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The Human Reference Atlas (HRA) aims to map all of the cells of the human body to advance biomedical research and clinical
practice. This Perspective presents collaborative work by members of 16 international consortia on two essential and inter-
linked parts of the HRA: (1) three-dimensional representations of anatomy that are linked to (2) tables that name and interlink
major anatomical structures, cell types, plus biomarkers (ASCT+B). We discuss four examples that demonstrate the practical

utility of the HRA.

ith developments in massively parallel sequencing in

bulk and at the single-cell level, researchers can now

detect genomic features and genome expression with
great precision’. Profiling single cells within tissues and organs
enables researchers to map the distribution of cells and their devel-
opmental trajectories across organs and gives indications as to their
functions. In 2021, there are several ongoing, ambitious efforts to
map all of the cells in the human body and to create a digital refer-
ence atlas of the human body. The final atlas will encompass the
three-dimensional (3D) organization of whole organs and thou-
sands of anatomical structures, the interdependencies between tril-
lions of cells, and the biomarkers that characterize and distinguish
cell types. It will make the human body computable, supporting
spatial and semantic queries run over 3D structures linked to their
scientific terminology and existing ontologies. It will establish a
benchmark reference that helps us to understand how the healthy
human body works and what changes during ageing or disease.

A network of 16 consortia is contributing to the construction
of the HRA based on studies of 30 organs (Fig. 1a) with fund-
ing by the National Institutes of Health (NIH, blue) and strong
support by the international Human Cell Atlas (HCA, red)>* as
well as expert input by reviewers from many different countries.

The 16 consortia include the Allen Brain Atlas’, the Brain Research
through Advancing Innovative Neurotechnologies Initiative—Cell
Census Network Initiative’, the Chan Zuckerberg Initiative Seed
Networks for HCA>*°, HCA awards by the EU’s Horizon 2020 pro-
gram, the Genotype-Tissue Expression project’, the GenitoUrinary
Developmental Molecular Anatomy Project’, Helmsley Charitable
Trust: Gut Cell Atlas>**’, the Human Tumor Atlas Network'’, the
Human Biomolecular Atlas Program (HuBMAP)'", the Kidney
Precision Medicine Project (KPMP)'>", LungMAP", HCA grants
from the United Kingdom Research and Innovation Medical
Research Council (https://mrc.ukri.org), (Re)building the Kidney",
Stimulating Peripheral Activity to Relieve Conditions'®, The Cancer
Genome Atlas'’~"” and Wellcome funding for HCA pilot projects>**.
In total, more than 2,000 experts from around the globe are
working together to construct an open-source and free-to-use
digital HRA using a wide variety of single or multimodal spatially
resolved and bulk tissue assays. Imaging methods for anatomical
structure segmentation include computed tomography, magnetic
resonance imaging or optical coherence tomography (OCT)X.
Spatially resolved single-cell methods detect metabolites or lipids
using high-resolution nanospray desorption electrospray ioniza-
tion mass spectrometry imaging?', proteins using co-detection by
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Fig. 1| Components and construction of the HRA. a, Alphabetical listing of 16 HRA construction efforts (left) linked to the 30 human organs that they
study (right). The lungs are studied by ten consortia (orange links). This review focuses on ten organs (bold) plus vasculature. BICCN, Brain Research
through Advancing Innovative Neurotechnologies Initiative—Cell Census Network Initiative; CZI, Chan Zuckerberg Initiative; H2020, Horizon 2020; GTEXx,
Genotype-Tissue Expression project; GUDMAP, GenitoUrinary Developmental Molecular Anatomy Project; HTAN, Human Tumor Atlas Network; MRC,
Medical Research Council; RBK, (Re)building the Kidney; SPARC, Stimulating Peripheral Activity to Relieve Conditions; TCGA, The Cancer Genome Atlas.
b, The 3D reference objects for major anatomical structures were jointly developed for 11 organs. ¢, An exemplary ASCT+B table showing anatomical
structures (AS) and cell types (CT) and some biomarkers (B) for the glomerulus in the kidneys, annotated with the names of the three entity types
(anatomical structures, cell types and biomarkers) and four relationship types (part_of, is_a, located_in and characterize). Note that the is_a relationship
exists for cell types and biomarkers.

