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SUMMARY

The Human Cell Atlas (HCA) will be made up of comprehensive reference maps of all human
cells — the fundamental units of life — as a basis for understanding fundamental human
biological processes and diagnosing, monitoring, and treating disease. It will help scientists
understand how genetic variants impact disease risk, define drug toxicities, discover better
therapies, and advance regenerative medicine. A resource of such ambition and scale should be
built in stages, increasing in size, breadth, and resolution as technologies develop and
understanding deepens. We will therefore pursue Phase 1 as a suite of flagship projects in key
tissues, systems, and organs. We will bring together experts in biology, medicine, genomics,
technology development and computation (including data analysis, software engineering, and
visualization). We will also need standardized experimental and computational methods that will
allow us to compare diverse cell and tissue types — and samples across human communities —
in consistent ways, ensuring that the resulting resource is truly global.

This document, the first version of the HCA White Paper, was written by experts in the field
with feedback and suggestions from the HCA community, gathered during recent international
meetings. The White Paper, released at the close of this yearlong planning process, will be a
living document that evolves as the HCA community provides additional feedback, as
technological and computational advances are made, and as lessons are learned during the
construction of the atlas.



1. OVERVIEW

VISION

For the past 150 years scientists have classified cells by their structures, functions, locations, and,
more recently, molecular profiles, but the characterization of cell types and states has remained
surprisingly limited. We do not yet comprehensively know our cells — how they are defined by
their molecular products, how they vary across tissues, systems, and organs, and how they
influence health and disease. This has limited our ability to study fundamental domains in
biology — such as physiology, developmental biology, and anatomy — in health and disease, and
to translate our knowledge to accelerate diagnosis and treatment of disease’.

But an extraordinary opportunity is emerging because of transformative advances in
experimental and computational methods (Figure 1; Section 3 and Section 4). Massively
parallel single-cell genomics assays can now profile hundreds of thousands of cells.
Technologies to profile DNA and proteins in single cells, as well as a combination of DNA,
RNA, and proteins in the same cell, provide important additional layers of information. New
spatial analysis techniques, including in situ assays, imaging approaches, spatial coding, and
computational inference, allow high-resolution analysis of large tissues in two (2-D) or three (3-
D) dimensions. Computational algorithms have emerged to determine cell types, states,
transitions, and locations from these new data, at increasing scale and resolution (Section 4).
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Cell Atlas (HCA) Consortium — an international, collaborative effort that aims to define all
human cell types in terms of their distinctive patterns of gene expression, physiological states,
developmental trajectories, and location. This consortium builds on the work of previous
consortia to map the human genome, starting with the Human Genome Project, and leverages
and engages with recent efforts to characterize and interpret functional genomic (ENCODE),
epigenetic (IHEC, BLUPRINT), transcriptomic (GTEX), and proteomic (the Human Protein
Atlas) elements.

The HCA will be a foundation for biological research and medicine: a comprehensive reference
map of the types and properties of all human cells and a basis for understanding and monitoring
health and diagnosing and treating disease. The project will help propel translational discoveries
and applications, ultimately laying a foundation for a new era of precision and regenerative
medicine.

The diverse, international consortium that builds the HCA will be open and collaborative,
bringing together and aligning experts to form networks focused on biological topics. Some of
these networks — such as the Immune Cell Atlas (ICA), the Developmental Cell Atlas (DCA),
and the Skin Cell Atlas (SCA) — have already emerged and initiated pilot efforts with scientific
leadership and committed participants, including relevant clinical and biological experts.
Scientists from across the globe have enthusiastically joined the HCA, in meetings, through
social media, and electronically — helping to design the effort and participating in it. Indeed,
each meeting thus far, and the work that preceded and followed it, has helped formulate key
aspects of this White Paper (Figure 2).

The initiative will progress in phases to generate reference maps at increasing resolution. Google
Maps serves as an analogy: instead of geographical features, such as continents, countries, cities,
streets, and houses, the HCA’s maps of the human body will “zoom in” on molecular and
organizational features of organs, tissues, and cells.

The first draft of the HCA — a focus of this White Paper — will profile 30 million to 100
million cells, both isolated and in their tissue context, from major tissues and systems from
healthy research participants of both genders (Section 2; Table 1). It will combine single-cell
profiling of dissociated cells and single-nucleus profiling of frozen samples with spatial analysis
of cells in the context of tissues. It will also integrate data from other projects and consortia, as
appropriate. In this first draft, a set of representative organs and systems will be analyzed in
depth; a broader range will be analyzed to a more limited extent. While the first draft will be
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assembled with geographic, age, disease, and ethnic diversity in mind, it will not yet aim to be
comprehensive with respect to these features.

This first draft and the lessons learned in building it will serve as the basis for a comprehensive
atlas of at least 10 billion cells, covering all tissues, organs, and systems — the necessary
reference for future comparison and biological insight across disease areas, genetic diversity,
environments, and ages. The cells will come from both healthy research participants and small
cohorts of patients with relevant diseases, as these are critical to reflect on cells’ diversity. The
cells will be studied using a broad range of techniques to capture both breadth and depth and will
fully represent the world’s diversity.

As with previous genomic projects, bounds for the HCA must be defined. First is the desired
resolution: the rarity of cell types and states to be detected, analogous to the bounds on human-
variant frequency in human genetic studies. Second is disease and diversity. The draft atlas will
endeavor to characterize healthy samples that capture as much genetic, geographic,
environmental, and age diversity as possible. In particular, the HCA is committed to genetic and
geographic diversity and equity at every phase, even if mapping genetic variation from very
large cohorts may not be feasible in the initial stages. Although disease will not be a focus of the
first iteration of HCA, we expect some disease samples to be captured that may include, in
addition to disease cells, additional cell types relevant for correctly referencing healthy cell
types; for example immune cells from the tumor microenvironment. The HCA methods and
framework, together with dedicated partnerships, will also empower disease-mapping efforts in
individual tissues and across cancers. A third bound will be cellular function. The HCA will
validate the existence of identified cells and enable their functional assessment, but the functional
characterization itself is not included in its scope. By analogy, the functional characterization of
the genes discovered in the Human Genome Project is still an ongoing endeavor, through
numerous inspired studies by individual investigators as well as concerted efforts by
international consortia.

