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SUMMARY

The Global Alliance for Genomics and Health (GA4GH) aims to accelerate biomedical advances by enabling
the responsible sharing of clinical and genomic data through both harmonized data aggregation and feder-
ated approaches. The decreasing cost of genomic sequencing (along with other genome-wide molecular as-
says) and increasing evidence of its clinical utility will soon drive the generation of sequence data from tens of
millions of humans, with increasing levels of diversity. In this perspective, we present the GA4GH strategies
for addressing the major challenges of this data revolution. We describe the GA4GH organization, which is
fueled by the development efforts of eight Work Streams and informed by the needs of 24 Driver Projects
and other key stakeholders. We present the GA4GH suite of secure, interoperable technical standards and
policy frameworks and review the current status of standards, their relevance to key domains of research
and clinical care, and future plans of GA4GH. Broad international participation in building, adopting, and de-
ploying GA4GH standards and frameworks will catalyze an unprecedented effort in data sharing that will be
critical to advancing genomic medicine and ensuring that all populations can access its benefits.

INTRODUCTION to the broad human population, researchers and clinicians must

come together to agree on common methods for collecting, stor-
The Universal Declaration of Human Rights states that everyone ing, transferring, accessing, and analyzing molecular and other
has the right to share in scientific advancement and its bene- health-related data. Otherwise, this information will remain siloed
fits."? In order to fully deliver the benefits from genomic science  within individual disease areas, institutions, countries, or other

':2, Cell Genomics 7, 100029, November 10, 2021 © 2021 The Authors. 1
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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jurisdictions, locking away its potential to contribute to research
and medical advances.

The Global Alliance for Genomics and Health (GA4GH) is a
worldwide alliance of genomics researchers, data scientists,
healthcare practitioners, and other stakeholders. We are collab-
orating to establish policy frameworks and technical standards
for responsible, international sharing of genomic and other mo-
lecular data as well as related health data. Founded in 2013,°
the GA4GH community now consists of more than 1,000 individ-
uals across more than 90 countries working together to enable
broad sharing that transcends the boundaries of any single insti-
tution or country (see https://www.ga4gh.org).

In this perspective, we present the strategic goals of GA4AGH
and detail current strategies and operational approaches to
enable responsible sharing of clinical and genomic data, through
both harmonized data aggregation and federated approaches,
to advance genomic medicine and research. We describe tech-
nical and policy development activities of the eight GA4GH Work
Streams and implementation activities across 24 real-world
genomic data initiatives (“Driver Projects”). We review how
GA4GH is addressing the major areas in which genomics is
currently deployed including rare disease, common disease,
cancer, and infectious disease. Finally, we describe differences
between genomic sequence data that are generated for
research versus healthcare purposes, and define strategies for
meeting the unique challenges of responsibly enabling access
to data acquired in the clinical setting.

HARNESSING THE GENOMIC MEDICINE REVOLUTION

As the costs associated with human genomic sequencing
continue to decline, genomic assays are increasingly used in

4 Cell Genomics 7, 100029, November 10, 2021

both research and healthcare. As a result, we expect tens of mil-
lions of human whole-exome or whole-genome sequences to be
generated within the next decade, with a high proportion of that
data coming from the healthcare setting and therefore associ-
ated with clinical information.” If they can be shared, these data-
sets hold great promise for research into the genetic basis of
disease® and will represent more diverse populations than
have traditionally been accessible in research; however, data
from individual healthcare systems are rarely accessible outside
of institutional boundaries.

GA4GH aims to enable the responsible sharing of clinical and
genomic data across both research and healthcare by devel-
oping standards and facilitating their uptake.® We believe that
without such a consortium, the emerging utility of genomics in
clinical practice will be slower, more expensive, and fragmented,
with little harmonization between countries.” GA4GH standards
(see Table 1) allow researchers to securely and responsibly ac-
cess data regardless of where they are physically located. Tech-
nical standards give researchers the confidence that someone
else could reproduce their work by running the same packaged
method over the same underlying data, using the same persis-
tent identifiers. Standards also give data providers confidence
that their data are being accessed in accordance with their
data use policies, by researchers they have authorized, without
losing control of multiple downloaded copies of the data. As a
result, data providers can enable research with the assurance
that their legal and ethical requirements are being upheld, while
researchers benefit from the use of global data resources and
tools.