indexing® or tissue microarray-based immunohistochemistry®, A major challenge in constructing the HRA is combining data
simultaneous mRNA and chromatin accessibility using assay for generated by the different consortia without a common ‘language’
transposase-accessible chromatin with high-throughput sequenc-  shared across them for describing and indexing the data in a spa-
ing*, simultaneous protein and mRNA using cellular indexing of tially explicit and semantically consistent way. Rapid progress in
transcriptomes and epitopes by sequencing”, and mRNA using  single-cell technologies has led to an explosion of cell-type defini-
multiplexed error robust fluorescent hybridization (MERFISH)*>”,  tions. When researchers profile the expression of genes, proteins or
Slide-seq***’, Nanostring’s GeoMX® or 10x Genomics Visium®. other biomarkers, they can and do assign different cell types making
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Box 1| Constructing the ASCT+B tables

At their core, the ASCT+B tables represent three entity types
(anatomical structures, cell types and biomarkers; Fig. 1¢) and five
relationship types (Fig. 1c and Table 2). Anatomical structures are
connected through part_of relationships, creating a partonomy
tree. In other words, the connections define whether anatomical
structures may be shared parts within an organ or greater ana-
tomical structure. Cell types are linked to other cell types through
is_a relationships (for example, T cell is an immune cell, a cardiac
cell is a muscle cell), defining the nature of the cell within a cellular
lineage. Biomarkers can be of different types indicated by is_a (for
example, they can be of type gene, protein, lipid, or metabolite);
they are therefore defined in terms of their molecular nature. A
bimodal network links cell types and anatomical structures on
the basis of located_in relationships. Note that the same cell type
might be located_in multiple anatomical structures, whereas a sin-
gle anatomical structure might comprise multiple cell types. Bio-
markers are linked to the cell types that they characterize through
a second bimodal network. Note that one biomarker might be
used to characterize multiple cell types, and multiple biomarkers
might be required to uniquely characterize one cell type.

The ASCT+B v.1.0 table format makes it possible for human
experts to represent the three entity types and five relationship
types in a table. The initial set of 11 tables was authored using
templated Google sheets. Experts filled in organ-specific tables
by entering critical metadata (for example, authors, data and
version number) in the top ten rows. Row 11 contains the header
of the ASCT+B table, listing the anatomical structures, cell types,
biomarkers and publication references from left to right. The table

it difficult, if not impossible, to compare results across studies—par-
ticularly across organ systems. Indeed, except for the brain*, no stan-
dards exist for the naming of anatomical structures, cell types and
biomarkers. Furthermore, information on what cell types are com-
monly found in which anatomical structures and what biomarkers
best characterize certain cell types is scattered across many ontologies
(such as Uberon multi-species anatomy ontology*, the Foundational
Model of Anatomy Ontology***, Cell Ontology (CL)* or the Human
Gene Ontology Nomenclature Committee (https://www.genenames.
org/)) and hundreds of publications about cells identified during
development, disease and across multiple species (for example, the
atlas efforts for brain”, heart®, lungs'* and kidneys"). Some criti-
cally important details (such as the morphology and distribution
of microanatomical structures or the spatial layout of functionally
interdependent cell types) are captured through hand-drawn fig-
ures—not digitally—without a shared 3D spatial reference system.
The lack of a central, unified benchmark reference framework and
language impedes progress in biomedical science as it is challenging
or impossible to manage, compare, harmonize or use published data.

Towards a unified reference framework for mapping the
human body

To address these issues, an NIH-HCA-organized meeting in March
2020 brought together leading experts to agree on major ontolo-
gies and associated 3D anatomical reference objects and to expand
them as needed to capture the healthy human adult body. On the
basis of ensuing discussions, more than 50 experts—including phy-
sicians, surgeons, anatomists, pathologists, experimentalists and
representatives from the various consortia—have agreed on a ref-
erence framework to digitally represent relevant knowledge. The
framework includes data structures, standard operating procedures
and visual user interfaces that can be used by anatomists, patholo-
gists, surgeons and other domain experts to digitize, integrate
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columns can be adjusted as needed (for example, anatomical
structures partonomies might have only a few levels (5 for kidney),
whereas others have many (19 for vasculature)). The v.1.0 format
captures two biomarker types: gene markers (BG) and protein
markers (BP); proteoforms, lipids and metabolites will be added in
v1.1. Publication references document scientific evidence for the
existence of the three entity types and their five interrelationships.
The remaining rows, starting at row 12, contain the ASCT+B
data—as many rows as there are unique cell types in the organ.
Each unique anatomical structure, cell type and biomarker is
represented by three columns. The first column lists the domain
expert preferred name; whenever possible, this name should
match the ontology name in the second column. The third column
lists the unique, universally resolvable ontology ID, if available.