The HCA should help answer questions in all areas of human biology, from the taxonomy of
cells and histological tissue structure, to developmental biology and cell fate and lineage, to
physiology and homeostasis and their underlying molecular mechanisms. With corresponding
atlases of model organisms that facilitate functional assessment, the HCA will allow us to better
understand how faithful our models are to human physiology and pathology and to validate
findings through perturbation.

Because the HCA will be an open resource, it will dramatically accelerate discoveries by
biological researchers, data scientists, and translational scientists and clinicians worldwide,
inspiring insights in therapeutic discovery, drug development, and diagnosis. The HCA will
provide crucial information about the cell types in which a given gene and its disease-associated
variants are expressed; will empower us to develop better drugs and more readily predict their
unintended toxicities; and can transform today’s standard diagnostic practices.

In this White Paper, we detail a research and organizational strategy for the HCA as a
comprehensive, open, global resource — one with the potential to transform our understanding
of biology and ultimately allow us to fulfill the promise of precision medicine.

VALUES



The HCA will be built on a set of guiding principles and values to ensure its success and
maximize its utility to the research community and humanity at large. Some of these build on
lessons from earlier consortia; others reflect the unique opportunities at this moment in time.
These value include:

e Transparency and open data sharing. Data will be released as soon as possible after it
has been collected so it can be used immediately.

e Quality. The HCA community will be committed to producing the highest-quality data
and establishing rigorous standards, shared openly and broadly and updated regularly.

e Flexibility. The HCA community will maintain intellectual and technical flexibility, so it
can revise the design of the HCA as new insights, data, and technologies emerge.

e Community. The HCA community will remain global, open, and collaborative, led by a
scientific steering group. It will remain open to all interested participants who are
committed to its values.

e Diversity, inclusion, and equity. The selection of tissue samples will reflect geographic,
gender, age, and ethnic diversity. Similar diversity will be reflected in the distribution of
participating researchers, institutions, and countries.

e Privacy. We are committed to ensuring privacy of research subjects, consistent with the
consent of research participants.

e Technology development. The HCA community will develop, adopt, and share new tools
to empower others.

e Computational excellence. The HCA community will develop new computational
methods, leveraging and driving the latest algorithmic advances, and share these through
scaled, open-source software.

FRAMEWORK FOR AFIRST DRAFT ATLAS

We currently envision a Draft Atlas v1.0 that contains data from 30 million to 100 million
profiled cells and their matching tissues, though the scale and scope may grow as measurement
methods increase in throughput, robustness, and affordability (Section 2).

Building the first draft will require careful decisions about the organs, systems, and tissues to
be analyzed; the level of resolution, such as the rarity of cells to be detected and spatial
resolution; the sampling and measurement approaches applied to the selected samples; and the
data analysis and a data platform needed to store, analyze, and visualize the data.

Organs, systems, and tissues

A complete Human Cell Atlas will map all tissues, systems, and organs. The first draft will
incorporate a carefully chosen subset that is immediately useful and addresses key representative
examples, from which general lessons can be learned for the next phase (Section 2).

Choice of tissues: depth and breadth. The first draft will not cover every organ. Instead, it should
incorporate data from several major tissues and systems (Table 1). Some tissues will be sampled
deeply; for others, only a portion will be sampled. All studies will include adults; some will also
incorporate pediatric samples. This will nonetheless yield global insights into the intersection of
systems and tissues and into what is needed to handle different kinds of tissues.



Acquisition. The core activities of the HCA project will be the profiling of normal — ideally,
freshly obtained — human tissues. Multiple tissues from the same donor should be processed
using the same technology in the same place, then preserved and banked consistently in
appropriate form for subsequent processing (e.g., Formalin-fixed, Paraffin-embedded [FFPE] or
flash frozen in optimal cutting temperature [OCT]) for single nucleus RNA-Seq, spatial analysis,
and additional possible future applications. To achieve this, we will need reliable sources of
suitable tissues. Normal tissue samples can be challenging for individual labs to acquire, but
concerted efforts — e.g., the Genotype-Tissue Expression (GTEX) Project and the Cambridge
Biorepository for Translational Medicine (CBTM) — have demonstrated how to assemble and
bank excellent sample collections for use by the community. It is essential to have the ability to
procure all human organs and tissues from postmortem samples, as this is the only source from
which an entire human body can be studied. At the same time, samples from live research
participants or transplant organ donors are likely to be closer to normal physiology and,
therefore, should be obtained, banked and analyzed whenever possible.

Reproducibility and diversity. For each selected tissue, a minimum of 20 ethnically diverse
samples will be collected and banked from at least three geographically distinct sites. The
number of required samples is based on our community’s current experience and on the
impressive reproducibility observed in healthy cells across individuals in a few studied tissues.
Possibly, a larger number will be required or a smaller number will suffice. Adaptive power
analyses will be conducted as part of the collection effort to revise these choices.

Each site will collect and bank samples from individuals of both genders, all adults (with the
exception of the human development atlas — see below), ranging from 20 to 55 years of age.
Ethnic diversity will be ensured at each site to the maximal extent possible, given the number of
individuals and that site’s location.

Additional optional elements. For each tissue, it is expected that the relevant biological
community will incorporate deeper investigation of at least one additional dimension, such as
more extensive genetic diversity or disease state. For example, to properly sample normal
immune cells, disease challenges must be included. Similar rationale would apply in many other
tissues.

