets and expanded stromal populations, including WNT2 ligands potentially received by TA cells. This provides a possible mechanism
to sustain intestinal regeneration in disease.
Previous studies in mice have linked epithelial cell properties in the inflamed gut to the
physiological status observed in early fetal development (Guiu et al., 2019; Wang et al., 2019;
Yui et al., 2018). Here, we provide evidence in humans that regenerating CD epithelium
shares transcription factor programs otherwise present only in the fetal epithelium. Identified transcription factors including TP53, MYC, HMGA1, and HMGA2 point to increased
epithelial proliferation, which we also observed as an increase in TA cell abundance. Other
genes have been reported in the development of epithelium or inflammatory cells in other
organs. Among them is the zinc-finger transcription factor, Yin and Yang (YY1), which has
been shown to play a critical role in lung epithelial cell development and TGF-beta-induced
lung fibrosis (Boucherat et al., 2015; Zhang et al., 2019a). Another example is the expression
of basic helix–loop–helix 40 (BHLH40), expression of which has been observed in a wide
range of cells and tissues, including T cells, macrophages, dendritic cells, and the gastric
epithelium (Lin et al., 2014; Teng et al., 2020). BHLH40 was found to control cytokine
production by T cells, thereby playing a critical role in the development of autoimmune
neuroinflammation (Lin et al., 2014; Yu et al., 2018). Finally, our analyses confirm previous
reports of Forkhead BoxM1 (FOXM1, also HFH-11) transcription factor being expressed in
the embryonic epithelial cells with its expression becoming reactivated in adult cell types by
proliferative signals or oxidative stress (Ye et al., 1997).

3.3 Discussion
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In summary, we provide a detailed single-cell map of the human gut during embryonic,
fetal, and paediatric health as well as during inflammatory disease and dissect transcriptional
changes in epithelial cell dynamics during intestinal life.

Chapter 4
Integrated view of intestinal cells
The cellular landscape of the human intestinal tract is dynamic throughout life, developing
in utero and changing in response to functional requirements and environmental exposures.
Here, to comprehensively map cell lineages, we use scRNA-seq and antigen receptor analysis
of almost half a million cells from up to 5 anatomical regions in the developing and up to
11 distinct anatomical regions in the healthy paediatric and adult human gut. This reveals
the existence of transcriptionally distinct BEST4 epithelial cells throughout the human
intestinal tract. Furthermore, we implicate IgG sensing as a function of intestinal tuft cells.
We describe neural cell populations in the developing enteric nervous system, and predict
cell-type-specific expression of genes associated with Hirschsprung’s disease. This catalogue
of intestinal cells provides new insights into disease-relevant cellular programs.
This work is published in Nature as Cells of the human gut through space and time
(Elmentaite et al., 2021). Full contributions are outlined in the publication and Chapter 2.
This study was designed and initiated by Sarah A. Teichmann, Kylie R. James and myself. I
have analysed and interpreted the single-cell data and generated figures.

4.1

Introduction

Intestinal tract physiology relies on the integrated contribution of epithelial, mesenchymal,
endothelial, mesothelial, innate and adaptive immune, and neuronal cell lineages, whose
relative abundance and cell networking fluctuate from embryonic development to adulthood.
Factors contributing to these dynamics include gut function, environmental challenges,
and disease states that vary at different life stages. Adding further complexity is that the
intestinal tract is formed of distinct anatomical regions that develop at different rates and
carry out diverse roles in digestion, nutrient absorption, metabolism, and immune regulation
in adulthood.
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Analysis of rare fetal intestinal tissues using single-cell approaches has further resolved
the formation of villi-crypt structures (Elmentaite et al., 2020; Fawkner-Corbett et al., 2021;
Gao et al., 2018) and seeding of immune cells during gut development (Li et al., 2019;
Schreurs et al., 2019). Similarly, our understanding of the cellular landscape of the adult
gut is benefiting from the single-cell technologies. We have previously reported regional
differences in immune cell activation in the healthy human colon linked to variability in the
microbiome composition (James et al., 2020). While extensive work has been carried out to
profile the intestinal tract at single-cell resolution, a holistic analysis of the gut through space
(anatomical location) and time (lifespan) is lacking. Building such a developmental roadmap
would be invaluable for the scientific community.
We complemented our previous analysis of early fetal and paediatric cells described
in Chapter 3 by further sampling tissue from the second trimester of development and
multi-tissues from the adult organ donors. Here, we integrated this data and created a singlecell census of the healthy human gut, encompassing around 428,000 cells from 11 distinct
anatomical sites during in utero development, childhood, and adulthood. In doing so, we
reveal new insights into the epithelial compartment: show the presence of regionally different
BEST4+ epithelial cells and BEST2 goblet cells, resolve heterogeneity and differentiation of
enteroendocrine cells, and define a role for tuft cells in immunological sensing. Finally, we
resolve the heterogeneity of neural populations in the developing human gut and use their
transcriptional profiles to map Hirschsprung’s disease-associated gene expression.

4.2
4.2.1

Results
Integrated view of intestinal cells across life and space

To investigate cellular profiles and communication networks across the intestinal tract,
we performed scRNA-seq on distinct tissue regions of the second-trimester (12-17 postconception weeks (PCW)) fetal and adult (29-69 years) intestine and draining mesenteric
lymph nodes (mLN) (Figure 4.1a, Methods). In addition, we integrated scRNA-seq data
of first-trimester 6-11 PCW intestine and paediatric CD and control ileum described in
Chapter 3.
The dataset comprised over 428,000 high-quality intestinal cells (Supplementary Fig. C.1ab). Leiden clustering and marker gene analysis revealed major clusters of epithelial, mesenchymal, endothelial, lymphocytes, neural, myeloid, and erythroid cells (Figure 4.1c).
Fetal gut samples were enriched for mesenchymal cells and neural cells, with an increased
abundance of immune cell types from the second trimester onwards (Figure 4.1d-e, Supple-
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Fig. 4.1 Integrated view of human gut throughout life.
a) Schematic showing the sampling of additional fetal and adult data to complement the
samples described in Chapter 3. b) Workflow of integration of multi-age human intestinal
scRNA-seq samples. c) UMAP visualisation of cells, where lineages and relevant cell states
are colored and annotated. d) Bar plot with proportions of cell lineages at different life
stages. e) Dot plot visualisation of cell enrichment (high fold-change; red) or depletion (low
fold-change; blue) in different biological and technical conditions compared to baseline.
Statistical significance is shown as local true sign rate (LTSR) value, where 1 indicates a
confident estimate. Illustrations generated by J. Eliasova and using BioRender.
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mentary Fig. C.1c-d). Mesenteric lymph nodes, collected from second-trimester onwards,
predominantly contained immune cells (Figure 4.1d-e, Supplementary Fig. C.1d).
The human intestinal tissue developmental stage (fetal vs adult) and sampling strategy
(whole tissue vs biopsies) have an impact on the cell types recovered during tissue dissociation.
In particular, we collected the full thickness of the gut wall from the fetal and adult donors,
but paediatric tissue was collected as biopsies from living donors. In addition, all samples
were enriched using MACS protocol, which leads to less pure enrichment than by FACS.
Therefore, although paediatric samples were enriched for EPCAM+ cells, we still capture a
large proportion of immune cells in these samples (Figure 4.1d-e, Supplementary Fig. C.1c).
Further sub-clustering of the cellular populations allowed for identification of 132 cell types
and states with specific transcriptional identities (Supplementary Fig. C.1b, C.2d).
To rigorously estimate the impact of biological factors on cell type composition, while
accounting for the effect of sorting strategy as well as other technical factors, we modeled
the number of cells for each sample (n=159 samples in total) and cell lineage (9 different
cell lineages in total) using a generalised linear mixed model with a Poisson outcome. The 5
clinical factors (age group, donor, biopsy or not, disease status, and gender) and 4 technical
factors (enrichment fraction, 10x kit version, liberase enzyme, and 10x run) were fitted as
random effects to overcome the collinearity among the factors. The results of this analysis are
shown in Figure 4.1e). The analysis showed that the standard scRNA-seq does not increase
nor decrease the epithelial cells, while EPCAM+ MACS enrichment increases epithelial
cells by 5 times. The mesenchymal cells were significantly enriched in the first and second
trimesters of development compared to the postnatal samples. Age group and enrichment
fraction accounted for the most variation in the data (Figure 4.1e).
Together, this represents an in-depth cell census of the gut and a map of cellular diversity
across regions and developmental time.

4.2.2

Epithelial cells and IgG sensing in tuft cells

Next, we visualised the composition of the prenatal and postnatal gut epithelium (Figure 4.2a,b). Within this cell lineage, absorptive cells separated into clusters of small intestinal
enterocytes of the paediatric and adult samples, and large intestinal colonocytes (Figure 4.2ac). Secretory cells consisted of goblet, tuft, paneth, microfold (M) cells, as well as precursor
states. In addition, we observe a population of cells expressing CLDN10. CLDN10+ cells
likely represent pancreatic progenitors based on their expression of DLK1, PDX1, RBPJ,
CPA1, SOX9 (Zaret and Grompe, 2008). Notably, there was a developmental shift in the
composition of the epithelium at approximately 10 PCW, with the majority of undifferentiated epithelial cells captured prior to this point (Figure 4.2d). This is consistent with the
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previous analysis in Chapter 3 suggesting that the pseudostratified epithelium prior to villi
formation is transcriptionally distinct. Integration of both small intestinal and colonic epithelium showed that epithelium is regionally patterned prior to villus formation, as described
previously (Fawkner-Corbett et al., 2021; Spence et al., 2011b).
Surprisingly, among the top differentially expressed genes for tuft cells was PLCG2 (Figure 4.2e, Supplementary Fig. C.3a-b), a phospholipase typically associated with hematopoietic cells. To explore the relevance of PLCG2 expression in tuft cells, we screened for
expression of upstream receptors (Supplementary Fig. C.3c). FCGR2A, which is activated in response to IgG and shown to be expressed by epithelial cells in immunized
mice (Moreno-Fierros et al., 2015), was specifically expressed by a fraction (2.75%) of
tuft cells (Figure 4.2e). We confirmed protein expression of Fcgr3 (ortholog of FCGR2A)
by approximately 5% of small intestinal tuft cells in mice (Figure 4.2f, Supplementary
Fig. C.3d). Receptor tyrosine kinases were expressed across tuft cells and other epithelial cell
types, however since these are known to be mainly linked to PLCG1 activation, whether they
are also responsible for PLCG2 activation in tuft cells is difficult to delineate (Figure 4.2e,g),
Supplementary Fig. C.3c).
The expression of PLCG2 by tuft cells, at higher levels than B and myeloid cell lineages
(Figure 4.3a) and the expression of FCGR2A and downstream signaling mediators led us
to wonder whether tuft cells specifically could be responsive to signals from immune cells.
Differentiation of human intestinal organoids also showed an increase in tuft cells (measured
by POU3F2) as well as FCGR2A/B and PLCG2 expression in vitro (Figure 4.3b-c). To test
whether tuft cells respond to immune cells, we stimulated primary tissue-derived intestinal
organoids with inflammatory cytokines TNF-alpha or IFN-gamma and performed scRNAseq. While there was no morphological difference and limited expression of FCGR2A
(Figure 4.3d-e), we confirm an increase in PLCG2 expression across stimulated organoid
epithelial cells cultured from control or CD patients (Figure 4.3e). In addition, we show a
significant increase in inhibitory FcγRIIb-expressing tuft cells in a mouse model of intestinal
colitis, suggesting a negative feedback mechanism is at play during chronic inflammation
(Figure 4.3f).
Our in-depth analysis of the gut epithelium adds resolution to its changing composition
throughout life, showing the likely capacity of tuft cells to sense IgG through PLCG2
activation.
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BEST4 epithelial cells transcriptionally distinct across intestinal
regions

Within the post-natal epithelial cells, we also noticed spatial differences in BEST4-expressing
epithelial cells (Figure 4.2b). BEST4-expressing epithelial cells have previously been observed in human small and large intestines (Ito et al., 2013; Parikh et al., 2019; Smillie
et al., 2019) and varied in abundance between intestinal regions in our scRNA-seq data
(Figure 4.4a). Using differential cell-type abundance analysis (Dann et al., 2020), we identified their region-specific expression signatures (Figure 4.4b-c, Supplementary Fig. C.4a-b).
Interestingly, small intestinal BEST4 cells were marked by high expression of chloride
channel and cystic fibrosis gene CFTR (Figure 4.4b, Supplementary Fig. C.4c-d), which
we also observed at the protein level. In this staining and in previous work, BEST4+ cells
were in close proximity to cells resembling goblet cells (Figure 4.4d) (Ito et al., 2013). Our
analysis highlights a possible role of BEST4 enterocytes of the small intestines in aiding
mucus production by goblet cells and biosynthesis of acids, in contrast to functions of colonic
BEST4+ cells in the metabolism of small molecules (Supplementary Fig. C.5a-b). Similar to
BEST4 cells, goblet cells also showed region-specific expression signature, where colonic
goblets highly expressed BEST2 (Supplementary Fig. C.6a-c), as observed previously (Ito
et al., 2013).
Together, this dataset enables us to determine previously unappreciated regional and
transcriptional differences in epithelial populations along the intestine.

4.2.4

Enteroendocrine cell differentiation

In addition to regional differences in BEST4 epithelial population, we observe temporal
differences in enteroendocrine lineage in our scRNA-seq data. Subclustering of enteroendocrine cells revealed NEUROG3+ precursor cells and multiple mature subsets resembling
populations recently described in intestinal organoid experiments, including M/X cells
(MLN/GHRL), D cells (SST), L cells (GCG), N cells (NTS), K cells (GIP), I cells (CCK)
and enterochromaffin (EC) cells (TPH1) either expressing Neuropeptide W (NPW) or TAC1
(Figure 4.5a). NEUROG3+ progenitors were enriched in the first trimester, while hormone
expressing subsets were instead enriched in the second trimester samples (Figure 4.5b). In
addition, we capture a small subset of insulin expressing β cells (INS) in the first trimester
proximal intestines, that possibly represent a contaminating population from developing
pancreatic bud.
While Neuropeptide W is known to stimulate food intake(Levine et al., 2005) and is
broadly expressed by enteroendocrine cells (Beumer et al., 2020; Roberts et al., 2019),
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EC differentiation. e) Immunohistochemical staining of selected genes from e) in the small
intestinal sections from Human Protein Atlas (proteinatlas.org). Red arrows point to positive
cells.
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here we observe a specific population of NPW+ enterochromaffin cells also marked by the
expression of PRAC1 and RXYD2 (Figure 4.5c). We further delineate genes involved in the
differentiation of EC cells from NEUROG3+ precursors (Figure 4.5d). Amongst these genes
were known transcription factors such as NEUROD1, CHGB, CHGB,PAX4 and PAX6, as well
as recently described genes such as FEV (Beumer et al., 2020; Gehart et al., 2019). Finally,
we use proteincellatlas.org images to visualise some of these genes, including KLK12 and
AFP, that were found in NEUROG3+ progenitors and were located at the bottom of the
crypts. Other identified genes marked specific subsets of intestinal cells (Figure 4.5e).

4.2.5

Enteric nervous system development in humans

In addition to the regional and temporal insights from the integrated intestinal atlas, we
aimed to resolve development-specific events of enteric nervous system formation. This was
motivated by the need to resolve the molecular mechanisms of Hirschsprung’s disease and
the lack of relevant single-cell developmental datasets in humans.
Enteric Neural Crest Cell (ENCC) progenitors were present in the intestinal earliest
small and large intestinal samples available (from 6.5 PCW, Supplementary Fig. C.7a).
ENCCs balance proliferation and differentiation into glia and neurons, while maintaining a
progenitor reserve. To capture discrete processes of ENCC differentiation, we analysed early
(6-11 PCW) and late (12-17 PCW) development separately (Supplementary Fig. C.3a-b).
In early development, ENCCs differentiated primarily to neurons via neuroblasts, giving
rise to two distinct branches - Branch A (ETV1) and B (BNC2) (Figure 4.6a, Supplementary
Fig. C.7b-c, C.8a-d), as observed in mice (Morarach et al., 2021). At this stage, Branch
A further differentiated to inhibitory motor neurons (iMN, resembling ENC8-9 (Morarach
et al., 2021)) and two subsets with characteristics of Intrinsic Primary Afferent Neurons
(IPANs) or interneurons (IN; resembling ENC12 (Morarach et al., 2021)) with similarity to
cells observed in the human fetal gut (Supplementary Fig. C.7d) (Fawkner-Corbett et al.,
2021). Branch B further differentiated to immature excitatory motor neuron (eMN) subsets
(Branch B1 and B2, resembling ENC1-3 (Morarach et al., 2021)) (Figure 4.6a).
At later development, Branch A differentiated into NEUROD6+ INs (resembling ENC10
(Morarach et al., 2021)), while Branch B differentiated into IPANs (Figure 4.6b, Supplementary Fig. C.7c, C.8a-d) similar to previously described adult human IPAN A cells (May-Zhang
et al., 2021). We visualise opposing expression of SCGN (Branch A1) and GRP (Branch
A2/A3) and BNC2 (Branch B1/2) in the developing and adult human myenteric plexus
(Figure 4.6c, Supplementary Fig. C.7e). Expression of transcription factors (e.g. ETV1) were
previously validated in situ in a complementary resource of the human gut (Memic et al.,
2018).
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Fig. 4.6 Cells of the developing enteric nervous system
a-b) UMAP of enteric neural crest cells (ENCC) and their progeny at a) 6-11 and b) 12-17
PCW. Overlaid arrows depict scVelo trajectories, with major neuronal branches shown as
‘A’ and ‘B’. Marker genes for populations are listed. Branch A2 and A3 subsets were not
observed at 12-17 PCW, possibly because they were outnumbered by the glial populations.
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Fig. 4.6 (continued) c-d) Multiplex smFISH staining of c) SCGN+ Branch A1, GRP+ Branch
A2/A3, and BNC2+ Branch B1/2 developing ELAVL4+ neurons (arrows, n=2) in the 15 PCW
ileum (scale bars = 100 µm) and d) Glia 1 (DHH, MPZ, SOX10) cells in the mesentery
(scale main =100 µm, zoom =30 µm, n= 2). N is biological replicates across regions. e)
Heatmap with mean expression of Hirschsprung’s-associated genes across intestinal regions
and developmental stages. iMN: inhibitory motor neuron; IPAN: Primary Afferent Neurons;
IN: interneurons; PCW, post-conception week.