To ease table construction and ensure compliance with existing
ontologies, a table of organ-specific, non-developmental human
data captured in existing formalized ontologies was compiled
by ontology experts and provided to the ASCT+B table authors.
The ontologies used initially were Uberon® and Foundational
Model of Anatomy for anatomical structures™®, CL* for cell
types and Human Gene Ontology Nomenclature Committee
(HGNC) (https://www.genenames.org/) for biomarkers. Data
validation was performed by human experts and computationally
by testing expert-curated relationships for validity in Uberon
using Ubergraph'”’, a knowledge graph combining mutually
referential Open Biological and Biomedical Ontology ontologies,
including Cell Ontology and Uberon, and featuring precomputed
classifications and relationships.

and analyse massive amounts of heterogeneous data. Experts also
agreed on the major ontologies that will be used to create a ‘Rosetta
Stone’ across existing anatomy, cell and biomarker ontologies.
As a proof of concept, experts compiled inventories for 11 major
organs (Fig. 1a,b): bone marrow and blood plus pelvis reference
organ®~>?, brain®>"**%, heart>, large intestine”’~*%, kidneys'>**-"/,
lungs (refs. % and Sun, X. & Morrisey, E., manuscript in prepa-
ration), lymph nodes*”-”, skin®'"?, spleen®""'-'2, thymus'*-"** and
vasculature’®'>'*!. For each organ, the experts listed known ana-
tomical structures, the cell types located in these structures and
the biomarkers that are commonly used to characterize each cell
type (such as gene and protein markers). The results are captured
in ASCT+B tables (Fig. 1c) that list and anatomical structures, cell
types and biomarker entities, their relationships as well as references
to supporting publications. As spatial position and context matter
for cell function, the experts collaborated with medical designers to
compile 3D, semantically annotated reference objects that cover the
anatomically correct size and shape of major anatomical structures
in a systematic and computable manner (see the final set for the
initial 11 ASCT+B tables in Fig. 1b). Together, the ASCT+B tables
and associated 3D reference objects constitute the HRA.

An initial set of the ASCT+B tables and reference objects have
been published (Supplementary Information). They capture data
and knowledge that are mandatory for compiling a comprehensive
HRA, and they are critically important for facilitating data exchange
and collaboration among the 16 consortia and other efforts. They
demonstrate how existing knowledge can be captured digitally and
reorganized in support of a HRA. The tables and associated 3D
reference objects provide an agreed-on framework for experimental
data annotation across organs and scales (that is, from whole body
to organs, tissues, cell types and biomarkers); they make it possible
to compare and integrate data from different assay types (such as
single-cell RNA-sequencing (scRNA-seq)'*> and MERFISH'* data)
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Table 1| The terminology used to describe the HRA framework

Term Definition

Healthy tissue

Pathologically unremarkable tissue that can be used to derive the function of healthy cells. What counts as healthy is

influenced by normal ageing, underlying comorbidities and medical interventions before tissue donation.

Anatomical structures

Parts of the body in defined locations and regions, including the surface, internal organs and tissues. These structures may be

described by gross or microscopic morphology and include functional tissue units and highly organized cellular ecosystems

(such as alveoli in the lungs).

Mammalian cells are biological units with a defined function that typically have a nucleus and cytoplasm surrounded by a

membrane. Each cell type may have broad common functions across organs and specialized functions or morphological or
molecular features within each organ or region (for example, epithelial cells in the skin, lungs and kidneys may have shared

Molecular, histological, morphological, radiological, physiological or anatomical features that help to characterize the

biological state of the body. Here we focus on the molecular markers that can be measured to characterize a cell type.

A set of subject area concepts (here, anatomical structures, cell types and biomarkers), their properties and the relationships

Cell types
and specialized functions according to tissue localization).
Biomarkers
Ontology
between them.
Partonomy A classification hierarchy that represents part-whole relationships.
Typology A classification that represents general types (here, cell types and biomarker types).

Bimodal network

Polygon mesh
anatomical structures).

3D reference object
all in a spatial context.

3D collision
Semantic annotation

Crosswalk
ASCT+B tables.

for spatially equivalent tissue samples; they are a semantically and
spatially explicit reference for healthy tissue and cell identity data
that can then be compared against disease settings. Finally, the
tables and associated reference organs can be used to evaluate prog-
ress on the semantic naming and definition of cell types and their
anatomically accurate spatial characterization.

