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Paediatric Drug Optimization for Sickle Cell Disease:
priorities for research and development in children

Tiziana Masini, Sarah Charnaud, Jane S Hankins, Cissy Kityo, Julie Makani, Claudia R Morris, Isaac Odame, Anna Laura Ross, Giulia Segafredo,
Omary Said Ubuguyu, Nuhu Omeiza Yaqub Jr, Wilson Milton Were, Martina Penazzato, on behalf of the PADO-SCD participants*

Sickle cell disease remains a major cause of childhood morbidity and mortality, particularly in sub-Saharan Africa. In
September, 2025, WHO convened the Paediatric Drug Optimization for Sickle Cell Disease process to review approved
therapies, pipeline candidates, and potentially curative approaches, and define priorities for children and adolescents.
Hydroxyurea (hydroxycarbamide) was confirmed as the leading near-term priority, with age-appropriate soluble or
dispersible formulations identified as essential to improve equitable paediatric access; preferred and minimum
characteristics were defined through a formal target product profile. Among investigational agents, pyruvate kinase
activators and decitabine plus tetrahydrouridine (NDec) emerged as promising candidates for paediatric investigation
on the basis of emerging efficacy data and programmatic potential. Intersecting research priorities included
identifying appropriate clinical trial endpoints, strengthening early and inclusive paediatric investigation, and
proactively ensuring that the promise of potential cure through gene therapy does not delay investment in scalable

disease-modifying treatments.

Introduction

Sickle cell disease is an inherited haematological disorder
associated with recurrent vaso-occlusion, haemolytic
anaemia, progressive organ dysfunction, and premature
death. Clinical manifestations typically begin in infancy
as fetal haemoglobin levels decline and include acute and
chronic pain, anaemia, increased susceptibility to
infections, stroke, and acute chest syndrome.™

Sickle cell disease affects an estimated 7-74 million
people globally, with more than 500000 affected births
each year.* Most people with sickle cell disease live in
sub-Saharan Africa, South Asia, the Middle East, and the
Americas—particularly the Caribbean and Brazil—
among populations of African descent. Despite this
growing burden, sickle cell disease remains a neglected
condition, with substantial inequities in access to
comprehensive care and low research investment in
the development of effective pharmacotherapies that
improve quality of life or offer cure.’

Sickle cell disease greatly affects quality of life and, if
not adequately managed, can lead to premature mortality.
Sickle cell disease also contributes substantially to
mortality in older children (5-9 years) and early
adolescents (10-14 years), making it a major driver of
child mortality, particularly in sub-Saharan Africa.*”
Effective interventions, including diagnosis in the
newborn period, completion of childhood immunisation,
early initiation of antibiotic prophylaxis, use of disease-
modifying therapy, and regular blood transfusions, can
substantially improve survival and wellbeing, particularly
when diagnosis is made in infancy® However, most
people living with sickle cell disease are still unable to
access high-quality care.”

For individuals living with sickle cell disease, the most
promising approach to improve outcomes is to expand
access to disease-modifying therapy, such as hydroxyurea
(hydroxycarbamide), delivered alongside other inter-
ventions as part of a comprehensive package of care.
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Hydroxyurea has been approved in many countries for
paediatric use, supported by evidence of safety™” and
long-term studies showing sustained clinical benefits in
most patients, including improved quality of life, better
growth, and reduced mortality.”* Despite these benefits,
substantial barriers to access and uptake persist in many
high-burden settings, driven by low availability, high
cost, misconceptions about the safety profile, and gaps
in access to age-appropriate paediatric formulations."**
Optimal wuse of hydroxyurea requires sustained
adherence and regular laboratory monitoring, which are
often difficult to sustain in low-income and middle-
income settings, contributing to underdosing, treatment

Key messages

CrossMark

Lancet Child Adolesc Health
2026; 10: 755-64

*Names of the PADO-SCD
participants are listed in the
appendix (pp 3-4)

Global Accelerator for
Paediatric Formulations

(T Masini PhD, M Penazzato PhD)
and Foresight, Leadership and
Ethics in Science

(S Charnaud PhD, A L Ross PhD),
Science for Health Department,
Science Division, World Health
Organization, Geneva,
Switzerland; Department of
Global Pediatric Medicine,

St Jude Children’s Research
Hospital, Memphis, TN, USA
(Prof J S Hankins MD); Joint
Clinical Research Centre,
Kampala, Uganda (C Kityo PhD);
Muhimbili University of Health
and Allied Sciences, Dar es
Salaam, Tanzania

(Prof ) Makani MD PhD); Emory
University School of Medicine
and Children’s Healthcare of
Atlanta, Atlanta, GA, USA
(Prof CR Morris MD); The
Hospital for Sick Children,

+ Hydroxyurea (hydroxycarbamide) remains the leading near-term priority for children
with sickle cell disease. However, the absence of age-appropriate, affordable, and
widely available formulations continues to constrain equitable access.