While differentiated neurons were abundant at 6-11 PCW, glial cells were enriched
at later development. Three types of enteric neural and a subset of differentiating glia
(COL20A1) were present at 12-17 PCW (Figure 4.6b, Supplementary Fig. C.8d). Colonic
glia 1 cells expressed posterior HOX genes and TFAP2B, suggesting their sacral/trunk
origin (Supplementary Fig. C.7g). We visualised BMP8B-expressing cells in the myenteric
plexus, while DHH-expressing cells were found both in the mesentery and myenteric plexus
(Figure 4.6d, Supplementary Fig. C.7f).
To identify neural cells involved in Hirschsprung’s disease (HSCR), we screened for the
expression of known HSCR-associated genes (Tang et al., 2018; Zhang et al., 2017). The
majority of HSCR-associated genes were expressed across multiple differentiating populations with varying intensity (Figure 4.6e), and varied between neuron Branches A and B. For
example, RET was highly expressed by Branch A, but not Branch B, neurons. Interestingly,
ZEB2 and EDNRB were more highly expressed across colonic glia and neuroblast subsets
compared to equivalent small intestinal subsets (Figure 4.6e). Any differences in expression
between regions may also be due to the developmental lag of the large intestines. In addition, key ligands implicated in HSCR, including GDNF, NRTN and EDN3 were primarily
expressed by mesothelium, smooth muscle cells (SMC) and interstitial cells of Cajal (ICC)
(Supplementary Fig. C.7h).
Together, our analysis shows the broad expression of Hirschsprung’s disease-associated
genes across neural and ICC/SMC cells, implicating these neural subsets in the disease
pathogenesis.

4.3

Discussion

In this chapter, I present an integrated dataset of over 428,000 single cells of multiple
anatomical regions of the human gut throughout development, childhood, and adulthood,
browsable at gutcellatlas.org. We leverage this data to reveal the existence of transcriptionally
distinct BEST4+ cells throughout the human intestinal tract and add to their function in
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pH sensing and transport of metals, ions, and salts that were thought to be restricted to the
colon (Parikh et al., 2019; Smillie et al., 2019). Furthermore, we implicate IgG sensing as a
function of intestinal tuft cells. Finally, we describe neural cell populations in the developing
enteric nervous system and predict the cell-type-specific expression of Hirschsprung’s diseaseassociated genes.

4.3.1

Tuft cell function in IgG sensing

Small intestinal tuft cells are known to function in response to parasitic helminths and
allergens as part of type 2 immune response. In particular, tuft cells signal to ILC2s via IL-25,
creating a circuit that mediates epithelial remodelling to promote further differentiation of tuft
and goblet cells for the effective expulsion of parasites (Von Moltke et al., 2016). Our results
confirmed previous observations by others (Goto et al., 2019; Nadjsombati et al., 2018) of
high and specific expression of PLCG2 in tuft cells, despite it typically being associated with
B cell and myeloid responses (Katan and Cockcroft, 2020). Given that FCGR2A, a receptor
activated by the Fc fragment of IgG upstream of PLCG2, and other downstream signaling
molecules are also expressed by tuft cells, we suggest that this pathway could mediate
direct immune sensing by tuft cells. This is surprising since FcG receptors have rarely been
observed in non-haematopoietic cells (Ishikawa et al., 2015). To our knowledge, FcγrII
expression has only been observed in mouse intestinal epithelial cells after immunization
with bacterial neurotoxin (Moreno-Fierros et al., 2015) and by human nasal epithelial cells in
response to bacteria-derived ligands (Golebski et al., 2019).
FcG receptors on immune cells mediate response to local IgG via production of inflammatory signals. While IgA is the dominant isotype expressed at mucosal surfaces at homeostasis,
previous studies have demonstrated significant induction of IgG and, indeed, FcγR signaling
by myeloid cells in the colon of UC patients and in mice treated with DSS (Castro-Dopico
et al., 2019). Although FCGR2A was only expressed by a subset of tuft cells, we expect this
may similarly increase during gut inflammation when luminal IgG levels rise.
Two missense variants of PLCG2 have been linked to aberrant B cell responses in earlyonset IBD (De Lange et al., 2017; Uhlig, 2013) and primary immune deficiency (Martín-Nalda
et al., 2020). Here, we show increased expression of the inhibitory receptor, FCGR2B, by
tuft cells in a mouse model of colitis, another possible involvement for this pathway in IBD
through tuft cells. Overall, this data suggests a potentially impactful immune-sensing role for
intestinal tuft cells and is a topic for further investigation in the future.

4.3 Discussion

4.3.2
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BEST4-expressing cells across the intestinal tract

BEST4-expressing cells were first identified in the intestinal tract by Ito et al. (2013).
Concurrently, a rare subset of small intestinal epithelial cells was reported to highly express
CFTR (Ameen et al., 1995; Jakab et al., 2013). Our analysis suggests that BEST4 and
CFTR genes are co-expressed in the population of small intestinal, but not colonic intestinal
epithelial cells. A similar population within the human duodenum has recently been observed
by other groups (Busslinger et al., 2021). We show that these small intestinal BEST4 cells are
transcriptionally distinct from the recently reported colonic BEST4 cells (Parikh et al., 2019;
Smillie et al., 2019), and are present during fetal development. Based on their co-location with
goblet cells and expression of the CFTR channel responsible for fluid exchange (Gadsby and
Nairn, 1999), we postulate that they are involved in the clearance of mucus from the intestinal
lumen. These observations identify the relevance of small intestinal BEST4 cells in cystic
fibrosis patients, who often suffer from gastrointestinal symptoms (Park and Grand, 1981).
Further experiments will be needed to resolve the functional similarities and differences
of BEST4 cells found across intestinal regions and their differentiation trajectories. These
observations present the potential to target and restore BEST4 cell function in order to relieve
gastrointestinal symptoms observed in cystic fibrosis patients.

4.3.3

Enteric nervous system development

Compared to molecular mechanisms of the central nervous system development and neuronal
diversification (Arenas et al., 2015), little is known about these processes in the enteric
nervous system. Using single-cell data, we demonstrate the heterogeneity of neural cells
during human development and show the temporal differences between neurogenesis and
gliogenesis. Because the progenitors of the enteric nervous system are mobile, neuron
differentiation in the gut is likely dependent on the progenitor cell position and surrounding
morphogens (Young et al., 2014). The analysis of scRNA-seq data shows that morphogens
that enable enteric progenitor recruitment are largely produced by the mesenchymal and
smooth muscle populations. Further analysis of these populations will allow the prediction of
the ligands and receptors required for the neurogenesis and gliogenesis, and investigation for
the reasons for the temporal differences between the two processes. In addition, the neuron
diversification into branches aligns well with the model recently proposed in mice (Morarach
et al., 2021). Direct comparisons of the data will allow the selection and further perturbation
of conserved molecules and pathways involved in this process.
Finally, the genes associated with developmental conditions such as Hirschsprung’s
disease have been mapped in humans using adult cells (Drokhlyansky et al., 2020). However,
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Hirschsprung’s disease is a congenital disorder characterised by the absence of nerve cells.
We leverage the fetal cells of this dataset to map the expression of Hirschsprung’s diseaseassociated GWAS genes and show expression of a set of genes including RET and EDNRB
in multiple enteric neuronal cell types in early human gut development. We also describe a
signaling circuitry amongst ENS and ICC and muscle cells involving Hirschsprung’s disease
genes. These observations help explain the difficulty linking HSRC-associated genes with
neuronal cell types in mature gut tissue.
Overall, this chapter provides clarity on the complexity of intestinal epithelial cell
types throughout developmental time and intestinal space with potential implications for
inflammatory bowel disease. In addition, using this data we resolve differentiation events
during enteric nervous system development and their relevance for rare developmental
conditions.

Chapter 5
Intestinal lymphoid organ formation in
development and disease
This chapter is part of the study published in Nature as Cells of the human gut through
space and time (Elmentaite et al., 2021). I have analysed and interpreted the single-cell
data and generated figures. smFISH and 10x Visium experiments were designed by me,
and Kenny Roberts and Cellular Genetics and Phenotypeing (CGaP) support team at Sanger
performed tissue sectioning, staining, and imaging. Spatial analysis was performed by
Vitalii Kleshchevnikov and the IBD-GWAS gene mapping pipeline developed and applied
by Natsuhiko Kumasaka. Full contributions are outlined in detail in the publication and
Chapter 2.

5.1

Chapter introduction

Intestinal tissues harbour local sites for the antigen sampling such as gut-associated lymphoid
organs (GALT) and mesenteric lymph nodes (mLN) that support rapid and efficient immunity.
Both GALTs and mLN develop in utero and are strategically positioned along the intestinal
tract prior to encountering any antigen (Hoorweg and Cupedo, 2008). The development of
these structures occurs in a step-wise manner, through the interaction of lymphoid tissue
inducer and organiser cells (reviewed in Krishnamurty and Turley (2020)).
Here, I use the gut cell atlas described in Chapter 4, to characterise lymphoid tissue
organogenesis in humans. My analysis revealed the unexpected transcriptional heterogeneity
of lymphoid tissue initiator (LTi)-like cells in humans. As hypothesised in mice, these cells
were recruited to the intestinal tissues by the activated mesenchymal lymphoid tissue organiser
(mLTo) cells. The scRNA-seq analysis of endothelial subsets and spatial mapping of scRNA-

82

Intestinal lymphoid organ formation in development and disease

seq data to developing GALTs also implicates lymphatic endothelial cells in this process,
supporting the three-cell model of lymphoid organ formations proposed in mice (Onder
and Ludewig, 2018). Lastly, the relevance of this developmental process becomes apparent
when comparing and contrasting these subsets to cells expanded in paediatric Crohn′ s
disease. We revisit the hypothesis that tertiary lymphoid organ formation observed in chronic
inflammation is related to reusing the development programs postnatally to recruit and retain
immune cells to the site of inflammation.

5.2
5.2.1

Results
Lymphoid tissue inducer cells

Secondary lymphoid structures (SLO) are key sites of immune surveillance. Development of
SLOs in the gut including gut-associated lymphoid tissues (GALT) and mesenteric lymph
nodes (mLN) begins between 6 to 17 PCW in humans (Hoorweg and Cupedo, 2008). We observe developing mLNs starting 12 PCW, with structures clearly recognisable and dissectable
from the mesentery at 15 PCW (Supplementary Fig. D.1a). In order to better understand
the fetal gut immune system in humans, we investigate the key cell types proposed to be
involved in lymphoid tissue organisation.
The first step in the lymphoid tissue formation is the entry of the lymphoid tissue inducer
(LTi) cells to the gut. LTi cells are characterised as CD45+Lin-RORγt+ (RORC) group 3
innate lymphoid cells (ILC3) and are distinguished by high expression of lymphotoxin-α1β 2
receptors (LTA, LTB), gut-specific integrin α4β 7 (ITGB7), IL7Rα (IL7R), as well as the
absence of productive αβ TCR chains (Supplementary Fig. D.1b). To check for the presence
of LTi cells, we sub-clustered T and innate lymphoid cells from the fetal, paediatric, and
adult scRNA-seq data and observed three clusters matching published characteristics of
LTi cells (Figure 5.1a-b, Supplementary Fig. D.1c). The first cluster labelled as innate
lymphoid cell progenitor (ILCP) was defined by similarity to fetal liver ILCs (Supplementary
Fig. D.1d) and high expression of chemokine receptors CXCR5 and CCR7, as well as
uniquely high expression of cell adhesion molecule SCN1B and serine protease encoded
by HPN gene (Figure 5.1b). The second cluster labelled ‘NCR+ ILC3’ clustered closely
with adult ILC3 cells and had the highest expression of TNFRSF11A (RANK) and its
ligand TNFSF11 (RANKL), as well as NCR1 (NKp46) and NCR2 (NKp44) supporting ILC3
phenotype (Figure 5.1b). Both ILCP and NCR+ ILC3 expressed highly NRP1, previously
shown to mark human ILC3 cells with LTi cell function. Lastly, a third population, which
we term ‘NCR- ILC3’, expressed IL17A, ITGAE and CCR9, and NK-associated genes
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Fig. 5.1 Three cell states of human lymphoid tissue inducer cells.
a) UMAP visualisation of scRNA-seq data sub-clustered on T and innate lymphoid cells
from the fetal, paediatric, and adult samples. The dotted line highlights cells with LTi-like
phenotype based on genes listed. b) Bar graph showing relative proportion (%) of cells
as in a) among the total lymphocyte population across developmental time. c) Heatmap
with relative expression of selected marker genes across fetal and adult innate lymphoid
subsets. d) Illustration of three LTi-like populations and molecular features described using
scRNA-seq data. e) and f) Representative images of multiplex single-molecule FISH staining
of e) three LTi-cell states and f) proximity of LTi cells (RORC+) to CXCL13-expressing
organiser cells. Scale bar main panel=100 µm, zoom panel=50 µm. Fetal small intestine
15 PCW. LTi, Lymphoid Tissue inducer; IBD, Inflammatory Bowel Disease; ILCP, Innate
Lymphoid Cell Progenitor; PCW, Post-Conception Week.
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including NKG7, PRF1, and GZMA, but lacked expression of CXCR5. All three LTi-like
populations lacked productive αβ TCR chains (Supplementary Fig. D.1b). Reassuringly,
the LTi-like subtypes were also identifiable in full-length scRNA-seq data from fetal ileum
(Supplementary Fig. D.1e-g).
ILCPs were found both in fetal mLN and in embryonic gut, whereas NCR+ and NCR−
type 3 innate lymphoid cells (ILC3s) were expanded across gut regions throughout 6–17
PCW (Figure 5.1c, Supplementary Fig. D.1h). This suggests that LTi-like ILC3 subsets
are expanded during the development of gut-associated lymphoid tissues, but not during
the development of mLN. This observation- together with the expression of key chemokine
signals (CXCR5, CCR7, CCR6) and RNA velocity analysis- suggests that ILCPs are the first
LTi-like cells in the developing gut, and represent a progenitor state to ILC3s (Figure 5.1d,
Supplementary Fig. D.1i). RNA smFISH staining identified all three subtypes (Figure 5.1e)
and placed CXCR5+ RORC+ ILCP/NCR+ ILC3 cells in proximity to CXCL13+ LTo cells in
the fetal proximal gut mucosa (Figure 5.1f), supporting the concept of the congregation of
these cells beneath the epithelium in the developing gut.

