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Roadmap

Key points

e The number of studies applying single-cell sequencing methods to
human intestinal tissue has been rapidly increasing, providing a unique
opportunity to generate a complete map of the human intestine.

e Generation of the Human Gut Cell Atlas (HGCA) requires the
coordinated efforts of groups across the globe and the integration
of various data sets followed by their computational analyses.

o This article provides a roadmap for the generation of the HGCA
based on the expertise and recommendations of the Gut Biological
Network of the Human Cell Atlas.

e The HGCA will provide a unique and highly valuable reference map
enhancing research in intestinal health and disease.

Introduction

The intestinal tract is one of the most complex organs in the human
body and serves a wide range of functions, including the digestion
and absorption of nutrients, and represents a major site of immune
interactions. Different anatomical sections of the intestinal tract have
specific roles in the digestive process, requiring the presence of vari-
ous cell types and complex interactions between them. Additionally,
theinteraction with trillions of nearby microbes has been showntobe
of criticalimportance, adding further complexity to this finely tuned
symbiosis. A detailed knowledge of gut physiology and cellular func-
tion in health is a prerequisite for investigating related diseases such
as bowel cancer and inflammatory conditions.

The development of methodologies enabling genome-wide
molecular profiling on a single-cell level has opened unprece-
dented opportunities to generate detailed anatomical maps of the
humanbody. Although the number of studies investigating the human
intestine using various single-cell profiling methods has increased
substantially in the past few years, generating the first comprehensive
Human Gut Cell Atlas (HGCA) is associated with major challenges.
Aboveall, the ultimate success will largely depend onastructured and
coordinated approach that aligns global efforts. The Gut Biological
Network of the Human Cell Atlas (HCA) connects leading experts in
awide range of related areas, providing an ideal platform to lead the
development of the first single-cel HGCA. Here, we provide a detailed
roadmap, including recommendations on how to combine existing
dataand requirements for future studies. We discuss key methodolo-
giesand theimportance ofintegrating the healthy gut atlas with related
diseases and gut organoids. Importantly, we critically reflect on avail-
able computational tools, highlight existing limitations and provide
recommendations to overcome key challenges. Essentially, generation
of the first comprehensive HGCA will provide researchers, scientists
andclinicians with greater scope and power to enable novel discoveries
into intestinal biology and pathophysiology with the ultimate goal of
improving human health.

Mapping the human gastrointestinal tract

The human digestive tract reaches from the oral cavity to the rectum,
including the oesophagus, stomach, and small and large intestines.
Generating a complete map requires the inclusion of all organs asso-
ciated with the digestive process and detailed sampling of each gut

segment to capture distinct anatomical changes along the cephalad-
caudal axis (Fig.1). Aunique feature of the humanintestine is the pres-
enceof trillions of microbiota that existin afinely balanced symbiosis
and are thought to be of critical importance to the host’. As such,
profiling microbial communities will provide an opportunity to inter-
rogate the crosstalk between microbes and host cells. However, this
taskisassociated with the major challenges of profiling the human gut
microbiome, including the vastinter-individual variability, differences
inits composition along the intestinal tract and the dynamic changes
of microbiota over time’*. Asaresult, integrating the gut microbiome
inthe HGCA is likely to be part of future efforts and will require close
interaction with expert researchers in this area. Another important
aspectunique to the gastrointestinal tractis the exposure toandinter-
action with a wide range of food and nutritional components as well
as with antigens or potential toxins present in the daily diet. Robust
evidence in mice and humans suggests that gastrointestinal develop-
ment, function and predisposition to related diseases are strongly
correlated with dietary habits*®. Therefore, documenting details on
dietary habits will add critical information and further increase the
value of the generated molecular profiles. Importantly, epigenetic
mechanisms can mediate the effect of exposure to environmental fac-
torsonstable cellular phenotypes®. The possibility of simultaneously
profiling multiple molecular layers at single-cell resolution, including
epigenetic, transcriptomic and proteomic signatures, will support us
inunravelling the interactions between intestinal host cells and our
environment.

Sampling strategies

Acquiring human tissue in sufficient quantities and from alarge num-
ber of donors is one of the major challenges associated with the gen-
eration of the HGCA. There are several considerations that apply to
the gastrointestinal tract. Ingeneral, there are three major strategies
for sampling the alimentary tract, including mucosal biopsy sam-
ples, live surgical resections and resections from deceased donors’.
Each strategy and tissue source have unique advantages and disad-
vantages (Fig. 2). Mucosal biopsy samples can be obtained during
aroutine endoscopy but access is restricted to the upper and lower
gastrointestinal tract, with the jejunum and proximal ileum rarely
sampled®. Multiple biopsy samples can be taken from the same patient,
enabling comparisons of different anatomical regions, which can
be accessed during routine upper endoscopy and colonoscopy®.
Contrary to mucosal biopsy samples, which can be obtained from
healthy individuals, live resections are derived from patients with
major gastrointestinal pathologies. Work published in2019 identified
transcriptional differences, for example, in antimicrobial defence
pathways and mucin biosynthesis, between healthy intestines and
normal-appearing intestinal tissue proximal to chronicinflammatory
regions in patients with ulcerative colitis’. Hence, resections from
patients with gastrointestinal disease should be used with caution
when mapping ‘healthy’ cells. Advanced endoscopic imaging technol-
ogy, such as confocal laser endomicroscopy, can provide additional
information and guide sampling strategies'. Tissue from deceased
organ donors enables the sampling of entire organs, providing the
opportunity for widescale comparisons between regions. Another
major advantage of gut resections (either surgical or from deceased
donors)isthe provision of all layers of the intestinal tube from luminal
contents through the musculature and serosa. By contrast, forceps
biopsy samples obtained during clinical endoscopy only capture the
mucosa, including the epithelium and immediate subepithelial cells™.
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Fig. 1| Profiling the human gastrointestinal tract. a, A complete map of the
human gastrointestinal tract requires the inclusion of the entire intestinal
tube and associated organs. b, Profiling must also consider the effect of the
developmental stage, gut microbiome and potential effects of environmental
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factors such as diet, toxins and medication. Inaddition to transcriptional

profiling, capturing the underlying genome sequence and the epigenetic
programme will yield critical information.

Size also varies drastically between biopsy samples and resections,
affecting the number and type of downstream analyses that can be
performed. Finally, tissue quality might differ between strategies,
with the time from sampling to processing of tissue being of critical
importance'.

In summary, compared to other human organs, the gastrointes-
tinal tract is frequently sampled during routine clinical procedures,
providing unique opportunities to obtain tissue from healthy individu-
als as well as from many related gut diseases. However, for complete
coverage of all anatomical regions and layers of the intestinal tube, the
use of surgical resection materials as well as deceased donor tissue is
essential.