The ultimate goal is an HRA that correctly matches human
diversity across populations. However, like the Human Genome
Project'**'**, the initial HRA covers a limited set of donors. For
example, the Allen Human Reference Atlas—which is included
in the HRA—was derived from one donor. It describes one half
of a human brain that is intended to be mirrored to characterize
a whole human brain. Most of the other reference organs in the
current HRA are constructed from the Visible Human Project
(VHP) male and female dataset made available by the National
Library of Medicine'*.

The presented ASCT+B tables and 3D reference objects are
designed to be representative of organs and general enough to
encompass all donors regardless of variation. All of the listed ana-
tomical structures are expected to be present in a donor, except for
sex-specific organs. There exists scientific evidence that the listed
cell types are known to be located in the given anatomical struc-
ture, and that listed biomarkers are commonly used to identify a
cell type. Future versions of the tables are in development and will
make it possible to capture and compare data about variations in
the size, location, shape and frequency of anatomical structures and
cell types across donors. We next describe the data format, design
and use of ASCT+B tables and the associated 3D reference objects.
The initial HRA presents ten ASCT+B tables interlinked through a
vasculature table together with a reference library of major anatomi-
cal structures. We discuss four examples that showcase the usage of
the initial eleven-organ HRA for tissue registration and exploration,
data integration, disease studies and measuring progress towards
a more complete HRA. We conclude with a discussion of the next

1120

A network involving two node types and the relationships between them.

A collection of vertices, edges and faces defining the shape of a polyhedral object (here the 3D reference objects that define

Polygon mesh of 3D objects (here, anatomical structures), their object node hierarchy, materials and surface colour/texture,

The intersection of bounding volumes or polygon meshes detected by an algorithm.
Ontology term associated with a 3D object that can be used as an object name and to search for or filter the object.

An ontological mapping of anatomical structure terms in the 3D reference object files to the anatomical structure terms in the

steps and an invitation to collaborate on the construction and usage
of a reference atlas for healthy human adults.

ASCT+B tables
In 2019, the KPMP project published a first version of the ASCT+B
tables to serve as a guide to annotate structures and cell types across
multiple technologies in the kidneys'. The table data format was
expanded and the process for constructing, reviewing and approving
the ASCT+B tables was formalized (the key steps are described in
Box 1 and the terminology is explained in Tables 1 and 2). Note that
the HRA framework is in line with reproducibility best-practices
and principles that make data findable, accessible, interoperable
and reusable'¥’, which are essential for the development of disease
atlases, biomedical discovery and, ultimately, health improvements.
In September 2021, there exist 11 ASCT+B tables, version 1.0.
These master tables are available for free online'*. They capture
1,424 anatomical structures, 591 cell types and 1,867 biomarkers.
The anatomical structures are linked by 2,543 ‘part_of” relation-
ships, 4,611 ‘located_in’ relationships between cell types and ana-
tomical structures and 3,708 ‘characterize’ links between biomarkers
and cells, supported by 293 unique scholarly publications and 506
web links (Supplementary Information). Like the first maps of our
world, the first ASCT+B tables are imperfect and incomplete (see
the ‘Limitations” section). However, they digitize and standardize
existing data and knowledge by clinicians, pathologists, anatomists
and surgeons at the gross anatomical level; biologists, computer sci-
entists and others at the single-cell level; and chemists, engineers
and others at the biomarker level.

Three-dimensional reference object library

The spatial location of cell types within anatomical structures mat-
ters, as do the number and types of cells within the same anatomical
structure. A 3D reference object library was compiled (key steps are
described in Box 2) to capture the size, shape, position and rotation
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Table 2 | ASCT+B relationships and their definitions

Relationship  Definition

The partonomy relationship between anatomical
structures. The anatomical structure partonomy

tree represents part-whole relationships of multiple
smaller anatomical structures inside larger anatomical
structures.

part_of

located_in The spatial relationship between a cell type and the

anatomical structures in which these exist.

characterize ~ The relationship between molecular biomarkers and cell
types on the basis of experimental evidence. Typically,

only the top most discriminative biomarkers are listed.

is_a (CT) The typology relationship between cell types (CT). The
classification that groups detailed cell types according
to their common characteristics or lineage into larger
groups (for example, an endothelial cell is a vascular cell

type).

is_a (B) The typology relationship between biomarkers (B). A
classification that groups biomarkers by their chemical
nature (here, gene, protein, proteoform, lipid and

metabolite markers).

of major anatomical structures in the organ-specific ASCT+B tables
(Box 1, Tables 1 and 2, and Supplementary Information).