Resolution

A draft atlas must have predefined technical bounds, such that we can determine the completion
of phase | within those bounds. This involves determining how tissues are sampled within
organs, the rarity of cells to be recovered, the resolution of spatial coordinates, and the depth of
molecular information.

Cellular resolution. Each biological tissue or system will have a predefined cell-rarity threshold
achievable within the proposed phased sampling procedure. We note the need to detect both
discrete subsets of cells (stable cell types or states), often presented as dense regions in high-
dimensional space (where the dimensions are gene expression or other cellular features), as well
as continuous processes (dynamic transitions) reflected as paths in the space.

Spatial resolution. Each analyzed tissue will have a predefined scheme for spatial resolution. We
anticipate the use of rapidly evolving technologies, such as MERFISH, Seqg-FISH, FISSEQ,
Spatial Transcriptomics, CODEX, MIBI, and targeted in situ RNA sequencing. In the first draft,
we do not expect to generally analyze complete organs, but rather cells in their histological
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GTEXx, may serve as a guide. Any given tissue specimen will be analyzed through a two-pronged
strategy, combining single-cell molecular profiling of dissociated cells (cellular branch) and/or
single-nucleus molecular profiling of nuclei from frozen tissue (nuclear branch) with highly
multiplexed spatial analysis of intact tissue (spatial branch) (Figure 3). To relate the two, before
tissue processing, physical specimens will be registered and imaged for their physical
coordinates, and matching portions, such as adjacent sections, of the same specimen will be
analyzed by cellular and spatial approaches. Within and across the branches, we expect to use
multiple methods (each standardized with appropriate quality controls and benchmarks) to
analyze the same type of tissue or actual specimens. We expect the HCA effort to catalyze
further technology development and to adapt to such changes in an agile manner (Section 3).

For the cellular branch, we will address the current trade-off between scale and molecular
complexity, as well as aim to efficiently sample complex cell mixtures when different cell types
or states may be represented at radically different proportions. To this end, we will follow a “Sky
Dive” strategy, with initial uniform (“agnostic™) profiling by massively parallel approaches,
followed by profiling of stratified samples (e.g., through sorting and/or enrichment or depletion
of subpopulations). The number of cells to be profiled in each phase will be determined by
statistical calculations with prespecified goals for detection sensitivity (cell rarity). These
calculations will initially be informed by prior biological knowledge (“educated guess”) and then
adaptively re-estimated as data are collected. Both the uniform and stratified phases may be
repeated until a predefined stopping threshold is met. When possible, cells from multiple
individuals will be mixed in a single assay, and then distinguished based on the genetic
differences, reducing batch effects and costs, and streamlining the process. Specialized, but
lower-throughput, techniques, which provide deeper and/or more diverse molecular profiles, will
be applied to limited numbers of cells in the stratified groups. Auxiliary data (e.g., corresponding
bulk molecular profiles of RNA, chromatin, or protein for annotation) will be generated within
the HCA effort or in coordination with other consortia. We will engage with related communities
(e.g., Tumor Cell Atlas Network, the BRAIN Initiative) to share best practices, collection
strategies, and data platforms.

For the spatial branch, we will address the current trade-off between the number of distinct
molecules to be analyzed and spatial resolution. Ideally, each specimen will be analyzed by both
genomic-profiling approaches with lower spatial resolution and by RNA- and protein signature—
based assays or in situ sequencing with high spatial resolution. Because some of the key
techniques are not yet widely disseminated or fully scaled, we will aim to preserve and bank
specimens in appropriate form for subsequent processing. Fortunately, most methods are
compatible with common preservation strategies.

The two branches are highly complementary and intimately connected. Currently, most profiling
approaches do not preserve spatial information, whereas most spatial techniques either rely on
predefined signatures of genes and proteins or do not have single-cell resolution. Thus, the
cellular branch can help define signatures for spatial measurements or single-cell deconvolution;
the spatial branch can validate cells defined by profiling approaches, position them in their tissue
context, and help identify any compositional biases in the profiling branch introduced during
tissue dissociation.

The key results of the draft must be validated for their reproducibility, integrity, and predictive
value. Reproducibility (stability) is defined by the ability to recover, through prospective
isolation or repeated analysis, cells with the same profiles and features predicted by the initial
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data and analysis. Integrity is defined by the ability to capture all cells in the tissue in the correct
proportions and appropriate profiles. Predictive value is defined by the ability to determine that a
subset characterized with one distinctive set of features (e.g., molecular profiles) either
appropriately maps to a known, previously validated biological entity or predicts a new entity
with distinctive features of a different nature (e.g., cell morphology or histological or anatomical
context).

Data analysis and a Data Coordination Platform (DCP)

As soon as the first HCA data are generated, they should be of immediate use to the research
community. For this reason, data will be openly released (Section 7) through a data platform
(Section 5) as soon as possible after it has been collected. The Data Coordination Platform
(DCP) will take on all relevant data types, from both the cellular and spatial branches. The
platform will be open source and open data and can be fully cloned.

Key analysis methods to address each of the central questions regarding a cell’s identity —
types, states, transitions, developmental history, and tissue organization — will be built by
grassroots efforts across the HCA community. The open source DCP, governed by HCA, will
allow any method to connect to the platform through dedicated APIs. In addition, HCA will
designate some of these as HCA official pipelines, an integral part of the open-source data
platform. These official pipelines will be applied immediately to any new data and will be part of
any streamed version and formal releases. Data processed through the pipelines will be accessed
through portals and apps, with functionalities for both computational users (through APIs) and
biologists (through GUISs).

In addition to streaming, the HCA will have formal releases, where data has been processed,
analyzed, and vetted. Such cohesive drafts should ensure that the project:
e s able to integrate data from multiple organs, techniques, and researchers;

e possesses a data infrastructure that synthesizes data in a way that maximizes the
knowledge that the data provide;

e isindeed a true atlas by revealing relationships between the cell types that are included;
and

o reflects on the lessons learned in the HCA effort up to that point to guide practices for the
next phase of the project.