+ The Paediatric Drug Optimization for Sickle Cell Disease process identified age-
appropriate hydroxyurea formulations as short-term priorities and developed a target
product profile to guide formulation development, regulatory strategy, procurement,

and implementation.

+ Among investigational therapies, pyruvate kinase activators—mitapivat, etavopivat,
and tebapivat—and decitabine plus tetrahydrouridine (NDec) emerged as promising
candidates for paediatric investigation, based on biological rationale, emerging

efficacy signals, oral administration, and feasibility potential.

+ Gene therapies offer potentially curative options, but their development, pricing,
infrastructure requirements, and restricted availability in high-burden countries raise

major equity concerns that must be addressed from the outset.

+ The promise of potentially curative therapies must not delay investment in scalable
disease-modifying treatments that can benefit far greater numbers of children in the
near term. Scientific innovation in sickle cell disease should be guided by equity,

feasibility, and public health relevance.

» Paediatric inclusion should be embedded early in therapeutic development, with
studies using validated, patient-relevant endpoints that capture long-term benefit for

people, including children, in high-burden settings.
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interruption, and variable response. Although additional
disease-modifying agents and potentially curative
approaches, including gene therapies, are emerging,
their availability remains restricted, particularly for
children in high-burden countries.”

In this context, WHO recently published guidelines for
the management of children and adolescents with sickle
cell disease,® providing recommendations on rapid
diagnostic tests that can be used at the point of care,
antibiotic prophylaxis, prevention of complications, and
clinical management of common manifestations. The
guidelines strongly recommend the use of hydroxyurea
for infants from 9 months, as well as for older children
and adolescents. The guidelines also emphasise health-
care system enablers for scale-up in high-burden settings,
including the use of point-of-care tests, strengthening of
health-care workforce capacity, inclusion in national
essential medicines lists, integration into Integrated
Management of Childhood Illness tools, and improved
continuity of care.

Paediatric Drug Optimization for Sickle Cell
Disease
In parallel with normative work on the clinical
management of children and adolescents with sickle cell
disease, WHO is also advancing efforts to accelerate
investigation and access to disease-modifying therapies.
In September, 2025, WHO convened a Paediatric
Drug Optimization for Sickle Cell Disease (PADO-SCD)
process® to identify short-term and long-term paediatric
priorities by reviewing currently approved and emerging
products in the research and development pipeline,
including gene therapies. This meeting brought together
academics, researchers, clinical experts, paediatricians,
regulators, funders, and other key stakeholders involved
in the research and development of therapeutics for
sickle cell disease to discuss how to focus resources and
research efforts on the most urgent unmet needs for
children with sickle cell disease. PADO meetings
have previously been convened by WHO for several
disease categories, including HIV, tuberculosis,
neglected tropical diseases, malaria, and epilepsy,
showing the value of this consensus-building process in
shaping and focusing research efforts and resources.*
As part of the PADO-SCD meeting, priority-setting
exercises were conducted through structured discussions
informed by a comprehensive review of the literature and
relevant WHO resources. These exercises covered both
therapeutics already licensed to inform discussions on
therapeutics to prioritise for short-term development
(PADO priority list), and therapeutics in clinical
development for a sickle cell disease indication. Before the
meeting, investigational therapeutics were identified from
a collated database drawing on two complementary
sources available through the WHO Global Observatory
on Health Research and Development: the WHO
International Clinical Trials Registry Platform and

AdisInsight. Following additional screening and filtering,
ten therapeutics were selected for discussion. A dedicated
priority-setting framework, covering multiple relevant
criteria, was developed and populated using published
literature and direct engagement with product developers,
with each attribute scored on a scale of 1to 5 by a dedicated
expert group. The resulting composite scores informed
discussions on the therapeutics to prioritise for research
and development in children in the medium and long
term (PADO watch list), which was further refined through
a post-meeting survey (via email) in which participants
ranked their top three candidates with supporting
rationale, and finalised during a follow-up meeting.