5.2.2

Lymphoid tissue organiser cells

Mesenchymal and endothelial cells are central to the recruitment and positioning of leukocytes in developing and mature mLN and GALT structures. LTo cells interact with LTi cells
during lymph node formation, and are LTβ R+ and either mesenchymal (mLTo) or endothelial
(eLTo) in origin. After visualising LTi-like ILCP/ILC3 cells in proximity to CXCL13+ cells in
fetal mucosa (Figure 5.1f), we postulated that GALT formation follows similar mechanisms
to those previously described in the mLN. To address this, we analyse stromal populations
from both gut tissue and mLN.
Within the entire dataset, we identified multiple stromal populations (Figure 5.2a) including myofibroblasts, smooth muscle cells (SMC), pericytes, ICCs, mesothelium, as well as
populations resembling stromal cells previously described in the colon (labelled as Stromal14) (Kinchen et al., 2018)(Figure 5.2a). We further identified fibroblast populations typically
defined in mouse lymph nodes, including T reticular cells (TRCs; expressing CCL21, CCL19
and GREM1) and follicular dendritic cells (FDCs; expressing CXCL13, CR1 and CR2)
(Supplementary Fig. D.2a). TRCs and FDCs coexisted in terminal ileum samples enriched
for light- and dark-zone germinal centre B cells (Supplementary Fig. D.2b, Figure 5.4f-g
4-12 years old), suggesting the involvement of these cells in SLO organisation. In prenatal
intestine and mLN (12-17 PCW), we observed a stromal cell population transcriptionally
similar to TRCs, FDCs and S4 fibroblasts (Figure 5.2a, yellow). This stromal cell cluster was
marked by expression of chemokines CCL19, CCL21 and CXCL13 and resembled activated
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Fig. 5.2 Lymphoid tissue organiser cells.
a) UMAP visualisation of the mesenchymal cells from the fetal, paediatric, and adult time
points. Pericytes, follicular reticular cells, smooth muscle, and mesothelial subpopulations
are highlighted with a dotted line. b) Feature plot highlighting a population of mesenchymal
LTo (mLTo) cells co-expressing CXCL13, CCL19, and CCL21 and circled with dashed
line. c) Bar plot with the number of mLTo cells captured in the fetal dataset colored by
the intestinal region. d) UMAP visualisation of the endothelial cells captured across fetal,
paediatric, and adult time points. e) Dot plot with relative expression of selected genes
involved in lymphoid tissue organisation in the model organisms. f) Violin plot showing
the score of NFκ β signalling pathway activation across endothelial cell subsets as in d).
g) Representative H&E staining fetal colon at 15 PCW. Magnified panels and arrows point
to developing blood or lymphatic vessels. Scale bars pain panel = 200 µm, zoom panels=
20 µm (biological replicates n=9). h) Representative image of multiplex single-molecule
FISH showing the proximity of the CXCL13+ mLTo cells and CXCR5+ LTi cells to PROX1+
lymphatic endothelial cells. Scale bar 100 µm. (biological replicates n=1). FDC, Follicular
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mLTo cells described in developing mouse lymph nodes. Other genes expressed in mLTo
cells were components of the adhesion and NF-κB pathway molecules (NFKBIA, NFKB1/2,
IL32, REL, RELA/B), S1P transporter spinster homolog 2 (SPNS2), involved in T and B cell
trafficking (Fukuhara et al., 2012)(Figure 5.2b-c, Supplementary Fig. D.2c).
We further investigate the transcriptional differences of mLTo cells from lymph nodes
and intestinal regions to define differences that could lead to differential positioning of SLOs.
Interestingly, large intestinal mLTo cells share transcriptional characteristics with mLN mLTo
cells, including expression of C7 and SLC22A3 (Supplementary Fig. D.2d), suggesting
similarities between mLN and cryptopatch development. In addition, mLTo cells in mLNs
expressed IL33 and FDCSP, also expressed in the adult lymph node and spleen fibroblastic
reticular cells (Aparicio-Domingo et al., 2021; Kapoor et al., 2021). Amongst other genes
highly expressed by mLN mLTo cells were angiotensin receptor APLNR, endothelin receptor
EDNRA and extracellular matrix protein TNC, all with roles in blood vessel formation.
Therefore, interactions between mLTo and endothelial cells may facilitate vascularisation of
developing SLOs.
Amongst endothelial cells we observed arterial, venous, capillary and lymphatic endothelial cells (LECs) (Figure 5.2d, Supplementary Fig. D.3a-b). LECs separated into six clusters
(labelled LEC1-6), all uniformly expressing PROX1, LYVE1, TNFRSF11A (RANK), IL7
and CCL21- signals required for initial recruitment of LTi cells (Figure 5.2e; Supplementary
Fig. D.3c). LEC2 cells express TNFRSF9, THY1, CXCL5, and CCL20, described in human
lymph nodes (Takeda et al., 2019) as well as high levels of adhesion molecules including
MADCAM1, VCAM1 and SELE, suggesting their involvement in lymphocyte trafficking
(Figure 5.2e). Similar to mLTo cells, this population expressed target genes of the canonical
NF-κB pathway and emerged in gut tissue as well as mLNs during second trimester development (15-17 PCW) (Figure 5.2f, Supplementary Fig. D.3b). Finally, histological staining of
fetal ileum identified blood vessels resembling high endothelial venules (Figure 5.2g), which
would permit entry of lymphocytes into the tissue, and smFISH confirmed the proximity of
PROX1+ vessels to CXCL13+ mLTo and CXCR5+ LTi-like cells (Figure 5.2h).
To determine cell-cell interactions governing early leukocyte recruitment, we investigated
complementary ligand-receptor expression across LEC2, mLTo and LTi-like cells. LTA
and LTB (encodes LTα1β 2) were expressed across all LTi-like cell subsets and LTBR
(LTβ R) by mLTo and multiple LEC subsets (Figure 5.3a). IL2 was expressed by LTi-like
NCR+ and NCR- ILC3 cells and its receptor NFGR was expressed specifically on mLTo
cells (Figure 5.3a). This ligand-receptor interaction may facilitate LTi support for mLTo
proliferation and survival in GALTs. In addition, cognate receptor expression was evident
across immune cell types that would enable their recruitment into the developing SLO
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with the mean expression of a) inferred ligand-receptor pairs and b) curated immune recruitment ligand-receptor genes across cells captured in the fetal gut and mesenteric lymph
nodes. ILCP, Innate Lymphoid Cell Progenitor; LEC, Lymphatic Endothelial Cells; mLTo,
mesenchymal Lymphoid Tissue organiser.
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(Figure 5.3b). For example, mLTo cells also expressed CCL2 for recruitment of monocytes
and dendritic cells via their receptor CCR2 (Figure 5.3b).

5.2.3

B cells are immature during development

To infer whether the developing lymphoid structures were partitioned into B and T cell
zones, we characterised B cells in the fetal and adult tissues (Figure 5.4a-g). During fetal
development, common lymphoid precursor (CLP) cells (CD34, FLT3, SPINK2), Pro-B
(DNTT, VPREB1/3, IGLL1, RAG1/2), Pre-B (CD19, CD38, IGLL5, RAG1/2) and immature
B cells (CD40, productive IgM, MHC II) were evident (Figure 5.4a-e). In the adult gut, we
detected light zone (EBI3, LMO2, GMDS and BCL2A1) and dark zone (AICDA, SUGCT, EZR
and ISG20) germinal centre B cells enriched in the paediatric terminal ileum (Figure 5.4f-g).
This supports the presence of fully mature and organised lymphoid aggregates in the adult
but not fetal tissue.
Analysis of paired V(D)J sequencing data revealed almost exclusive IgM heavy chain
expression across all fetal gut B cells and no meaningful levels of clonal expansion and
somatic mutation (Figure 5.5a-b). In comparison, adult B cells expressed primarily IgA1 and
IgA2 and displayed high mutational frequency and clonal expansion consistent with having
undergone affinity maturation (Figure 5.5a-b). Mutation frequency and clonal expansion
were slightly higher at the proximal and distal ends of the adult gut, and sharing of B cell
clones, while restricted to occurring within each donor, was evident across distant gut regions
(Figure 5.5c-e). In contrast to adult B cells, we found no evidence of fetal B cell expansion or
maturation in response to antigen. This suggests that additional environmental factors, such
as microbiota, might be required for the maturation and zonation of B cells in developing
secondary lymphoid organs.
Taken together, our data identify three types of LTi cells orchestrating the earliest development of lymphoid structures, and B cells that are poised for response in these sites in the
prenatal intestine.

5.2.4

Spatial mapping of cells to fetal GALT zones

To visualise the recruitment of naive immune cell subsets to activated mLTo cells, we utilise
cell2location (Kleshchevnikov et al., 2020) spatial mapping of single-cell transcriptomes to
10x Genomics Visium spatial zones in 17 PCW fetal ileum samples (Figure 5.6a-d, Methods,
Supplementary Fig. D.4a-c). In these sections, we capture tissue zones with the expression
of mLTo marker genes (CCL19, CCL21 and CXCL13, Figure 5.6a-b) that likely corresponds
to developing GALT. We found that in addition to LEC2 (MADCAM1+), mLTo and LTi-like
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Fig. 5.4 Intestinal B cells throughout life.
a) UMAP visualisation of fetal B cells. b) Heatmap showing mean expression of the selected
deferentially expressed genes across developing B cell stages as in a). Genes highlighted in
red are discussed in text. c) Violin plot showing a score that reflects co-expression of MHCII
components in developing B cells. d) and e) UMAP projections of fetal B cells colored by
d) BCR isotype (10x Genomics Chromium V(D)J sequencing) and e) technology used for
gene expression sequencing (10x Genomics). BCR isotype information is only available
for cells captured using 5′ technology. f) paediatric and adult B cell populations visualised
using UMAP. g) Barplot showing relative proportions of the B cells captured in the intestinal
regions (top) and lymph nodes (bottom). Proportion is grouped by the donor age (row).
Age is years unless specified as post-conception weeks (Wk). CLP, Common Lymphoid
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Fig. 5.5 Intestinal B cell clonality.
a) Bar plot showing an estimated clonal abundance of B cell isotypes captured in fetal and
adult scRNA-seq data. b) Violin plots summarising the quantitation of clonal size (left)
and somatic hypermutation frequencies detected in the IgH sequence (right) and in fetal
versus adult B cells. c) and d) Quantitation of c) somatic hypermutation frequencies of IgH
sequences and d) estimated clonal abundances per donor for members of expanded B lineage
cell clones across fetal and adult gut regions. e) Heatmap showing the co-occurrence of
expanded B cell clones identified by single-cell V(D)J analysis shared across gut regions
and donors. Fetal donors are denoted with F (e.g. F72) and adult donors are denoted with A
(e.g. A26). FPIL, Fetal Proximal Ileum; FMIL, Fetal Middle Ileum; FTIL, Fetal Terminal
Ileum; FLI, Fetal Large Intestine; FMLN, Fetal Mesenteric Lymph Node; DUO, Duodenum ;
JEJ, Jejunum; ILE, Ileum; APD, Appendix; CAE, Caecum; ACL, Ascending Colon; TCL,
Transverse Colon; DCL, Descending Colon; SCL, Sigmoid Colon; REC, Rectum; MLN,
Mesenteric Lymph Node.

5.2 Results

91

subsets (Figure 5.6c-d), naive immune subsets mapped to the same tissue zones (e.g. SELL+
CD4 T cells, Tregs, Immature B cells, Figure 5.6d, fact_11). Furthermore, we observe the
higher abundance of Microfold cells in the adjacent zone (Figure 5.6d, fact_5) that further
suggests the presence of developing GALT.

5.2.5

Program reactivation in Crohn’s disease

SLO development is pre-programmed and does not require antigen stimulation. In contrast,
ectopic lymphoid structures, organised aggregates of lymphoid cells, develop in response
to chronic inflammation (Antonioli et al., 2020). These ectopic structures often involve T
and B cell segregation and increased vascularisation. Compared to SLOs, ectopic lymphoid
structures are often transient and resolve after antigen clearance. Following our observations
of SLO formation during development, we compared programs of organogenesis and ectopic
lymphoid structure formation often observed in CD (Sura et al., 2011). We use logistic
regression modeling of paediatric CD scRNA-seq data to calculate the mean prediction
probability of matching fetal and paediatric CD cell types (Supplementary Fig. D.5a). We
observed ILC3 cells in CD that matched fetal NCR+ ILC3 with over 60% probability
(Supplementary Fig. D.5a). TRCs and Stromal 4 (MMP1+) cells in CD reassembled fetal
mLTo (Supplementary Fig. D.5a) and were expanded in four out of seven CD donors
(Supplementary Fig. D.2b). Curiously, an equivalent stromal population was recently shown
to be expanded in ulcerative colitis (Kinchen et al., 2018).
Finally, we calculated the enrichment score for CD and ulcerative colitis (UC)-associated
GWAS gene expression for selected top cell types (FDR 10%; Methods). Adult ILC3, and
fetal ILCP and NCR+ ILC3 cells were among the top cells enriched for expression of CDassociated genes (Figure 5.7a). Finally, we compared cytokine and chemokine expression
between fetal and CD counterparts and showed core genes conserved between these cells
(Figure 5.7b). For example, ILC3 and ILCP/NCR+ ILC3 commonly expressed CXCR4,
CCL5, CCL20, while CCL4 was specific to adult ILC3. mLTo and CD fibroblasts showed
common expression of CCL19, CCL21, CXCL12-14 and CCL2, while CXCL1, CXCL5,
CXCL6, CXCL8, CXCL16 and CCL11 were specific to adult CD cells.
Our integrated analysis of cell lineages has highlighted equivalent cell types and cellular
networking in mLN and GALT formation during fetal development. Furthermore, the
presence of the same cell signatures in paediatric CD suggests reactivation of these programs
for lymphoid tissue formation and inflammatory cell recruitment during intestinal disease.
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Fig. 5.6 Spatial transcriptomics analysis of developing GALT.
a) Expression of lymphocyte trafficking genes CCL21, CCL19, CXCL13 that are characteristic to mesenchymal Lymphoid Tissue organiser (mLTo) cells overlaid on the spatial
coordinates in 10x Genomics Visium data. b) Spatial mapping of scRNA-seq data to 10x
Genomics Visium data using Cell2location pipeline. Selected cell subsets are visualised
in different colors overlaid on the histological image and estimated abundance is shown as
color intensity. The white box in a) and b) highlight the predicted gut-associated lymphoid
tissue (GALT) zone. Image in a) and b) shows 17 post-conception weeks (PCW) terminal
ileum samples. c) Zoom in the panel as in b) showing the mapping of lymphatic endothelial
subset LEC2, LTi cell subset, and adjacent mapping of Microfold cells. d) Dot plot showing
abundances of cell types as identified using non-negative matrix factorization as part of
Cell2location pipeline, in tissue zones from 10x Genomics Visium data. mLTo, mesenchymal
Lymphoid Tissue organiser; LTi, Lymphoid Tissue initiator; GALT, gut-associated lymphoid
tissue; LEC, Lymphatic Endothelial Cells; EC, Endothelial Cell; CLP, Common Lymphoid
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Fig. 5.7 Lymphoid structure formation in inflammatory bowel disease.
a) Heatmap showing top cell types across fetal, paediatric (healthy and Crohn’s disease), and
adult data that are enriched for gene expression associated with either Crohn’s disease (CD)
or ulcerative colitis (UC). All cell types listed are FDR <10% for Crohn’s disease. Asterisks
denote cell types with FDR <10% for ulcerative colitis. CLP, common lymphoid progenitor.
Cells highlighted in red are involved in the lymphoid structure organogenesis. b) Heatmap
with the expression of cytokines and chemokines in cells involved in tertiary lymphoid organ
development of fetal (black) and functionally related cell types in paediatric Crohn’s disease
(red).
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Discussion

Although significant species differences exist in location and size of the SLOs Mowat and
Agace (2014), our understanding of the formation of these structures in humans is mostly
derived from animal models. Recent single-cell studies have started elucidating the diversity
and activation of immune cells in the developing human gut (Li et al., 2019; Schreurs
et al., 2021; Stras et al., 2019). Here, we identify cell types in the developing mucosa and
mLN with transcriptional signatures and cell signalling matching LTi, mLTo, and eLTo
(LEC2) cells. In vitro studies have shown the ability of RORC-expressing CD56+ CD127+
IL17A+ cells (Cupedo et al., 2009) and ILC3 cells (Shikhagaie et al., 2017) to activate
mesenchymal cells, leading us to propose that all three LTi-like subsets defined in this study
act in lymphoid tissue initiation, but likely at different stages of the process. Future studies
using complementary approaches, such as protein staining and chromatin accessibility studies
will shed further light on these novel human cell states and their tissue architecture.
Interestingly, we further observe two specialised fibroblast populations in paediatric CD,
namely FDCs and TRCs, similar to cells described in mouse and human lymph nodes (Kapoor
et al., 2021; Rodda et al., 2018) and possibly required for immune zonation in Peyer’s
patches (Prados et al., 2021). Given the roles of fibroblasts in the coordination of tissue
homeostasis and repair, their role in chronic inflammation is an area of active investigation.
Chronic inflammation is characterized by persistent leukocyte retention in the absence of
repair. A growing number of reports identified changes in fibroblast composition in chronic
inflammation across tissues. Stromal subsets with an expression of immune recruitment
signatures have shown to be expanded in Crohn’s disease (Elmentaite et al., 2020; Martin
et al., 2019) and Ulcerative colitis (Kinchen et al., 2018; Smillie et al., 2019). These changes
are likely related to the formation of ectopic or tertiary lymphoid structures that are specific
to chronic inflammation and resemble newly-formed secondary lymphoid organs. Similar
pathogenic populations have been identified in single-cell data from the Rheumatoid arthritis
joints (Croft et al., 2019; Mizoguchi et al., 2018; Zhang et al., 2019b) and psoriasis/eczema
human skin (Reynolds et al., 2021).
Direct comparison of immune-organising fibroblasts in development versus disease
allowed us to separate out expression programs driving SLO formation in development or
disease. We show that mLTo-like fibroblasts in CD have a unique expression of cytokines
and chemokines (e.g. CXCL2-8) associated with increased recruitment of monocytes and
neutrophils to the site of inflammation. While others have proposed that LTi-like cells are
present in post-natal tonsils (Cupedo et al., 2009), we do not observe LTi-like ILCP and ILC3
cells in the paediatric or adult gut. Rather, we show transcriptional similarities between ILC3
and fetal LTi-like ILC3 cells. It is possible that ILC3 in CD and other inflammatory diseases
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characterised by ectopic lymphoid structure formation may act as an initiator cell to activate
the mesenchymal cells and recruit other lymphocytes to the site of inflammation.
Importantly, disease-expanded fibroblasts did not overlap with subsets observed in healthy
tissues, which highlights their importance as clinical targets. In a study by Korsunsky et al.
(2021), single-cell genomics was used to profile patient-derived fibroblasts from inflamed
and non-inflamed synovium, intestine, lung, and salivary glands. The cross-tissue analysis
revealed two shared clusters, CXCL10+CCL19+ and SPARC+COL3A1+, of fibroblasts
that were expanded in all inflamed tissues and interacted with immune and vascular cells,
respectively (Korsunsky et al., 2019). Similar fibroblast populations were identified in
cases with colitis, pancreatic cancers, and lung inflammation in the recent cross-tissue
fibroblast study by Buechler et al. (2021). Specifically, COL3A1+ fibroblasts were enriched
in chronically inflamed lungs, while CCL19+ activated fibroblasts were found in colitis.
Other disease-relevant types, such as those expressing ADAMDEC1 or LRRC15, resemble
fibroblasts found in disease mouse tissues (Buechler et al., 2021).
It is still unclear whether tertiary lymphoid organ formation is only associated with IBD
or is a key driver of inflammation. The current biologic therapies such as vedolizumab,
anti-MAdCAM1 antibodies, and etrolizumab block T cell homing and retention at the
site of inflammation (reviewed in Neurath (2017)) and are effective in Crohn’s disease
patients (Dulai et al., 2016; Stallmach et al., 2016). Biologicals that alter the ability of
stromal cells to recruit and retain T cells at the site of inflammation may present another
potential therapy for relieving inflammation in IBD patients.

Chapter 6
Concluding remarks
The scRNA-seq field is rapidly evolving, with the number of cells captured per experiment
now reaching millions. Compared to bulk RNAseq methods, advances in single-cell technologies are bringing us from the satellite to the street view in terms of the depth and resolution
of our understanding of human cells, and the map of human tissues. Concurrently with the
generation and analysis of data presented in this thesis, a number of studies have investigated
the composition of developing, paediatric, adult, and diseased gut tissue in mice and humans
(Tables 6.1, 6.2, and 6.3). The data summary and unique cell types described in this thesis
are outlined in Table 6.4.
The main contribution of this thesis is the generation of an in-depth cellular landscape of
the intestinal tract across life stages and anatomical regions. The insights generated through
analysis of these cells encompass developmental events, regional differences or cellular
zonation across the healthy intestinal tract, and discovery of IBD-associated cell lineages
and signalling.