Documenting metadata

Generation of the HGCA requires combining a vast number of dif-
ferent data sets generated by research groups around the globe™™.
A fundamental aspect that determines the integration and compa-
rability of datasets is the documentation of detailed metadata®. The
HCA (The Human Cell Atlas - Metadata) provides extensive guidance
on this topic’®. In the following section, we briefly describe the basic
information required to enable future studies to be included in the
HGCA and provide a template metadata table (Fig. 3). In line with
recommendations provided by the HCA, required metadata can be
divided into the following main aspects: (1) study design, (2) donor
information, (3) sample information, (4) sample processing and
(5) datageneration™. Inbrief, a detailed description of the study design,
including patientinclusion criteriaand sampling strategy, is of major

importance. Donor information should include baseline demographic
data, details on any known medical conditions, particularly those
affecting the intestine, and medications that can be of major benefit.
Similarly, the effect of dietary habits on gut physiology is well estab-
lished, and information on dietary habits could be used to identify
novel aspects of dietary factors involved in gut health and disease®’.
Baseline information on sample type includes the method by whichit
was obtained, sample area covered and anatomic location”>", Depend-
ing on the sample type, the exact anatomical location from which
the sample was obtained can be difficult to determine. For example,
during routine endoscopy, the exact location of mucosal biopsies
canoften only be estimated relative to anatomical landmarks such as
the terminalileum”. However, the level of detail provided has amajor
effect on the comparability of studies and the interpretation of data
generated. If available, representative haematoxylin and eosin and/or
other staining ontissue sections can be directly linked to samples pro-
cessed for single-cell studies . Information on sampling procedures
should include details on the length of time between sampling and
processing, storage duration, and storage type (for example, —20 °C or
-80 °C, liquid nitrogen). Furthermore, providing a detailed protocol
for sample processing, including tissue dissociation, cell viability,
possible enrichment of individual cell types and equipment used, is
important. The development of standardized protocols is subject to
ongoing work within the HCA. Active engagement of the scientific
community and the use of available resources, including recom-
mended protocols, willincrease the comparability of datagenerated by
different groups.
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Fig.2|Summary of main tissue types and sampling strategies available. The
main advantages and limitations of the tissue types and sampling strategies are
illustrated.

Protecting donor identity and engaging
communities

Documentation, storage and sharing of patient and donor information
raise important ethical considerations'. Regulations vary consider-
ably between differentinstitutions and territories, further complicat-
ing the sharing of tissues and data. In the EU, regulations concerning
the protection of personal data and the responsible sharing of such
datahave been formulated in the General Data Protection Regulation
(GDPR) 2016/679 (ref.20).Inthe USA, there are several federal regula-
tions that must be considered when using human tissue and datain the
context of research, including the Department of Health and Human
Services and the FDA?. In addition to major differencesin the rules and
regulations between territories across the globe, exchanging tissue
and data between regions poses further complexities and barriers.
However, given the critical importance of metadata for the integra-
tion of different data sets, obtaining appropriate donor consent for
sharing information, data and/or tissue is a prerequisite. In addition
to explicitinformed consent, pseudonymization of data and donor
privacy must be ensured. A critical aspect of achieving a broad util-
ity for the HGCA is the inclusion and participation of ancestrally and
geographically diverse populations. This requires close partnerships
between researchers, funders, and potential patient and donor com-
munities, particularly in the case of historically neglected or mistreated
populationsin research?**.Ideally, studies providing data for the HGCA
should include as many community stakeholders as feasible, with the
long-term goal of having research questions formulated by researchers
and participating populations working in partnership?.

Available methodologies and their application

Awiderange of single-cell and single-nuclei genomics tools have been
developed and have enabled the creation of high-resolution cellular
atlases from human organs and tissues****°, By and large, the methodol-
ogies that will be used to generate the HGCA are the same as those used
to profile other organs or systems (Fig. 4). In addition to single-cell tran-
scriptional profiling, key methodsinclude spatial transcriptomics and
single-cell profiling of other molecular layers such as the genotype?
and epigenotype, including chromatin states (single-cell assay for
transposase-accessible chromatin sequencing (ATAC-seq))**and DNA
methylation (whole-genome bisulfite sequencing)”. Furthermore, sev-
eral methods have been developed that enable simultaneous profiling

of multiple molecular layers such as the 10x Genomics Multiome kit,
which combines single-nuclei ATAC-seq and single-nuclei RNA sequenc-
ing (RNA-seq)*°. Single-cell nucleosome, occupancy and methylome
sequencing can measure DNA methylation and chromatin accessibil-
ity within single cells*, whereas single-cell nucleosome, methylation
and transcription sequencing capture transcript levels in addition to
chromatin accessibility and DNA methylation®. Furthermore, the use
of methods that enable enrichment for specific and/or rare cell types
will be key to achieving complete coverage. For example, mining rare
cellssequencing (MIRACL-seq) enableslabel-free enrichment of rare cell
types®, whereas the Chromium Single Cell Immune Profiling assay
provided by 10x Genomics enables detailed immune cell profiling,
including full-length, paired B cell or T cell receptor sequences, sur-
face protein expression, antigen specificity, and 5’ gene expression®*.
Another key challenge for the HGCA is the timely processing of fresh
tissue samples. Isolation of tightly connected epithelial cells is asso-
ciated with damage™, highlighting the need for suitable dissociation
protocols as well as computational tools to exclude dead or damaged
cells”. Furthermore, dissociation of cells at 37 °C for a prolonged time
(thatis, morethan1h)induces the expression ofimmediate early genes,
thereby disrupting nuanced cellular states. Current advances have led
to the development of single-nuclei RNA-seq protocols, which can be
applied tofrozentissue samples, thereby easing the burden of sample
processing. High-quality nuclei can be readily isolated from frozen
samples and subjected to single-nuclei RNA-seq”. Although fewer
transcripts are recovered compared with fresh, non-frozen samples,
these data capture most cell populations and vastly increase the avail-
ability of tissue sources®. The decision on which tissue processing
method is most appropriate will be largely determined by the individual
setup, including tissue availability. However, a detailed description
of experimental procedures is of critical importance for the value of
generated data for the HGCA.

Asaresultof methods requiring tissue dissociation prior to single-
cellprofiling,informationonthespatialarrangementof cells, whichiscru-
cialfortheir function, is lost entirely. Multiple spatial methods are used
to capture cellsintheir anatomical context, including next-generation
sequencing-based (for example, 10x Genomics Visium)*® and imaging-
based (for example, multiplexed error-robust fluorescence in situ
hybridization) assays**®. Typically, frozen or formalin-fixed, paraffin-
embedded tissue sections are used as starting material and, ideally, are
obtained from the same areafromwhichtissue for single-cell assays was
taken’®*°, Integration of spatial approaches with single-cell genomics
provides both the cellular resolution as well as spatial organization
of cell combinations and states (functional tissue units) as an essen-
tial framework for a comprehensive atlas of the human gut. Several
computational tools have been developed and will be discussed later.

In summary, existing methodologies offer researchers a wide
range of opportunities to address their research goals. Although inte-
grating dataderived from studies using different methodologies poses
achallenge forthe HGCA, the key factor determining the potential value
is the quality of data generated combined with the documentation of
detailed metadata. Additionally, we encourage researchers across
the globe to engage with the HCA Gut Bionetwork prior to and during
their single-cell studies to further maximize the use of generated data.

Computational challenges and opportunities

The HGCA aims to generate a resource for the scientific community that
isreliable, easy to access and user-friendly. Given the vast number of
diverse data sets generated by a wide range of research groups using
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different methodological approaches (as outlined later), the usage
of existing computational tools and development of novel ones are of
criticalimportance. The main challenges include adequate measures
toidentify studies with sufficient quality and combining and mapping
diverse data sets. Furthermore, the development of a user-friendly
interface enabling the data to be explored by the scientific commu-
nity is a key requirement. Although many of these tasks also apply
to most, if not all, tissue mapping studies® *, there are several addi-
tional challenges and opportunities that are specific to the intestine.
These include the integration of host cell molecular signatures with
mucosa-associated microbial profiles, mapping of datasets to specific

anatomicallocations along the craniocaudal axis of the gut, and align-
ment of healthy gut-derived data sets with disease state and intestinal
organoid models. With the rapid development of single-cell RNA-seq
technology, numerous computational tools and pipelines have been
developedtoanalyse single-cell data*>**, These include programmes
and/or packages enabling pre-processing of data such as quality con-
trol checks, normalization and batch correction, sequence alignment,
and detectionand removal of cell doublets**. Asummary of relevant
existing computational tools and/or packages is provided in Table 1.
In the following section, we briefly discuss the main computational
challenges and opportunities related to the development of the HCGA.

