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Advances in genomic technologies have revolutionized the diagnosis of rare genetic diseases, leading
to the emergence of precision therapies. However, there remains significant effort ahead to ensure the
promise of precision medicine translates to improved outcomes. Here, we discuss the challenges in
advancing precision child health and highlight how international collaborations such as the
International Precision Child Health Partnership, which embed research into clinical care, can

maximize benefits for children globally.

Background

The burden of rare disease

Rare disease, defined variably across the world, refers to conditions that affect
fewer than 1 in 2000 individuals'. While individually rare, they in aggregate
become common, with recent estimates suggesting that there are more than
10,000 rare diseases affecting up to 10% of the population (Fig. 1)**. While rare
diseases are associated with morbidity and mortality across the lifespan, the
majority have onset in childhood®. These conditions are often severe, chronic,
and complex, and are frequently progressive, degenerative, and life-threa-
tening; approximately one in three children with a rare disease will not live to
see their fifth birthday””. Rare diseases also adversely impact their families,
with caregivers facing psychosocial and economic burdens that contribute to
reduced quality of life*"’. At a societal level, rare diseases, which can also be
contributors to ‘common disease,” have a high economic impact on healthcare
systems and societies'' ™. In the USA, the cost of rare diseases is estimated to be
more than $1 trillion annually, including direct medical costs as well as indirect
and non-medical costs, such as lost productivity'’. Rare disease diagnosis and
treatment therefore represent an urgent unmet global need.

Challenges and opportunities for diagnosis of rare disease
Currently, over 70% of rare diseases have a known or presumed genetic
cause”. Identifying a molecular genetic diagnosis for a child with a rare

disease is the first step in delivering precision medicine to improve out-
comes. Advances in genomic technologies, notably exome sequencing (ES)
and more recently genome sequencing (GS), and initial integration of these
genomic tests into clinical settings in some high-income countries, have
considerably improved diagnostic yields for rare diseases* ™.

A genetic diagnosis ends the diagnostic odyssey for the child and their
family and often informs clinical management, treatment, prognosis, and
recurrence risk counseling, access to resources and support, and eligibility
for natural history studies and clinical trials of novel precision therapies.
Even with precision child health still in its relative infancy, over 600 rare
disease genes that cause severe childhood-onset disorders—12% of all dis-
ease genes—have an established intervention that can modify outcomes,
which highlights the urgency for, and potential immediate benefits of,
improving diagnosis™*.

Not surprisingly, access to genomic testing varies widely across and
within countries™. In resource-poor countries, access to genomic testing is
limited*. Even within well-resourced countries, barriers to equitable access
remain substantial, and include inadequate payor coverage and inequities in
reaching patients from medically underserved and minority
populations™”. Broad implementation and equity of access is also
dependent on workforce education, availability of clinical, laboratory and
bioinformatic personnel, and accredited laboratory facilities™.
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Fig. 1 | Defining rare disease numbers. Epidemiologic and genetic data highlight
the urgent unmet need for improving the diagnosis and treatment of rare disease,
with a coordinated and comprehensive approach to advancing discovery and
translation in precision child health given the high genetic and phenotypic

heterogeneity. In total, 12% of disease-associated genes have established interven-
tions that may modify outcomes, which highlights both the imperative for prompt
diagnosis, but also that most rare diseases lack a precision treatment
currently>****'*7'¥_ Created with Biorender.com.

However, even with access to timely genomic tests, fewer than 50% of
children with suspected rare genetic diseases receive an accurate genetic
diagnosis'”**". There are numerous factors limiting diagnostic yield, and
therefore strategies to improve this will need to be multipronged, including
ways to resolve variants of uncertain significance (VUS), identification and
validation of novel disease genes, advances in informatic strategies, new
diagnostic techniques and disease models, and overcoming tissue-specific
challenges for diagnosis (Fig. 2)*"".

Despite great advances in knowledge, the consequences of much of the
rare genetic variation found in any human genome remains uncertain.
Resolution of VUS is a priority that needs improved in silico methods to
predict pathogenicity and in vitro methods to demonstrate their functional
consequences. Advances in understanding gene-disease associations, vari-
able expressivity, and incomplete penetrance are critical, with over 30% of
disease-associated genes demonstrating phenotypic pleiotropy’**. An area
of great urgency is one of population equity, defined in this case as the
under-representation of populations with ancestry from outside of Europe
in reference databases, which may limit the capacity for global variant
interpretation’’. Numerous national and international efforts are underway
to address this issue, including the latest iteration of the gnomAD popula-
tion database (v4.0). GnomAD now includes ~138,000 individuals of non-
European ancestry, although participants of European ancestry still com-
prise 77% of the individuals in this database, highlighting that further work
to increase diversity is required”” ™.