6.1

Cellular landscape of intestinal tissues

Prior to the single-cell genomics era, surveys of immune and non-immune populations
during human development have been challenging, owing to tissue access, and limited
knowledge of the cell populations and associated markers expressed at this stage. Single-cell
transcriptomics offers an opportunity to investigate the diversity of immune and non-immune
populations in precious human developmental tissues in an unbiased way (Behjati et al.,
2018; Haniffa et al., 2021). A prominent topic of this thesis is intestinal development
covering similarities and differences of this process in humans and model organisms. Key
development-related insights presented in this thesis include: i) identification of uniform
epithelial progenitors in the embryonic gut; ii) a transcriptional roadmap of interactions
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during crypt-villus formation; iii) bifurcation events during the development of enteric
neurons; and iv) identification of multiple immune cell subsets with LTi cell characteristics
involved in lymphoid organ formation. The interpretation of results presented relies on
insights reported in model organisms, gathered through decades of research in the field. With
multiple single-cell studies now published on murine intestinal development (Table 6.1),
future analyses will focus on direct inter-species comparisons across developmental time
points to point to global differences in gene expression regulation at these critical timepoints.
Another prominent topic of this thesis is the diversity and regional zonation of epithelial
cells. While epithelial cell diversity has been described in detail using alternative methods
(reviewed in Beumer and Clevers (2021)), I show that scRNA-seq data faithfully recapitulates
cell types described by decades of research in the field. The advantage of using scRNAseq to study the epithelium is its potential to resolve differentiation trajectories, signalling
networks and discover unexpected epithelial functions. Insights related to the epithelium
generated by this work include: i) the transcriptional identity of epithelium prior to cryptvillus formation; ii) epithelial remodelling and goblet cell expansion in Crohn′ s disease; iii)
anatomical and functional zonation of BEST4-expressing cells; iv) differentiation trajectories
of enteroendocrine cells and the presence of NPW+ enterochromaffin cells in the gut; v)
expression of Fcγ receptors by intestinal tuft cells that suggests a function in IgG sensing.
Future work in the field should combine scRNA-seq with organoid models to resolve the
contribution of these cell populations during infection and chronic inflammation.
Profiling of cells across life stages provides an opportunity to compare transcriptional
profiles of cell types in different contexts. For example, the analysis presented in Chapter 3
showed similarities in transcriptional programs of epithelial cells during tissue development
and regeneration. Similarly, the work presented in Chapter 5 showed direct comparisons
between equivalent stromal populations involved in the development and the formation of
ectopic lymphoid structures during IBD. Similarities between these stromal populations
suggest the reactivation of developmental programs to support intestinal inflammation. While
similarities between neogenesis and ectopic lymphoid structure formation have been proposed
before (reviewed in Buckley et al. (2015); Krishnamurty and Turley (2020)), single-cell data
allowed identification of precise differences in chemokine and cytokine production by these
cells. Furthermore, taking advantage of recent spatial transcriptomics technology has enabled
co-localisation of these cells with immune subsets within developing lymphoid follicles.
More broadly, a thorough understanding of the parallels between human development and
paediatric and adult diseases may contribute to the advancement of therapies. Developmental
pathways can be co-opted in different settings, including cancers (Kildisiute et al., 2021;
Young et al., 2018) and inflammation (Reynolds et al., 2021). As ectopic lymphoid follicles
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feature in autoimmune, inflammatory diseases, cancers, and infections (Pipi et al., 2018),
future work should focus on applying genomic approaches to resolve tissue context and
cell-cell interactions governing the formation of ectopic lymphoid follicles in these contexts.
Similarly, recapitulation of lymphoid structure formation in vitro has the potential to create
flexible platforms for drug testing and recapitulation of immune recruitment and retention
seen in vivo.
Priming of the immune system and unexpected activation status of immune cells has been
observed in the fetal gut by others (Mishra et al., 2021; Schreurs et al., 2021; Stras et al.,
2019). In particular, multiple scRNAseq studies have recently shown that memory CD4+ and
CD8+ T cells are present in the intestines in the first and second trimester of development
and are clonally expanded. Their profile differed from those in the post-natal infant intestines,
supporting the role of CD4+ T cells in promoting tissue development. In contrast, scRNAseq
with paired B cell receptor (BCR) analysis showed that B cells are immature during secondtrimester human development in utero compared to those found in infants (Stras et al., 2019).
Prenatal B cells may be involved in the development of lymphoid structures and have no
need for class switching, while postnatal B cells undergo these events due to the presence
of the microbiome. This is in agreement with the results presented in Chapter 5, where I
show no evidence of B cell clonal expansion, class-switching, or germinal centre formation
in human fetal intestines up to 17 weeks post conception. While the activation status of
fetal immune cells has been suggested to be linked to the early bacterial colonisation, the
presence of microbiota during in utero development is still highly debated. While some recent
studies provide microscopic images of bacteria-like structures with mucin threads within
the gut lumen during the second gestational trimester (Mishra et al., 2021; Rackaityte et al.,
2020), others do not detect any meconium microbiota in human neonates delivered in sterile
settings (Kennedy et al., 2021). Due to the likelihood of contamination with environmental
sources of bacteria, current scRNAseq studies promote the emerging concept that preterm
immune cell activation is a product of their support of a highly controlled process of tissue
generation rather than due to bacterial seeding. Nevertheless, data on the third-trimester term
and neonatal samples would be an important addition to the current version of the atlas and
would allow tracing immune cell changes during birth.
In addition, developmental ENS trajectories resolved in Chapter 4 show the potential
of scRNA-seq in contributing to the molecular understanding of developmental disorders
such as Hirschsprung′ s disease. One of the main limitations of the current atlas, however,
is the absence of mature neurons. This is due to the fact that mature neurons form intricate
networks and as a result are challenging to isolate using current cell dissociation protocols.
Collectively, current studies using snRNA-seq or alternative methods define 4–7 types of
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enteric glia and up to 20 enteric neuron types, a large fraction of which are located in the
myenteric plexus (Drokhlyansky et al., 2020; Wright et al., 2021). However, differences
in the cell isolation and sequencing methods result in data integration challenges and limit
the comparisons with existing developmental data. This is not a gut-specific issue, and
other organs, such as the heart, also contain populations that are difficult to isolate using
dissociation (Litviňuková et al., 2020). While cross-tissue studies in mice are beginning
to elucidate similarities between enteric, central, and peripheral nervous systems (Zeisel
et al., 2018), developments of robust experimental protocols are more difficult in humans.
Therefore, advances in both experimental and computational methods will be instrumental in
improving the current version of the atlas.

6.2

Building cross-tissue atlas

The overall vision of the HCA is to generate an integrated map across all tissues of the
body. Pioneering studies that interrogate cross-tissue atlases are beginning to emerge (Conde
et al., 2021; Eraslan et al., 2021; Han et al., 2020; Quake et al., 2021). Human cross-tissue
studies can be performed by processing new tissues or integrating existing datasets. The
former approach minimizes inter-individual differences but requires access and simultaneous
collection of many organs. Most single-cell datasets are easily accessible through curated
databases such as HCA Data Coordination Platform, Human Protein Atlas, covid19cellatlas,
Cambridge Cell Atlas, Broad Single-Cell Portal, UCSC Cell Browser, and Tabula Sapiens
portal for cross-tissue comparisons. The data integration approach, however, has technical
challenges related to batch effects, differences in modalities, and integration of independently
generated datasets. To date, cross-tissue single-cell studies defined universal fibroblast types
found across almost all mouse and human tissues (Buechler et al., 2021) and identified rare
iron recycling macrophages across many human organs (Conde et al., 2021). Future work
will focus on systematic cross-tissue comparisons of rare functionally similar subsets such as
tuft cells, which to date have been reported across many epithelial organs, including trachea
and airways (Deprez et al., 2020; Goldfarbmuren et al., 2020) (however very rare (Braga
et al., 2019; Travaglini et al., 2020)), gastrointestinal tract (Elmentaite et al., 2021, 2020;
Martin et al., 2019; Smillie et al., 2019), thymus (Bautista et al., 2021), bladder (Deckmann
et al., 2014) and pancreas (Schütz et al., 2019).
In addition, cell atlases should not be limited to gene expression. The next phase
of building human tissue maps, including the Human Cell Atlas initiative, encompasses
understanding the spatial distribution of unique cell types using targeted (in situ sequencing,
multiplex FISH) and unbiased approaches (spatial transcriptomics). Other technologies and
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modalities such as scATAC-seq combined with gene expression readouts (multi-omics) will
also reveal subtleties of development, immune memory, and cell type-specific gene regulation
within and across organs. The insights into the development will also add to the efforts of
tissue engineering, where the in vivo human tissue single-cell data will be instrumental in
mimicking tissue environments in vitro. We also anticipate a rise in cross-tissue and multitechnology studies and expect that future targeted studies will focus on in-depth profiling
of cell lineages from relevant tissues with similar functional characteristics (for example,
barrier, muscle, or sensory organs). Understanding the detailed differences between organs
and tissues would enable tailoring drugs or cell-based therapies to target specific tissues
or cell types, with broad implications for conditions such as transplantation (Snyder et al.,
2019), cancer (Bonnal et al., 2021; Casanova-Acebes et al., 2021) and chronic diseases (Croft
et al., 2019). Furthermore, the same gene may be expressed in different cell types, or in
cell types that are shared across organs. Systemic effects of drugs and diseases have been
repeatedly reported where the unwanted adverse effect occurs in tissues distant from the
disease target site (Kim et al., 2016). Mapping gene expression across tissues will thus
identify potential drug target sites beyond the tissue of interest. Cross-tissue single-cell data
also provides a quantitative and comprehensive window into viral tropisms across human
tissues. For example, interrogation of cross-tissue expression of viral entry factors for SARSCoV2 (as well as MERS and influenza) enabled the prediction of likely sites of infection in
tissues (Sungnak et al., 2020; Zhang et al., 2020).
In the near future, single cell analysis will become cheap enough to sequence cells of
each patient to diagnose, monitor and stratify patients with high precision. The same material
will be used to derive organoids for drug screening, grow and bank replacement tissues for
transplantation. The knowledge gained through single cell methods will also help define
the core cell type and functional characteristics and refine our current knowledge of cell
type evolution. In more distant future, this knowledge will form the basis of engineering of
unnatural cells with combination of known and new functions that will allow to better adapt
to different changing environments.
In summary, this thesis provides clarity on the complex interplay between intestinal cell
types throughout human lifespan and across intestinal regions and has potential implications
for disease and for the engineering of in vitro systems.
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Table 6.1 scRNA-seq studies of mouse intestines.

Study

Haber et al.,
Nature, 2017

Nowotschin et al.,
Nature, 2019

Pijuan-Sala et al.,
Nature, 2019

Region and Age
Small intestine;

7–10 week old
wild-type and
genetically
modified mice.
Endoderm;
wild-type
pre-implantation
embryos from
E3.5 and E8.75.
whole embryoes;
multiple samples
from E6.5 to E8.5
age ranges.
Foregut;

Han et al.,
Nature, 2020

Ages E8.5,
E9.0, and E9.5.

Duodenum, ileum
and colon.
May-Zhang et al.,
Gastroenterology,
2020

Mice at 6 to 7.5 weeks
and at two separate
times in a day.
Validation on human
organ donors
18–35 years.

Small intestine;
Morarach et al.,
Nature
Neuroscience,
2021

Developing
(E15.5 and E18.5)
and juvenile (P21)
mice.

Method

Summary

Epithelial cells;

53,193 primary and organoid cells
in homeostasis and during infection;

SMART-Seq2,
GemCode Single Cell
Platform.

Report enteroendocrine cell
subclasses, two types of Tuft cells,
and characterise Microfold cells.

all cells;
10x Genomics
Chromium Single
Cell 3 v2 Chemistry.

Tracing differentiation of primitive
endoderm, embryonic and extraembryonic visceral endoderm and
gut patterning during development.

all cells;
10x Genomics
Chromium Single
Cell 3 v1 Chemistry.
all cells;
10x Genomics
Chromium Single
Cell 5 Chemistry.
Neurons (myenteric
ganglia and adjacent
smooth muscle);
snRNAseq by
10x Genomics
Chromium Single
Cell 3′ chemistry
and modified version
of Cel-Seq.

116,312 cells from foregut, midgut
and hidgut endoderm.

Definitive endoderm, splanchnic
mesoderm, cardiac, other mesoderm,
endothelium, blood, ectoderm, neural,
and extra-embryonic clusters.

Report 13 previously described and
2 new populations of neurons. After
subclustering, total 22 distinct neuron
populations.

Validation by
FISH and
bulk RNA seq.

10x Genomics
Chromium Single
Cell 3′ v2
(embryonic cells) and
v3 (juvenile cells).

Define a molecular taxonomy of
12 enteric neuron classes within the
myenteric plexus of the adult mouse
small intestine.
Embryonic ENS uncovers a novel
principle of neuronal diversification,
where two neuron classes arise
through a binary neurogenic
branching (Branch A and B) and all
other classes via postmitotic
differentiation.
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Table 6.2 scRNA-seq studies of developing human intestines.
Study

Gao et al., Nature
Cell Biology, 2018

Region and Age
Oesophagus, stomach,
small and large intestines;

Method

Human embryos 8 to
27 post-conception
weeks (n=15).

modified STRT-seq
protocol.

Summary

all cells;
5,227 cells analysed and 40 cell
types reported.

77 cell types and ∼4 million cells
analysed across tissues.

Cao et al.,
Science, 2020

Cross-tissue study of 15
organs, including stomach
and intestines.
10-18 post-conception
weeks (n=121).

Human fetal intestinal, lung,
kidney
tissue at 15.5–21
post-conception weeks.
Holloway et al.,
Cell Stem Cell, 2020

HPCS-derived organoids
following hindgut patterning
and specification into a
CDX2+ intestinal lineage.
HIO: Day 0 (spheroid formation),
3, 7 and 14.

all cells;
Three-level single-cell
combinatorial indexing
for gene expression.

10x Genomics Chromium
Next GEM Single Cell 3′
Library V2 (lung and
intestine samples)
or V3 (kidney samples).

6-10 post-conception weeks
(n=8).

10x Genomics Chromium
Single Cell 3 Library (V2)

Fetal organoids at different
passages

Fawkner-Corbett et al.,
Cell, 2021

Terminal ileum,
hindgut, proximal
colon, distal colon;
8-19 post-conception
week (n=17).

Highlights NEUROG+ pancreatic
islet epsilon progenitors, TPH1+
enterochromaffin cells, G, L, K,
and I cells, ghrelin+
EEC progenitors.

Fetal tissues: epithelium, mesenchyme,
endotheelial, immune, neuronal.
HIO: Mesenchyme (4 clusters),
epithelium (9), endothelium (1),
neuronal (2).

Immune, erythroblast, endothelial,
neural crest, smooth muscle,
mesenchymal, mesothelial,
and epithelial cell populations.

Early fetal duodenum, ileum,
colon;
Elmentaite et al.,
Developmental Cell,
2020

Intestine: stromal, smooth muscle,
endothelial, myeloid, lymphoid,
epithelial, mesothelial, chromaffin,
erythroblasts, ENS neurons,
ENS glia.

Sample hashing and
10x Genomics Chromium
Single Cell 3 Library (V3).
Spatial Transcriptomics
(10x Visium) of adult
biopsies and fetal gut.

Describe LGR5+ stem cell progenitors
in development and crypt-villus
formation.
Fetal organoids: epithelium,
mesenchyme.
Report 101 fetal cell states
in 9 intestinal compartments,
annotated by transcriptional signatures
— epithelial, fibroblast, endothelial,
pericytes, neural, muscularis,
mesothelium, myofibroblast,
and immune.
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Table 6.3 scRNA-seq studies of adult intestines.
Study

Region and Age
Mucosal biopsies
of colon.

Kinchen et al.,
Cell, 2018

mice: 10–12 weeks of age;
human: 29−69 years old
Human healthy (n=5),
UC (n=5). Mouse healthy
(n=3), DSS mouse (n=3).
Mucosal biopsies
of colon.

Huang et al.,
Cell, 2019

Parikh et al.,
Nature, 2019

Immune (CD45+) and
non−immune (CD45−)
cells from control (n = 6),
colitis (n = 6), UC (n = 2),
and CD (n = 3) human patients.
Children 2
months−13 years old;
healthy volunteers (n=3)
or immunomodulator−naive
patients with ulcerative colitis (n=3),
sampled from clinically inflamed
and noninflamed mucosa.

Method

stromal cells;
10X Genomics Chromium
Single Cell 3′ chemistry
and Fluidigm C1

all cells;
10x Genomics Chromium
Single Cell 5 and
V(D)J sequencing

epithelial cells;
10x Chromium Single
Cell 3 v2 chemistry.

38−80 years old.

Smillie et al.,
Cell, 2019

68 colonic biopsies
from 12 healthy, 18 UC
human donors.
20 – 77 years.

Martin et al.,
Cell, 2019

22 ileal biopsies used for
single−cell sequencing.
Inflamed and non−inflamed
ileums, and venous blood
from Crohn′ s disease patients.

all cells;
10x Genomics Chromium
Single Cell 3 Library
(V2 and V3).

all cells;
10x Genomics Chromium
Single Cell 3 Library (V2).

3 − 40 years.

Wang et al.,
J Exp Med, 2020

human ileum, colon,
and rectum from 6
adult patients (healthy tissue
adjacent to tumors).

epithelial cells;
10X Genomics Chromium
Single Cell 3 Library.

Age not specified.

Drokhlyansky et al.,
Cell, 2020

Corridoni et al.,
Nature Medicine,
2020

Small intestine and
colon of mice. Mice
were between
11−14 weeks or 50−52
weeks old.
Colon cancer and
normal colon
proximal to cancer.
Patients were 35−90
years.

health (n=8) and
ulcerative colitis (UC)
(n=10) biopsies.
24−88 years old.

Summary
9,591 human cells.
11 stromal cell subsets
in healthy human colon,
12 subsets in UC colon.
Define S1−S4 mesenchymal
populations, where S4
is expanded in UC.

73,165 cells from 9 major
cell lineages: epithelial cells,
stromal cells, and immune
cells including myeloid cell,
B cell subsets, plasma cell
and T and NK cells.