Sample ID Patient ID
Summary Oral cavity Distance (mm/cm)
. Prominal landmark
Patient number
Oesophagus Proximal Distal landmark
Sample number
Patient inclusion criteria Distal Sample storage 4°C
Sampling strategy _80°C
Stomach Antrum Liquid nitrogen
Body .
Age Storage solution
Fundus
Sex X
o Pylorus Starting Fresh tissue
Ethnicity material
. . Frozen tissue
Medical condition Small bowel® Duodenum
(gastrointestinal related) D1
. . Tissue Whole tissue
Medical condition D2 dissociation
(non-gastrointestinal related) Cell type
D3 purification
Medication o
(gastrointestinal related) D4 Cell viability (%)
Medication Jejunum
. . Downstream
(non-gastrointestinal related) Proximal applications Cell culture
. - ) ) Organoid
Dietary habits (if applicable) Mid generation
Distal Omics
processing
Sample type Mucosal biopsy Illeum
Surgical resection Proximal
Deceased donor Mid Omics RNA-seq
Terminal approach
. . used scRNA-seq
Macroscopical Normal ileum
appearance ATAC-seq
of sample Pathological ;
(provide details) Large bowel® Appendix Proteomics
Caecum Whole-genome
Microscopical Normal ) sequencing
appearance Ascending
of sample Pathological .
(provide details) Transverse Library .
: preparation
Representative YES/NO Descending
H&E stain available Sigmoid
(provide details of Sequencing
H&E and other stains) Rectum platform

Fig.3| Template metadata for gut-related single-cell studies. Template
table for the collection of basic information required to enable future studies
to beincluded in the HGCA. ATAC-seq, single-cell assay for transposase-
accessible chromatin sequencing; CCF, common coordinate framework;

H&E, haematoxylin and eosin; RNA-seq, RNA sequencing; scRNA-seq, single-cell
RNA-seq. If available, provide distance (in mm/cm) from the nearest anatomical
landmark: gastroduodenal junction, ileocaecal valve, hepatic flexure, splenic
flexure or anus.
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identities. G&T-seq, genome and transcriptome sequencing; RNA-seq, RNA
sequencing; scCATAC-seq, single-cell assay for transposase-accessible chromatin;
scChiP-seq, single-cell chromatinimmunoprecipitation sequencing; scRRBS-seq,
single-cell reduced representation bisulfite sequencing; VDJ-seq, variability,
diversity and joining sequencing.

Combining and integrating data sets across modalities
Combining and integrating studies performed by different groups
using either the same or different methodological approaches posesa
major challenge. Animportant first step is the application of stringent
selection criteria and quality control measures to select high-quality
datasets. Inaddition to data quality, the provision of detailed metadata
is a prerequisite for successful integration into the HGCA". Another
major challenge is the removal of potentially confounding batch
effects that refer to differences caused by technical variation rather
than reflecting true biological differences*®. Available approaches
and packages include Seurat*’, LIGER* and Harmony®', which use a
variety of different computational approaches®. The integration of
different molecular profiles (for example, transcriptomes and epig-
enomes) forms another key computational challenge and analytical
frameworks have been developed to integrate multiple data typesin
the same cells, including GLUE*?>, MOFA+>* and Cobolt®. Additionally,
astatistical regression framework (MIRACL-seq) has been developed
to integrate clinical metadata and genetic information in single-cell
profiling studies®.

Cell type annotation

Abundant and well-characterized cell types can be reliably identified
through unsupervised clustering algorithms followed by the com-
parison of key marker gene expression profiles®. Generating a list of
known marker genes based on existing literature forms a key aspect
inthe process of performing reliable cell annotation and requires the
contribution of experts in the field. Indeed, combining expertise and
large data sets provides a unique opportunity to develop an extensive

cellmarker gene list using both automated and supervised cell identifi-
cation approaches (forexample, MACAY, singleR*, ScType™). For each
confidently identified gut cell type, marker genes can then beinferred
by distinguishing the known clusters (for example, COMET®?, COSG®),
ultimately leading to afully automated annotation procedure. Apply-
ingautomated annotationapproachesto large datasets will also yield
unknown and novel cell clusters, which must be subjected to additional
validation studies and functional characterizations, for example, by
using human gut organoid models, as will be discussed later.

Mapping cellular location

Mapping individual cell types to their specific anatomical location
within the humanintestine s of criticalimportance. Combining single-
cell sequencing technologies with spatial transcriptomics enables
accurate profiling of cell type topography and several tools have been
developed to address the computational aspects involved®, including
ASAP®*, novoSpaRc®* and Cell2location®. Multiomic spatial profiling
efforts result in a gene plus a protein-by-cell matrix, annotated with
spatial coordinates for the centroid position of each cell®. This matrix
can thenbe used asinput to the currently developed open source for
spatial analysis pipelines, enabling an unbiased identification of spa-
tial patterns based on gene expression, distinct cellular neighbour-
hoods and cell-to-cell interactions. Mapping the spatial network of
cellsinthe humanintestine will enable the identification of genes with
coherent spatial expression patterns using methods such as BinSpect
and SpatialDE®**’, Spatial domains with coherent gene expression pat-
terns can be identified with hidden Markov random field models that
find spatial domains by comparing the gene expression patterns of
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each cell with its neighbourhood to search for coherent patterns®’°.
The prevalence of specific cell-to-cell interactionsin the humanintes-
tine could be evaluated by the frequency that each pair of cell types is
proximal to each other”. Finally, spatially interacting cell types can be
analysed toidentify which known ligand-receptor pairs show increased
or decreased co-expression, which could serve as a proxy for signal-
ling activity, by creating a background distribution through spatially
aware permutations®, increasing predictive power when compared
to spatially unaware permutations. The inclusion of imaging datain
the HGCA provides an additional approach towards mapping cellular
location and will be discussed in more detail below.

Cellular and microbial crosstalk

Investigating cellular crosstalk through the analyses of single-cell
transcriptomic data sets is an active research field’>. Amongst the
most compelling existing approaches are CellPhoneDB, which ena-
blesinterrogation of context-specific crosstalk between different cell
typesbased on an extensive data base of known receptors and ligands™.
Applying these algorithms tolarge and/or combined datasetsis likely
toyield novel insights into fundamental aspects of human intestinal
physiology’. Extending such analyses toinclude the crosstalk between
human host cells and the gut microbiome represents another sub-
stantial challenge. To this end, several computational strategies have
been developed to identify cellular and microbial crosstalk in the gut
utilizing single-cell data from human gut and microbial samples™ 7.
Currentstudies have provided evidence for the major value of combin-
inginsitu spatial profiling technologies with single-cell sequencing to
interrogate host-microbial interactions””.