New diagnostic techniques, including long-read sequencing and
‘multi-omic’ technologies, such as transcriptomics, methylation studies,
proteomics, and metabolomics, can be utilized as an adjunct to, or aid in

overcoming limitations of clinical ES and GS***. Recent work supple-
menting trio GS with additional bioinformatic analyses and transcriptome
sequencing reported increased diagnostic yield from 47% to 54% in a cohort
of critically ill infants and children®. Novel technologies hold considerable
promise for increasing diagnostic yield, although variant interpretation
remains difficult due to insufficient population data. The utility and role of
new technologies within diagnostic pathways are currently unclear and
likely to differ between conditions, depending on their genetic landscape
and affected tissues.

Coordinated international efforts are needed to address these knowl-
edge gaps, and it is imperative that their focus extends to building infra-
structure to overcome barriers that limit advances. Priorities include the
development of frameworks and systems for responsible sharing and use of
data and samples, and addressing the silo-ing of clinically acquired genomic
data, much of which is not available for use in research. Breaking down
research-clinical barriers, with appropriate privacy safeguards in place,
would enable access to clinical data for research, benefit individual patients
through further analysis of their own data, and advance science through
making large datasets available for interrogation.

Challenges and opportunities for rare disease treatment

Despite recent progress in the development of targeted therapies (Table 1),
the promise of precision medicine remains out of reach for most children
with a rare disease, which have historically been less attractive to commercial
development given the small number of affected individuals*~*. Treatments
modifying the underlying disease mechanism are more likely to be trans-
formative than less specific, symptom-based treatments, given their greater
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Harnessing Artificial Intelligence

Leveraging Data-Driven Models Enhanced clinico-genomic knowledge

- Advanced machine learning algorithms are
being developed to analyze complex biological
data more efficiently and accurately

- With thousands of rare disease genes,
each with unique variants, variant
curators and time-constrained clinicians
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enhance pre-processing and alignment, variant
calling, annotation, prioritization and integration
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- Natural language processing can
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Emerging Transformative Diagnostic Approaches Addressing Diagnostic Challenges
Long-read Sequencing Optical Mapping Molecular Signatures Multi-omics Mosaicism Tissue Specificity Polygenic Risk
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Fig. 2 | Strategies for increasing diagnostic yield in rare disease. Strategic
advancements and methodological innovations are essential for enhancing diag-
nostic accuracy and overcoming current bottlenecks. Key priority areas include
improved ability to rapidly resolve variants of unknown significance (VUS),

- Opportunities to
improve accuracy by
overcoming limitations
of individual assays and
utility to resolve VUS

- Emerging evidence
implicating polygenic
risk and phenotypic
variability in monogenic
disease

- Develop approaches to
overcome detection
limitations resultant
from gene expressivity
limiting variant
validation approaches

- Better approaches to
overcome detection
limitations impeding
diagnosis of individuals
harboring low level
somatic variants

identification of novel disease genes, advancing informatic capabilities, and over-
coming diagnostic challenges with emerging technologies'**'”. Created with
Biorender.com.

likelihood of improving many, if not all, features of a condition. Such
therapies could be targeted to the individual disease gene or could be
pathway-based for related disorders (e.g., mTORopathies, RASopathies)
(Fig. 3)"*. Precision nutritional and vitamin or trace element-based
therapies, and some enzyme replacement therapies, have established roles as
treatment of some rare diseases, particularly genetic metabolic disorders®.
More recently, pioneering clinical trials have demonstrated proof-of-
concept for developing safe and effective precision therapies acting at the
DNA, RNA, or protein level for rare diseases™'. Some of these, such as
gene-based therapies for spinal muscular atrophy and sickle cell disease, and
protein-based treatments for cystic fibrosis, have transformed patient out-
comes and received regulatory approval for use in clinical practice™ ™.
Researchers have also reported progress toward precision therapies custo-
mized to patient-specific DNA variants for ultra-rare diseases, such as ‘n-of-
I’ antisense oligonucleotide therapy, gene therapy, and the promising and
versatile prime editing technique, which can insert, delete, or change
selected base pairs™’.

Barriers to accelerating the development and translation of promising
novel therapies are multiple™. First, genetic diagnosis is a key precursor to
implementation of precision therapies. Beyond simply achieving a diag-
nosis, it is imperative that diagnostic testing is not delayed, to enable prompt
implementation of precision therapies where available early in the disease
course when they are likely to have the greatest impact and reduce the
development of comorbidities. A precise genetic diagnosis, with under-
standing of the type of functional impact, is required for entry into the
limited but growing number of targeted trials of novel therapies.

Second, multidisciplinary collaborations are required, to connect
clinician-researchers (also known as physician-scientists) with

fundamental scientists to advance understanding of disease mechanisms,
and forge partnerships with industry, disease foundations, and patient
advocacy groups to identify opportunities for the development of novel
therapies and rapid translation to the clinic.