11,175 epithelial clonic cells.
Identify transcriptional profile
of BEST4/OTOP2 enterocytes
and transcriptional profiles of
goblet cells as well as epithelial
subset changes in UC.
51 epithelial, stromal,
and immune cell subsets,
including BEST4+ enterocytes,
microfold cells, and
IL13RA2+IL11+ inflammatory
fibroblasts
47 clusters:
stromal (fibroblasts, glial and
endothelial cells) and seven
distinct immune cell lineages
consisting of T cells, innate
lymphoid cells (ILCs),
B cells, plasma cells (PCs),
mononuclear phagocytes (MNPs),
plasmacytoid dendritic cells (pDCs),
and mast cells.
14,537 epithelial cells.
Suggest the existence of
Paneth−like cells in the
large intestine, and identify
potential new marker genes
for human transient−
amplifying cells and goblet cells.

neurons and glia;
RAISINseq (labelled
transgenic mice)
with 10x Genomics Chromium
Single Cell 3′ and Smartseq2.
MIRACL (mining rare cells)−seq
(human and mouse neurons)
with 10x Genomics Chromium
Single Cell 3′ Library.

CD8 T cells;
10x Chromium Single
Cell 5′ and V(D)J sequencing.

Mouse: 21 neuronal and
3 glia clusters.
Human: 14 neuronal subsets:
4 PEMN, 5 PIMN, 2 PIN,
1 PSN, and 2 PSVN subsets

8,581 cells and 14 CD8+
cell populations. Describe
colonic mucosal CD8+ T cell
phenotypes in health and UC,
define their clonal relationships
and characterize terminally
differentiated dysfunctional
UC CD8+ T cells expressing
IL−26.
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Table 6.4 scRNA-seq studies of adult intestines. (continued)
Study

James et al.,
Nature Immunology,
2020

Region and Age
immune cells from the
mesenteric lymph nodes
and lamina propria of
the cecum, transverse
colon and sigmoid colon
from 12 disease−free
deceased transplant
donors.

Method

immune cells;
10x Chromium Single
Cell 5′ and V(D)J sequencing.

Summary
41,000 single immune cells
25 populations spanning
B, T and myeloid lineages.
Describe distinct helper T and
B cell activation and
migration profiles along
the colon.

25−80 years old.
428,000 cells from small and
large intestines from fetal, paediatric
and adult stages. Unique cell
transcriptomes described in
this study:
Epithelial compartment:
- Proximal/uniform progenitors.
- Fetal Tuft cells.
- Fetal Microfold cells.
- small intestinal BEST4+ cells.
- colonic BEST2+ Goblet cells.
- in vivo NEUROG3+ progenitors.
- NPW+ enterochromaffin cells.
Neural:
Comparable clusters observed
in Fawkner-Corbett et al.,
Cell, 2021. However, the annotations
are based on the mouse data
focusing on gliogenesis and
neurogenesis branching
(Morarach et al., Nature
Neuroscience, 2021).

Fetal: Proximal, middle, terminal
ileum, colon, and mesenteric
lymph node. Embryonic samples
previously published in
(Elmentaite et al., Developmental
Cell , 2020).
Fetal age 10-17 post-conception
weeks.

Integrated data
presented in this thesis.
Published in
Elmentaite et al.,
Nature, 2021

Paediatric: terminal ileum

all cells;

Paediatric age 4-15 years.

10x Genomics Chromium
Single Cell 3′ (V2) and
5′ (V2), V(D)J sequencing
and Spatial Transcriptomics
(10x Visium) of fetal
samples.

Adult 11 distinct locations:
duodenum (two locations DUO1
and DUO2 that were pooled in
the analysis), jejunum (JEJ),
ileum (two locations ILE1 and
ILE2 that were pooled in the
analysis), appendix (APD), caecum
(CAE), ascending colon (ACL),
transverse colon (TCL), descending
colon (DCL), sigmoid colon (SCL),
rectum (REC), and mesenteric
lymph nodes (MLN).
Adult age 27-64 years.

Immune:
- ILCP
- LTi-like NCR- ILC3 cells
LTi-like NCR+ ILC3 cells
- fetal ILC2
- adult CX3CR1+ CD8 T
- adult and fetal gd T cell
subsets (e.g. fetal TRDV2+
TRGV9+ gd T cells)
- CLP (common lymphoid
progenitor)
- Distinction of Pro-B cells
and Immature B cells
- Germinal centre B cells
(light and dark zone)
and FCRL4+ Memory
B cells in the gut (observed
in human tonsils King et al., Science
Immunology, 2021) .
Myeloid:
- Lymphoid DCs (in fetal
and adult).
- CLC+ Mast cell state
- Megakaryocytes
Stromal:
- gut FDCs (described in LN)
- gut T reticular cells (described in LN)
- lymphatic endothelial subtypes
(LEC1-6, described in LN).
- Stromal 1 (CCL11+) in adults.
- mLN stromal cells
(FMO2+).
- Mesothelial cell
subsets (mature PRG4+ and RGS5+)
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Appendix A
Additional Information to Chapter 2
This Appendix contains supplementary information for Chapter 2, including metadata tables
for scRNA-seq/spatial transcriptomics data, experimental information, and explanation for
cell type annotations.
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Table A.1 Fetal scRNA-seq and visium sample metadata
Sanger.sample.ID
Human_colon_16S8159182
Human_colon_16S8159183
Human_colon_16S8159184
Human_colon_16S8159185
Human_colon_16S8159186
Human_colon_16S8159187
Human_colon_16S8159188
Human_colon_16S8159189
Human_colon_16S8159190
FCA_gut8015057
FCA_gut8015058
FCA_gut8015059
FCA_gut8015060
FCA_gut8015061
Human_colon_16S7985389
Human_colon_16S7985390
Human_colon_16S7985391
Human_colon_16S7985392
Human_colon_16S7985393
Human_colon_16S7985394
Human_colon_16S7985395
FCA_gut9456313
FCA_gut9456316
FCA_gut9456319
FCA_gut9456322
FCA_gut9456326
4918STDY7321513
4918STDY7321514
4918STDY7321515
4918STDY7317585
4918STDY7317586
4918STDY7317587
4918STDY7421297
4918STDY7421298
4918STDY7421299
4918STDY7426904
4918STDY7426905
4918STDY7426906
4918STDY7426907
4918STDY7426908
4918STDY7426909
4918STDY7693757
4918STDY7693758
4918STDY7693759
4918STDY7693760
4918STDY7693761
4918STDY7693762
4918STDY7693763
4918STDY7717783
4918STDY7717784
4918STDY7717785
4918STDY7717787
4918STDY7717788
4918STDY7717789
4918STDY7718972
4918STDY7718973
4918STDY7718974
4918STDY7718975
4918STDY7718976
4918STDY7718977

Donor.name
F72
F72
F72
F72
F72
F73
F73
F73
F73
F78
F78
F78
F78
F78
F66
F66
F66
F66
F67
F67
F67
BRC2258
BRC2258
BRC2258
BRC2258
BRC2259
BRC2029
BRC2029
BRC2029
BRC2026
BRC2026
BRC2026
BRC2043
BRC2043
BRC2043
BRC2046
BRC2046
BRC2046
BRC2049
BRC2049
BRC2049
BRC2121
BRC2121
BRC2121
BRC2119
BRC2119
BRC2119
BRC2121
BRC2133
BRC2133
BRC2133
BRC2133
BRC2133
BRC2133
BRC2134
BRC2134
BRC2134
BRC2134
BRC2134
BRC2134

Diagnosis
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal
fetal

Visium samples:
Sanger.sample.ID
6330STDY9479159
6330STDY9479160
6330STDY9479163

Donor.name Diagnosis
F78
fetal
F102
fetal
sst1
fetal

Age
16Wk
16Wk
16Wk
16Wk
16Wk
15Wk
15Wk
15Wk
15Wk
17Wk
17Wk
17Wk
17Wk
17Wk
15Wk
15Wk
15Wk
15Wk
12Wk
12Wk
12Wk
11.1Wk
11.1Wk
11.1Wk
11.1Wk
7.4Wk
6.1Wk
6.1Wk
6.1Wk
8.4Wk
8.4Wk
8.4Wk
10.2Wk
10.2Wk
10.2Wk
6.7Wk
6.7Wk
6.7Wk
6.9Wk
6.9Wk
6.9Wk
9.2Wk
9.2Wk
9.2Wk
7.9Wk
7.9Wk
7.9Wk
9.2Wk
9.9Wk
9.9Wk
9.9Wk
9.9Wk
9.9Wk
9.9Wk
10Wk
10Wk
10Wk
10Wk
10Wk
10Wk

sample.name
F72-FPIL-0-SC-1
F72-FMIL-0-SC-1
F72-FTIL-0-SC-1
F72-FLI-0-SC-1
F72-MLN-0-SC-1
F73-FPIL-0-SC-1
F73-FMIL-0-SC-1
F73-FTIL-0-SC-1
F73-FLI-0-SC-1
F78-FPIL-0-SC-1
F78-FMIL-0-SC-1
F78-FTIL-0-SC-1
F78-FLI-0-SC-1
F78-MLN-0-SC-1
F66-FTIL-0-SC-1
F66-FMIL-0-SC-1
F66-FPIL-0-SC-1
F66-FLI-0-SC-1
F67-FPIL-0-SC-1
F67-FMIL-0-SC-1
F67-FLI-0-SC-1
C74-FPIL-0-SC-1 G
C74-FMIL-0-SC-1 G
C74-FTIL-0-SC-1 G
C74-FLI-0-SC-1 G
C75-FSI-0-SC-2 G
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Region.unify
DUO-JEJ
ILE
ILE
CO
MLN
DUO-JEJ
ILE
ILE
CO
DUO-JEJ
ILE
ILE
CO
MLN
ILE
ILE
DUO-JEJ
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
ILE
CO
DUO-JEJ
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO
DUO-JEJ
ILE
CO

Age
17Wks
17Wks
13Wks

sample.name
Region.code
F78-FTIL-0-FO-4-S4 FTIL
F102-FPIL-0-FO-1-S4 FPIL
Sst1-FLI-0-FO-2-S4
CO

Region.code
FPIL
FMIL
FTIL
FLI
MLN
FPIL
FMIL
FTIL
FLI
FPIL
FMIL
FTIL
FLI
MLN
FTIL
FMIL
FPIL
FLI
FPIL
FMIL
FLI
FPIL
FMIL
FTIL
FLI
FPIL
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI
FPIL
FTIL
FLI

Fraction
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMN
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMN
SC-EPCAMN
SC-EPCAMN
SC-EPCAMN
SC-EPCAMN
SC-EPCAMN
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP

Gender
M
NA
NA

Region
SmallInt
SmallInt
LargeInt

Gender
F
F
F
F
F
F
F
F
F
M
M
M
M
M
M
M
M
M
F
F
F
M
M
M
M
F
F
F
F
F
F
F
M
M
M
M
M
M
M
M
M
M
M
M
F
F
F
M
F
F
F
F
F
F
M
M
M
M
M
M

Region
SmallInt
SmallInt
SmallInt
LargeInt
lymph node
SmallInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
SmallInt
LargeInt
lymph node
SmallInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt
SmallInt
SmallInt
LargeInt

X10X
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
3’
3’
3’
3’
3’
3’
3’
5’
5’
5’
5’
5’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’

enzyme
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
TL
TL
TL
TL
TL
TL
TL
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH

TCR-sampleID
Human_colon_16S8157847
Human_colon_16S8157848
Human_colon_16S8157849
Human_colon_16S8157850
Human_colon_16S8157851
Human_colon_16S8157852
Human_colon_16S8157853
Human_colon_16S8157854
Human_colon_16S8157855
FCA_gut8090111
FCA_gut8090112
FCA_gut8090113
FCA_gut8090114
FCA_gut8090115
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

BCR-sampleID
Human_colon_16S8157863
Human_colon_16S8157864
Human_colon_16S8157865
Human_colon_16S8157866
Human_colon_16S8157867
Human_colon_16S8157868
Human_colon_16S8157869
Human_colon_16S8157870
Human_colon_16S8157871
FCA_gut8090116
FCA_gut8090117
FCA_gut8090118
FCA_gut8090119
FCA_gut8090120
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

135

A.1 Supplementary tables related to data generation

Table A.2 paediatric and adult scRNA-seq sample metadata
Sanger.sample.ID
4918STDY7333456
4918STDY7702680
4918STDY7844899
4918STDY7447825
4918STDY7923744
4918STDY7389431
4918STDY7274839
4918STDY7962470
4918STDY7844898
4918STDY7901096
4918STDY7273965
4918STDY7982703
4918STDY7273964
4918STDY7933270
4918STDY7982702
4918STDY7702679
4918STDY7714149
4918STDY7714150
Human_colon_16S8000511
Human_colon_16S8001903
Human_colon_16S8123909
Human_colon_16S8159192
Human_colon_16S8159194
Human_colon_16S8123908
Human_colon_16S8159191
Human_colon_16S8123910
Human_colon_16S8159193
Human_colon_16S8000513
Human_colon_16S8001905
Human_colon_16S8000515
Human_colon_16S8001907
Human_colon_16S8001863
Human_colon_16S8000471
Human_colon_16S8001865
Human_colon_16S8000473
Human_colon_16S8001867
Human_colon_16S8000475
Human_colon_16S8001869
Human_colon_16S8000477
Human_colon_16S8001871
Human_colon_16S8000479
Human_colon_16S8001873
Human_colon_16S8000481
Human_colon_16S8001875
Human_colon_16S8000483
Human_colon_16S8000484
Human_colon_16S8001878
Human_colon_16S8001879
Human_colon_16S8000487
Human_colon_16S8001881
Human_colon_16S8000489
Human_colon_16S8001883
Human_colon_16S8000491
Human_colon_16S8001885
Human_colon_16S8000493
Human_colon_16S8123916
Human_colon_16S8123918
Human_colon_16S8123917
Human_colon_16S8123915
Human_colon_16S8123920
Human_colon_16S8123912
Human_colon_16S8123913
Human_colon_16S8123911
Human_colon_16S8123919
Human_colon_16S8123921
Human_colon_16S8002623
Human_colon_16S8002624
Human_colon_16S8002625
Human_colon_16S8002626
Human_colon_16S8002627
Human_colon_16S8002628
Human_colon_16S8002629
Human_colon_16S8002630
Human_colon_16S8002566
Human_colon_16S8002573
Human_colon_16S8002574
Human_colon_16S8002581
Human_colon_16S8002582
Human_colon_16S8117831
Human_colon_16S8117829
Human_colon_16S8117830
Human_colon_16S8117828
WTDAtest7844020
WTDAtest7844021
WTDAtest7844022
WTDAtest7844023
WTDAtest7844024
WTDAtest7844025
WTDAtest7844026
WTDAtest7844027
WTDAtest7844028
WTDAtest7844029
WTDAtest7844030
WTDAtest7844013
WTDAtest7844014
WTDAtest7844015
WTDAtest7844016
WTDAtest7844017
WTDAtest7844018
WTDAtest7844019
WTDAtest7770716
WTDAtest7770717
WTDAtest7770718
WTDAtest7770719

Donor.name
T036
T110POS
T161
T057
T182
T044
T024
T197
T160
T176
T019
T202
T017
T189
T203
T110NEG
T036NEG
T036POS
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A32 (411C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A34 (417C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A39 (440C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A38 (432C)
A26 (386C)
A26 (386C)
A26 (386C)
A26 (386C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A33 (414C)
A30 (398B)
A30 (398B)
A30 (398B)
A30 (398B)

Diagnosis
paediatric healthy
paediatric healthy
paediatric healthy
paediatric healthy
paediatric healthy
paediatric healthy
paediatric healthy
paediatric Crohn Disease
paediatric healthy
paediatric Crohn Disease
paediatric Crohn Disease
paediatric Crohn Disease
paediatric Crohn Disease
paediatric Crohn Disease
paediatric Crohn Disease
paediatric healthy
paediatric healthy
paediatric healthy
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult
Healthy adult

Age
4
4
4
6
9
10
12
9
10
11
12
12
13
13
14
4
4
4
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
25-30
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
65-70
45-50
45-50
45-50
45-50
45-50
45-50
45-50
45-50
45-50
45-50
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
60-65
70-75
70-75
70-75
70-75
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
50-55
20-25
20-25
20-25
20-25

sample.name
T036-TIL-SC-EPCAMP
T110-TIL-SC-EPCAMP
T161-TIL-SC-EPCAMP
T057-TIL-SC-EPCAMP
T182-TIL-SC-EPCAMP
T44-TIL-SC-EPCAMP
T024-TIL-SC-EPCAMP
T197-TIL-SC-EPCAMP
T160-TIL-SC-EPCAMP
T176-TIL-SC-EPCAMP
T019-TIL-SC-EPCAMP
T202-TIL-SC-EPCAMP
T017-TIL-SC-EPCAMP
T189-TIL-SC-EPCAMP
T203-TIL-SC-EPCAMP
T110-TIL-SC-EPCAMN
T036-TIL-SC-EPCAMN
T036-TIL-SC-EPCAMP
A32-SCL-0-SC-45N-1
A32-SCL-0-SC-45P-1
A32-APD-0-SC-45N-1
A32-APD-0-SC-45P-1
A32-MLN-0-SC-1
A32-TCL-0-SC-45N-1
A32-TCL-0-SC-45P-1
A32-CAE-0-SC-45N-1
A32-CAE-0-SC-45P-1
A32-ILE-1-SC-45N-1
A32-ILE-1-SC-45P-1
A32-ILE-2-SC-45N-1
A32-ILE-2-SC-45P-1
A34-CAE-1-SC-45P-1
A34-CAE-1-SC-45N-1
A34-ACL-1-SC-45P-1
A34-ACL-1-SC-45N-1
A34-TCL-1-SC-45P-1
A34-TCL-1-SC-45N-1
A34-DCL-1-SC-45P-1
A34-DCL-1-SC-45N-1
A34-SCL-1-SC-45P-1
A34-SCL-1-SC-45N-1
A34-REC-1-SC-45P-1
A34-REC-1-SC-45N-1
A34-APD-1-SC-45P-1
A34-APD-1-SC-45N-1
A34-MLN-1-SC-1
A34-DUO-1-SC-45N-1
A34-DUO-2-SC-45P-1
A34-DUO-2-SC-45N-1
A34-JEJ-1-SC-45P-1
A34-JEJ-1-SC-45N-1
A34-ILE-1-SC-45P-1
A34-ILE-1-SC-45N-1
A34-ILE-2-SC-45P-1
A34-ILE-2-SC-45N-1
A39-ACL–SC-1
A39-DCL–SC-1
A39-TCL–SC-1
A39-CAE–SC-1
A39-SCL–SC-1
A39-ILE-0-SC-1
A39-ILE-1-SC-1
A39-JEJ–SC-1
A39-APD–SC-1
A39-MLN–SC-1
A38-JEJ-1-SC-1
A38-CAE-1-SC-1
A38-APD-1-SC-1
A38-ACL-1-SC-45P-1
A38-ACL-1-SC-45N-1
A38-DCL-1-SC-1
A38-TCL-1-SC-45P-1
A38-TCL-1-SC-45N-1
A38-SCL-1-SC-1
A38-REC-1-SC-1
A38-MLN-1-SC-1
A38-DUO-1-SC-1
A38-DUO-2-SC-1
A26-SCL-0-SC-1
A26-CAE-0-SC-1
A26-TCL-0-SC-1
A26-MLN-0-SC-1
A33-ILE-2-SC-45P-1
A33-ILE-2-SC-45N-1
A33-JEJ-0-SC-45P-1
A33-JEJ-0-SC-45N-1
A33-ACL-0-SC-45P-1
A33-ACL-0-SC-45N-1
A33-TCL-0-SC-45P-1
A33-TCL-0-SC-45N-1
A33-SCL-0-SC-45P-1
A33-SCL-0-SC-45N-1
A33-MLN-0-SC-1
A33-APD-0-SC-45P-1
A33-APD-0-SC-45N-1
A33-REC-0-SC-45P-1
A33-REC-0-SC-45N-1
A33-CAE-0-SC-45P-1
A33-CAE-0-SC-45N-1
A33-ILE-1-SC-45P-1
A30-SCL-6-SC-45P-1
A30-SCL-6-SC-45N-1
A30-SCL-6-SC-45P-2
A30-SCL-6-SC-45N-2