In September 2021, there exist 26 organ objects that complement
the 11 ASCT+B tables discussed above. Male and female versions
exist for all organs, and left and right versions exist for kidneys and
lymph nodes. All organs are properly positioned in the male and
female bodies and are freely available online'*. The resulting 3D ref-
erence object library captures a total of 1,185 unique 3D structures
(for example, the left female kidney has 11 renal papillae; see the
complete listing in the HuBMAP Consortium 3D Reference Object
Library'*’) with 557 unique Uberon terms, including the name of
the organ. Files are provided in the GLB format'** and are used in
several user interfaces (see the “Tissue registration and exploration’
section).

A ‘crosswalk mapping file links the anatomical structure
names listed in the ASCT+B tables and the terminology used
in the 3D reference object library GLB files (see the ‘CCF 3D
reference object library & crosswalk’ section in the Supplementary
Information). This interlinkage of ontology terms (for example,
kidney or cortex of kidney; Fig. 1¢), and the 3D references objects
with well-defined polygon meshes (Table 1) that describe the
size and shape of these anatomical structures in 3D (Fig. 1b) is
critical for using 3D collision-detection algorithms for tissue regis-
tration and spatial search (see the “Tissue registration and explora-
tion’ section).

How to use the HRA

The ASCT+B tables and associated 3D reference organ objects
provide a starting point for the systematic construction of a HRA.
They provide common nomenclature for major entities and rela-
tionships along with cross-references to existing ontologies and
supporting literature. In the following sections, we provide four
examples illustrating the value of the tables and associated 3D
reference organs: (1) to support experimental tissue data regis-
tration and annotation across organs and scales (see the next
section); (2) to compare and integrate data from different assay
types (see the ‘Comparing cell states across different tissues and
in disease’ section); (3) to compare healthy and disease data (see
the ‘Understanding disease’ section); (4) and to evaluate prog-
ress toward the compilation of a comprehensive HRA (see the
‘Measuring progress section).
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Box 2 | Designing the 3D reference object library

To create male and female reference objects for the 11 initial
organs, experts collaborated closely with medical designers to
develop anatomically correct, vector-based objects that correctly
represent human anatomy and are labelled using the ontology
terms captured in the ASCT+B tables.

Data from the VHP male and female dataset, which was made
available by the National Library of Medicine'*’, were used to
model all of the 3D reference organs except for the brain, large
intestine and lymph node. The brain uses the 141 anatomical
structures of the ‘Allen Human Reference Atlas—3D, 2020’
representing one half of the human brain*; these structures were
mirrored to arrive at a whole human brain (as intended by the
brain model authors) and resized to fit the visible human male
and female bodies. A 3D model of the male large intestine was
provided by A. Kaufman (Stony Brook University) modified to
fit into the VHP male body, and used to guide the design of the
female large intestine. The lymph node was created using mouse
data and the clearing-enhanced 3D method developed by W. Li
at the Laboratory of Immune System Biology, National Institute
of Allergy and Infectious Diseases, NIH'”'. Although the size and
cellular composition of mouse and human lymph nodes vary, the
overall anatomy is well conserved between species.

All models were created using the medical image processing
tool 3D Slicer”>”* and modelling tools such as ZBrush'™
and Maya'”. Files are provided in the Graphics Language
Transmission Format (GLB) format', which is a widely used
standard file format for 3D scenes and models. GLB formats
can be viewed in the free Babylon.js Sandbox (https://sandbox.
babylonjs.com/), making it possible for anyone to explore the 3D
reference objects using a web browser, without downloading or
installing new software.

Tissue registration and exploration. Like any atlas, a HRA is a
collection of maps that capture a multiscale 3D reality. Like other
digital maps, it supports panning and zoom, from the whole body
(macro scale; metres), to the organ level (meso scale; centimetres),
to the level of functional tissue units (such as alveoli in the lungs,
crypts in the colon and glomeruli in the kidneys; millimetres), down
to the single-cell level (micro scale; micrometres). To be usable, the
maps in an HRA must use the same index terms and a unifying
topological coordinate system such that cells and anatomical struc-
tures in adjacent overlapping maps or at different zoom levels can be
uniquely named and properly aligned.