Third, the development of precision treatments requires under-
standing of underlying pathological mechanisms, phenotypes, and natural
history of rare disease, knowledge of which is often limited by small patient
numbers and limited opportunities for data collection™. The development
of standards for reporting phenotypic data in publications on rare disease
genes is critical. These are vital to support studies of rare disease, particularly
those based on large, federated datasets, to ensure consistent reporting of
clinical and outcome data, including ethnicity and medications which are
recorded differently in different countries®*". Further, improvements to
clinical disease coding are necessary to ensure precise documentation of rare
genetic disorders, many of which are not precisely coded with current
systems, as a diagnosis in an individual’s electronic medical record®.
International data-sharing models can streamline and standardize the col-
lection of phenomic and genomic real-world data to compile clinical
information over time, and establish genotype—phenotype-disease
mechanism correlations. These are required to delineate disease subgroups
and patient trajectories, informing patient selection, trial designs, and out-
come measures for clinical trials. Progress related to genetic epilepsies due to
ion channel disorders (e.g., SCNI1A, SCN2A) provides important examples
of how critical these elements are, as each gene is now associated with a
phenotypic spectrum related to specific disease mechanisms (Fig. 4)*.
Both gain- and loss-of-function phenotypes are recognized, and disease
subgroups will require different molecularly based treatments, both for
effect and to avoid exacerbating disease if the ‘wrong’ treatment is given.
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Phenotypes of variable severity have also been identified both between and
within these disease subgroups, not all of which will require novel therapies,
as some patients will have favorable outcomes with existing treatments.
While optimizing processes for the collection of clinical data, the burden on
families must remain manageable. Multidisciplinary clinics with research
infrastructure, which collect comprehensive, standardized data as part of a
clinical assessment, are one means of advancing knowledge of phenotypes
and natural history at the same time as addressing clinical needs; such clinics
are valued by both families and referring clinicians®®.

It is notable that the pathway to novel therapies has to date been a long
one, with the median time between genetic target discovery and regulatory
drug approval being 25 years”’. As the number of clinical genetic diagnoses
increases, issues of efficiency and cost-effectiveness in bringing novel
therapies to clinical practice must be managed.

Once a potential precision treatment is identified, the small number of
patients with individual genetic disorders worldwide makes translation of
novel therapies extremely challenging. Standard funding and regulatory
pathways may not be suitable and risk failure for this vulnerable group of
patients for whom access to treatment is often time-critical. While well-
established ‘best practice’ trial design—randomized controlled trials—may
not always be appropriate or feasible, cautionary tales highlight that steps to
carefully evaluate promising therapies should not be missed. A good
example is the use of quinidine in KCNT1-related epilepsies, epilepsy of
infancy with migrating focal seizures (EIMFS), and autosomal dominant
sleep-related hypermotor epilepsy (ADSHE)”' . Rigorous in vitro evalua-
tion using Xenopus oocytes demonstrated pathogenic variants result in
gain-of-function which could be reversed using the cardiac drug,
quinidine”. Initial case reports suggested benefit in children with EIMFS,
although subsequent reports had mixed findings (including seizure wor-
sening) and not uncommonly reported prolongation of the QT interval,
raising concerns that toxicity may limit effectiveness””*. A subsequent
order-randomized, blinded, placebo-controlled cross-over study of six
patients with ADSHE, adequately powered due to large seizure burden, did
not demonstrate improvement in seizures, and confirmed anecdotal evi-
dence of toxicity limiting dose escalation”. Such examples highlight that
appropriately designed and well-conducted clinical trials are essential to
confirm benefit in patients using novel therapies studied in pre-clinical
models.

Innovative trial designs using ‘n-of-1” approaches, adaptive designs or
considering within-patient change may enable rigorous evaluation with a
relatively small number of patients**>. Where randomized controlled trials
are not ethical or practical due to patient numbers or disease course, natural
history data can be used as control group data, further underscoring the
importance of careful, longitudinal phenotypic study. Such ‘historical
control’ data have been integral to demonstrating the benefit of novel
treatments for spinal muscular atrophy and neuronal ceroid lipofuscinosis
type 2 disease”™. For conditions like these, where fatality is inevitable
without treatment, comparative improvement from an intervention may be
easier to determine than less severe conditions or those with greater phe-
notypic heterogeneity. This aside, natural history studies are being under-
taken in other rare diseases, such as the severe epilepsy SCN1A-Dravet
syndrome, against which the effect of novel therapies can be compared***.
Overall, the assessment of new treatments requires novel approaches
around both trial design and outcome measures. While some approaches
may be bespoke, determining commonalities across diseases may enable
economies of scale.