As nascent genomic medicine programs emerge in many
countries, we believe that federated approaches (see Federated
access below), in addition to centralized data sharing where
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Figure 1. Matrix structure of the Global Alli-
ance for Genomics and Health
GA4GH is a community of diverse stakeholders

Discovery

from Driver Projects and other institutions working
together in the context of Work Streams. Each

GAA4GH Driver Project is expected to dedicate two

Large-Scale
Genomics

full-time equivalents across at least two GA4GH
Work Streams. As foundational groups that review

Data Use &
Researcher IDs

all GA4GH deliverables, the Regulatory and Ethics
and Data Security Work Streams must have rep-

resentation from every Driver Project. In addition
to Driver Projects, any member of the commu-

Genomic Knowledge
Standards

Technical Work Streams

nity—regardless of domain, sector, nation, or
affiliation—is invited to participate in any GA4GH
Work Stream. Supplemental information includes

Clinical & Phenotypic
Data Capture

Partner Engagement

details on how each of the 24 GA4GH Driver Pro-
jects intersects with the six technical Work

Regulatory & Ethics

Streams.

Foundational
Work Streams

Data Security

feasible, are necessary to satisfy the goals of both the research
and healthcare communities. In addition, many commercial and
public organizations aim to minimize the costs and risks of the
complex technical software needed to either contribute to
genomic medicine or deliver genomic tools. A complex, multi-
stakeholder ecosystem requires neutral and technically compe-
tent standards; these standards must be adaptable for disparate
purposes and useful for the broad set of end-users: clinical, ac-
ademic, commercial, and public. Finally, standards must be
developed to intentionally support the global research commu-
nity with specific attention to policies of equity, diversity, and in-
clusion to tangibly enable progress for all global communities.

GA4GH ORGANIZATION

GA4GH has partnered with 24 real-world genomic data initia-
tives (Driver Projects) to ensure its standards are fit for purpose
and driven by real-world needs. Driver Projects make a commit-
ment to help guide GA4GH development efforts and pilot
GA4GH standards (see Table 2). Each Driver Project is expected
to dedicate at least two full-time equivalents to GA4GH stan-
dards development, which takes place in the context of
GA4GH Work Streams (see Figure 1). Work Streams are the
key production teams of GA4GH, tackling challenges in eight
distinct areas across the data life cycle (see Box 1). Work
Streams consist of experts from their respective sub-disciplines
and include membership from Driver Projects as well as hun-
dreds of other organizations across the international genomics
and health community.

GA4GH standards development and approval process

GA4GH Work Streams and Driver Projects have identified, and
are actively developing, the technical specifications and policy
frameworks they believe to be of most relevance to enable wide-
spread data sharing, federated approaches, and interoperability
across datasets to facilitate genomic research (see supple-
mental information for more details on the product development

process); the areas of focus are outlined in Box 1, with individual
products defined in Table 1 and in the 2020/2021 GA4GH Road-
map (https://www.gadgh.org/roadmap).

Each GA4GH deliverable can be implemented on its own to
enable interoperability and consistency in a single area. Howev-
er, when implemented together, they support broader activities
in the research and clinical domains and enable productive
genomic data sharing and collaborative analyses that can
leverage global datasets produced in distinct locations around
the world.

Each approved GA4GH deliverable is reviewed by a panel
of internal and external experts not involved in the product’s
development, and then by the GA4GH Steering Committee
(https://www.gadgh.org/about-us/governance-and-leadership-
2/#steering). GA4GH standards are not typically accredited by a
national or international standards body, and instead follow a
model inspired by the Internet Engineering Task Force (IETF;
https://www.ietf.org) and the World Wide Web Consortium
(W3GC; http://www.w3.org). This enables a flexible and rapid
response to community needs and a focus on lowering barriers
to interoperability through the development and adoption of
pragmatic standards. However, there are occasions when
certain standards benefit from a more formal accreditation pro-
cess, especially when there is a direct link into healthcare usage
(see next section and Box 2).