The ASCT+B tables and 3D reference organs provide a frame-
work for experimental data annotation and exploration across
organs and scales—that is, from the entire body down to organs,
tissues, cell types and biomarkers. For example, they are used to
support the registration of new tissue data as well as spatial and
semantic search, browsing and exploration of human tissue data.
The HuBMAP CCEF Registration User Interface’' (RUI Fig. 2a) and
CCF Exploration User Interface (EUI)'** (Fig. 2b) are available at
the HuBMAP portal'’. The code for both user interfaces is freely
available at GitHub HuBMAP Consortium CCF User Interfaces'*
(https://github.com/hubmapconsortium/ccf-ui). Several consortia
and single investigators have used the stand-alone version of the
CCF RUI*! to register human tissue samples. Resulting data have
been added to the CCF EUI making it possible for data providers
and others to explore these tissue datasets in the context of human
anatomy, to search and filter for datasets that match certain criteria
(such as a specific age, sex and assay type) and to access and down-
load raw data.
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Fig. 2 | Tissue registration and exploration. a, Registration and anatomical structure annotation of tissue data (blue block) in 3D through collision
detection in the RUI. A user sizes, positions and rotates tissue blocks, and saves the results in the JavaScript Object Notation (JSON) format. b, Tissue data
can be queried, filtered and explored through the EUI. RUI-registered tissue data (white blocks in the spleen and kidneys) can be explored semantically
using the anatomical structure partonomy on the left and spatially using the anatomy browser in the middle; a filter at the top right supports subsetting by
sex, age, tissue provider and so on. Clicking on a tissue sample on the right links to the Vitessce image viewer'®®,

To make it easy for anyone to explore or contribute HRA data,
we developed diverse learning modules as part of the free Visible
Human Massive Open Online Course (https://expand.iu.edu/
browse/sice/cns/courses/hubmap-visible-human-mooc). Thiscourse
describes the compilation and coverage of HRA data, demonstrates
new single-cell analysis and mapping techniques, and introduces the
diverse HRA user interfaces. Delivered entirely online, all course-
work can be completed asynchronously to fit busy schedules.

Comparing cell states across different tissues and in disease. The
ASCT+B framework provides a ‘look-up table’ from the 3D reference
models to the unique ontology name and ID for anatomical struc-
tures and their cell-type composition across organs that are pres-
ent in the ASCT+B tables. Researchers can use the tables to
determine in what anatomical structure a cell type is commonly
located. Specifically, the ASCT+B tables capture information on
cells formed within and resident in a specific tissue (such as epi-
thelia and stroma) as well as cells that migrate across tissues (such
as immune cells)'**. For example, immune cells originate primarily
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in the bone marrow in postnatal life. Adaptive lymphocytes sub-
sequently differentiate and mature in lymphoid tissues such as the
thymus and spleen before circulating to non-lymphoid tissues and
lymph nodes (Fig. 3a). Thus, these cells recur across the ASCT+B
tables in both the lymphoid (bone marrow, thymus, spleen, lymph
node) and non-lymphoid (brain, heart, kidney, lung, skin) tissue
tables. Existing data support a more nuanced and tissue-specific,
ontology-based assignment of blood and immune cells. For exam-
ple, scRNA-seq enables deep phenotyping of haematopoietic stem
cells (HSCs) and haematopoietic stem and progenitor cells (HSPCs)
and their differentiated progenies across various tissues. When com-
paring fetal liver versus thymic cell states (Fig. 3a (right)), a small
region of the HSPCs highlighted as lymphoid progenitors is shared
across the two organs, indicating cells that have migrated from the
liver to the thymus®>'#. Data integration defines molecules (such as
chemokine receptors) that determine tissue residency versus migra-
tory properties. These biomarkers in turn define tissue-resident
versus migratory cell states, which can be added to the ASCT+B
tables to refine cellular ontology.
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Fig. 3 | Immune cell phenotypes evolve with developmental stage, tissue and disease context. a, HSCs (CL:0000037) migrate from the liver
(UBERON:0002107) to the thymus (UBERON:0002370) during embryonic and fetal development. The transcriptomic identity of these HSCs changes
throughout pregnancy. The differences in these anatomical structures are shown by the maroon versus blue shading of the HSCs on the left (embryo)

and right (fetal) parts of the figure. The scRNA-seq data in the uniform manifold approximation and projection plots are from a published single-cell
transcriptomic profile of the thymus across the human lifetime'>®. The top plot shows liver cells (blue) and thymus cells (orange) overlapping, which

are labelled lymphoid progenitors in the bottom plot. The other cell populations shown include HSCs; double negative T cells (DNT); megakaryocytes
(MKs); megakaryocyte/erythrocyte/mast cell progenitors (MEMPs); pro-B cells; neutrophil-myeloid progenitors (NMPs); mast cells; and erythrocytes
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megakaryocyte priming bias compared with healthy cells (top right). This is quantified in the histogram from the human thymus single-cell atlas of relative

HSPC contributions for different donor/patient cohorts™®.