With increasing submissions for regulatory approval for orphan drugs,
regulatory bodies have had to adapt processes and requirements that lack
suitability for rare disease, to ensure that treatments which may transform
patient outcomes are not stymied or delayed by pathways that are not fit for
purpose. Programs such as the Food and Drug Administration’s Rare
Disease Endpoint Advancement Pilot Program and the Medicines and
Healthcare Products Regulatory Agency’s Innovative Licensing and Access
Pathway represent responses of regulatory bodies to adapt to the unique
challenges of rare disease clinical trials and treatment development, with the
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Fig. 3 | Current and future opportunities for precision treatment in childhood
epilepsies. Level of intervention, e.g., at a DNA/RNA/protein/pathway or network
level, appears on the left of the figure. Examples of methods of novel therapeutic
approaches appear on the right. Text in green indicates examples of previous or
current clinical trials"**"'”’, text in orange indicates evidence from pre-clinical
models"*'*". In early-onset severe SCN2A-related epilepsy, variants result in a GOF
and thus seizures are responsive to sodium channel blocking antiseizure medication,
as are neonatal and infantile epilepsies due to LOF variants in KCNQ2, likely due to
co-localization with sodium channels*®'*. L-serine acts as an alternate agonist at
NMDA receptors to improve both seizure and non-seizure outcomes in LOF GRIN
neurodevelopmental disorders'*’. Pathway-focused approaches are possible in
metabolic epilepsies such as GLUT1-related epilepsy, disorders of the Vitamin B6
pathway, and biotinidase deficiency, but also as a broad approach in focal epilepsies

stimulation (DBS)for
Lennox Gastaut
syndrome

gene therapy

related to mTOR pathway dysfunction including tuberous sclerosis complex,
germline and somatic MTOR variants, and GATOR1 complex (DEPDC5, NPRL2,
NPRL3) epilepsies'**"'*’. Network-based approaches remain limited, but there is
emerging evidence of targeted stimulation strategies in severe epilepsies such as
Lennox Gastaut syndrome, and development of activity-based gene therapies which
may allow targeted interruption of epileptic networks by targeting overactive
neurons™’"'*’. Created with Biorender.com. AAV adeno-associated virus, EKC
engineered potassium channel, CRISPRa CRISPR activation, CRISPRi CRISPR
inhibition, ASO antisense oligonucleotide, siRNA small interfering RNA, ssRNA
single strand RNA, GOF gain-of-function, LOF loss-of-function, MTOR mamma-
lian target of rapamycin, DBS deep brain stimulation, RNS responsive
neurostimulation.

aim of accelerating time to market*”*. Further efficiencies, requiring input
from all stakeholders will surely follow, as the number of rare disease
treatments increase. A number of rare disease research networks, such as the
Rare Diseases Clinical Research Network in the United States, and the
Maternal Infant Child and Youth Research Network and the RareKids-
CAN: Pediatric Rare Disease Clinical Trials and Treatment Network in
Canada, have been recently established””'. Cross-border networks enhance
and expand upon national efforts, providing the infrastructure, expertise,
and patient numbers needed to scale up and streamline rare disease trials
and long-term follow-up using standardized tools. The development of
processes and platforms upon which to evaluate and, ultimately, implement
novel therapies, as has been successfully executed in the oncology setting,
will be key for efficiency and to avoid ‘reinventing the wheel” with each rare
disease. A shift to considering clinical trials to be part of standard clinical
care will be important for the successful implementation and assessment of
benefit of new treatments™.

The need for collaboration

The promise of potential treatments is driving a worldwide impetus to
implement precision child health, but in the traditional silos of a single
clinical center, state, or even country, progress in addressing gaps and unmet
needs is slow and inefficient. For maximum impact, solutions require
coordinated international efforts by experts to accelerate accurate diagnosis
and effective management of rare disorders and to implement evidence-
based practice changes feasibly, efficiently, and equitably.

A coordinated approach on a global scale can energize collabora-
tion and maximize the output of research efforts by building upon the
diverse expertise and existing efforts underway across the world,
reducing duplication of efforts. Consortium approaches support access
to amuch greater number of patients and generate more data than could
be achieved in a single jurisdiction, thereby enabling researchers to ask
novel questions and identify previously unknown patterns and
gene-disease relationships.
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Fig. 4 | Understanding phenotype-genotype correlations is key to advancing

precision therapies. The gene encoding the Na,1.1 sodium channel, SCNIA, pro-
vides an example of one gene causing more than one disease. This gene is associated
with both gain- and loss-of-function disease mechanisms, and phenotypes of vari-
able severity, only some of which are associated with poor outcomes®'**'**, Clinical
trials of novel therapies for Dravet syndrome (SCN1A loss-of-function phenotype),

Towards precision therapy for
SCNT1A-Dravet syndrome

Phenotype studies Availability of
(natural history, easrelg‘/l;rnegiclors of outcome !hs::;;ﬂﬁg - B G
clinical practice

Identification and -
development of targeted Clinical trials — —
treatments

i studies of and novel
i required for gain-of-function SCN7A-elated disorders

including AAV9 gene therapy and an antisense oligonucleotide, are underway**'"*’.

Much work has been done to understand phenotypic variability, natural history, and
phenotype-disease mechanism correlations, which has been critical for therapeutic
development, clinical trial design and candidate selection, and outcome
measurements”**>"*""’. The more recently identified gain-of-function SCNI1A
phenotypes will require different treatments®'*’. Created with Biorender.com.