SCIENTIFIC ORGANIZATION

The HCA consortium will be built on four scientific pillars: Collaborative Biological Networks,
the Technical Forum, the Data Coordination Platform, and the Analysis Garden.

The Collaborative Biological Networks will bring together the scientific community’s domain
experts in specific systems and organs, together with genomics, computational, and engineering
experts to construct the atlas of each tissue, system, or organ.

The Technical Forum will develop new technologies and run dedicated pilot projects to test,
compare, and disseminate existing technologies.

The Data Coordination Platform will be a centralized way to “bring researchers to the data” by
creating software to perform data ingestion, storage, processing, analysis, visualization, and
access controls.
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The Analysis Garden will be a rich, diverse, open, and easily accessible ecosystem where
computational methods and algorithms developed by any interested group can bloom and be
shared across the community.

The full and formal governance of the HCA and its membership is stated in Section 7 and
Appendix 1. Briefly, the HCA is governed by an Organizing Committee (OC), currently
comprising 27 scientists from 10 countries with diverse areas of expertise. It is led by two co-
chairs, who are members of the OC, and has an Executive Committee (EC), which includes the
two co-chairs and five additional OC members. The OC establishes Working Groups in specific
key areas. It also governs the Data Coordination Platform (DCP). It establishes and appoints a
DCP Governance Group (DCPGG), which reports to the OC, to oversee the implementation of
its policies for the DCP. The HCA is coordinated by Executive Offices (EOs), currently in four
locations (U.K., U.S., European Union, and Asia), which staff the OC in performance of its
duties. The OC also convenes members of the community in meetings, workshops, and
jamborees. The OC also convenes but does not monitor the Funders’ Forum, an opportunity for
funders and potential funders of the HCA to discuss the project.

Any individual may become an HCA Member by registering at the HCA Member Registry and
agreeing to abide by the principles of the HCA (as stated in Section 7), especially its ethical
standards. In addition, an HCA member who is a participant in an HCA project, or a member of
an OC-designated HCA group, will be designated as an HCA Collaborating Member.

Any scientific project related to systematic biological characterization at single-cell resolution
may become an HCA Project by registering in the HCA Project Registry. Projects will fall into
three categories: HCA Participating Project, HCA Network Project, and HCA Flagship Project.

Each of the pillars and the overall organization will require dedicated engagement, support, and
funding. Examples include:

e Biological Networks: tissue acquisition, data generation, and HCA Flagship Projects
(see below and Section 7) for each tissue, including development and testing of the
Common Coordinates Framework;

e Technical Forum: technology development, benchmarking, dissemination, and training;

e Data Coordination Platform: software development, revision, and maintenance, plus
support of data portals, data storage, and computational resources;

e Analysis Garden: computational methods development, software dissemination
(including through the DCP), method comparison, testing, and training; and

e Overall Organization: workshop and jamboree planning, research progress tracking,
connecting with and onboarding of community members, HCA meeting planning and
convening, and engagement with the broader scientific community, the public, and the
media.

IMPACT

The HCA will help answer fundamental questions in all aspects of biology as well as serve as a
guide to unravel the secrets of human disease (Figure 4). The translational promise of the cell
atlas ranges from basic biology of the human organism, to disease mechanism, diagnosis,
prognosis, and treatment monitoring, to immunotherapy, drug development, and cell and organ
replacement. General areas of medical impact include:
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Genes to drugs. The cell atlas will enable researchers to identify the cell types in which a
given genetic variant acts, thus helping to pursue therapeutic targets identified by genetic
studies of disease. For example, analyzing tens of thousands of neurons in the retina
revealed new subtypes that eluded neuroscientists before, which can help us find in which
cells the genes important in blindness actually act.

Regenerative medicine. An atlas of cell types that are lost in disease will enable efforts
to generate such cells faithfully. Similarly, an atlas of healthy human tissues and the
matching organoids or in vitro differentiated cells will help determine if the engineered
samples faithfully represent normal tissue composition and identify ways to complete any
missing components. For example, efforts are under way to produce dopamine neurons in
vitro or, alternatively, to reprogram cells in vivo into dopamine-producing neurons to
treat Parkinson’s disease; an atlas of cell types will pinpoint characteristics that must be
programmed into these cells for them to succeed.

Disease mechanisms. Because the cell atlas will provide detailed maps of cells and their
roles in tissues, researchers will be able to understand the mechanisms underlying any
disorder at both the cell and the cellular-ecosystem level. For example, an atlas of the
small intestine will help map the cell of action for genes associated with Crohn’s disease,
food allergy, obesity, and colon cancer.

Drug discovery. The cell atlas will provide guidance as to which gene signatures to
pursue in drug screens to represent desired cell phenotypes. For example, it can give us a
molecular map of which genes and signatures drive cell development and how it goes
awry in, say, cancer and provide targets for drug discovery.

Toxicity. It will be possible to determine where else in the body a particular gene is
expressed, helping to identify
potential off-target effects prior to
drug trials. For example, a cell
atlas will help CAR-T
immunotherapy cell developers
ensure that the cells do not
inadvertently target healthy
essential cells that express the
same gene or that drugs will not
have off-target effects in other
tissues (for example, causing
blindness by targeting genes
expressed in the retina).

Drug efficacy and resistance. The
atlas will provide the tools
necessary to understand why drugs
work — or don’t — at the level of
cells and tissues, both prior to and
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Figure 4. The Human Cell Atlas will have profound
impact on biology and medicine.
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will help predict and monitor tumor response and provide new leads for immune
modulation in resistant patients.