A well-annotated healthy HRA can then be used to understand
the molecular and cellular alterations in response to perturba-
tions such as infection. For example, data from several single-cell
multi-omics studies of patients’ blood can be combined to compute
the cellular response during COVID-19 pathogenesis, including
HSC progenitor states that emerge during disease'*® (Fig. 3b).

Understanding disease. As a reference for healthy tissue, the
ASCT+B tables can be used to identify changes in molecular states
in normal ageing or disease. For example, the kidney master table
links relevant anatomical structures, cell types and biomarkers to
disease and other ontologies for increasing our understanding of
disease states. The top significant and specific biomarkers in each
reference cell/state cluster might differ during disease or in a cell
undergoing repair, regeneration, or in a state of failed or maladap-
tive repair. Loss of expression or alteration in the cellular distribu-
tion of a specific biomarker may provide clues to the underlying
disease. The Kidney Precision Medicine Project is working towards
ASCT+B tables that characterize disease. Researchers aim to
include biomarkers with important physiological roles in main-
taining the cellular architecture or function and biomarkers that
reveal shifts in cell types that are associated with acute and chronic
diseases'””. Changes in biomarkers in healthy and injured cells pro-
vide information about the underlying biological pathways that
drive these shifts and therefore provide critical insights into patho-
genic mechanisms. For example, the gene NPHSI, which encodes
nephrin, is one of the top markers of healthy podocytes and is essen-
tial for glomerular function. Mutations in NPHSI may be found in
patients with proteinuria'*®. The kidney ASCT+B table records that
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the gene biomarker NPHSI (Fig. 1c (bottom right)) is expressed in
the podocytes of the kidney. Ontology suggests injury to podocytes
and glomerular function may cause proteinuria (Fig. 4). Ontology
IDs provided for anatomical structures, cell types and biomark-
ers facilitate linkages to clinicopathological knowledge and help to
provide broader insights into disease'”*. For example, the ASCT+B
kidney master table and single-nucleus RNA-seq atlas data™® have
been used to characterize diabetic nephropathy disease states by
distinguishing the healthy interstitium from a diabetic one'®. Note
that some of the existing data are not at the single-cell level; in these
cases, regional data (such as data bounded by tissue blocks regis-
tered within reference organs with known anatomical structures,
cell types and biomarkers (see the RUI and EUI discussion above))
can be compared to the kidney master table. In summary, ASCT+B
tables interlinked with existing ontologies provide a foundation for
new data analysis and the functional study of diseases.

Measuring progress. The ASCT+B tables provide objective mea-
sures for tracking progress towards an accurate and complete HRA.
In particular, if a scholarly publication includes a new ASCT+B
table, that table can be compared with existing master tables and the
number and type of identical (confirmatory) and different (new)
anatomical structures, cell types and biomarkers, as well as their
relationships, can be determined. The value of a new data release
for reference atlas design can be evaluated in terms of the number
and type of new anatomical structures, cell types, biomarkers and
their relationships that it contributes. The ASCT+B Reporter'®
supports the visual exploration and comparison of ASCT+B tables.
Table authors and reviewers can use this online tool to upload new
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Fig. 4 | Kidney ASCT+B table. Processes, anatomical structures, cell types, biomarkers and disease relevant for understanding proteinuria, in kidney. The
example shows how the ASCT+B tables help link clinicopathology information and ontology data.

tables, examine them visually and compare them with existing mas-
ter tables. Power analysis methods can be run to assess the coverage
and completeness of cell states and/or types and decide what tis-
sues and cells should be sampled next'” in support of a data-driven
experimental design.

As the number of published ASCT+B tables grows, estimates can
be run to determine the likely accuracy of anatomical structures,
cell types, biomarkers and relationships. Entities and relationships
based on high-quality data or multiple types of scholarly evidence
are more likely to be correct compared with those with limited or no
evidence. Incomplete data can be easily identified and flagged (for
example, anatomical structures with no linkages to cell types and
cell types with no biomarkers indicate missing data). Given that the
tables disclose who contributes the data and who authors relevant
publications, experts on anatomical structures, cell types, biomark-
ers and their relationships can be identified and invited to further
improve the tables.