Alignment with other standards organizations

To achieve greater international coordination and consistency of
standards development, GA4GH proactively collaborates with
other standards development organizations working in geno-
mics, e.g., Health Level Seven (HL7; http://www.hl7.org), Inter-
national Organization for Standardization (ISO; https://www.
iso.org), Open Biological and Biomedical Ontology Foundry
(OBO; http://www.obofoundry.org/). While defined work pro-
cesses between GA4GH and other standards development
bodies are still under development, GA4GH has initiated several
pilot projects to explore mechanisms of collaboration. One such

Cell Genomics 7, 100029, November 10, 2021 5
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Box 1. GA4GH Work Stream focus areas

(URLSs listed in the web resources).
any country®'°

knowledge'®

norms and follow core ethical principles

rich metadata collected in a standardized way

computing

The GA4GH Work Streams are the key production teams of the organization. Each tackles a specific area in the data life cycle, as described below

(1) Data use & researcher identities: Develops ontologies and data models to streamline global access to datasets generated in

(2) Genomic knowledge standards: Develops specifications and data models for exchanging genomic variant observations and

(3) Cloud: Develops federated analysis approaches to support the statistical rigor needed to learn from large datasets

(4) Data privacy & security: Develops guidelines and recommendations to ensure identifiable genomic and phenotypic data
remain appropriately secure without sacrificing their analytic potential

(5) Regulatory & ethics: Develops policies and recommendations for ensuring individual-level data are interoperable with existing

(6) Discovery: Develops data models and APIs to make data findable, accessible, interoperable, and reusable (FAIR)
(7) Clinical & phenotypic data capture & exchange: Develops data models to ensure genomic data is most impactful through

(8) Large-scale genomics: Develops APIs and file formats to ensure harmonized technological platforms can support large-scale

approach is the submission of GA4GH standards to ISO’s tech-
nical committees for approval as ISO international standards.
Using a product development timeline that aligns the 1SO
approval process with the GA4GH approval process, both com-
munities are able to contribute to the development of a standard
in a harmonized manner. These efforts expand the diversity of
contributors to both organizations, leading to more robust and
internationally applicable standards. Another approach, guided
by HL7 working groups and experts, is the translation of
GA4GH standards into HL7 Fast Health Interoperability Re-
sources (FHIR) Implementation Guides. These implementation
guides enable interoperability of GA4GH standards with clinical
systems and accelerate the use of clinical data for research.

GA4GH also aims to support and interoperate with existing
translational models, ontologies, and terminologies (e.g., FHIR,
HGVS, OMOP, PCORnet, Human Phenotype Ontology,
SNOMED CT) for clinical genetics and genomics.”'® Before
launching a new standards development project, GA4GH Work
Streams are encouraged to complete a landscape analysis
that both defines relevant existing standards and how they will
influence the development of the new standard. Coordination
activities—such as joint meetings, shared documentation,
and process harmonization between GA4GH work and these
health standards-focused efforts—are critical for bridging the
research-clinical divide and keeping respective products
aligned. This helps prevent unnecessary proliferation of redun-
dant standards and minimizes the development of semantically
and syntactically conflicting standards that could hamper
large-scale interoperability and lead to confusion within the
adopter community (see Box 2).

Federated approaches

Federated approaches—the ability to analyze data across multi-
ple distinct and secure sites—is increasingly seen as an impor-
tant strategy where data cannot be pooled for legal or practical
reasons. These approaches are characterized by independent
organizations hosting data in secure processing environments
(e.g., clouds, trusted research environments) while adopting
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technical standards that enable analysis at scale.?* Application
programming interfaces (APIs) can be deployed to enable re-
searchers and portable workflows to visit multiple databases
even where the data and computing environment are variably
configured.” Tools like “identity federation” can facilitate even
closer integration across organizations.?¢2%29