Diagnostics. Knowledge of all the cell types in the body and their role in disease will
enable updated and much more powerful versions of common diagnostic tools, such as
the Complete Blood Count (CBC) and next-generation biopsy. For example, the CBC, a
census of a limited number of blood components that is used in a variety of diagnostic
settings, could be supplemented by a “CBC 2.0” that would provide a high-resolution
picture of the nucleated cells in, for example, blood disorders, infectious disease,
autoimmune disease, and cancer. Tissue biopsies from patients could also be analyzed
with unprecedented resolution.
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2. A FRAMEWORK FOR CONSTRUCTING A PHASE | ATLAS:
EARLY DRAFT

While our overall goal is to build a comprehensive Human Cell Atlas, we think it is wise to set
intermediate goals for draft atlases of increasing resolution, comprehensiveness, and depth. This
phased approach will define milestones along the way, provide guidance for better planning of
subsequent milestones, hold the project accountable, and provide immediate utility to the
scientific community.

In this section we provide a general framing for constructing Phase | of the HCA. We discuss the
key design considerations and provide an overall approach to address them. Nevertheless, many
details must be specified precisely for each data collection effort, and some will vary by tissues
(Section 6).

TISSUE ACQUISITION

Accessing the tissues needed to meet the aims and objectives of the HCA will present significant
biological, logistic, and regulatory challenges. For adult samples, we will primarily acquire
healthy tissue from rapid autopsies and deceased organ donors (who have already donated any
organs useful for medical purposes). In some instances (Section 6) these will be complemented
with disease tissue. For samples of human development, we will acquire tissues from available
repositories. Whenever possible, we will obtain resections, biopsies, and other sources from
living healthy research participants, but we recognize that this will not be possible for some
tissues and organs. Comparing tissues obtained from live healthy donors to their counterparts
from post-mortem sources would help determine the validity of the latter for those cases when
postmortem sources are the only ones available.

Tissue sources
Tissue sources used for the HCA must have the following essential features:

e Access to normal live cells and tissues from male and female research participants or
donors across a range of ages and ethnicities.

e Ability to obtain adequate tissue mass from all organs and tissues of interest to enable
multiple comprehensive analyses of the same samples.

e Full regulatory approval and participant informed consent for comprehensive
(including genetic) sample analysis as required by legal and ethical standards.

e Unrestricted open access to the data generated.
Additional features that could ideally be met, at least for some sources, include:

e Ability to perform comprehensive sampling from multiple organs and multiple samples
from the same donor.

e Access to a range of developmental tissues.

e Access to full donor demographic data, including relevant past medical, family, and
social history.

e Comprehensive infectious disease screening of the research participants and donors.
e Access to live cells and tissues from disease cohorts of interest.

16



To satisfy these requirements, the HCA effort will use three major complementary tissue
sources: (1) live individuals as research participants; (2) deceased transplant organ donors; and
(3) rapid autopsies. Each presents a trade-off between the breadth of available tissue and the
faithfulness of the source to normal living humans.

e Live research participants. Access to healthy live tissue and cells is mostly limited to
samples donated by living volunteers (e.g., blood, fat, or skin biopsies) or resected tissue
collected as part of an invasive procedure (e.g., surgery or endoscopy) performed as part
of screening or on patients with known or suspected pathologies. Viable tissues are
naturally limited in quantity and range and may be challenging to obtain for some tissues
without data-access restrictions. However, these tissues represent truly healthy
individuals and can also be the starting material source for many organoids.

e Deceased transplant organ donors. This source allows controlled and planned tissue
acquisition in a very rapid manner after death. There is detailed anonymized medical and
social history and screening data available for each donor, along with ethical approvals,
and many (albeit not all) organs and tissues can be obtained from each deceased donor.
Tissues can be perfused with cold organ preservation solution, ensuring cell and tissue
viability for >24 hours after donation, or with newer ex vivo perfusion systems that keep
organs warm and operational for hours after death. Tissue can also be acquired from
donors with a range of pathologies that are not absolute contraindications to organ
donation (e.g., diabetes, hypertension, ischemia-related heart disease, and autoimmunity
— but not cancer). Similar strategies can be applied for developmental tissue.

e Postmortem examinations can provide tissue from any organ, with appropriate consents
for open-access data, and can be collected via rapid, or “warm,” autopsy. Many rapid
autopsies are pre-consented, or individuals have predeclared their interest in donating
organs to scientific research after death. Tissue can be acquired from deceased donors
with relevant disease histories, including cancer, or can focus on pathologically
uninvolved tissue.

Feasibility case studies

Two use cases highlight the potential and power of deceased transplant organ donors and rapid
autopsies for systematic collection of organs and tissues for HCA.

Feasibility Case Study 1: Cambridge Biorepository for Translational Medicine (CBTM)

CBTM (www.CBTM.group.cam.ac.uk) was founded in Cambridge, U.K., in April 2015 to
support translational research projects that require access to fresh or biochemically viable tissue.
It currently supports 31 major research projects, led by 24 Pls in 14 departments and institutions,
and has collected tissue from >50 deceased human donors with comprehensive ethical approval
and informed consent. The research projects supported by CBTM cover diverse use cases,
including genomics, transcriptomics, regenerative medicine, immunology, metabolism,
physiology, and pathology. CBTM has successfully enabled projects, which, like HCA, required
access to tissue as detailed below.

e Normal live tissue that is very rarely available from living volunteers or through
resections (e.g., dorsal root ganglia, heart, thymus, and spinal cord).

e Normal tissue that is not available in sufficient quantities from individual patients or
living volunteers (e.g., large volumes of peripheral blood).
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e Multiple normal live tissue samples from the same organ (e.g., entire length of the
gastrointestinal tract and its secondary lymphoid organs).

e Multiple normal live samples from several organs and anatomical locations from the
same donor.

e Normal live tissue that must be processed very rapidly and within seconds of interruption
of the blood supply (e.g., oxygenated myocardium).
CBTM is already providing tissue for pilot projects to perform tissue dissociation and sSCRNA-
Seq and is planning a CBTM-HCA collaboration for up to 3,000 specimens per donor from 5 to
10 deceased donors.