Regulatory network inference

Successful integration of data sets and/or molecular profiles has the
potential to unravel both known and novel cell type-specific molecular
networks. Several tools are available to enable the prediction of gene
regulatory networks that control fundamental biological functions
suchas cellular differentiation and cell state transitions (for example,
SCENIC”®, GRNBoost2 (ref. 79), PIDC®). Identifying gene regulatory
networks contributes towards our understanding of how coordinated
expression of transcription factor networks drives expression of their
respective target genes and ultimately shapes and maintains gut cell
identity®'. Examples include the identification of transcriptional
networks that are present in the human fetal intestinal epithelium
and reactivated in patients with Crohn’s disease'® and the coregulation
of ulcerative colitis risk genes by alimited number of gene modulesin
disease-relevant cell types®’.

HGCA portal

HGCA portalis a user-friendly and interactive web portal, essential
for making the HGCA accessible to a broad research community®.
There are anumber of existing portals of single-cell data that provide
awide range of tools to interrogate data sets, and a summary is pro-
vided later®* %%, These portals provide an excellent starting point and
we envision completeintegration of the HGCAinto the larger portals,
which also enables gut-specific tools to be developed.

Development of a CCF for the HGCA

A critical part of the HGCA is its ability to capture the location of cells
intheiranatomical and physiological context™. The concept ofacom-
mon coordinate framework (CCF) has beenintroduced to facilitate this
capability. Rood et al. provide the following definition®: “An underlying

reference map of organs, tissues, or cells that allows new individual
samples to be mapped to determine therelative location of structural
regions between samples”. Like any other computational model, a
CCF provides an abstract representation of a real-world item. CCFs
have been developed for several human organs, including the lung®®
and brain®, and the vasculature has been used as a CCF of the entire
humanbody®. A first step towards the development of an HGCA CCF
requires the generation of one-dimensional, two-dimensional and
three-dimensional models of the intestinal tract. The one-dimensional
conceptual model is based on the clinical view and biological organi-
zation of the digestive tract, in which distance from anatomical
landmarks provides the critical location metric”. ‘Anatomograms’
are two-dimensional graphical models that include a simplified view
of the gut for representational purposes, thereby providing a basic
framework for the accurate capture of the anatomical location of the
tissue component and cell types®. Three-dimensional models can be
generated by integrating computerized tomography or magnetic reso-
nanceimaging data. Generating aframework also involves developing
asystem of associated coordinates that provide a detailed specifica-
tion of anatomical location, tissue and cell type". Hence, providing a
detailed anatomical location of sampling sitesis of criticalimportance.
However, there are limitations to the accuracy of obtaining the exact
anatomical location during surgery or intestinal endoscopy”. Stating
proportional lengths and/or distances from reliable anatomical land-
marks, such as the splenic flexure or ileocaecal valve, could improve
accuracy and help facilitate the integration of generated data setsinto

Table 1| Summary of currently available computational
packages

Main Task of analysis Available tools and/or
categories algorithms
Combining General workflow Seurat, Scanpy
and
integrating Trajectory inference Monocle, PAGA, Slingshot,
- Velocyto, scVelo
across Imputation MAGIC, scVI, SAVERX
modalities
Batch effect correction LIGER, Harmony, BBKNN, scVI
Cell type matching and FR-Match, Cell BLAST
searching
Multi-modal integration GLUE, MOFA+, Cobolt,
MultiMAP, ArchR, MultiVI
Metadata integration Drokhlyansky et al. (ref. 33)
Cell type Automatic cell type MACA, singleR, ScType,
annotation annotation Celltypist
Novel markers COMET, COSG
Mapping Spatial location inference ASAP, novoSpaRc,
spatial Cell2location, BinSpect,
location SpatialDE
Cellularand Cellular crosstalk CellChat, scConnect,
microbial CellComm, CellPhoneDB
talk
crossta Microbial crosstalk Kang et al., 2020 (ref. 74),
Chattopadhyay et al., 2018
(ref. 75), Liao et al., 2020
(ref. 76)
Regulatory Transcription factor SCENIC, GRNBoost2, PIDC
network regulatory network
inference
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the HGCA CCF. Another complementary strategy to localize cell types
in two-dimensional space is the combined use of single-cell RNA-seq
with spatial transcriptomics, as discussed earlier. This strategy requires
the development of computational tools and efforts to allow the inte-
gration of single-cell RNA-seq and spatial datainto a CCF, and work in
this areais ongoing.

Several CCFs have been developed and are accessible through
existing data portals. For example, as part of the Human BioMolecular
Atlas Program (HuBMAP), three-dimensional models of both the
human large and small intestine have been developed”. The output
isaseries of surface models of the gut representing the outline within
athree-dimensional context enabling the placement of tissue or cell
types at the macro-level. This data can be accessed online through
a CCF Registration User Interface (Fig. 5a), and mapped data can
be explored using the Exploration User Interface. Furthermore, as
part of a collaborative project funded by the Leona M. and Harry B.
Helmsley Charitable Trust (Gut Cell Atlas), researchers from The Euro-
pean Bioinformatics Institute (EBI Cambridge) and Edinburgh have
developed a one-dimensional linear conceptual CCF model for the
human large and small intestine that is linked to the two-dimensional
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Fig. 5| Current applications for the Human Gut Cell Atlas Common
Coordinate Framework. a, Human BioMolecular Atlas Program (HuBMAP)
Registration User Interface (CCF-RUI) showing the gut visibility controls in the
left panel, interactive block registration interface in the centre panel and block
specification controls in the right panel. b, Gut Atlas CCF browser interface shows
the one-dimensional conceptual model for the full large and small intestines
withazoom panel and ontology listings at the top, with two-dimensional

and three-dimensional interactive displays for all of the available models.

anatomogram'”, These mappings, coupled with theinverse transform
fromthe three-dimensional and two-dimensional spaces, back to the
one-dimensional linear model and enable spatial interoperability
betweenall representations and, therefore, the capability to compare
and query dataregistered to any CCF using a web-based visualization
platform” (Fig. Sb-d).

In addition to providing a framework for the accurate mapping
of single data sets, CCFs are also capable of integrating other related
data sets and can be managed across geographically dispersed data
repositories®. Importantly, the value of CCFs is directly related to
the level of standardization achieved as it determines the degree of
potential interoperability across the data sets”. Amongst the ways
to increase standardization is the development of consensus guide-
lines on how anatomical location can be most accurately documented
for the purpose of integrating single-cell studies into the HGCA CCF.
A starting point can be the use of a standard metadata template
(Fig. 3) and the adherence to the minimum information standard for
the description of cell and tissue sources in the gut. Ultimately, the
successful development of a CCF will greatly enhance the value and
broad application of the HGCA.

b The CCF-RUI HUBMAP

Blood vessel

— Stromal
cell

LymphocyteJ bt e

The position of the current region of interest is displayed in each common
coordinate framework (CCF) view and is fully interoperable in the sense that
position selectionin any view will be updated immediately in all the other views.
¢, European Bioinformatics Institute (EBI) Single-Cell Expression Atlas (SCEA)
anatomogram for the large and small intestines enables the selection of any
structure identified in the anatomical structures, cell types and biomarker
(ASCT) tables. d, Expanded view of the anal canal to show relevant cell types and
tissue organization of that region.
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Summary of relevant existing data sets, studies
and portals

The number of published studies reporting on single-cell profiling of
the human gut has increased substantially since the founding of the
HCAin2016. Table 2 provides asummary of some of the major studies
that have profiled primary tissue obtained from individual gut seg-
ments, including the oral cavity®***, oesophagus®?®, stomach?%,
and Sma”l&25,1017108 and large18,25,33,82,104,105,107,1097113 intestine. SUCCeSSfUl
integration of these studies provides astrong foundation for the devel-
opment ofthe HGCA. Indeed, several publicly accessible portals have
already been established that contain intestinal single-cell datasetsand
enableaccessinauser-friendly way. Furthermore, asubstantial number
of studies have profiled intestinal tissues obtained from patients with
gutdiseases®™'1%81 7 and /or human intestinal organoids'®"**'* (Fig. 6
and Table 2). In this section, we provide asummary of the main existing
datasets and portals, highlight examples of novel findings derived from
single-cell research, and provide recommendations for future work.