GA4GH Driver Projects and other partners are beginning to
implement cloud-based workflows built on GA4GH standards
that allow scientists to share, access, and interrogate data
stored at disparate sites around the globe. Some concrete ex-
amples of this access pattern include (1) the Data Coordination
Platform of the Human Cell Atlas, an internationally federated
compute environment for analyzing single-cell data; (2) Geno-
mics England’s secure Research Environment for approved in-
vestigators to access the 100,000 Genomes Project dataset;
(3) the NHGRI Genomic Data Science Analysis, Visualization,
and Informatics Lab-space (AnVIL)*® and the Gen3 Data Com-
mons, which provide cloud-based spaces for scientists to
work with large-scale genomic and genomic-related datasets
and shared tools; and (4) H3ABioNet, a bioinformatics platform
that serves data from the Human Heredity and Health in Africa
(H3Africa) network to researchers across the continent and pro-
vides containerized workflows for analysis of the data.

Because these workflows are built on interoperable stan-
dards, they allow for secure access and efficient discovery,
portability, and analysis. With more instances like these, the
global community will be able to harness the power of large
data and improve the reach of genomic medicine research.
The federation and transparency enabled by standards will
also encourage greater willingness among non-western and
other underrepresented populations to share their data, afford-
ing greater diversity in the overall data available and equity in
its impacts.

GENOMICS IN HEALTHCARE

The process of sequencing a genome is essentially the same in
any setting, but the scale and quality control of production,*' as
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Box 2. Examples of GA4GH alignment with existing standards

By aligning with existing standards, tools, and resources, GA4GH aims to minimize redundancy and the unnecessary proliferation of competing
standards. We outline three specific examples that demonstrate GA4GH efforts to align with existing standards and standards development
organizations.

Pedigree specification: The PED format is a well-known standard for exchanging pedigree information and is widely used in both research and
clinical settings (see PLINK in web resources).>° However, PED only allows for the representation of basic parent-child relationships, and does
not represent all of the data elements and relationships needed by the genomics community. Building upon this format, the GA4GH Pedigree Sub-
group has mapped PED format data elements to the Pedigree data model, allowing adopters to transition to a more robust representation of family
health history without data loss and enabling compatibility with pre-existing family health history tools.

Phenopackets specification: Phenopackets, a standard for case-level phenotypic data exchange, can be compared to a hierarchical structure of
“slots” that can be populated with ontology terms and other data. In order to maximize utility of computational analyses, these slots are compatible
with any pre-existing terminologies or ontologies, such as the Human Phenotype Ontology for human disease phenotypes, NCI Thesaurus for can-
cer, LOINC for laboratory results, and MONDO for diseases. The modular design of the standard also enables interoperability with complementary
GA4GH deliverables, like Pedigree and the Variation Representation Specification (VRS), by integrating them within the structure of the
phenopacket.

Genomic variation: The GA4GH Variation Representation Specification (VRS) and Variant Annotation (VA) framework were developed to address
the diverse methods used to access reference genome sequence and genomic annotation (e.g., genes, variation, regulatory regions, expression).
Associated metadata can often be unstructured. VRS and VA aim to enable the provision, sharing, and computational representation of genomic
variation information in a way that is unambiguous and semantically rigorous. These specifications are developed with bidirectional feedback with
the standards of the health level 7 (HL7) clinical genomics working group, which supports the reporting of clinical genomic test results and related
information with electronic health records (EHRs). Alignment between these specifications is a critical step toward supporting data exchange and

system interoperability across the clinical-translational-research spectrum.

well as the regulation and dissemination of the resulting data,
can be quite different in healthcare compared to research.®*
“Research genomes” contain de-identified data and therefore
are often openly shared with other researchers, including for
funding and publishing requirements (for NIH policy, see web re-
sources), frequently with managed access, e.g., via the Euro-
pean Genome-phenome Archive (EGA), the Japanese Geno-
type-phenotype Archive (JGA), or the database of Genotypes
and Phenotypes (dbGaP). Researchers worldwide will draw on
these openly shared genomic datasets for their own studies,
increasing the amount of knowledge derived from each
genome.®* However, while such research genomes are more
readily available, these datasets usually do not include the type
or extent of longitudinal, standardized, or interoperable clinical
data needed for genomic medicine.*®