Box 1 | What is precision child health?

Precision child health refers to the principle of optimal treatment or pre-
vention of disease states through targeted treatment of an underlying
health condition, while considering the whole biological, psychological,
and sociocultural context of the child'®'. While applicable to all aspects of
pediatric medicine, precision child health is initially particularly relevant to
rare diseases, which are collectively common, and have majorimpact on
patients, families, health systems, and society (Fig. 1)**°. Symptom-
based treatments are frequently ineffective. Pediatric rare disease fre-
quently has a monogenic basis, with a single molecular abnormality of
major effect’. Treatments targeted to the underlying aberration therefore
hold great promise for improving outcomes*’*%.

Precision child health encompasses two components: precision
diagnosis and precision management. The genomic revolution has
transformed precision diagnosis, with technologies such as gene panel
testing and ES increasingly used in clinical practice, and the promise of
GS for further increasing diagnostic yield is now being realized'"".
Despite these advances, over half of the people with a rare disease do not
receive a precision diagnosis®. Global (including sharing) efforts are afoot
to overcome this problem, through improved understanding of human
genetic variation, strategies for resolving VUS, novel informatic algo-
rithms, and ‘multi-omic’ technologies which utilize transcriptomic, pro-
teomic, and methylomic data in addition to genomic information
(Fig. 2)*.

The International Precision Child Health Partnership
As many rare diseases have pediatric onset, with evolution and often pro-
gression of phenotype over time, it is logical to assume that the optimal time
for intervention is as early as possible in childhood to maximize benefits to
the individual, family, and health system'. The pediatric setting is therefore
the ideal place in which to tackle the massive challenges of precision med-
icine for rare disease.

Truly transformative therapies have emerged in recent years for some
pediatric rare diseases (Table 1), although precision management is
lacking or inadequately effective for most affected people®. Strategies for
novel precision therapeutics include genetic therapies that target aber-
rant DNA or RNA at the disorder or individual patient level'®*'®®, Such
levels of precision may not always be feasible or necessary, and pathway-
or network-based treatments may be appropriate and cost-effective in
some cases (Fig. 3). Two important principles must be kept in mind as
new treatments are developed and brought to patients. First, one gene
does not always equal one disease—variability in underlying disease
mechanism (e.g., gain- or loss-of-function variants in the same gene) is
increasingly recognized. Phenotypic heterogeneity must be understood
to determine which patients will have poor outcomes, and ensure that a
novel treatment is appropriate, and not inappropriate, for an individual.
Close collaborations between laboratory and clinical researchers to
understand genotype—-disease mechanism—phenotype correlations, and
comprehensive understanding of disease natural history, are paramount
(Fig. 4). Second, robust clinical trials are critical, to ensure that treatments
effective in the laboratory are effective, safe, and cost-effective in
humans. However, the rarity of each condition means that existing ‘gold
standard’ clinical trial designs—i.e., randomized controlled trials—may
be inefficient or frankly not feasible. A range of novel trial designs may be
more suitable for pediatric rare disease; these are likely to be in increasing
use as the number of potential novel treatments increases®’.

The International Precision Child Health Partnership (IPCHiP) is a
multinational collaborative formed in 2020 to advance precision child
health (Box 1). Bringing together four leading paediatric institutes -Boston
Children’s Hospital; UCL Great Ormond Street Institute for Child Health
and Great Ormond Street Hospital (London); the Murdoch Children’s
Research Institute with The Royal Children’s Hospital and the University of
Melbourne Department of Paediatrics (Melbourne Children’s Campus)
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(Melbourne); and The Hospital for Sick Children (SickKids) (Toronto),
IPCHIP is inspired by a common vision to accelerate genomic discovery and
translation to clinical care. Leveraging medical and scientific expertise at
each site, and expanding upon local initiatives, IPCHiP is building bridges
between clinical practice, and clinical and fundamental research, effectively
‘bringing science to patients’ in real time'””. By embedding research in
clinical practice, IPCHIP is generating the evidence needed to advance
precision child health and provide a model for implementing change more
widely.

IPCHiP aims to facilitate collaboration on the scientific investigation of
rare diseases, create innovative diagnostic and therapeutic solutions,
accelerate progress through the development of methods for acquiring,
sharing and analyzing genomic and phenotypic data across institutions, and
ultimately, improve access to genomic diagnoses and novel treatments in
order to optimize outcomes for children with rare diseases. IPCHiP is
developing and adopting global best practices for precision child health,
such as establishing foundations and standards for federated data sharing.
To this end, IPCHiP has recently been designated a ‘Driver Project’ of the
Global Alliance for Genomics and Health (GA4GH) [https://www.ga4gh.
org/news_item/2023-driver-projects/]*.