The PADO-SCD process also provided a platform
for convening the hydroxyurea target product profile
development group, in line with WHO’s standard
procedures.”

The outcome of this process, described in this
manuscript, will inform and support the alignment of
funders, procurers, market coordination entities,
researchers, innovators, generics manufacturers, product
development partnerships, and regulators on priority
products and strategies to improve access to sickle cell
disease therapeutics.”

From product availability to paediatric priority
setting in sickle cell disease

The current disease-modifying treatment landscape for
sickle cell disease remains strikingly narrow, particularly
for younger children. As of April, 2026, only a few
therapeutics are approved and commercially available,
including hydroxyurea, L-glutamine, crizanlizumab, and
two gene therapies (exagamglogene autotemcel and
lovotibeglogene autotemcel), although their regulatory
status and commercial availability vary across jurisdic-
tions. Only hydroxyurea (in children aged =9 months)
and L-glutamine (in children aged =5 years) are options
for most paediatric age groups; crizanlizumab is only
approved for people aged 16 years and older. Gene
therapies have been approved only for people aged
12 years and older. Approval and availability of these
agents remain extremely restricted in many high-burden
countries.

Hydroxyurea was identified as a priority product for
children with sickle cell disease and was therefore
included in the PADO-SCD priority list (panel 1),”
recognising that despite recent progress on affordability,
formulation gaps continue to limit equitable paediatric
access. In June, 2025, a major price reduction initiative
targeting low-income and middle-income countries was
announced for one quality-assured 500-mg capsule
formulation.” However, this dosage form is poorly suited
to younger children, who require flexible weight-based
dosing (NCT06578507), careful dose titration, good
acceptability, and safe administration when swallowing
capsules is not feasible. Alternative formulations,
including lower-strength capsules, dispersible tablets,
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and oral suspensions, are available in some settings,
but these options are either not widely accessible or
remain suboptimal for routine paediatric use. To better
define the formulation profile that should be advanced
through generic development, a target product profile
was developed to specify both preferred and minimum
characteristics of hydroxyurea formulations for the
management of sickle cell disease in children (panel 2;
appendix pp 5-7).*

Other approved therapies for sickle cell disease,
including L-glutamine and crizanlizumab, were also
reviewed to assess whether they should be prioritised for
paediatric development. Although both products have
regulatory approval in at least some settings, the available
evidence was considered insufficient to support their
prioritisation for children with sickle cell disease, and
major research gaps remain.

L-glutamine was approved by the US Food and Drug
Administration (FDA) in 2017 for use in children aged
5 years and older to reduce vaso-occlusive crises.””
However, the same dataset submitted to the FDA was not
considered sufficient by the European Medicines Agency
(EMA), whose Committee for Medicinal Products for
Human Use issued a negative opinion citing insufficient
efficacy evidence, high dropout rates, and no demonstrated
benefit for hospitalisation; the company that developed the
drug subsequently withdrew its application.” Preliminary
real-world evidence has suggested potential benefit,
with one small single-centre study reporting reductions in
vaso-occlusive crises, hospitalisation days, and blood
transfusions after 72 weeks of L-glutamine therapy;
however, the small sample size limits the generalisability
of these findings.® Acceptability remains a concern
because the product is poorly soluble and crystalline,
resulting in a gritty preparation that might be difficult for
young children to take. Cost is also a major limitation, with
prices in the USA far exceeding those of hydroxyurea.
Broader prioritisation of L-glutamine would require
stronger efficacy data, including head-to-head comparison
with hydroxyurea, longer-term safety and efficacy data,
paediatric  dose-finding studies, and formulation
improvements.

Crizanlizumab, approved by both the FDA and the
EMA in 2019 for patients aged 16 years and older” and
administered as an intravenous infusion every 4 weeks,
presents major delivery challenges, particularly in lower-
level facilities such as district hospitals, which might
lack the capacity to provide the high-quality care and
monitoring required for intravenous administration.”
The post-marketing confirmatory STAND trial
(NCT03814746) did not confirm efficacy, leading the
EMA to revoke approval in 2023,* although authorisation
remains in the USA. Interpretation of these findings
remains debated, and the ongoing SPARKLE trial
(NCT06439082) is expected to provide further evidence
in adults. Limited real-world evidence from a small
single-centre study suggested reduced acute care visits
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among adult patients with high baseline hospital use,
but treatment persistence was low, with only five of
15 patients remaining on crizanlizumab after 6 months.*
A paediatric safety and dose-finding phase 2 study
(SOLACE Kids, NCT03474965) was performed involving
children aged 2-17 years, as requested by the EMA, but
since the licence was revoked, there was no definitive