Healthcare-based research and testing have an entirely
different financial, legal, and social landscape, with the structure,
provision, and regulation varying by country, covering the full
spectrum from state-run to private schemes.” In each system,
the cost of an assay in healthcare —genomics included —is often
considered in light of its benefits to the health of an individual and
cost effectiveness within the healthcare system.*® In theory, if a
genomic assay demonstrates clinical utility for a specific appli-
cation within a healthcare system—especially if it is cost effec-
tive—the only limit to its deployment is the number of patients
who will potentially benefit. In practice, however, there are logis-
tical, financial, regulatory, educational, scientific, and clinical-
based hurdles to overcome before a genomic test becomes a
routine clinical offering. In addition, barriers to healthcare access
will likely remain impediments to large-scale implementation in
many countries.

The current case for implementing genomics in healthcare
can be presented in four broad disease areas: rare disease, can-
cer, common/chronic disease, and infectious disease. In the
following sections we outline the case for healthcare-funded

sequencing in each disease area. We also highlight challenges
to implementation in each area and GA4GH deliverables aimed
at overcoming these issues.

Rare disease

Arguably, the rare disease space has seen the most success-
ful deployment of genomics in healthcare, with many reporting
diagnostic rates of at least 20%-30%, and health economic
studies demonstrating cost-effectiveness and diagnostic util-
ity.>*=*! Clinical geneticists have used single-gene or small
gene panel tests since the early 1990s to support diagnosis
and some treatment decisions for many of these diseases.
The cost of assaying broader genomic regions—including
exome and genome sequencing—has fallen considerably,
with a substantial impact on rare-disease diagnosis and dis-
covery research.*”*® However, with more than 10,000 rare
diseases® affecting more than 300 million patients world-
wide,*® diagnosing and discovering treatments for many of
these diseases has been challenging. As such, the rare dis-
ease community has embraced data sharing in order to facil-
itate global knowledge exchange and improve patient diag-
nostic rates, understand disease progression, and augment
care strategies.”’

To further enable progress, clinical and research laboratories
and health systems must support several key activities to effec-
tively identify, diagnose, and eventually treat the genetic causes
of rare disease: (1) aggregate genomic and phenotypic data,
needed for discerning population allele frequencies in disease
and non-disease populations and implicating new genes in
rare disease; (2) catalog the validity of gene-disease associa-
tions using consistent annotation models and terminologies;*°
(3) collectively build knowledge bases to understand variant
pathogenicity; (4) define the natural histories of rare diseases
to predict disease progression and enable a foundation upon
which to develop clinical trials; and (5) monitor treatment efficacy
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of emerging therapeutics. GA4GH standards and policies
already enable and will continue to build upon these activities.
For example, the Matchmaker Exchange—a rare disease gene
discovery platform which has benefited from GA4GH guidance
on API-based data exchange formats as well as consent*’ and
data security policies*®*°—illustrates the power of bringing
practicing clinicians and researchers together, as cases from
across the globe are necessary to build evidence to confirm
new gene-disease relationships.*®

GA4GH promotes knowledge sharing in ClinVar, a database
which has accelerated improvements in variant classification
across the clinical laboratory community.*® Additional methods
are now being deployed to move beyond manual submission
of variant classifications to a centralized database; such ad-
vances will enable more timely access to siloed laboratory
knowledge and evidence-based variant classification. Real-
time sharing with ClinVar—facilitated by APIs and with entries
linked to rich, case-level data—will be needed to scale our un-
derstanding of the more than 750 million variants so far identified
in the human genome (e.g., within gnomAD; https://gnomad.
broadinstitute.org). The Variation Representation (VRS)'® and
Variant Annotation (VA) specifications aim to support the ex-
change of variant data, Phenopackets and Pedigree representa-
tion to support the use of standardized clinical and family history
data, as well as new APlIs (e.g., Beacon v2 APl and Data Connect
API) to enable the identification of data for further access and
analysis. The aim is for these standards to support a more global
and federated approach to rare disease data and knowledge
sharing that will be critical to advancing diagnosis and treatment
of rare diseases.