IPCHIP is considered a priority initiative at each of our world-leading
institutes. This shared mindset means that the partnership is prioritized at
each of our institutes to ensure studies are supported. It is also highly
valuable external to our institutes, in that a productive international part-
nership can improve grant funding success, and be an important voice in
advocating for the development of standards. Ongoing prioritization of this
partnership will ensure that the IPCHIP sites can collectively be greater than
the sum of their parts in advancing precision child health.

At the core of IPCHIP is the design, institutional support, and launch of
multi-site cohort studies. Each study will seek to address one or more of the
following goals: (1) improve diagnosis, (2) improve treatment, and (3)
improve access to precision health strategies for people with rare disease. Its
initial flagship project, Gene-STEPS (Shortening Time of Evaluation in
Paediatric Epilepsy Services), has demonstrated the value of this multicenter
approach"’.

IPCHIP project: Gene-STEPS

The Gene-STEPS study commenced in Australia, Canada, England, and the
United States in late 2021, aiming to determine the yield and utility of rapid
trio genome sequencing (rGS) in infants with new-onset epilepsy and to
demonstrate the impact of rapid genetic diagnosis. Numerous studies have
highlighted the high yield and cost-effectiveness of (non-rapid) genomic
testing in infants with epilepsy'®”>”. Infantile-onset epilepsies frequently
have a monogenic basis, with over 1000 monogenic epilepsy genes now
identified”. An increasing number have treatment implications, including
some that are based on specific genetic mechanisms and their downstream
effects””. However, management changes are often initiated late in the course
of disease given long turn-around-times for clinical genomic testing. During
this delay, the infant accrues the negative impacts of months of uncontrolled
seizures, compounded by an ongoing epileptic encephalopathy, and expo-
sure to many antiseizure medications, on cognitive and motor
development™'”. In Gene-STEPS, infants presenting to an IPCHiP center
undergo rGS with a turn-around time of 3 weeks or less for results from an
accredited laboratory, ensuring immediate action with prompt initiation of
optimal therapy and cessation of contraindicated drugs'’. Findings from its
pilot year, indicated high diagnostic yield, with 43% of infants with epilepsy
receiving a genetic diagnosis. The results of rGS informed clinical care in
98% of infants with a diagnostic result, including guiding choice of treat-
ments in 56%, and informing overall prognosis in 86%. Importantly, a
‘negative’ (non-diagnostic for the primary indication) result influenced
management in 23% of infants in whom no etiological diagnosis for epilepsy
was identified. For example, specific genetic diagnoses might dissuade a
clinical team from pursuing epilepsy surgery for focal epilepsy, and in the
absence of these genetic diagnoses, surgery could be considered. Ongoing
Gene-STEPS work aims to understand the long-term impact of early

etiologic diagnosis on seizure and developmental outcomes, and to deter-
mine the cost-effectiveness and acceptability to families of rGS. Collectively,
data from this study will provide evidence to guide the implementation of
rGS into routine clinical practice for the benefit of children globally.

To our knowledge, Gene-STEPS is the first prospective study of rGS
primarily outside of an intensive care unit (ICU) setting, with over 80% of
infants recruited from outpatient or non-ICU inpatient settings, or con-
ducted in a disease-specific cohort. The processes used provide a blueprint
for future studies of the utility of rapid genomic testing in time-critical or
potentially treatment-changing scenarios managed predominantly outside
ICU, such as infantile hypotonia and renal disease.

Gene-STEPS has now recruited over 400 infants. Rapid GS is now well-
established as standard practice at our sites, with most (>90%) parents of
eligible infants consenting to rGS via the study. The success of Gene-STEPS
required extensive system changes to embed research into clinical practice
(Table 2 and Fig. 5). This complex process relied heavily on group synergy
and enthusiasm, aided substantially by existing collaborative relationships
of the lead investigators. A community of clinician-scientists, laboratory
scientists, and other researchers was built, to establish each of the processes
required, and to interface with and engage the many clinicians caring for
infants with epilepsy. The complexity of readying each part of the study
varied between sites: for example, rGS was available as a clinical test at some
centers (albeit used in very select settings) but needed to be established in a
short time frame at others. Mentoring and sponsorship from the IPCHiP
Executive Committee, and the support of each IPCHIP institute in pro-
viding funding for Gene-STEPS, were critical. Institutional backing included
support for sequencing and bioinformatic research structures that could
seamlessly interface with clinical laboratory medicine systems, coordinator
time to support enrollment into Gene-STEPS, support for physicians and
genetic counselors to provide pre-testing counseling, ongoing data analysis,
and return of results, and support for social scientists to explore impact on
quality of life. Without institutional support, a study such as Gene-STEPS
would be extremely difficult to conduct, given the paucity of funding
opportunities for international studies. However, such investment yields
returns that support future work and increase local capabilities: Gene-
STEPS investigators have received 11 competitive grants to continue this
work, which support numerous employees and training positions, and the
IPCHIP collaboration has also brought new philanthropic funders to the
table across the four partner countries. Pleasingly, some of the awarded
grants supported the multidisciplinary team science required for studies
such as Gene-STEPS. However, none provided funding to more than one
site, highlighting a significant barrier to international collaboration, which
will be important to address.