Region.unify
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
CO
CO
APD
APD
MLN
CO
CO
CO
CO
ILE
ILE
ILE
ILE
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
REC
REC
APD
APD
MLN
DUO-JEJ
DUO-JEJ
DUO-JEJ
DUO-JEJ
DUO-JEJ
ILE
ILE
ILE
ILE
CO
CO
CO
CO
CO
ILE
ILE
DUO-JEJ
APD
MLN
DUO-JEJ
CO
APD
CO
CO
CO
CO
CO
CO
REC
MLN
DUO-JEJ
DUO-JEJ
CO
CO
CO
MLN
ILE
ILE
DUO-JEJ
DUO-JEJ
CO
CO
CO
CO
CO
CO
MLN
APD
APD
REC
REC
CO
CO
ILE
CO
CO
CO
CO

Region.code
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
TIL
SCL
SCL
APD
APD
MLN
TCL
TCL
CAE
CAE
ILE
ILE
ILE
ILE
CAE
CAE
ACL
ACL
TCL
TCL
DCL
DCL
SCL
SCL
REC
REC
APD
APD
MLN
DUO
DUO
DUO
JEJ
JEJ
ILE
ILE
ILE2
ILE2
ACL
DCL
TCL
CAE
SCL
ILE1
ILE2
JEJ
APD
MLN
JEJ
CAE
APD
ACL
ACL
DCL
TCL
TCL
SCL
REC
MLN
DUO
DUO
SCL
CAE
TCL
MLN
ILE1
ILE1
JEJ
JEJ
ACL
ACL
TCL
TCL
SCL
SCL
MLN
APD
APD
REC
REC
CAE
CAE
ILE1
SCL
SCL
SCL
SCL

Fraction
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMP
SC-EPCAMN
SC-EPCAMN
SC-EPCAMP
SC-45N
SC-45P
SC-45N
SC-45P
SC
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC-45P
SC-45N
SC
SC-45P
SC-45N
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45N
SC-45P
SC-45P
SC-45N
SC-45P
SC-45N

Gender
M
M
M
M
M
F
F
M
F
M
M
F
M
F
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
F
F
F
F

Region
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
LargeInt
LargeInt
APD
APD
lymph node
LargeInt
LargeInt
LargeInt
LargeInt
SmallInt
SmallInt
SmallInt
SmallInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
REC
REC
APD
APD
lymph node
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
SmallInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
SmallInt
SmallInt
SmallInt
APD
lymph node
SmallInt
LargeInt
APD
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
REC
lymph node
SmallInt
SmallInt
LargeInt
LargeInt
LargeInt
lymph node
SmallInt
SmallInt
SmallInt
SmallInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
LargeInt
lymph node
APD
APD
REC
REC
LargeInt
LargeInt
SmallInt
LargeInt
LargeInt
LargeInt
LargeInt

X10X
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’

enzyme
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
TL
TL
DH
DH

TCR-sampleID
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Human_colon_16S8157843
NA
Human_colon_16S8157873
Human_colon_16S8157875
NA
Human_colon_16S8157872
NA
Human_colon_16S8157874
NA
Human_colon_16S8157844
NA
Human_colon_16S8157845
Human_colon_16S8157831
NA
Human_colon_16S8157832
NA
Human_colon_16S8157833
NA
Human_colon_16S8157834
NA
Human_colon_16S8157835
NA
Human_colon_16S8157836
NA
Human_colon_16S8157837
NA
Human_colon_16S8157838
NA
Human_colon_16S8157839
NA
Human_colon_16S8157840
NA
Human_colon_16S8157841
NA
Human_colon_16S8157842
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Human_colon_16S8157895
Human_colon_16S8157896
Human_colon_16S8157897
Human_colon_16S8157898
Human_colon_16S8157899
Human_colon_16S8157900
Human_colon_16S8157901
Human_colon_16S8157902
NA
NA
NA
NA
NA
Human_colon_16S8117832
Human_colon_16S8117833
Human_colon_16S8117834
Human_colon_16S8117835
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

BCR-sampleID
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Human_colon_16S8157827
NA
Human_colon_16S8157857
Human_colon_16S8157859
NA
Human_colon_16S8157856
NA
Human_colon_16S8157858
NA
Human_colon_16S8157828
NA
Human_colon_16S8157829
Human_colon_16S8157815
NA
Human_colon_16S8157816
NA
Human_colon_16S8157817
NA
Human_colon_16S8157818
NA
Human_colon_16S8157819
NA
Human_colon_16S8157820
NA
Human_colon_16S8157821
NA
Human_colon_16S8157822
NA
Human_colon_16S8157823
NA
Human_colon_16S8157824
NA
Human_colon_16S8157825
NA
Human_colon_16S8157826
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Human_colon_16S8157879
Human_colon_16S8157880
Human_colon_16S8157881
Human_colon_16S8157882
Human_colon_16S8157883
Human_colon_16S8157884
Human_colon_16S8157885
Human_colon_16S8157886
NA
NA
NA
NA
NA
Human_colon_16S8157877
Human_colon_16S8157888
Human_colon_16S8157876
Human_colon_16S8157887
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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Table A.3 Organoid scRNA-seq metadata. PCW, post-conception week; p, passage.
Run ID
4918STDY7426910
4918STDY7426911
4918STDY7590324
4918STDY7590325
4918STDY8366754
4918STDY8366756
4918STDY8366755

sample_id
Condition
TIp12038
p1
TIp12039
p1
p172038
p17
p172039
p17
2206_p2_RSPO WNT3Aneg
2206_p2_WNT3A WNT3Apos
2206_p2_WNT2B WNT2Bpos

source
PCW 6.4
PCW 5.4
PCW 6.4
PCW 5.4
PCW 6.5
PCW 6.5
PCW 6.5

Table A.4 smFISH reagents.
REAGENT/ RESOURCE
RNAscope probes
BEX5
CFTR
F3
FOXL1
LGR5
MKI67
PDGFA
PDGFRA
PLA2G2A
PTCH1
SHH
TACSTD2
UPK3B
WNT2B
RNAscope reagents
RNAscope Multiplex Fluorescent Reagent Kit
RNAscope 4-plex Ancillary Kit for Multiplex Fluorescent Reagent Kit
Opal 520
Opal 570
Opal 650
TSA-biotin
Streptavidin-conjugated Atto 425

SOURCE

IDENTIFIER

ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne
ACD, Bio-Techne

581118
603298-C2
407618-C2
558088-C3
311028-C2
591778-C3
406728-C4
604488
581108-C4
405788
600958-C2
405478-C4
581098-C4
453368

ACD, Bio-techne
ACD, Bio-techne
Akoya Biosciences
Akoya Biosciences
Akoya Biosciences
Akoya Biosciences
Sigma Aldrich

322800
322830
FP1487001KT
FP1488001KT
FP1496001KT
NEL749A001KT
09260-1MG-F
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Table A.5 Media composition of human fetal organoids cultured in this study, Related
to Figure 3.6 and 3.7.
Basal Organoid medium = ADF+++
Products from Gibco by Thermo Fisher Scientific
Advanced DMEM/F12 (ADF)
GlutaMax
HEPES buffer
Penicillin/Streptomycin
Complete medium
ADF+++ (see above)
WNT3A conditioned medium (DMEM in WNT3A- condition)
RSPO conditioned medium
Primocin (Invivogen, San Diego, CA, USA)
B-27® Supplement (Invitrogen, Carlsbad, CA, USA)
Nicotinamide (Sigma, St. Louis, MO, USA)
N-Acetylcysteine (Sigma, St. Louis, MO, USA)
A-83-01 (Tocris, Bristol, UK)
SB202190 (Sigma, St. Louis, MO, USA)
Murine EGF (Invitrogen, Carlsbad, CA, USA)
Murine Noggin (Peprotech, Rocky Hill, NJ, USA)

Final concentration
1x
2 mM
10 mM
0.5 U/ml
Final concentration
27% (vol/vol)
50 % (vol/vol)
20 % (vol/vol)
500 µg/mL
1x
10 mM
1.25 mM
500 nM
10 µM
50 ng/mL
100 ng/mL
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Table A.6 Information on images from proteinatlas.org (Uhlén et al., 2015). Related to
Figures 4.1, 4.3, 4.5, Appendix C.
Cell_type
Gene
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells BEST4
BEST4+ epithelial cells CFTR
BEST4+ epithelial cells CFTR
BEST4+ epithelial cells CFTR
BEST4+ epithelial cells CFTR
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
BEST4+ epithelial cells CTSE
Enteroendocrine
KLK12
Enteroendocrine
KLK12
Enteroendocrine
KLK12
Enteroendocrine
AFP
Enteroendocrine
AFP
Enteroendocrine
AFP
Enteroendocrine
AFP
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1
Enteroendocrine
CES1

Antibody
HPA058564
HPA058564
HPA058564
HPA058564
HPA058564
HPA058564
HPA058564
HPA021939
HPA021939
HPA079652
CAB001951
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
HPA012940; CAB032687
CAB025473
CAB025473
CAB025473
HPA010607
HPA010607
HPA010607
HPA010607
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717
HPA012023; HPA046717

Region
Patient id
duodenum
3515
duodenum
3479
small intestine
3852
small intestine
3472
colon
4510
rectum
4489
rectum
4406
small intestine
4202
small intestine
1499
small intestine
4202
small intestine
1652
duodenum
3515
duodenum
3479
duodenum
1961
small intestine
2450
small intestine
3852
small intestine
1919
colon
1958
colon
4510
rectum
4185
rectum
4489
rectum
4406
duodenum
1904
small intestine
2467
colon
3266
duodenum
1904
small intestine
1839
small intestine
2226
colon
3266
duodenum
3515
duodenum
3479
duodenum
1961
duodenum
1652
duodenum
1499
duodenum
1919
small intestine
1958
small intestine
1962
colon
4381
colon
4406
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Table A.7 Information on images from proteinatlas.org (Uhlén et al., 2015) (continued).

Cell_type
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Enteroendocrine
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell

Gene
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
SLC18A1
GCH1
GCH1
GCH1
GCH1
GCH1
GCH1
GCH1
GCH1
NPW
NPW
NPW
NPW
NPW
NPW
NPW
NPW
HPGDS
HPGDS
HPGDS
HPGDS
HPGDS
HPGDS
HPGDS
HPGDS
PSTPIP2
PSTPIP2
PSTPIP2
PSTPIP2
PSTPIP2
PSTPIP2

Antibody
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA063797
HPA028612
HPA028612
HPA028612
HPA028612
HPA028612
HPA028612
HPA028612
HPA028612
HPA064874
HPA064874
HPA064874
HPA064874
HPA064874
HPA064874
HPA064874
HPA064874
HPA024035
HPA024035
HPA024035
HPA024035
HPA024035
HPA024035
HPA024035
HPA024035
HPA040944
HPA040944
HPA040944
HPA040944
HPA040944
HPA040944

Region
Patient id
duodenum
3479
duodenum
3515
duodenum
1961
small intestine
3472
small intestine
1952
small intestine
1919
colon
1958
colon
1857
colon
1962
rectum
4381
rectum
4406
rectum
3074
duodenum
3515
duodenum
3219
duodenum
1920
small intestine
2450
small intestine
1826
small intestine
1879
colon
1857
colon
1933
duodenum
3515
duodenum
1961
small intestine
4202
colon
2040
colon
4910
rectum
4381
rectum
5381
rectum
3074
duodenum
2562
duodenum
1904
duodenum
3004
small intestine
2256
small intestine
1359
colon
1832
colon
1990
colon
3266
duodenum
3515
duodenum
3479
duodenum
1961
small intestine
1499
small intestine
1652
small intestine
1919
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Table A.8 Information on images from proteinatlas.org (Uhlén et al., 2015) (continued).
Cell_type
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell
Tuft cell

Gene
PSTPIP2
PSTPIP2
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
BMX
MYO1B
MYO1B
MYO1B
MYO1B
MYO1B
MYO1B
FYB1
FYB1
FYB1
FYB1
FYB1
FYB1
FYB1
SH2D7
SH2D7
SH2D7
SH2D7
SH2D7
SH2D7
SH2D7
PLCG2
PLCG2
PLCG2
PLCG2
PLCG2
PLCG2
PLCG2
PLCG2

Antibody
HPA040944
HPA040944
HPA001048
HPA001048
HPA001048
HPA001048
HPA001048
HPA001048
CAB032495
CAB032495
CAB032495
CAB032495
CAB032495
CAB032495
CAB032495
HPA060144
HPA060144
HPA060144
HPA060144
HPA060144
HPA060144
CAB025336
CAB025336
CAB025336
CAB025336
CAB025336
CAB025336
CAB025336
HPA076728
HPA076728
HPA076728
HPA076728
HPA076728
HPA076728
HPA076728
HPA020099
HPA020099
HPA020099
HPA020099
HPA020099
HPA020099
HPA020099
HPA020099

Region
Patient id
colon
2040
rectum
4406
duodenum
1098
duodenum
1420
duodenum
139
small intestine
202
small intestine
969
small intestine
2650
duodenum
3515
duodenum
3479
duodenum
1961
small intestine
1800
small intestine
4380
small intestine
4202
colon
5381
duodenum
3515
duodenum
3479
duodenum
1961
small intestine
3852
small intestine
3472
colon
1960
duodenum
3515
duodenum
3479
duodenum
1920
small intestine
3852
small intestine
1919
small intestine
2450
colon
1960
duodenum
3479
duodenum
1961
small intestine
4380
small intestine
4202
colon
2040
colon
1958
colon
4910
duodenum
2562
duodenum
1904
duodenum
3004
small intestine
3343
small intestine
2256
small intestine
1826
colon
1423
colon
3266
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Cell type annotation

To annotate fine cell types and states, cell lineages were sub-clustered and batch correction
and leiden clustering were repeated. Annotation of fetal, paediatric and adult datasets was
performed separately. When datasets were combined together, annotations were adjusted for
concordance. A brief description of cell type annotation for each lineage is provided below.

A.2.1

Epithelial cells

Epithelial lineage cells (EPCAM+) shared between fetal, paediatric and adult datasets were
stem cells (LGR5, ASCL2, SMOC2, RGMB, OLFM4), paneth (DEFA5, DEFA6, REG3A),
transit amplifying (TA; MKI67, TOP2A, PCNA), goblet cells (CLCA1, SPDEF, FCGBP,
ZG16, MUC2), BEST4 epithelial cells (BEST4, OTOP2, CA7), enterocytes (RBP2, ANPEP,
FABP2) and colonocytes (CA2, SLC26A2, FABP1), enteroendocrine cells (CHGA, CHGB,
NEUROD1), Microfold cells (SPIB, CCL20, GP2), Tuft cells (POU2F3, LRMP, TRPM5),
BEST2-expressing goblet cells were observed in adult colonic samples. Amongst the genes
enriched in BEST2 goblet cells were Kallikreins KLK15 and KLK3, as well as protease
inhibitors WFDC2 and WFDC3. Amongst fetal epithelial cells, 43 large intestinal goblet
cells expressed BEST2. Fetal BEST2-expressing cells clustered together with small intestinal
goblet cells, possibly due to the small number of these cells present in the data. Enteroendocrine cells were further sub-clustered and annotated based on key hormones expressed
(M/X cells (MLN, GHRL), D cells (SST), β cells (INS, possibly from developing pancreatic
bud), L cells (GCG), N cells (NTS), K cells (GIP), I cells (CCK) and enterochromaffin cells
(TPH1) either expressing NPW) or TAC1.
Fetal-specific subsets included proximal progenitors (FGG, BEX5), distal progenitors enriched for colon genes (CKB, AKAP7, GPC3) and CLDN10 cells that are possibly pancreatic
progenitors based on expression of CLDN10, DLK1, PDX1, RBPJ, CPA1, SOX9 (Zaret and
Grompe, 2008). This population also highly expressed CLU- a marker for intestinal revival
stem cells described before (Ayyaz et al., 2019).