Cancer

One in five men and one in six women worldwide will have a
cancer diagnosis in their lifetime.®" This risk is 2- to 3-fold greater
in higher-resource countries,”’ with estimates as high as one
in two people in the UK for example.®” An altered somatic
genome is a consistent hallmark of cancer, often associated
with specific pathogenic mutations.®® In some individuals with
hereditary cancer syndromes, germline variants can disrupt can-
cer-related pathways and increase the risk of developing a “her-
itable” malignancy.®*°® Characterizing a cancer by sequencing
a patient’s tumor genome alongside their germline genome
has resulted in profound insights into molecular mechanisms
of malignant transformation and discovery of potential therapeu-
tic targets.””°® Tumor/normal sequencing has demonstrated
applications in disease monitoring®® as well as diagnosis,®’
prognosis,®’ and therapeutic response prediction,®? both at
initial presentation®® and disease recurrence.®*

Applying cancer genomics in the clinic is more complicated
than that for rare diseases. For cancer patients, treatment strat-
egy time frames are commonly measured in weeks and incorpo-
rating genomic information within such an urgent turnaround
time is logistically challenging to integrate into clinical decision
making.®® Additionally, while the use of genomics for diagnosis
and improved symptom management can lead to substantial im-
provements for rare disease patients and their families, applica-
tion of genomics in cancer treatment is more complex and may
include dual assessment of both somatic and germline genomes
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to determine heritable cancer risk and the assessment of the
evolving tumor genome due to changing selective pressures in
response to targeted therapies. Cancer genomic information is
most useful if it informs treatment options, yet development of
systems that match patients to appropriate clinical trials would
be needed to fully realize the benefits of genomic tumor data
where estimates of clinical trial enroliment in patients with cancer
stands at ~8%.°° Genomic information is increasingly important
in clinical decision making through routine clinical sequencing
assays and molecular tumor boards.®” The heterogeneity of can-
cer as a disease—of each individual tumor and of any concurrent
or subsequent manifestation, such as metastasis or recur-
rence—adds many layers of complexity to genomic analysis.®®
To address this complexity, it is important to analyze somatic
and germline variation data together to understand their contri-
bution to cancer risk.®?

Most of the same standards and workflows important for rare
disease apply to tumor sequencing, including data storage and
compression standards (e.g., CRAM), variation representation
(e.g., VCF and VRS), analysis (e.g., cloud-based workflows),
and linkage to patient records (e.g., Phenopackets). However,
discovery of oncogenic driver mutations also requires significant
coordination and standardization to track outcome data (e.g.,
progression and response to treatment), a key element in deter-
mining the clinical significance of variation found in cancer pa-
tients.”® As such, many groups have created knowledge bases
to annotate cancer genomic variation associated with evidence
of pathogenicity or relevant treatment options; however, these
knowledge bases can have limited levels of interoperability. In
2014, a GA4GH task team launched the Variant Interpretation
for Cancer Consortium (VICC), which standardizes and coordi-
nates clinical somatic cancer curation efforts and has created
an open community resource to provide the aggregated informa-
tion.”" Moving forward, major oncogenomic resources are how
working with GA4GH on the harmonization of variant interpreta-
tion evidence, through refinement and adoption of standards
such as the Beacon API, the Data Use Ontology (DUO),° VA,
and VRS. Additionally, these standards are being implemented
across multiple GA4GH Driver Projects (see Table 2) that capture
genomic data and/or diagnostic variant interpretation across the
longitudinal evolution of cancer.

Common/chronic disease

“Common disease” is a catchall phrase describing a vast spec-
trum of diseases that have complex environmental and genetic
etiologies. Accurate prediction of common diseases from ge-
netics has been a topic of study since the inception of human ge-
netics, yet genomic information is still not widely used in clinical
practice for this purpose. The discovery of a large number of ge-
netic susceptibility loci (polygenic architecture) supported the
common-disease common-variant hypothesis’ and has led to
the generation of polygenic risk scores summarizing common
disease risk.”® Studies are now beginning to demonstrate the
clinical benefits of applying polygenic risk scores in practice
through stratification of the population for deploying disease
management strategies.”*’® As the assay of choice moves
from genotype arrays to sequencing, there will be integration be-
tween common disease and rare disease applications; this is
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