IPCHIP initiatives: toward federated data sharing

While each IPCHIP institute has generated robust and comprehensive
datasets through Gene-STEPS, the sharing of clinical and genetic infor-
mation across sites and jurisdictional borders remains a challenge. Biome-
dical data are sensitive, as they involve the private data of individuals and
families, and can trigger legal restrictions on disclosure and international
data transfer. One of the top priorities of IPCHIP is to explore innovative
approaches to overcome challenges in the way data are currently shared,
accessed, and used internationally (Table 3).

One such potential approach is federation, a data-sharing model
where requesting parties bring their analysis software to the data (‘data
visiting’). Federation offers an alternative to traditional sharing models of
copying data locally; an approach not feasible for IPCHiP institutes bound
by jurisdictional policy and regulation. In federated models, the data
remain within the host institution, without exposing individual-level
personal information, facilitating compliance with legislation like the
General Data Protection Regulation (GDPR)™*'”". We plan to use data
generated from Gene-STEPS to pilot the establishment of a federated data
network and set the stage to jointly analyze clinical and genomic data
generated in collaborative projects for any pediatric rare disease. We
envision that access to the federated ecosystem would be scalable and
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Table 2 | Gene-STEPS’ approach to addressing barriers for rare disease diagnosis

Barriers to accelerating rare disease
diagnosis

Approaches used in Gene-STEPS to solving these challenges

Low patient numbers

International collaboration enables larger cohorts, which generate evidence in a shorter time frame.

Non-collaborative mindsets

Gene-STEPS investigators had a history of prior fruitful collaborations, and enthusiasm to support further advances.

Sharing of expertise and best practices across sites, with individual sites taking the lead in developing aspects of the
project or undertaking data analysis in areas of expertise.

Regular meetings to discuss study design, progress and challenges, and seek advice on management of specific rare
conditions diagnosed in Gene-STEPS patients from an international panel of experts.

Lack of expertise

Al sites had strong track records in epilepsy and/or genomic research, and in clinical management of these conditions.

Researchers with relevant expertise have been brought in as the project has evolved and expanded (e.g., health
economists, researchers with expertise in multi-omic technologies).

Separation of research from clinical care
research.

Principal investigators are all clinician-researchers, and understand the challenges faced both in clinical practice and

Research embedded into clinical care, so that patients benefit in real time, and novel approaches can be tested in the
settings in which they will ultimately be used.

Lack of funding and champions

Gene-STEPS was a priority project at each of our institutes, and each provided start-up funding to their site.

Applications for competitive funding were enhanced by the preliminary data generated with start-up funds, and the
project’s international, multicentre design.
Support from each institute’s philanthropy team in seeking alternative sources of funding.

Limited infrastructure and personnel
through their prior research.

Most centers had processes already established for recruitment and assessment of infants presenting with epilepsy,

Each center had access to high-quality clinical genomic testing, and personnel and infrastructure to support genomic

research.

Each center had the will and resources to put in place the infrastructure required for this project in a short time frame (which
in some centers included establishing rapid genome sequencing).

Support from enablers at our institutes, including information technology and data management, legal, grants, ethics and
governance, and communications teams.

Need for development of standards and
processes

Agreeing on current best practices.
Regular meetings to align on unmet needs and priorities for advancing standards and processes in genomic research.

Advocacy by the IPCHIP executive for these, through bodies like GA4GH.
Development of a clinical dataset and battery of outcome measures, which will be used in future IPCHiP projects as
applicable, to ensure consistency across rare disease studies.

adhere to the FAIR (Findable, Accessible, Interoperable, and Reusable)
principles'®.

Contributors to IPCHiP are already working with international part-
ners (e.g., Undiagnosed Disease Network International (UDNI), Match-
maker Exchange (MME), National Initiatives Forum at GA4GH), to
develop the governance and infrastructure needed to establish a federated
network. IPCHIP investigators recognize that the challenges their sites face
in data sharing are also challenges for many other countries and institutions,
and see great value in being able to share resources and experiences to
advance precision child health.

IPCHIP imperatives: accessibility and equity in precision

child health

Ensuring access to precision diagnosis and treatments at scale in a sus-
tainable and equitable way is daunting but essential. Broadly, there needs to
be consideration of what success may look like, such as an increase in tests
sent and diagnoses made, percentage of diagnoses that lead to changes in
management or precision treatment, equity of access to diagnosis and
treatment, and development of systems for efficient and cost-effective
deployment of novel therapies. IPCHiP provides an opportunity to generate
evidence to guide access and use of diagnostic technologies and precision
therapies in clinical practice, although we acknowledge that requirements
for, and barriers to, ‘real-world” implementation of precision child health,
will vary across different health systems, given differences in resourcing and
funding models across countries. Bringing hospitals and researchers, and
the governments and payors that fund them, to the same table is a priority, as
advances will be limited if health and medical research systems work in
isolation.