A.2.2

Endothelial cells

Endothelial lineage cells (PECAM1, CDH5) were subdivided into arterial (GJA4, HEY1,
HEY2, EFNB2), venous (ACKR1, VWF) and lymphatic endothelium (PROX1, LYVE1,
CCL21). Arterial and venous cells from fetal and adult donors formed separate clusters and
differed in gene expression, possibly reflecting fetal cell immaturity. Amongst age shared
arterial genes were GJA5, SEMA3G, HEY1, HEY2 and age shared venous genes were ACKR1,
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ADGRG6, CPE, APLNR. Capillary clusters were defined based on expression on RGCC and
VWA1. Arterial capillaries specifically expressed CA4, FCN3.
Lymphatic endothelium further separated into 6 clusters, including LEC1 (ACKR4, OTC),
resembling cells lining the subcapsular sinus ceiling in the human lymph nodes (Takeda et al.,
2019); LEC2 (GP1BA, UBD, ANO9, FIBIN, PAPLN) and only LEC expressing MADCAM1
and reassembled LECs lining subcapsular sinus floor in human lymph nodes (Takeda et al.,
2019). We further define LEC3 (ADGRG3hi) present mostly in the paediatric and adult
intestinal regions, and LEC4 (SATB2hi, PTX3hi, CXADRhi) specific to developing gut that
may represent differentiated and immature lymphatic vessels, respectively. LEC5 (CLDN11,
DEGS2, SBSPON, ANGPT2hi, GJA4hi) reassembled collecting lymphatic valves in lymph
nodes (Takeda et al., 2019).

A.2.3

Neural cells

Neural lineage cells were defined based on observations in mice embryos (Morarach et al.,
2021). Neuronal branches were named Branch A or B based on expression of ETV1 or
BNC2, respectively. Subpopulations of the branches were named A1-A4 and B1-B3 and
combinatorial gene markers are provided in Figure 3a,b. Branch A1 was functionally named
inhibitory motor neurons (iMN) based on expression of GAL, NOS1 and VIP; Branch A2
was a mixed IPAN/IN population based on NTNG1 and NXPH2. Branch A3 was a second
subset of IPAN/IN equivalent to adult PIN3 and PSN3 (Drokhlyansky et al., 2020); Branch
A4 were annotated as interneurons (IN) based on NEUROD6 expression (Morarach et al.,
2021). Branch B1 were annotated as immature excitatory motor neurons (eMN) based on
NXPH4 and NDUFA4L2 (Morarach et al., 2021); Branch B2 was a second cluster of eMN
based on expression of BNC2 and PENK (Drokhlyansky et al., 2020; Morarach et al., 2021);
Branch B3 (IPAN) was assigned IPAN label based on DLX3, ANO2, NOG and NTRK3.
Branch B3 also showed the expression of CALB2 and SST described in human IPAN A
population (May-Zhang et al., 2021).
All terminal glial cells expressed high levels of ENCC progenitor/terminal glial marker
genes including FOXD3, MPZ, CDH19, PLP1, SOX10, S100B and ERBB3, but lacked RET.
Three types of enteric glia (S100B, CRYAB, MPZ) were observed: glia 1 (DHH, RXRG,
NTRK2, MBP), glia 2 (ELN, TFAP2A, SOX8, BMP8B), glia 3 (BCAN, APOE, CALCA,
HES5, FRZB) and a subset of differentiating glia (COL20A1) were present at 12-17 PCW.
Differentiating glia (COL20A1) cluster annotation was based on expression of glial markers,
positioning in between differentiating subsets and scVelo results.
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Mesenchymal cells

Mesenchymal lineage cells included previously described mesodermal populations Mesoderm
1 (HAND1, HAND2, PITX2) and Mesoderm 2 (ZEB2); Stromal 1 (ADAMDEC1) subset
either highly expressing ADAM28 or CCL11, CCL8, CCL13; Stromal 2 (PDGFRA, BMP4)
either enriched for F3, NPY or CH25H, MMP1 expression; Stromal 3 (C7) expressing
KCNN3, LRRC3B or C3, CLEC3B, SEMA3E. We also observe the Stromal 4 population
(MMP1, MMP3, PDPN, COL7A1, CHI3L1) (Kinchen et al., 2018). In addition, we observe
populations consistent with lymph node immune organising fibroblasts including T reticular
cells (CCL19, GREM1hi, TNFSF13B) (Rodda et al., 2018) Follicular dendritic cells (CXCL13,
CR1, CR2) (Rodda et al., 2018), a population of FMO2 stromal cells (LMO3, RASD1,
PODNhi) found in the mLN samples that may represent adipose stromal cell population
based on the expression of FOXO1, KLF15, ZBTB16, LMO3, HSD11B1(Galitzky and
Bouloumié 2013; Ambele et al. 2016). Myofibroblasts were identified based on expression
of actin (ACTA2) and Transgelin (TAGLN), fibroblast characteristic Decorin (DCN), but
lacked smooth muscle marker desmin (DES). Myofibroblast populations further differed
in HHIP, NPNT, SYT10 or RSPO2, SYT1, PTGER1 expression. Smooth muscle cells were
annotated based on high expression of DES, Calponin (CNN1)(Kumar et al. 2017) and
actin/myosin chain expression (ACTA2, MYH11) and subsets were further characterised
following annotation in(Fawkner-Corbett et al. 2021). Interstitial cells of Cajal (ICC) were
identified based on expression of KIT, ANO1 and ETV1(Rodda et al. 2018; Lee et al. 2017).
Other ICC genes included DLK1, CDH8, CDH10 and PRKCQ. Cycling stromal cells were
defined based on expression of MKI67, TOP2A, CDK1 and other cell cycle genes. Fetal
mLTo cells were defined as discussed in the main text. Additionally, mLTo cells were high
for UBD, CLSTN3, SLC22A3, TNFSF11 and APLNR expression.
Pericytes were identified based on expression of NOTCH3, MCAM (CD146) and RGS5.
Immature pericytes were annotated based on high expression of PDGFRB, CSPG4 (encoding
NG2) (Kumar et al., 2017) and was marked by high NDUFA4L2 expression. We further
annotate contractile pericytes (ACTA2hi) that were specifically marked by expression of PLN,
RERGL, KCNA5, KCNAB1, NRIP2. Angiogenic pericytes were annotated based on high
expression of PRRX1 and PROCR among pericyte populations (also expressed in stromal
cells) as described in Fawkner-Corbett et al. (2021), and also more specifically marked by
ENPEP, ABCC8, COL25A1 and TEX41. We also observe a population of pericytes marked
by CD36 (named “Pericyte”) (Eom et al., 2020).
Mesothelial cells were defined based on KRT19, LRRN4 and UPK3B expression, as
observed previously (Elmentaite et al., 2020; Kanamori-Katayama et al., 2011), and additionally observe TNNT1, RASSF7 and KLK11 in these cells. Mature pericytes captured in adult
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tissues highly expressed PRG4, MT1F, MT1G, CP4BPA, and HAS1. In addition, we observe
a population of RGS5+ mesothelial cells expressing TMEM235 and SERPINE3.

A.2.5

B cells

B lineage cells were defined as the cluster having positive expression for MS4A1 (encodes
CD20) and CD19. Among fetal B cells, common lymphoid progenitor (CLP) cells were classified based on minimal expression of the lineage markers and specific expression of CD34,
SPINK2 and FLT3. Pro-B cells had specific expression of DNTT (TdT), recombinationactivating genes (RAG) 1 and 2, high expression of B lymphocyte antigen receptor CD79B,
V-Set Pre-B Cell Surrogate Light Chains (VPREB1, VPREB3) and expression of immunoglobulin lambda chain IGLL1. Pre-B cells specifically expressed CD38 and had higher expression
of CD19 than Pro-B cells. Immature B cells had the highest expression of MS4A1 among B
lineage cells and expression of immunoglobulin heavy chains M and D. Adult B lineage cells
had distinct clusters of naive B cells (Fc fragment of IgM receptor- FCMR), Memory B cells
(SELL (encodes CD62L)) and a population of memory B cells that specifically expressed
transmembrane immunoregulatory molecule FCRL4 (encodes protein also known as FcRH4)
that has been suggested to be tissue-restricted (Ehrhardt et al., 2005) Class switch IgA and
IgG plasma cells had expression of the syndecan, SDC1, and immunoglobulin heavy chains
A and G respectively. Cycling B cells were characterised by specific expression of MKI67
(encodes Ki67) and genes involved in DNA replication, HMGB2, TUBA1B and UBE2C.

A.2.6

T, NK and ILC cells

T lineage cells were determined as the cluster of fetal, paediatric and adult cells with
expression of T cell receptor component CD3D and subpopulations were annotated as
previously described (James et al., 2020). CD4 T cells had expression of CD4, but not
CD8A and vice versa for CD8 T cells. For each of these T cell groups, a population of
paediatric/adult SELL (encodes CD62L) naive/central memory cells and CD69 activated
cells was assigned. ‘Activated T’ are fetal cells that have productive TCRα β chains as
determined by paired V(D)J sequencing. In addition, among postnatal CD4 T cells are
CXCR3, IFNG-expressing Th1 and RORAhi IL22, CDL20-expressing Th17 cells. paediatric
Crohn’s disease CD4 cells labelled as ’Th1’ and ’Th17’ showed additional co-expression of
IL22 and IL26, matching previously reported expression of these molecules in dysfunctional
CD8 T cells in Ulcerative colitis (Corridoni et al., 2020). Tregs were defined by FOXP3,
CTLA4, TIGIT expression and Follicular helper T cells (Tfh) expressed CXCR5 and PDCD1.
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Two subsets of CD8 T memory cells were observed: CD8 Tmem and CX3CR1+ CD8 Tmem
that both expressed FGFBP2, S1PR5, FCGR3A, TGFBR3.
Adult gdT subsets differentially expressed gamma and delta variable chain genes. paediatric gdT (TRDC) cells did not have TCR sequencing data and did not express specific
variable chains. Specific expression of TRGV2, TGVG4 and TRVG5/TRVG7, which each
encode a variable chain of the gamma TCR chain, further defined subpopulations respectively.
We also observe a population of TRDV2/TRGV9-expressing gdT cells (Papadopoulou et al.,
2019) in the fetal gut. NK T cells expressed CD3D as well as NK genes GZMA, NKG7,
PRF1. MAIT cells expressed TRAV1-2 and SLC4A10. ILC2 expressed PTGDR2, HPGDS,
IL1RL1, KRT1 (Mazzurana et al., 2021) and were found in the fetal samples.
NK cells were defined based on EOMES, PRF1, NKG7 and KIR receptor expression.
Adult ILC3 were defined based on the expression of RORC, IL1R1, IL23R, KIT (Mazzurana
et al., 2021) and further expressed TNFS4 and PCDH9. ILCP were defined as Lin- IL7R,
(encodes CD127), KIT (CD117), RORC (RORγ) expressing cells that further showed expression of CCR6, neuropilin-1 (NRP1), but not NKp44 (NCR2), as described in liver (Lim et al.,
2017). ILCPs also highly expressed chemokine receptors CXCR5 and CCR7, cell adhesion
molecule SCN1B (Patino et al., 2011) and serine proteaseHPN.
‘LTi-like NCR+ ILC3’ had highest expression of TNFRSF11A (RANK) and its ligand
TNFSF11 (RANKL), as well as NCR1 (NKp46) and NCR2 (NKp44), while ‘LTi-like NCRILC3’ lacked NCR2 and expressed IL17A, ITGAE and CCR9, and NK-associated genes
including NKG7, PRF1, and GZMA, consistent with NCR- ILC3 cells described in mice (Zeng
et al., 2019). We observed the expression of IL22 in the adult compared to fetal NRC+ ILC3,
suggesting that fetal gut ILC3 represents an immature ILC3 counterpart.

A.2.7

Myeloid cells

Myeloid lineage cells further sub-clustered to classical monocytes (FCN1, S100A4, S100A6),
dendritic cells, macrophage, mast cells (GATA2, CPA3, HPGDS) and megakaryocytes
(GP9, LCN2). Among dendritic cells we observed cDC1 (CLEC9A) and cDC2 (CLEC10A),
lymphoid DCs (LAMP3) and plasmacytoid DCs (pDCs; CLEC4C, JCHAIN). Amongst
macrophage populations, we observe a subset of classical macrophages (CD163, C1QB,
C1QC), LYVE1+ macrophages (RNASE1, SPP1) that have been previously observed in
around heart vessels (Lim et al., 2018) and lung (Chakarov et al., 2019) and inflammatory
macrophages (MMP9) (Martin et al., 2019); We also observe a fetal-specific population of
mono-neutrophil progenitors (MPO, AZU1, ELANE) previously described in human fetal
liver (Popescu et al., 2019) and CLC+ mast cells that could represent an immature fetal states.

Appendix B
Additional Information to Chapter 3
This Appendix contains supplementary information for Chapter 3, including supplementary
figures and additional information.

B.1

Supplementary Figures

148

Additional Information to Chapter 3

a

further manual
doublet removal
62,849
65,056
droplets
droplets

b

QC & Scrublet

65,306
droplets

c
Embryonic/fetal sample
anatomical region statistics
(two-way ANOVA)
****
***

36822
ns

*
*

Cell number

ns

d

13,266
droplets

4945

UMAP1

2180

1966

Un
pro iform
ge
nit
Sm
or
Ep all In
tes
i
tin
e
Co
lon
ic E
pi
Sec
ret
ory
Ep
i

16936

UMAP2

QC & Scrublet

11,302
droplets

e

QC & Scrublet

14,000
droplets

11,200
droplets

5015

5209

3556

Cell number

Cell number

4870

1003

1891
724

206 14

UMAP2

h

Control, age group (years) i

UMAP1

CD, sample name

UMAP2

CD, age group (years)

UMAP1

g

UMAP1

Control, sample name

UMAP1

f

14

UMAP2

UMAP2

Fig. B.1 Quality control of the fetal, paediatric and Crohn′ disease datasets. Related to
Figures 3.1 and 3.8.
a) Bar plots with number of cells in fetal dataset and UMAP with sample contribution to
each cluster. b) Number of fetal cells captured in each timepoint colored by enrichment
strategy (top) and region (bottom). (Continued on the following page.)
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Fig. B.1 (continued) c) Number of cells of broad epithelial cell clusters (Uniform progenitor,
Small Intestine Epi, Colonic Epi, Secretory Epi) in each of three developing anatomical
regions (duo-jejunum, ileum and colon). Epi, epithelium; d) and e) Bar plots with the number
of droplets after QC and Scrublet doublet exclusion grouped by cell type group. Scatter
plots show the number of genes over the number of counts per cell, where each dot is a cell.
Sample contribution to each cluster in f) Control and g) CD datasets. UMAP plots colored
by sample age group in h) Control and i) CD samples. For fetal samples, the average cell
recovery was 1,800 with a total of 62,849 cells at a mean depth of 13, 570 reads per cell and
3,027 mean genes per cell. For paediatric samples, the average recovery was 1,400 cells with
8,093 reads per cell and 1,859 mean genes per cell. CD, Crohn’s disease; Fetal sample ages
in post-conception weeks were as follows: BRC2029 - 6.1, BRC2026 - 8.4, BRC2043 - 10.2,
BRC2046 - 6.7, BRC2049- 6.9, BRC2121 - 9.2, BRC2119- 7.9, BRC2133 - 9.9, BRC213410. Patient ages were as follows: Control group (T036- 4 years, T110- 4 years, T161- 4 years,
T057- 6 years, T182- 9 years, T44- 10 years, T024- 12 years, T160- 10 years).
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Fig. B.2 Marker genes and trajectory analysis of embryonic and fetal intestinal epithelium. Related to Figures 3.2 and 3.3.(Continued on the following page.)
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Fig. B.2 (continued)
a) UMAP projection of cells after cell-cycle gene exclusion from gene list and dimensionality
reduction. The cells are coloured by their cell type annotation. b) Gene expression of
adult-like LGR5 stem cell genes. c) Feature plots with selected differentially expressed
genes in uniform progenitors. prog, progenitors. PAGA graphs (d and e) and velocity-driven
paga graphs (f and i) for embryonic and fetal epithelial cells, respectively. prog = progenitor.
PAGA graphs can illustrate either connectivities (solid/dashed lines) or transitions (arrows),
where the latter are defined by scVelo. g) and j) Differentiating cell type marker gene
expression along the pseudotime (latent time). Cells are colored by the cell type as in UMAP.
PCNA, CDK1- S and G2M phase cells; BEX5- uniform progenitors; LGR5, ASCL2- LGR5
stem cells; SI, ANPEP - enterocytes; CHGA- enteroendocrine cells; NTS- NTS+ cells; BEST4,
OTOP2- BEST4 enterocytes; CLACA1, FCGBP- goblet cells. h) and k) Heatmaps with
top 50 driver genes that display pronounced dynamic behaviour along the pseudotime in
embryonic and fetal epithelium, respectively. Top bars in h) and k) represent cell annotation
and their colors match annotation colors in f) and i), respectively. prog,progenitor.
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Fig. B.3 Cell-cell interactions in embryonic and fetal gut. Related to Figures 3.4
and 3.5.(Continued on the following page.)
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Fig. B.3 (continued)
a) Feature plots with selected genes expressed in three stromal populations in embryonic
and fetal gut. Circled populations are serosal cells (yellow), FOXL1 fibroblasts (purple),
smooth muscle cells (brown). Arrow points to uniform progenitors. b) smFISH images of
serosa mesothelial cells and FOXL1 fibroblasts. i and ii in b) are two biological replicates
imaging location of FOXL1 fibroblasts using DAPI, FOXL1, and F3 (stained only in ii),
while iii and iv are two biological replicates for locating Serosa mesothelial cells using
co-expression of UPK3B and WNT2B. Scale bar main panel = 100 µm, zoom panel = 50
µm. c) smFISH images of cycling cells (MKI67), epithelial cells (SHH and BEX5), and
PLA2G2A gene that is expressed in multiple populations in the gut. White arrows point to
PLA2G2A-expressing SMCs, red arrow points to PLA2G2A-expressing UPK3B Serosa cells.
Scale bar main panel = 100 µm, zoom panel = 50 µm. d) UMAP with overlaid predictions of
fetal cells. Predictions were made using logistic regression models trained on adult stromal
cells from Kinchen et al. (2018). e) Heatmap with mean prediction probability in stromal
cell clusters. Heatmaps with number of interactions in embryonic (f) and fetal (g) samples as
quantified using CellphoneDB v2.0. Color legend indicates the cell type lineage (epithelialblue, mesenchymal-pink, endothelial-green, neuronal-orange, immune/erythroblast-red) of
each plotted cell type. Arrows point to cell-types discussed in text. FLC, fibroblasts; EC,
endothelial cells; ICC, interstitial cells of Cajal; S, stromal; SMC, smooth muscle cells.
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Fig. B.4 Marker gene expression in fetal intestinal organoids and fetal intestinal
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Fig. B.4 (continued) Related to Figures 3.6 and 3.7. a) Heatmap of top 30 differentially
expressed genes (DEGs) between mesenchymal and epithelial cells captured in the intestinal
organoid culture. The arrows point to key genes associated with either mesenchymal (pink)
or epithelial (blue) identity. b) Feature plot with mesenchymal and epithelial marker gene
expression in WNT3A- and WNT3A+ organoids. c) Feature plot of epithelial marker genes
expressed in p1 and p17 organoid cells. MKI67- cycling cells; LGR5, SMOC2, RGMB- LGR5
stem cells; SHH, BEX5- uniform progenitors; BEST4, CA7, OTOP2- BEST4 enterocytes;
ZG16, TFF3- goblet cells; SI, ANPEP, PHGR1 - enterocytes; PDGFRA, BMP3, BMP4,
BMP5, WNT5A, F3, FOXL1- FOXL1 fibroblasts; d) Schematic with experimental strategy for
organoid culture comparison between WNT2B (recombinant protein) and WNT3A (cell-line
derived). The organoids were generated from dissociated cells of embryonic proximal ileum,
cultured in three different culture conditions and sequenced on the day 5 of passage 1. e)
UMAP visualisation of integrated organoid cells from three conditions (WNT3A- or no WNT,
WNT2B+, WNT3A+). The UMAPs are colored by cluster identity (left), culture condition
(middle), or cell cycle phase score (right). f) Top 30 differentially expressed genes in the
epithelial organoid cells between three culture conditions. g) abundance of cells as predicted
with logistic regression with more than 80% probability of matching transcriptionally. h)
Relative expression of key canonical WNT pathway genes in the epithelium of three culture
conditions. PCW, post-conception weeks.
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Fig. B.5 Epithelium from healthy and Crohn’s disease patients. Related to Figures 3.9.
Dot plots with relative marker gene expression in paediatric a) healthy and b) Crohn’s disease
epithelium. c) and d) Barplots show abundance of epithelial cell subsets in healthy controls
(c, n=8) and children with CD (d, n=7). Arrows point to samples that were grouped as
“inflamed Crohn’s disease”. CD, Crohn’s disease.
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Fig. B.6 (continued)
UMAP projections of stromal cells from healthy paediatric dataset colored by a) original
cell type annotation defined in this study and b) overlaid predicted annotation generated
by using a logistic regression model trained on scRNAseq data from Kinchen et al. (2018)
arrows point to cells predicted to be Stromal 3 cell type. The prediction probabilities for each
cell are shown in the heatmap in c). X-axis shows predicted cell type labels as in Kinchen
et al. (2018) and y-axis is grouped by the original annotation as in a). The same logistic
regression analysis was done for CD samples and results are shown in UMAPs with d)
original annotation, e overlaid predicted annotations (arrows point to cells predicted to be
Stromal 3 cell type), and the probability heatmap f). g) The comparison of ileal stromal cells
from Martin et al. (2019). UMAP plots show ileal stromal cells from Martin et al. (2019).
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Data and code availability