Limitations
The current format of the ASCT+B tables and 3D reference organs
makes them easy to author, review, validate and use across organs
and domains of expertise. The ASCT+B Reporter tool'* supports
the authoring and review of ASCT+B tables but also the compari-
son of these data with new datasets. 3D reference objects can be
freely explored in the Babylon.js sandbox in a web browser (https://
sandbox.babylonjs.com/). However, the simplicity of the current
tables and organs makes it impossible to fully capture the complex-
ity of the human body. Thus, for each organ-specific table, experts
recorded the process that they used to construct the table, which
often included simplifying the anatomy to fit within a strict par-
tonomy, making decisions about which cell types and biomarkers
had sufficient evidence to be included in the table, or ignoring nor-
mal dynamic changes that occur in the organ over time. For several
organs, such as the brain, the biomarkers are preliminary and are
expected to improve in coverage and robustness in the future.
Biases in sampling with respect to donor demographics (for
example, from convenience samples as opposed to using sampling
strategies that reflect global demographics), organs (for example, as
based on availability of funding) or cell types (for example, due to
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differential viability or capture efficiency) can be determined and
need to be proactively addressed to arrive at an atlas that truly cap-
tures healthy human adults. The definition of ‘healthy’ is expected
to evolve; HRA metadata for datasets that were used in the con-
struction of the atlas include information on sex, age and ethnic-
ity, but also comorbidities, making it possible to include or exclude
datasets when inclusion criteria change and to recompute the HRA
as needed.

Diversity, inclusion, and global scientific equity are major goals
for all of the consortia involved in this effort'*?. Authors for the ini-
tial set of tables are from the United States and United Kingdom,
but many have roots, training and collaborative connections in
other parts of the world. Reviewers do not solely come from the
United States and United Kingdom. Aiming to overcome the impact
of COVID-19 related travel restrictions on collaboration across
disciplinary, institutional and cultural boundaries, we organized
the HRA panel at the virtual Spatial Biology Europe meeting in
April 2021. The panel featured presentations by experts from Asia,
Australia and North America. Slides and recordings are available
online'®. In the future, we hope to engage experts from many more
countries as well as students from diverse backgrounds.

Outlook

ASCT+B tables in combination with the 3D reference object library
provide a rigorous cross-organ framework for experimental data
annotation and exploration from the levels of organs and tissues
to the levels of cell types and biomarkers. The construction and
validation of the tables are iterative. Initially, ontology and publica-
tion data, along with knowledge from organ experts, are codified
and unified. Later, experimental datasets are compared with exist-
ing master tables to confirm the tables or add to them as needed to
capture healthy human tissue data. In the near future, the cell type
typology will be expanded from one level to multiple levels, also
using data from the evolving set of Azimuth references'**'* and in
close collaboration with the Cell Ontology curation effort (see ref. '®
in this issue). This will make it possible to compare anatomical
structure partonomy and cell-type typology datasets at different
levels of resolution. New organs will be added to the 3D reference
library and microanatomical structures, such as glomeruli in the
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kidneys, crypts in the large intestine and alveoli in the lungs will
be included.

Efforts are underway to integrate cell-specific protein biomarkers
in the ASCT+B tables with well-characterized antibodies for multi-
plexed antibody-based imaging; the ASCT+B reporter has already
contributed to detect protein biomarkers in situ'*”'®, The goal of
these efforts is to generate expertly curated, tissue-specific antibody
panels that can be used across consortia in support of a HRA.

The number of anatomical structures, cell types and robust
biomarkers will probably increase as new single-cell technolo-
gies and computational workflows are developed. Thus, the tables
and associated reference objects are a living ‘snapshot’ of the sta-
tus of the collective work towards an open, authoritative, comput-
able HRA, against which experimentalists can calibrate their data
and to which they can contribute. Future uses of the HRA might
include cross-species comparisons or cross-species annotations,
cross-tissue/organ comparisons, comparisons of healthy versus
common or rare genetic variations, and usage in teaching—expand-
ing widely used anatomy books™®'** to the single-cell level.

It will take extensive effort and expertise to arrive at a consen-
sus HRA and to develop methods and user interfaces that use it to
advance research and improve human health. Experts interested
in contributing to this international and interdisciplinary effort
are invited to register at https://iu.col.qualtrics.com/jfe/form/SV_
bpaBhIr8XfdiNRH to receive regular updates and invites to meet-
ings that aim to advance the construction of the HRA.
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