It is critical that approaches to improving precision medicine involve
all stakeholders, including patient and public involvement. This has already
been demonstrated to be an efficient approach, influencing speed of
translation into clinical practice and acceptability to target populations.
Work in prenatal diagnosis and the use of rapid genomics in ICU systems

have gone beyond studying diagnostic yield and clinical impact, to under-
standing economic impacts, family experience and requirements for health
system resourcing, efficiently providing comprehensive bodies of evidence
to support implementation and funding of testing in clinical practice'**™'”.
Linking researchers with clinicians also increases the speed of translation
and provides the opportunity to utilize implementation-effectiveness fra-
meworks to test run the role of diagnostics and interventions in the setting in
which they will ultimately be used"’.

Priorities for wider implementation should include the development of
frameworks for the rigorous evaluation of diagnostic technologies and new
therapies in a standardized way, so centers can all achieve the same goal and
contribute data constructively. The IPCHiP consortium is ideally placed to
do this given the expertise and developing infrastructure, already piloted
through Gene-STEPS". Work should be undertaken with stakeholders, to
address key needs, models of care (e.g., remote consent), training require-
ments, and financial viability, to ensure scalability and equity, looking
toward efficiency of systems utilizing new ways of working and upskilling of
staff. This said, there must be strong consideration given to the fact that
solutions for large well-resourced clinical academic institutions, or in par-
ticular countries or cultures, may not be applicable universally'"'~'"*,

The way forward

Through collaboration across continents, health systems, academic insti-
tutions, medical and scientific disciplines, IPCHiP’s pilot efforts focused on
infants with epilepsy have demonstrated the potential for success in
advancing precision diagnosis for children with rare diseases; we encourage
others to take a similar approach to studies in rare disease. We have seen a
rapid paradigm and culture shift in the approach our four institutions’
clinicians take to the diagnosis of an infant with unexplained epilepsy, with
Gene-STEPS eligibility considered on day 1 of presentation in both out-
patient and inpatient settings. IPCHiP will expand its work on rapid
genomic testing to other genetically heterogeneous conditions that would
potentially benefit from prompt diagnosis and institution of optimal
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Table 3 | IPCHIiP’s approach to addressing challenges for data sharing

Data-sharing challenges

IPCHIiP approaches to solving these challenges

Data-sharing approach
international borders.

Utilize a federated approach to bring the analysis software to the data (‘data visiting’) rather than sharing data across

Acceptance as a GA4GH Driver Project to develop and advocate for standards and processes around international

genomic data sharing.'*®

Data discovery

Develop a central platform for researchers to query de-identified data across sites. If deeper information is required,

researchers will apply for access.

Data access

Utilize GA4GH standards such as Data Use Ontology (DUOQ) that will facilitate and streamline data access processes

by standardizing researcher identity and data use.”'

Data interoperability

Develop a data dictionary to define the data types collected by each IPCHiP cohort.

Adopt GA4GH technical models and tools to ensure compliance with global standards.
Run data through workflows to harmonize into a common format where possible.

Size of genomic data

Data will remain where it is generated and not be transferred between sites.

Consent to share data

Participants in IPCHiP cohorts are consented prospectively for data sharing with IPCHiP partners.

Navigating differing privacy regulations across
jurisdictions

Utilize federated approaches to obviate policy and legal restrictions around moving or copying data internationally.

Maintaining organizational independence and
security

Institutions will preserve data control, security, and accountability via the utilization of a federated approach.

Infrastructure and costs required for data sharing

Highlight data sharing as an investment necessary to accelerate precision child health.

treatment. Its next cohort, GEMStone, will utilize this approach in neonates
and infants with hypotonia.

For several decades, genetic and genomic research studies have
enrolled participants with a given condition, taken data and samples, and
yielded ground-breaking advances that eventually improve care for sub-
sequent generations of patients with that condition. By embedding research
into clinical practice, and compressing timeframes from presentation to

diagnosis, studies like Gene-STEPS accelerate discovery and ensure benefit
in this generation of patients.

While studies such as Gene-STEPS can promptly advance precision
child health, it is important to acknowledge that the current systems and
models of healthcare and medical research are not set up to enable such
work. Efficiently improving outcomes for all people with rare disease will
take a truly visionary outlook. Whole-of-system changes are needed to
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bridge structures that are typically siloed. We strongly advocate for further
funding mechanisms to encourage team science and team medicine efforts,
across institutes and across countries.

Genomic sequencing in childhood will set the scene for life-long
application of genomic data, including the possibility of tackling major
population health issues (e.g., risk identification, risk reduction, and treat-
ment for common non-monogenic disorders such as heart disease), and
large-scale application of genomic data in carrier screening for people in
their reproductive years'>'". Accelerating precision child health is therefore
an investment beyond the setting of pediatric rare disease, holding great
promise for improving health and quality oflife of all the world’s population.
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