Panel 1: Paediatric Drug Optimization for Sickle Cell
Disease (PADO-SCD) priority and watch list

PADO-SCD priority list
Short-term (3-5 years) time horizon for development of
paediatric formulations
» Hydroxyurea:
+ 500-mg single-scored soluble or single-scored
dispersible tablets (preferred and minimum)
+ 100-mg single-scored soluble or single-scored
dispersible tablets (preferred)

PADO-SCD watch list

Medium-term and long-term (5-10 years) time horizon for
development of paediatric indications and formulations

» Mitapivat

- Etavopivat

+ Tebapivat®

+ Decitabine plus tetrahydrouridine (NDec)

*Following phase 2 topline results showing insufficient differentiation from other
pyruvate kinase activators, development of tebapivat for sickle cell disease was
discontinued by the sponsor (July 2026).

Panel 2: Target product profile for formulations of hydroxyurea (hydroxycarbamide)
for the management of sickle cell disease in children

In September, 2025, WHO convened a technical consultation to define the target product
profile for paediatric hydroxyurea. This technical consultation was followed by a public
consultation, in line with standard WHO procedures for target product profile
development. Together, these processes identified clear product development needs and
provided guidance on formulation design, regulatory strategies, and other key aspects
related to hydroxyurea (appendix pp 5-7).*

The target population was defined as children and adolescents aged 9 months to 19 years
with sickle cell anaemia, specifically HbSS and HbSB0-thalassaemia, in line with WHO
recommendations and the strongest available evidence base.” The target product profile
aligns with WHO guidance that hydroxyurea can be initiated at all facility levels, while
setting a minimum expectation of initiation at secondary or referral level with
decentralised maintenance when appropriate safeguards are in place.

For formulation design, 200-mg and 500-mg single-scored soluble or dispersible tablets
were considered preferred to support initiation and dose adjustment, whereas a

500-mg single-scored soluble or dispersible tablet was considered the minimum
acceptable option to promote market viability. Triple-scored 1000-mg tablets were not
considered advantageous, given concerns about content uniformity, handling of leftover
portions, and poor acceptability even among older children due to tablet size.

Taste masking was considered desirable because hydroxyurea can have a metallic or bitter
taste, but it was not retained as a minimum requirement, because no major adherence
concerns were reported with existing products.
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follow-up study. Given unresolved efficacy concerns,”
infusion-based delivery, and much higher cost than
hydroxyurea, crizanlizumab was not considered a
priority for paediatric development at this stage.

Screening the sickle cell disease pipeline for
paediatric impact: feasibility-informed
prioritisation of compounds to be promoted for
development
The narrow range of available disease-modifying therapies
for sickle cell disease, especially for children, affects both
the urgency and the standards by which the development
pipeline should be judged. New agents are not competing
against an abundance of effective alternatives, but against
the practical bar set by hydroxyurea—an oral, scalable
therapy with a long track record of benefit, especially in
children, and an evidence base that extends beyond a
single clinical manifestation. Increased understanding of
the disease pathophysiology creates new opportunities for
additional targets beyond anti-sickling,” including
downstream targets, such as inflammation, endothelial
adhesion, and oxidative stress, thus creating opportunities
for further investigation and more treatment options.
Against this backdrop, the pipeline review undertaken
to inform PADO-SCD discussions adopted a pragmatic
lens (Antwi I et al, unpublished), grounded in what it
takes for an intervention to be relevant for the settings
where most children with sickle cell disease live.”* From
a policy and practice perspective, compounds that show
excellent clinical efficacy could nevertheless prove
programmatically fragile if they depend on infusion
infrastructure, cold-chain logistics, frequent monitoring,
or complex pharmacovigilance that is not feasible at
scale. These real-world feasibility considerations directly
informed the prioritisation approach: the review
concentrated on candidates in phase 2—4 trials with
plausible near-term development trajectories, narrowing
the field to ten agents for closer examination, and
identifying a smaller subset for prioritisation in
paediatric investigation on the basis of their likelihood
of translating into meaningful paediatric impact.
Pyruvate kinase activators—mitapivat, etavopivat, and
tebapivat—emerged as the clearest upstream drug class
with signals that could plausibly complement, rather
than merely substitute, existing standards of care. All
three drugs had ongoing trials at the time of the
PADO-SCD meeting, including in adolescents (aged
12 years and older [etavopivat, NCT06612268] and aged
16 years and older [mitapivat and tebapivat, NCT05031780
and NCT04536792, respectively]). Etavopivat is currently
being evaluated in children aged 6 months and older in a
single-arm, open-label phase 1/2 pharmacokinetics and
safety study (NCT06198712). No studies in children
younger than 16 years have been initiated for mitapivat.
The biological rationale of pyruvate kinase activators
is compelling: by increasing ATP and reducing
2,3-diphosphoglycerate in red blood cells, they reduce