Inutero development and healthy gut datasets

The high throughput scalability intrinsic to most single-cell technolo-
gies has provided unprecedented advancesin the field. One area that
benefited fromthis aspectis gastrointestinal organogenesis asits pro-
gress has been hindered by the scarcity of human samples. Indeed,
datasets derived fromsingle-cell RNA-seq spanning from 6 to 25 post-
conception weeks have yielded several novel insights. For example,
duringearly fetal development, the crypt-villus axis begins to emerge
in the small intestine, concomitant to the appearance of FOXLI" mes-
enchymal cells co-expressing PDGFRA and F3 (ref. 18). In other single-
cell studies, a population of mesenchymal cells displaying a similar
transcriptional signature were found to co-express NRG1, which has
been demonstrated to support the differentiation of LGRS" stem cells
into mature intestinal epithelial cells”*"', Additionally, distinct clusters
of single-cell transcriptomesidentified during the early stages of human
intestinal development provided novel insight into the processes of
regionalization during early intestinal development™'*2, There are
numerous examples of novel findings based on single-cell RNA-seq data
sets derived from healthy adult gut samples. For example, an assess-
ment of epithelial cells from the ileum, colon and rectum revealed a
high degree of functional diversity between the small and large intes-
tines as reflected by different nutrient absorption preferences'®. The
proposed existence of Paneth-like cells in the large intestine based
on a cluster of colorectal epithelial cells co-expressing LYZ, CA4, CA7
and SPIB was later attributed to a new absorptive epithelial cell type
expressing BEST4' (refs. 25,95,111).In2022, BEST4" epithelial cells were
alsoreportedtovaryinabundance and transcriptional signature across
different regions of the gut'**. Together, these findings illustrate the
major benefit of combining and comparing data sets from different
studies, ultimately reaching reliable insight into healthy gut physiology
and cellular function. Besides overcoming the challenges inherent to
scarcity of material, data sets generated by single-cell RNA-seq have
aided the characterization of the cellular diversity and transcriptional
signatures of rare cell types. For instance, the characteristics of the
human enteric nervous system remained elusive until afew years ago.
In2020, by employing MIRACL-seq (a novel method designed to enrich
samples forrare cell types), 1,445 enteric neurons were recovered from
the human colon and found to cluster into 14 subsets based on their
transcriptional signatures™®. Interstitial cells of Cajal (ICCs) are rare
entities critical for gastrointestinal peristalsis throughboth the genera-
tion of slow-wave pacemaker activity to smooth muscle cells and the

mediation of neurotransmission from enteric neurons. By applying the
same strategy, transcriptional signatures of 1,103 ICCs from the human
colon were generated®. Another single-cell data base, generated by
immunophenotyping and fluorescence-activated cell sorting, enriched
ICCs from gastricresections and provided acomprehensive characteri-
zation of pathways and channels participatingin their pacemaker activ-
ity?”. Chemosensory cells, such as tuft cells and enteroendocrine cells
(EECs), are rare intestinal epithelial cells operating as an interface for
signal transduction between the intestinal lumen and the body, relay-
ing diet-derived and microbiota-derived signals through the release
of numerous peptide hormones, neurotransmitters and cytokines'®.
In addition, tuft cells are essential for mounting T helper 2immune
responses against parasites™*, Based onsingle-cellstudies, tuft cellswere
demonstrated to interact with the innate and adaptive immune sys-
tems through previously unreported receptors'®, includingimmuno-
globulin G receptors®. EECs sense intestinal content and release
hormones to regulate gastrointestinal activity, systemic metabolism
and food intake™. By using an organoid-based platform wherein EEC
differentiation was induced by transient expression of NEUROG3 and
hormones were tagged with gene reporters, the researchers gener-
ated acomprehensive data set of EEC subtypes derived from the small

intestine and colon'*,

Intestinal diseases and gut organoids

Generating acomplete HGCA in health provides unique opportunities
to study the pathogenesis of related diseases. Furthermore, single-cell
transcriptional profiles of primary tissue samples can be utilized as
avaluable reference map allowing validation of existing and future
organoid models. It is, therefore, of critical importance to take steps
towards ensuring that data sets generated from related samples and
patient cohorts can be integrated into the HGCA (Fig. 6). Amongst
the related gut diseases that have been investigated using single-cell
profiling approaches are colorectal cancer (CRC)**'%1"*167125 ‘inflam-
matory bowel diseases (IBD)'*, Crohn’s disease'®'%"*¢8 ulcerative
colitis®*"*15139140 gnd coeliac disease'”.

Examples of major findings inIBD include the identification of dis-
tinctimmune cell signaturesin ulcerative colitis and Crohn’s disease'*,
a pathogenic cellular module associated with resistance to anti-TNF
therapy'”, inference of genetic risk genes to single-cell function® and
the reactivation of fetal intestinal epithelial transcriptional profiles
in childhood-onset Crohn’s disease’®. Similarly, the application of
single-cell molecular profiling methods to colonic tissue obtained
from patients with CRC has led to major advances in our understand-
ing of disease pathogenesis. Specifically, current single-cell insights
into the stem and metaplastic origins of human pre-cancers"” have
led to the reclassification of the consensus of molecular subtypes
of CRC by their intrinsic features'?. The transition of benign lesions
into malignancy is accompanied by tumour cell acquisition of stem
characteristics”'* and reorganization of the microenvironment into
suppressiveimmune-stromal hubs that can potentially be therapeuti-
cally targeted"*"*%. Although a comprehensive summary of all relevant
available single-cell studiesin IBD and CRCis beyond the scope of this
manuscript, it is important to highlight that the ability to integrate
and compare studies performed on disease tissues at different stages
of progression is of major benefit. Hence, ensuring compatibility with
the HGCA remains akey priority for every study. Although integration
of common gut-related conditions for which extensive data sets are
already available will be prioritized in the first phase of data integra-
tion, it is important to emphasize the major value of investigating
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Table 2 | Summary of existing studies that have used single-cell profiling methods for human intestinal tissue samples
obtained from healthy individuals, patients with colorectal cancer or inflammatory bowel diseases, and patient-derived

intestinal organoids

Study Donors and patients Gut segment sampled Tissue/sample type Number of cells and main/key cell
types

Williams et al., Cell, 2021 Healthy individuals Oral cavity Biopsy samples of the 88,000 cells; epithelial and

(ref. 92) buccal and gingival endothelial cells, fibroblasts, and

mucosa immune lineage cells

Zhao et al., J. Cell. Healthy individuals Oral cavity Buccal mucosa 26,398 cells; fibroblasts, immune

Biochem., 2022 (ref. 93) and endothelial cells, melanocytes,
myofibroblasts, epithelial and
neuron-like cells

Caetano et al., eLife, 2021 Healthy individuals and patients ~ Oral cavity Resections of gingival 12,411 cells; epithelial, stromal,