Feasibility Case Study 2: The GTEXx project collection network

GTEx is a U.S. NIH Common Fund project initiated in 2010 to determine how genetic variation
affects gene expression across 44 normal human tissues. To support this effort, it developed a
tissue-collection platform, spanning multiple organ procurement sites, that meets the ethical,
scientific, informatic, and operational challenges of large-scale, rapid, viable postmortem
biospecimen collection. To date, GTEX has collected ~30,000 tissue specimens from 960 donors,
across 53 distinct tissue sites (median of ~26 tissues per donor), from both transplant organ
donors and rapid-autopsies. A small portion of the archived samples have been flash frozen and
can be profiled by using single-nucleus RNA-Seq**. Unfortunately, most of the samples were
not archived for such purposes, and the original project does not specify consent that data would
be shared and released openly, so previously collected samples cannot be used for the open-
access HCA.

Nevertheless, the GTEX collection network has demonstrated that it can fulfill all of the aims and
objectives of the HCA for tissue acquisition from postmortem donors, including open access.

e |t conducted a successful pilot project to enroll four donors who consented to full open-
access sharing of research results (performed together with the ENCODE 4 consortium).

e All of the protocols and standard operating procedures developed for the GTEXx
collection network have been made publicly available and remain in place.

e All of the aims and objectives outlined above were met by the GTEX collections.
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e Although GTEX tissues were not specifically collected for single-cell analysis, the organ-
procurement sites involved have considerable experience with the collection and
stabilization of tissues for single-cell research. Indeed, it was recently demonstrated with
retrospective samples, that rapidly collected, frozen samples from GTEXx can be
successfully used in snRNA-Seq (Figure 5°).

e The GTEX collection network also obtains an extensive collection of detailed histology
images, enabling integrative computational analyses of molecular and spatial features.

Challenges and related pilot studies

There are three key challenges to create the necessary infrastructure and optimize and validate
protocols for tissue acquisition for the HCA: (1) engage or establish tissue-acquisition networks
beyond the U.K. and the U.S.; (2) determine the impact of ischemia time; and (3) perform tissue
acquisition in the context of a Common Coordinate Framework for anatomical mapping. We
discuss each in turn, along with pilot studies to address them.

Deceased transplant organ donors for tissue acquisition beyond the U.K. and U.S. The CBTM
and GTEXx pipelines provide proof-of-principle for the suitability of deceased organ and rapid-
autopsy donors for HCA tissue acquisition. It is now necessary to identify a small number of
transplant centers in these and other countries to maximize international access and geographical
and ethnic diversity. Representatives from several European organ-procurement operations, who
participated in two recent GTEX meetings, have begun exploring such involvement. A potential
pilot study (of 3 to 6 months) could examine the feasibility of extending this model to one more
European Transplant Unit. In parallel, for the HCA it will be advantageous to tap into other
organ-collection efforts from ethnicities and geographic regions traditionally neglected by the
research community — for example, by collaborating with scientists in Africa, Asia, and Latin
America.

Impact of ischemia time. Understanding molecular changes during warm and cold ischemia after
circulatory arrest, in a tissue and organ-specific manner, is critical for setting acceptable limits
for processing time after circulatory arrest and will have significant operational implications.
Moreover, pathophysiological changes after brain-stem death and premorbid medical conditions
can impact the donor’s cells and might require the development of criteria for inclusion in or
exclusion from the HCA. To date, analyses of bulk samples in GTEx have suggested that the
ischemic interval affects the transcriptome in a tissue-specific manner. A pilot study at the
single-nucleus and spatial level could leverage the pre-existing Biospecimen Methods Study
(BMS) in GTEX, in which samples from 30 donors and six tissues were collected at four
sequential ischemic time intervals; alternatively, new collection can be performed to test this.

Anatomical mapping in a Common Coordinate Framework. A Common Coordinate Framework
(CCF) is essential for mapping the anatomical location of every sample from each organ in a
comparable manner. A CCF must have higher granularity and precision beyond classical
anatomical descriptions, be robust to natural variations in donor and organ size and shape, be
bespoke for each organ, and should flexibly enable higher levels of precision sampling, such as
spatial grids. This is a general challenge for HCA and will require proper standard operation
procedures, encoding of current anatomical knowledge, and computational inference. Clearly, it
has a direct impact on tissue acquisition. A pilot study, will aim to develop an initial CCF for
one or two organs (e.g., kidney, liver, heart, or colon) that will include appropriate referencing to
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constant anatomical landmarks, nomenclature, and the necessary data platform for linking to
spatial coordinates within the organ. We discuss the CCF further below.
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COMMON COORDINATE FRAMEWORK

A workshop focused on developing, piloting, and deploying a CCF will be held in Washington,
D.C., in December 2017, engaging anatomists, pathologists, clinicians, organ experts, technology
experts, machine-learning experts, software engineers, and visualization experts. This section will
be written after the workshop and will appear in a later version of the White Paper.

DATA COLLECTION

We will collect data for the HCA using a two-pronged approach: a cellular branch for
molecular profiling of dissociated cells or nuclei; and a spatial branch for analysis of cells in
tissue (Figure 3).

Cellular branch: a Sky Dive for single-cell or single-nucleus profiling

Key operational challenges in building a cellular atlas include the absence of a priori ground
truth on the number of cell types and states and their relative proportions and rates of transitions;
the need to ensure that understudied cell populations — whose molecular markers or mere
existence may be entirely unknown at the outset — are not ignored; and the possibility of
technical biases in the recovery of different cells because of, for example, differential loss during
sample handling.