The accession number for the raw sequencing data reported in this paper is E-MTAB-8901.
Processed single-cell RNA sequencing objects will be available for online visualisation and
download at gutcellatlas.org. The code generated during this study will be available at Github
https://github.com/Raselel/DevCell_GutAtlas/.
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Fig. C.1 Data quality control. Related to Figure 4.1. (Continued on the following page.)
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Fig. C.1 (continued)
a) Schematic showing tissue processing strategy for second trimester fetal, paediatric and
adult scRNA-seq samples. After enzymatic dissociation, either total fraction was loaded onto
a 10x Genomics Chromium chip or CD45+/- cell fractions were separated using magnetic
cell sorting (MACS) and both fractions were loaded on the 10x Genomics Chromium chip
separately. Lymph nodes were processed without enrichment. Second trimester fetal and
adult cell samples were processed using 5’ v2 10x Genomics Chromium kits (Methods). b)
Pre-processing and quality control of single-cell RNA-seq data generated in this study and
described previously (Elmentaite et al., 2020). In short, four datasets, namely first trimester
fetal, second trimester fetal, paediatric healthy and Crohn’s disease, and adult, were preprocessed separately (including quality control, soupX analysis and scrublet doublet removal).
Firstly, dimension reduction, clustering and annotation by cell lineage was performed on
each dataset separately. Each cell lineage was sub-clustered and a fine-grained cell type and
cell state annotation was performed based on marker gene expression. The four datasets
were then merged together and each lineage was sub-clustered to unify cell type labels
where appropriate. UMAP visualisations show the combined dataset colored by sample
age, enrichment fraction and donor name. c) Forest plot showing the relative importance
(explained standard deviation) of each technical/biological factor on the cell type proportion.
The 95% confidence intervals were computed from n=1,431 data points (9 cell types times
159 samples). See Method section for more details. d) Bar plots with relative proportion of
cell lineages in each 10x Genomics Chromium run grouped by anatomical region within the
scRNA-seq dataset as in Figure 4.1d.
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Fig. C.2 Cell types defined in the study. Related to Figure 4.1. a) Dot plot for expression
of marker genes of cell types and states in each cell lineage in the scRNA-seq dataset.
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Fig. C.3 Tuft cells. Related to Figures 4.2.
a) Heatmap of top differentially expressed genes in tuft cells across epithelial cell types in
scRNA-seq dataset. The legend indicates whether the gene has a known association with tuft
cells (purple) or are novel (orange). b) Immunohistochemical staining of HPGDS (antibody:
HPA024035, n=8), PSTPIP2 (antibody: HPA040944, n=8), BMX (antibody: CAB032495,
n=7), MYO1B (antibody: HPA060144, n=6), FYB1 (antibody: CAB025336, n=7), SH2D7
(antibody: HPA076728, n=7), PLCG2 (antibody: HPA020099, n=8) protein expression
in small intestine from Human Protein Atlas (proteinatlas.org). n represents biological
replicates across intestinal regions. c) Dotplot showing expression of ITAM- and ITIMlinked receptors and receptor tyrosine kinases across tuft cells and pooled absorptive (transitamplyfing and enterocytes) and secretory (paneth, goblet and enteroendocrine) epithelial
cells. j) Representative flow cytometry plots of FcγRII/III staining on EpCAM+SiglecF(non-tuft epithelial cells) and EpCAM+SiglecF+ (tuft cells) cells and isotype staining of
EpCAM+SiglecF+ cells. Numbers show the percentage of cells within the gate out of the
total population.
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Fig. C.4 Region variability in BEST4 epithelial cells. Related to Figure 4.4.
a) UMAP visualisation of BEST4 epithelial cells in scRNA-seq dataset colored by key
marker BEST4 and OTOP2 expression and region group (fetal and paediatric/adult). b)
Volcano plot for differential abundance (DA) between cells from the small intestine and large
intestine as in (a). Each point represents a neighbourhood of BEST4 epithelial cells (FDR:
False Discovery Rate, logFC: log-Fold Change) for adult (red) and fetal samples (blue). The
dotted line indicates the significance threshold of 10% FDR.
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Fig. C.4 (continued)
c) Heatmap showing the average neighbourhood expression of genes differentially expressed
between DA neighbourhoods in Adult BEST4 epithelial cells (1502 genes). Expression values
for each gene are scaled between 0 and 1. Neighbourhoods are ranked by log-fold change in
abundance between conditions. Positive log-fold change is small intestine neighbourhoods
and negative -large intestine neighbourhoods. d) Expression of CFTR in small intestinal
(top) and colonic (bottom) histological sections from Human Protein Atlas (proteinatlas.org).
Information on antibodies and replicates can be found in Appendix Table C. Scale bar = 50
µm.
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Fig. C.5 Function of BEST4 epithelial cells. Related to Figure 4.4.
a-b) Gene ontology terms from genes upregulated in BEST4 epithelial cells from adult small
(a) versus large (b) intestines as determined by Milo analysis (Dann et al., 2020).
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Fig. C.6 BEST2 goblet cells.
a) UMAP visualisation of expression of MUC2 (characteristic to goblet cells) and BEST2
in paediatric/adult epithelial cells from scRNA-seq dataset. b) Barplot of the number of
goblet cells captured across paediatric/adult intestinal tissues. c) Dotplot of gene expression
correlating with BEST2 expression across epithelial cell types from scRNA-seq dataset
calculated using Jaccard Similarity measure.
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Fig. C.7 Cell types in the developing enteric nervous system. Related to Figure 4.6.
(Continued on the following page.)
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Fig. C.7 (continued)
a) Multiplex smFISH images of SOX10, ERBB3, MPZ, and PLP1 indicating ENCCs in the
human small and large intestine at 6.5 PCW (Scale bar panels main = 100 µm , zoom = 20
µm, n=6). n here and below are biological replicates across regions. b) UMAP visualisation
of neural lineage cells in 6-11 and 12-17 PCW timepoints colored by glial or neuronal score
(left), cell cycle phase (middle) or pseudotime (right). Arrows show differentiation trajectory
inferred from scVelo. c) Barplot with relative abundance of cell types amongst ENCClineage populations as described in (Figure 4.6) across intestinal regions and developmental
timepoints. d) Heatmap showing percentage of neural cells (6-17 PCW) described in this
study (columns) matching with cells described by Fawkner-Corbett et al. (2021) (rows). e)
Multiplex smFISH imaging of SCGN/BNC2-expressing enteric neurons (left, scale bar = 50
µm) and BMP8B-expressing Glia 2 subtype (right, scale bar panels main = 100 µm , zoom =
50 µm) in the adult sample (55-60 years, terminal ileum, n=1) and f) Multiplex smFISH of
DHH-expressing Glia 1 cells (n=2, left, scale bar panels main = 100 µm , zoom = 10 µm)
and BMP8B-expressing Glia 2 subtype (n=2, right, scale bar panels main = 100 µm , zoom
= 50 µm) in the fetal myenteric plexus from 15 PCW small intestines. The boxed area is
shown at higher magnification below, and n represents biological replicates across regions. g)
HOX gene expression across neural subsets in 6-11 PCW samples. In the red box are Glia 1
(DHH) cells from all regions. Genes highlighted in red are colon-specific. h) Dotplot of key
Hirschsprung’s disease-associated ligand-receptor genes across the entire fetal scRNA-seq
dataset. FPIL, fetal proximal ileum; FMIL, fetal middle ileum; FTIL, fetal terminal ileum;
FLI, fetal large intestine.
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Fig. C.8 Annotation of developing enteric neural cells. Related to Figure 4.6.
a-b) UMAP visualisation of neural subsets combined from 6-17 PCW colored by cell type
annotation (a) or developmental stage (b). c) Barplot showing regional distribution of neural
subsets at 6-17 PCW. d) Dotplots with expression of key genes used to define enteric neuron
subsets found at 6-11 PCW (above) and 12-17 PCW (middle) and glial cells across 6-17PCW.
PCW, post conception week. )
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Fig. D.1 Identification of LTi cell-like subsets. Related to Figure 5.1.
a) Photo images of human intestinal gut and developing lymph nodes (arrows) in 8-17 PCW
samples. Scale bar = 1cm. b) Bar plot with productive TCRαβ chain in fetal T and innate
lymphoid cell types as determined by V(D)J sequencing paired with scRNA-seq data. c)
Dotplot of scaled expression of selected differentially expressed genes in fetal immune
subsets from scRNAseq dataset. d) Dotplot of expression of selected LTi-like genes in fetal
liver ILCPs compared to LTi-like subsets in the gut. e) UMAP visualisation and feature
plots of Smart-seq2 processed flow cytometry-sorted CD45+ cells from second-trimester
fetal tissue. UMAP visualisations are colored by intestinal region or leiden clustering.
Feature plots show key gene expression described using scRNA-seq data. (Continued on the
following page.)
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Fig. D.1 (continued) f) Dotplot of key marker gene expression in T and innate lymphoid cell
subsets captured in Smart-seq2 experiment as in (e). g) Bar plot of productive TCRαβ and
TCRγδ chain in fetal T and innate lymphoid cell types as in (a). h) Bar graph showing the
relative proportion (%) of cell types among total T and innate lymphocyte population across
developmental and adult gut regions. FPIL, fetal proximal ileum; FMIL, fetal middle ileum;
FTIL, fetal terminal ileum; FLI, fetal large intestine; FMLN, fetal mesenteric lymph node;
DUO, duodenum; JEJ, jejunum; ILE, ileum; APD, appendix; CAE, caecum; ACL, ascending
colon; TCL, transverse colon; DCL, descending colon; SCL, sigmoid colon; REC, rectum;
MLN, mesenteric lymph node. i) UMAP visualisation of fetal T and innate lymphoid cells
coloured by cell type and overlaid with RNA velocity arrows. Inset panel shows ILCP and
LTi-like NCR+ ILC3 cells.
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Fig. D.2 Stromal in the intestinal tract. Related to Figure 5.2. (Continued on the next
page)
.
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Fig. D.2 (continued)
a) Heatmap of top differentially expressed genes between follicular dendritic cells (FDCs)
and T reticular cells (TRCs) and related stromal subsets. Each row is a cell. Arrows
highlight key genes discussed in the text. b) Bar graph showing the relative proportion
of cell types among the total stromal lineage across fetal and adult gut regions (top) and
developmental ages (bottom). Unit of age is years unless specified as weeks. Region names
are FPIL: fetal proximal ileum; FMIL: fetal middle ileum; FTIL: fetal terminal ileum; FLI:
fetal large intestine; FMLN: fetal mesenteric lymph node; DUO: duodenum; JEJ: jejunum;
ILE: ileum; APD: appendix; CAE: caecum; ACL: ascending colon; TCL: transverse colon;
DCL: descending colon; SCL: sigmoid colon; REC: rectum; MLN: mesenteric lymph node.
c) Dotplot comparing key defining genes expressed across populations in (a) and fetal
mesenchymal lymphoid tissue organiser (mLTo) cells. d) Heatmap of top differentially
expressed genes of mLTo cells between different intestinal regions. Each row is a cell.
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Fig. D.3 Endothelial populations of the intestinal tract. Related to Figure 5.2.
a) UMAP visualisation of endothelial cell populations in fetal, paediatric and adult scRNAseq data colored by cell-cycle score (left) or annotation (right). Dashed line outlines lymphatic
endothelial cell (LEC) subsets. b) Relative proportions of subtypes within total endothelial
lineage separated by intestinal region (above) and intestinal region (below). Unit of age is
years unless specified as weeks. Region names are FPIL: fetal proximal ileum; FMIL: fetal
middle ileum; FTIL: fetal terminal ileum; FLI: fetal large intestine; FMLN: fetal mesenteric
lymph node; DUO: duodenum; JEJ: jejunum; ILE: ileum; APD: appendix; CAE: caecum;
ACL: ascending colon; TCL: transverse colon; DCL: descending colon; SCL: sigmoid colon;
REC: rectum; MLN: mesenteric lymph node. c) Heatmap with top differentially expressed
genes in the LEC subsets.
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Fig. D.4 Spatial transcriptomics analysis of developing gut. Related to Figure 5.6.
a) Expression of mLTo gene markers by spatial coordinates in 10x Genomics Visium data
(left) and abundance of mLTo and ILC3 cells as estimated by cell2Location 34 (right) across
17 PCW (top) and 13 PCW fetal ileum (bottom). White boxes highlight predicted developing
SLO tissue zones. b) Spatial mapping of scRNA-seq data to 10x Genomics Visium data
showing estimated abundance (colour intensity) of cell subsets (colour) in fetal terminal
ileum from 17 PCW (top), ileum from 13 PCW (bottom). c) Abundances of cell types as
identified using non-negative matrix factorization (NMF) in tissue zones from Visium data
as in (b). Dotplot shows NMF weights of cell types (columns) across NMF factors (rows),
which correspond to tissue zones (normalized across factors per cell type by dividing by
maximum values).
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Fig. D.5 Ectopic lymphoid tissue formation in paediatric Crohn’s disease. Related to
Figure 5.7.
a) Heatmap showing mean probability of immune and stromal cell types matching between
fetal and CD scRNA-seq datasets. b) Forest plot of top cell types across fetal, paediatric
(healthy and IBD), and adult data enriched for expression of genes associated with either CD
or UC. All cell types in red have FDR<10%. The number of cells for each sample (n=159
samples in total with complete metadata) and coarse-grain cell type (9 different cell types
in total) combination was modelled with a generalised linear mixed model with a Poisson
outcome. Error bars show standard error for each factor as estimated using the numDeriv
package.
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The expression data for fetal and adult regions is available on an interactive website:
https://www.gutcellatlas.org/. Raw sequencing data are available at ArrayExpress (https://
www.ebi.ac.uk/arrayexpress) with accession numbers E-MTAB-9543, E-MTAB-9536, EMTAB-9532, E-MTAB-9533 and E-MTAB-10386. Previously published first trimester and
paediatric data are available at ArrayExpress (E-MTAB-8901)1. For the purpose of Open
Access, the authors have applied a CC BY public copyright licence to any Author Accepted
Manuscript version arising from this submission. Source data are provided with the paper.
Processed single-cell RNA sequencing objects are available for online visualization and
download at https://www.gutcellatlas.org/. The code generated during this study is available at
Github: https://github.com/Teichlab/SpaceTimeGut, https://github.com/vitkl/fetal_gut_mapping/,
https://github.com/natsuhiko/PHM.
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