(ref. 94)

with periodontitis

tissue from healthy
individuals or patients
with periodontitis

immune, endothelial and perivascular
cells

Busslinger et al., Cell Rep.,
2021 (ref. 95)

Healthy individuals

Oesophagus, stomach,
duodenum

Mucosal biopsy
samples

4,581 cells; oesophageal squamous,
gastric glandular and duodenal crypt,
and villus epithelial cells

Nowicki-Osuch et al.,
Science, 2021 (ref. 96)

Deceased organ donors and
patients with Barrett oesophagus

Oesophagus, stomach,
duodenum

Mucosal biopsy
samples and surgical
resection material

43,000 cells; epithelial cells,
including squamous basal and
superficial cells, gastric foveolar,
endocrine, parietal and chief cells

Zhang et al., Gut, 2021 Patients diagnosed with gastric Stomach Mucosal biopsy 27,667 cells; epithelial, stromal and
(ref. 97) adenocarcinoma and healthy samples immune cells

controls
Sorini et al., JCI Insight, Patients undergoing gastric Stomach Surgical resection 22,033 cells; T cells, B cells, ILCs and
2023 (ref. 98) resection for obesity (with and myeloid cells

without Helicobacter pylori

infection)
Foong et al., Patients undergoing gastric Stomach Surgical resection 424 cells; intestinal cells of Cajal and
Neurogastroenterol. Motil.,  resection for obesity haematopoietic cells
2022 (ref. 99)
Kumar et al., Cancer Patients with gastric Stomach Mucosal biopsy 152,423 cells; epithelial, stromal and

Discov., 2022 (ref. 100)

adenocarcinoma

samples and surgical
resection

immune cells

Atlasy et al., Nat. Comm.,
2022 (ref. 101)

Patients with coeliac disease and
healthy controls

Small intestine (duodenum)

Mucosal biopsy
samples

6,248 cells; immune cells, including
B and T cells, macrophages, and
dendritic cells

Egozi et al., bioRxiv, 2022
(ref. 102)

Infants with necrotizing
enterocolitis and controls

Small intestine

Surgical resection

11,308 cells; myeloid, B cells, T and NK
cells, lymphatic and blood endothelial
cells, fibroblasts, and enterocyte
populations

Dominguez Conde et al.,
Science, 2022 (ref. 103)

Deceased donors

Small and large intestine
(also lung, spleen, bone

marrow and lymphoid tissue)

Resection

360,000 cells, mucosal immune cells

Burclaff et al., Cell. Mol.
Gastroenterol. Hepatol.,
2022 (ref. 104)

Transplant donors

Small intestine (duodenum,
jejunum, ileum), large
intestine (ascending,
transverse and descending
colon)

Surgical resection

428,000 cells; immune, epithelial,
mesenchymal, endothelial, neural and
red blood cells

Elmentaite et al., Nature,
2021 (ref. 25)

Deceased donors, healthy
individuals, patients with IBD,
human fetal gut

Smallintestine (duodenum,
jejunum, ileum), appendix,
large intestine (caecum,
ascending colon, transverse
colon, descending colon,
sigmoid colon, rectum)

Surgical resection
and mucosal biopsy
samples

428,000 cells; immune, epithelial,
mesenchymal, endothelial, neural and
red blood cells

Beumer et al., Cell, 2020
(ref. 128)

Patients with colorectal cancer,
healthy individuals

Small intestine (duodenum,
ileum), large intestine
(ascending colon)

Intestinal organoids
generated from
surgical resection
or mucosal biopsy
samples

4,281 cells; enteroendocrine cells,
enterocytes, stem, goblet, and Paneth
cells
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Table 2 (continued) | Summary of existing studies that have used single-cell profiling methods for human intestinal
tissue samples obtained from healthy individuals, patients with colorectal cancer or inflammatory bowel diseases, and
patient-derived intestinal organoids

Study

Donors and patients

Gut segment sampled

Tissue/sample type

Number of cells and main/key cell
types

Wang et al., J. Exp. Med.,
2020 (ref. 105)

Patients with intestinal tumours

Smallintestine (ileum), large
bowel (colon and rectum)

Mucosal resection
(sampled 10cm away
from the tumour)

14,537 cells; enterocytes, goblet cells,
Paneth cells, enteroendocrine cells,
progenitor cells, transit amplifying
and stem cells

Huang et al., Cell, 2019
(ref. 109)

Paediatric patients with Crohn’s
disease, ulcerative colitis and
healthy controls

Appendix, large intestine
(caecum, ascending colon,
transverse colon, descending
colon, sigmoid colon,
rectum)

Mucosal biopsy
samples

73,165 cells; epithelial cells, stromal
cells and immune cells, including
myeloid cells, B cell subsets, plasma
cells, and T and NK cells

Jaeger et al., Nat. Comm.,
2021 (ref. 106)

Patients with Crohn'’s disease and
non-IBD controls (bowel cancer)

Small intestine (terminal
ileum)

Surgical resection

15,731 intraepithelial lymphocytes and
29,247 lamina propria cells; T cells

Elmentaite et al., Dev. Cell,
2020 (ref. 18)

Paediatric patients with Crohn's
disease and healthy controls,
human fetal gut

Small intestine (terminal
ileum), colon (fetal colon)

Mucosal biopsy
samples (paediatric
patients), resection
(fetal gut)

62,854 (fetal) and 11,302 (paediatric)
cells; immune, epithelial,
mesenchymal, endothelial, neural and
red blood cells

Drokhlyansky et al., Cell,
2020 (ref. 33)

Patients with colorectal cancer

Large intestine (colon)

Surgical resection

436,202 cells; adipose tissue,
epithelial, glial, mesenchymal, and
endothelial cells, T cells, fibroblasts,
macrophages, myocytes, and
neuronal subsets from muscularis
propria

Kinchen et al., Cell, 2018
(ref. 110)

Patients with ulcerative colitis
and healthy controls

Large bowel (colon)

Mucosal biopsy
samples

4,378 cells; stromal cell subsets in
healthy human colon and ulcerative
colitis colon

Parikh et al., Nature, 2019
(ref. 111)

Patients with ulcerative colitis
and healthy controls

Large bowel (colon)

Mucosal biopsy
samples

11,175 cells; intestinal epithelial
cells, including progenitor cells,
colonocytes and goblet cells

Corridoni et al., Nat. Med.,
2020 (ref. 112)

Patients diagnosed with ulcerative
colitis and healthy controls

Large bowel (colon)

Mucosal biopsy
samples

8,581 cells; CD8' T cells

James et al., Nat. Immunol.,
2020 (ref. 113)

Transplant donors

Large bowel (caecum,
transverse colon, sigmoid
colon and mesenteric lymph
nodes)

Surgical resection

40,108 cells; B cells, T cells, ILCs and
myeloid cells; includes microbiota data

Kong et al., Immunity, 2023
(ref. 107)

Patients with Crohn'’s disease and
healthy controls

Small bowel (terminalileum),
large bowel (sigmoid colon)

Mucosal biopsy
samples

720,633 cells; intestinal, epithelium,
myofibroblasts, immune and stromal
cells

Smillie et al., Cell, 2019
(ref. 82)

Patients with ulcerative colitis
and healthy controls

Large bowel (colon)

Mucosal biopsy
samples

107,784 cells; epithelial, stromal and
immune cells

Kondo et al.,
Gastroenterology 2021
(ref. 108)