To address these challenges, the first cellular draft will be built using a Sky Dive: a step-wise,
iterative, and adaptive design strategy. Akin to skydiving — in which the jumper sees a wide
landscape upon leaping from the plane, then continually resolves finer and finer detail on the
ground as she falls — this strategy starts with a broad uniform survey of cells in a specimen,
followed by stratification into specific subsets for additional profiling guided by accrued
knowledge. This iterative strategy ensures that rare cells can be discovered and adequately
profiled. Similar strategies have been deployed for the cost- and time-efficient sampling of large
human populations for census taking. To make the atlas most useful in the long-term, we expect
to use multiple technologies to examine the same tissues, both at the same and/or at different
levels of the Sky Dive. This strategy has already been used to profile the cells in the mouse
retina, where first the whole retina was profiled® and then a more focused effort to profile a
specific cell type, bipolar cells, followed®. A similar approach was taken in colon organoids’ and
the subsequent analysis of rare enteroendocrine cells®. Key to the success of this Sky Dive will
be an “all negative” bin that will recover even those cells that could not yet be distinguished in
the initial survey. Finally, to address the possibility of differential loss, both single cells and
signal nuclei will be profiled in the cellular branch. The latter can be isolated from tissue without
dissociation in a manner than appears to minimize compositional biases?*?®.

Initial uniform sampling will be performed to profile a defined number of cells, k, from a
specimen with minimal, if any, additional stratification. The number of cells to be profiled must
be determined based on a statistical model. An early example (Box 1) accounts for the number of
cell types expected in the tissue, the proportion of the rarest type that we desire to detect, the
minimal number of cells desired of the rarest type, and the desired confidence level to achieve
this number. The key unknown parameter is the number of cell types; it is initialized by prior
knowledge or an “educated guess.” This early model makes several simplifying assumptions and
should be enhanced, for example, to address biases in sampling of cells (e.g., loss of specific cell
types because of differential viability or capture efficiency) and to handle cases where the
distinctions between cells may be subtler and require larger numbers of cells. (Similar models
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will be required for the case of continuous paths, such as cell differentiation.) The Analysis
Working Group (AWG, Sections 4 and 7) is already working on improved approaches for
experimental design and power calculations.

The process may be iterated. Following initial profiling and analysis, the key parameter of the
number of expected cell types may be revised, in which case a recalculation will be performed
and additional cells may be profiled. Based on the composition of the tissue revealed in this
phase, an additional power analysis and a cost-benefit analysis will determine the empirical rate
of discovery and will determine when to move to a stratified analysis. Notably, in these iterations
it may be possible to select — from the Whole Transcriptome Amplification (WTA), barcoded
material — a subset of cells or nuclei barcodes of interest for deeper sequencing of such
transcripts, without any a priori cell enrichment. This will not recover new cells, but could
deepen the characterization of rare cells in the sample without the need to similarly sequence
molecules from more prevalent cells.

Stratified sampling requires that cells be first separated into “buckets” by sorting, enrichment, or
depletion strategies. In addition to any affirmative buckets, a final “all negative bucket” is
maintained to help discover additional, possibly rare subsets. The buckets aim to optimize
collection when cell proportions vary substantially, but critically depend on the availability of
reagents and experimental procedures. For example, we may not have many antibodies for less-
known cell types and can possibly use RNA probes on “fixed cells” for sorting; this would also
simplify enrichment for nuclei. Within each bucket, the same power calculations are applied as
in the initial uniform approach, along with the same procedure for iteration and the same
stopping criteria. In each iteration, buckets may be further partitioned. Notably, the goal will be
to determine composition up to the predefined rarity P, but, depending on tissue composition,
rarer subsets may be detected.

The first two phases of the Sky Dive — uniform and stratified sampling — will rely on
massively parallel profiling. At the moment, two types of molecular profiles can be collected at
such scale: RNA, using one of several strategies for SSRNA-Seq or single nucleus snRNA-Seq,
and chromatin, using a single cell Assay for Transposase Accessible Chromatin (SCATAC-Seq).
RNA and chromatin profiles are highly complementary, especially in the context of cell
differentiation. For each of these methods, it may be possible to mix cells from multiple
individuals prior to profiling, and using their genetic variation as natural genetic barcodes to
distinguish them. This has both operational and analytic advantages, but is applicable only to

Box 1: Statistical models to determine the number of cells to profile. A simple statistical
framework can help answer the question: “Given a tissue with N discrete cell subsets, the rarest of
which is present at proportion P, how many cells k need to be sampled such that at least n cells are
recovered in each subset with confidence level C?” The model assumes the conservative (worst-case)
scenario in which there is one dominant cell type and many equally rare cell types. It further assumes
that the Central Limit Theorem (CLT) holds, and the samples are independent: that is, the set of cells
sampled is far larger than the number of cells desired, a safe assumption in nearly any case but the
smallest samples. While the sampling of each cell type is not actually independent it is not a serious
violation if the number is large enough. Given these assumptions, the number of cells from each type,
Ti, will distribute as E[Ti] = N*p, SD[Ti] = sqrt(N*p*(1 — p)), and we solve for N such that all (N — 1)
subtypes to have at least n cells. The last (dominant) subtype easily clears this threshold since its
proportion is much higher. This model is now available at http://satijalab.org/howmanycells. We
expect further refinements, as well as a similar model to be developed for continuous transitions.
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those samples that can be accrued (e.g., frozen) prior to processing. Whenever single-cell
profiling methods are similarly scaled, they can be considered as potential additions to this
process. An example approach recently scaled to achieve high throughput is lineaging through
targeted tracking of selected DNA mutations®®. Other approaches will be added as they scale and
based on the extent of independent information that they provide.