Patients with ulcerative colitis,
Crohn’s disease and healthy
controls

Small bowel (terminal ileum),
large bowel (colon)

Mucosal biopsy
samples

>300,000 cells; epithelial, stromal,
T cells, B cells, plasma, macrophage
and myeloid cells from 31 protein
markers

Lee et al., Nat. Genet., 2020
(ref. 114)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

93,333 cells; goblet cells, stem-like
transit amplifying cells, colonocytes,
fibroblasts, glia cells, endothelial
cells, macrophages, dendritic cells,
Tand NK cells, plasma cells and B cells

Uzzan et al., Nat. Med.,
2022 (ref. 115)

Patients with ulcerative colitis
and healthy controls

Large bowel (left colon)

Mucosal biopsy
samples

18,720 cells; T cells, B cells,
macrophages, plasma cells and
stromal cells

Pelka et al., Cell, 2021
(ref. 116)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

371,223 cells; immune, endothelial,
fibroblasts and epithelial cells

Chen et al., Cell, 2021
(ref. 117)

Patients diagnosed with
colorectal cancer, intestinal
polyps and healthy controls

Large bowel (colon)

Surgical resection,
intestinal polyps

142,065 cells; intestinal epithelium,
and immune cells and fibroblasts

Li et al., Nat. Genet., 2017
(ref. 118)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

622 cells; epithelial, fibroblasts,
endothelial, mast and immune cells
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Table 2 (continued) | Summary of existing studies that have used single-cell profiling methods for human intestinal
tissue samples obtained from healthy individuals, patients with colorectal cancer or inflammatory bowel diseases, and
patient-derived intestinal organoids

Study

Donors and patients

Gut segment sampled

Tissue/sample type

Number of cells and main/key cell
types

Qian et al., Cell Res., 2020
(ref. 119)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

44,685 cells; T cells, B cells,
macrophages, dendritic cells,
fibroblasts, endothelial cells,
epithelial cells and enteric glia

Zhang et al., Cell, 2020
(ref. 120)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

43,817 cells (10X Genomics), 10,468
cells (Smart-seg2); T cells, B cells,
ILCs, macrophages, plasma cells,
fibroblasts and endothelial cells

Domanska et al., J. Exp.
Med., 2022 (ref. 121)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

63,917 cells; colonic macrophages

Uhlitz et al., EMBO Mol.
Med., 2021 (ref. 122)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

>30,000 cells; epithelial, stromal and
immune cells

Zhang et al., Nature, 2018
(ref. 123)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

8,530 cells; T cell subsets

Che et al., Cell Discov., 2021
(ref. 124)

Patients with colorectal cancer

Large bowel (colon), also liver
metastases and blood

Surgical resection

111,292 cells; T and NK cells, B and
plasma cells, cancer-associated
fibroblasts, endothelial and myeloid
cells

Becker et al., Nat. Genet.,
2022 (ref. 125)

Patients with familial
adenomatous polyposis, colon
precancer and colon cancer

Large bowel (colon)

Surgical resection

201,884 (snRNA-seq), 447,829
(scATAC-seq) cells; immune,
endothelial, fibroblasts, glia and
epithelial cells

Joanito et al., Nat. Genet.,
2022 (ref. 126)

Patients with colorectal cancer

Large bowel (colon)

Surgical resection

373,058, focus on epithelial cells
(49,155 cells)

Luoma et al., Cell, 2020

Patients diagnosed with

Large bowel (descending

Mucosal biopsy

51,652 cells; CD45" mononuclear

(ref.127) colorectal cancer and healthy colon, sigmoid colon, samples cells, CD3' T cells

controls rectum)

Holloway et al., Cell Stem Human fetal samples Intestine, liver and kidney Resection 24,783 cells; mesenchymal,

Cell, 2021 (ref. 130) epithelium, endothelium and neuronal

cells

Fawkner-Corbett et al., Cell, Human fetal samples Small and large bowel Resection 76,592 cells; epithelial, fibroblast,

2021 (ref. 149) endothelial, pericytes, neural,

muscularis, mesothelium,
myofibroblast and immune cells

Yuetal., Cell, 2021 (ref. 131)  Human fetal samples Oesophagus, stomach, small  Resection 155,232 cells; epithelial,
and large bowel, liver mesenchymal, immune, endothelial

and neuronal cells, and erythroid
lineages

Cao et al., Science, 2020 Human fetal samples Stomach, small and large Resection 4,062,980 cells; stromal,

(ref. 150) bowel (also adrenal gland, endothelial, myeloid, lymphoid,
cerebellum, cerebrum, eye, epithelial, mesothelial, chromaffin,
heart, intestine, kidney, liver, erythroblasts, ENS neurons and ENS
lung, muscle, pancreas, glial cells
placenta, spleen, thymus and
sentinel tissue)

Gao et al., Nat. Cell Biol., Human fetal samples Oesophagus, stomach, small  Resection 5,227 cells; epithelium, mesenchymal,

2018 (ref. 132) and large bowel endothelial, immune and neuronal

cells

Lietal., Nat. Immunol., 2019 Human fetal samples Small and large intestine Resection 1,804 cells; T cell subsets

(ref. 151)

He et al., Cell Stem Cell,
2022 (ref. 129)

Intestinal organoids

Small bowel

Mucosal biopsy-
derived organoids

1,283 cells; intestinal epithelium

Ishikawa et al.,
Gastroeneterology, 2022
(ref. 147)

Intestinal organoids

Large intestine

Resection derived
organoids

7103 cells; intestinal epithelium

ENS, enteric nervous system; IBD, inflammatory bowel disease; ILCs, innate lymphoid cells; NK, natural killer; scATAC-seq, single-cell sequencing assay for transposase-accessible chromatin;
snRNA-seq, single-nucleus RNA sequencing.
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Fig. 6 | HGCA in health and disease. Integration of data sets generated from
intestinal tissues obtained from healthy individuals and patients with related
diseases, including inflammatory bowel disease (IBD) and colorectal cancer,
will enhance the future value of the Human Gut Cell Atlas (HGCA). Single-cell
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profiling of intestinal organoids, followed by their integration into the HGCA, will
provide unique opportunities for translational research, including regenerative
medicine, drug testing and development.

and ultimately integrating rarer conditions, for example, tufting
enterophathy'®, early-onset and monogenic forms of IBD'** as well
as a congenital disease affecting the enteric nervous system such as
Hirschsprung disease'”. Indeed, combining data sets from less com-
monly profiled conditions represents another unique opportunity for
the HGCA by increasing computational power and allowing validation
of key findings. Furthermore, applying a variety of methodologies
(for example, single-cell multiomics profiling) to the same condition
will furtherimprove the value of the HGCA and the chances of gaining
novel insightinto disease pathogenesis.