Deep analysis with specialized but lower-throughput methods. Massively parallel methods do not
reflect all key aspects of the cell, do not currently integrate multiple profiles in the same cell, and
may provide relatively lower depth (complexity). A host of sophisticated methods currently
available only at lower throughput has emerged to measure DNA mutations (for lineaging),
epigenomic profiles (e.g., histone modification, 5> CAGE, DNA methylation, which may reflect
cell types at longer time scales) and multiomics (e.g., RNA and DNA methylation, RNA and
protein; chromatin accessibility and RNA; which provide mechanistic insights). Furthermore,
sensitive methods are available for full-length scRNA-Seq and snRNA-Seq, but they are
currently available only in lower throughput. These methods will provide a fuller profile of the
molecules present, including splice variants and epigenetic states, thus providing a more
comprehensive characterization of each cell type.

As the Sky Dive reaches high resolution, with subset stratification, the massively parallel profiles
will be complemented by these lower-throughput and/or more specialized and costly methods
applicable with more modest cell numbers within predefined cellular subsets.

Auxiliary bulk profiles for annotation and interpretation. Analysis of single-cell profiles,
especially those from massively parallel methods, relies on auxiliary annotations. For example,
massively parallel SCcRNA-Seq quantifies RNA levels relative to transcript annotations: if 3’ end
and splice isoforms are not well-reflected in pre-existing annotations, as is likely to be the case
for less frequent and less studied subsets of cells, important information may be lost. To address
this challenge, “annotation grade” bulk RNA-Seq profiles (deep, long, paired-end reads) will be
collected at each level of the Sky Dive — from the entire specimen to iteratively finer buckets —
and used to generate high quality annotations. Other profiles — for example, of histone
modifications and proteomics — should be similarly collected. This is a remarkable opportunity
for partnership between the HCA consortium and other consortia, such as ENCODE and the
Human Protein Atlas, to share the same, open-consented specimens.

Spatial branch: Molecular microscopy into cells in their tissue context

Direct- and virtual-imaging technologies can relate molecular measurement with cellular,
subcellular, and structural features of tissues. Current techniques have a clear and continuous
trade-off between speed, resolution, and molecular complexity (Figure 3): high-resolution
methods mostly use predefined molecular signatures (e.g., sets of RNA, proteins), whereas
profiling methods are mostly applied at lower spatial resolution. While technologies advance,
this can be addressed by iteratively using the lower-resolution methods, including single-cell
profiles, to define signatures and the higher-resolution methods to obtain exquisite spatial details.

Ideally, portions of every specimen will be analyzed with methods in each of three increasing
levels of resolution.

e Anatomical tiles. At the coarsest level, tissue will be assayed with Anatomical Tiles
(ATs), collected through serial 3-D sectioning that produces voxels of tissue for further
processing, which are registered to imaging information. Ideally, each AT is further
partitioned to provide samples both for single-cell profiles and for spatial analysis of the
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same specimen. The length scales of tiles should reflect the anatomy and histology of the
specific tissue.

e Spatial barcoding. At the next level, molecules in tissue can be spatially barcoded, with
techniques currently at the resolution of 100 um (~2 to 50 cell diameters) and improving.

e High resolution, in situ measurements. Multiplex hybridization, in situ sequencing, and
protein-capture methods can measure RNA or protein signatures at the highest resolution,
from cellular to single molecule, depending on the technique. This is also an opportunity
to collaborate with the Human Protein Atlas and measure the spatial distribution of the
human proteome at a subcellular level*'*?,

Iterative signature selection and spatial power analysis. The need to choose molecular
signatures for high-resolution spatial profiling introduces questions about the power to detect
different spatial patterns (“spatial power analysis”). We will address this iteratively: Initial
signatures will be selected by a combination of prior knowledge (known landmarks) and from
signatures defined from single-cell profiles or lower-resolution spatially barcoded profiles. Once
a signature is measured, entire genomic profiles can be computationally projected through the
landmarks®**° to identify additional putative patterns and to define new spatial signatures for
measurements. A key remaining concern exists if profiling methods suffer from systematic
biases, but this can be addressed by performing multiple compositional measurements, each
assessing the sum abundances of multiple molecules®, and use decoding strategies to determine
an entire profile.

Tissue preservation. Because some of the spatial techniques are not yet broadly disseminated and
scaled, in some cases high-resolution spatial data may be collected only after substantial single-
cell profiles have been collected from the same specimen. Fortunately, most spatial methods are
compatible with long-term tissue preservation, allowing for this staggered approach. Thus
spatially and anatomically registered tissue specimens will be routinely preserved.

Validation: reproducibility, integrity, and predictive value

In assessing the validity of the generated draft, we should consider reproducibility or stability,
defined by the ability to recover (through both planned replicates and follow-up prospective
isolation) cells and cell subsets with the same profiles and features; integrity, defined by the
ability to capture — using all techniques and data in aggregate — all cells (up to the defined
rarity thresholds) in the tissue in the correct proportions and appropriate profiles, without
disproportionate loss of specific subsets or change in molecular patterns; and predictive value,
defined by the ability to determine that a subset defined by a distinctive set of features (e.g.,
molecular profiles) either appropriately maps to a known, previously validated biological entity
(cell type, state, or transition) or predicts a new entity with distinctive features of another nature
(e.g., histological).

To assess reproducibility or stability, we will compare across multisite, multi-individual
replication studies of both profiling and spatial analyses. In addition, the later phases of the Sky
Dive will include prospective isolation, followed by single-cell and/or bulk profiling. In this
context, Rosetta Stone samples will be collected early in the project, as an archived, large set of
specimens, available for comparison of protocol application, at least when fresh cells are not
required.

To assess integrity, bulk RNA-Seq or proteomics measurement can help determine the
probability of residual, unascertained types residing within samples, if those are not too rare and
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are sufficiently distinctive. For cases with such residual signals unaccounted for in dissociated
cells, additional cell profiles may need to be acquired, either randomly by comprehensive tissue
dissociation or through stratification. Single-nucleus profiling should also help identify biases in
cell composition or state introduced by dissociation. In the case of tissues analyzed in situ, this
will require new panels of probes. It may be advisable to use multiple, randomly selected
combinations of probes in such instances.