The development of human intestinal organoid culture mod-
els has transformed many aspects of gut-related research providing
researchers with unprecedented opportunities to study fundamental
aspects ofintestinal biology". Performing transcriptional profiling of
patient-derived intestinal organoids at the single-cell level is of great
value as reflected in the increasing number of studies reporting novel
findings'*®. The main benefits include the ability to validate the cellular
composition of organoids to further improve culture conditions and
evaluate to what extent disease-associated cellular alterations are
retained in vitro. An example is a study published by He et al. in 2022,
wherein the researchers applied single-cell RNA-seq to human small
intestinal organoids'”. Exposure of organoids to IL-22 resulted in
increased expression of antimicrobial peptides suggesting the pres-
ence of Paneth cells'”. Furthermore, single-cell profiling of primary
human fetal gut and organoids derived from the same tissue sample
revealedinvitro maturation of fetal organoids, highlighting their value

in investigating the early stages of human intestinal epithelial cell
development'®, Work by Ishikawa et al. combined single-cell RNA-seq
of human colonic epithelium cells with genetically modified human
intestinal organoids, leading to the identification of quiescent LGR5"
stem cellsinthe human colon'”. Similarly, combining cancer organoid
assays and single-cell RNA-seq of biopsy samples from patients with
CRCidentified the novel role of a B-hydroxybutyrate-triggered path-
way in regulating intestinal tumorigenesis'*®. As for studies based on
profiling primary tissue, the provision of metadata, including clinical
donor details, sampling sites, biobanking and experimental proce-
dures, is equally important to organoid-related studies as they will
determine their future compatibility and ensure successful integration
intothe HGCA.

Existing data portals

Inan effort to consolidate the growing number of single-cell data sets
that have been generated in the past few years, several web-based data
repositories have emerged to provide accessin a user-friendly format.
Although most portals share common features of storing data, curat-
ing data sets by different levels of metadata, and offering a variety of
analysis and visualization tools, distinct aspects render each portal
valuable. Here, we summarize key features of the main existing data
portals relevant to the HGCA.

Single-Cell Expression Atlas. The Single-Cell Expression Atlas
(SCEA)”'is the single-cell component of the EMBL-EBl expression atlas.
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Thisisanadded-value resource that enables simple gene and metadata
queries, allowing users to answer questions such as ‘Where is my gene
of interest expressed?’ or ‘How does its expression level change in a
disease?’. SCEA collects expression data fromall species and annotates
their metadata with appropriate search (ontology) terms to enable
standardized analysis pipelines across studies. The SCEA worksin close
collaboration with the HGCA, releasing the data sets as they become
publicly available and generating the first full gut two-dimensional
anatomogram that will enable easy visual exploration of gene and
marker gene expression across the cell typesin the different anatomical
sub-structures of the gut.

HubMAP. The HUBMAP Portal isa National Institutes of Health Common
Fund effort to integrate and map diverse biological data across the
healthy human body. Three main features enable (1) analysis of single-
cell RNA-seq experiments with Azimuth, a web application that uses
reference datasets toautomate annotation andinterpretation of data,
(2) spatial single-cell data visualization with Vitessce, and (3) navigation
of healthy human cells with the CCF to interact with the virtual human
body and focus on anatomical structures, cell types, and biomarkers.

Tabula Sapiens. Like HuBMAP, Tabula Sapiens focuses on healthy
human participants and has created a first draft HCA of 24 organs from
15 different human subjects. Tabula Sapiens is funded by the Chan
Zuckerberg Initiative and is unique in that the single-cell data sets
derived for each organare fromthe same human participant, control-
ling for inter-individual factors. This also enables the comparison of
cell types that are shared between different organs. The web portal
offers the ability to peruse all the single-cell data combined (currently
at 500,000 cells) or curated cell subsets (that is, endothelial, epithelial,
immune and stromal) in an easy-to-navigate graphical user interface.

University of California at Santa Cruz Cell Browser. The University of
Californiaat Santa Cruz (UCSC) Cell Browser is asub-project under the
supervision of the UCSC Genome Browser project that was developed
andis maintained by a cross-departmental teamin the UCSC Genomics
Institute. The Cell Browser is an interactive viewer where users caninter-
rogate single-cell data sets from a wide variety of species, organs and
tissues fromamenullist. A unique feature is the broad scientific focus of
the datasets generated from human, mouse, fly, and sponge and curated
as conventional Atlases or analysed in the context of development and
evolution. The data sets are converted for compatibility by the UCSC
Cell Browser Group and placed in an open-source portal. The analysis
and viewer package can also be downloaded and installed locally.

Broad Institute Single Cell Portal. The Single Cell Portal is hosted by
the Broad Institute and was created with the idea of making single-cell
dataeasy toshareand access. The portal is a deposit site where investi-
gators can create their own collection as abody of work or contribute
to the growing list of curated data sets. The site is easy to use and has
succinct overviews describing the study design and experimental
conditions. Like other portals, the Single Cell Portal has conventional
visualization tools that areinteractive in asimple graphical user inter-
facethat allows the usertofilter several parametersinthe datasetsand
sub-sampling data.

Gut Cell Atlas, Wellcome Sanger Institute. Gut Cell Atlas provides a
detailed gut cell survey by combining single-cell data generated from
arange of human gut tissues. Data sets include studies that profiled

various gut segments obtained from fetal, paediatricand adult donors
aswellas patients diagnosed with Crohn’s disease. Inadditionto direct
access to raw data sets, the site provides an interactive viewer that
enablesbasic analyses and interrogation of data sets such as exploring
single-cell expression profiles of individual cell lineages, gut regions
or comparisons between age groups.

Future opportunities, including incorporating

data sets

Inmany aspects, the current collection of high-quality published single-
cell studies achieve good coverage of the human intestinal tract and
therefore provide a solid foundation for the generation of the HGCA.
Areas that have been explored using single-cell RNA-seq technology
includeintestinal development'®**"! profiling of cell types, states
and tissue composition'?®, mapping regional differences across intesti-
naltissues and along the intestinal tube*'?*, and comparisons between
healthy individuals and people withIBD'**"°, CRC'*>'*, or other related
diseases’®'”. However, there are several less well-explored areas that
require careful considerationin future studies. For example, to achieve
acomprehensive and truly global HGCA, greater effort must be made
to include samples obtained from under-represented and ethnically
diverse communities to reflect potential cellular differences across
human populations. Currently, only a few studies have sampled mul-
tiple intestinal regions within the same individual®'””. However, such
cross-tissue studies are of major value as they enable the identification
of common and/or distinct cell types across intestinal regions as well
asstudying migratory patterns of specificimmune cell populations®.
Furthermore, greater emphasis should be placed on profiling rare cell
types, particularly in less frequently sampled gut regions such as the
jejunumand proximalileum. This objective can be achieved by applying
methods designed to enrich such cell types prior to single-cell RNA-
seq and/or the application of spatial transcriptomics. Additionally,
analysing single nuclei rather than single cells is a useful strategy to
profile cells that cannot be readily recovered using standard dissocia-
tion protocols®. However, the advantages and disadvantages of these
methods must be carefully considered inthe context of each particular
research study">'>, Finally, there has been a major bias regarding the
anatomical sampling sites, with a large proportion of studies focus-
ing on profiling the colon and distal small bowel. This is likely to be
partly caused by the ease of access during endoscopic procedures as
well as the major relevance to related gastrointestinal diseases such
as IBD and CRC. Future studies should also include less frequently
sampled gut segments such as the mid-small intestine, oesophagus,
stomach and other organs involved in the digestive process, includ-
ing the liver and pancreas. Last but not least, profiling the intestine
at different developmental stages by obtaining tissue from donors of
all age groups will provide further insight into the pathophysiology
of related diseases, including those occurring in specific age groups.

Conclusions

Generatingacomplete map ofthe humanintestine at the single-cell level
willimprove our understanding of gut health and disease. Theinherent
complexities and scale of this task require a coordinated effort led by
expertsinthisrapidly evolving field. This manuscript forms akey part
of our strategy by providing a detailed Roadmap to the scientific com-
munity. Broad distribution and constructive discussion of our proposal
are essential to achieving our goal of the generation of an HGCA.
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