haemoglobin polymerisation and sickling, thus specifically
targeting disease initiation rather than downstream
consequences, such as anti-adhesion or anti-inflammatory
approaches. Early efficacy data in adults were encouraging
for mitapivat. However, despite a substantial increase in
haemoglobin, the latest study results did not show signifi-
cant reductions in vaso-occlusive episodes, underscoring
that surrogate endpoints, such as haemoglobin, do not
always translate into clinical benefits and the importance
of identifying appropriate trial endpoints.** Etavopivat
also shows haemoglobin improvements, including among
paediatric participants aged 12 years and older, and topline
results from a phase 3 clinical trial showed both an
improvement in haemoglobin and a reduction in vaso-
occlusive events.”* Tebapivat, although at an earlier stage
of development, shares the same mechanism of action
and therefore had similar therapeutic potential.
However, following the announcement of topline results
from the phase 2 trial, which did not show sufficient
differentiation from other pyruvate kinase activators, the
sponsor decided not to pursue further development of
tebapivat for sickle cell disease.”

From a policy perspective, the central question is not
simply whether pyruvate kinase activators produce
favourable short-term laboratory or clinical signals,
but whether they can deliver sustained, clinically
meaningful benefits across the heterogeneous phenotypes
of sickle cell disease—particularly sustained protection
against cumulative end-organ damage. Although
reduction in vaso-occlusive episodes remains an attractive
near-term endpoint, it is also where several sickle cell
disease development programmes have faltered, with
promising early-phase results not translating into primary
endpoints based on vaso-occlusive episode reduction in
later-stage trials. If pyruvate kinase activators are
positioned primarily as reducers of vaso-occlusive
episodes, they could face the same endpoint fragility as
highlighted by recent study results.””* Hospitalisation-
related outcomes should also be defined more granularly
in studies of vaso-occlusive crises, capturing not only
the number of hospitalisations but also total days
hospitalised, emergency department visits, and trans-
fusion requirements. Evaluating outcomes using a
portfolio of endpoints that better capture haemolysis,
endothelial dysfunction, inflammation, and organ injury
(ie, accounting for multimorbidity) alongside patient-
reported outcomes could advance the field more quickly
and reduce the risk of late-phase disappointment.

From a health-system perspective, oral administration
of the three pyruvate kinase activators included in the
PADO-SCD watch list (panel 1) is advantageous for scale,
but dosing frequency might influence adherence (twice
per day for mitapivat versus once per day for etavopivat
and tebapivat), which can be decisive in routine paediatric
care and settings with constrained health-system capacity.

The addition of decitabine plus tetrahydrouridine
(NDec) to the PADO-SCD watch list (panel 1) speaks
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directly to the strengths and limitations of the current
cornerstone therapy, hydroxyurea.” Although the benefits
of hydroxyurea are well established, treatment response
remains heterogeneous, and fetal haemoglobin
distribution across red cells can remain uneven,* leaving
some children insufficiently protected against severe
complications. Management requires regular monitoring
for toxicity and dose optimisation, which can be
challenging to sustain in settings with little clinical
monitoring capacity and might contribute to suboptimal
dosing and adherence. NDec’s appeal is therefore both
biological and operational: it targets fetal haemoglobin
induction via DNA methyltransferase inhibition, and it is
designed for intermittent oral dosing (twice per week),
which could reduce pill burden and support adherence—a
key implementation issue in chronic paediatric
conditions. However, the results of NDec’s randomised
study have not yet been made available, highlighting the
need for evidence to support its efficacy and safety,
particularly before testing begins in children.
PADO-SCD discussions acknowledged that combi-
nation therapy is likely to be the future standard in sickle

cell disease, much as itis in other chronic, mechanistically
complex diseases. Drugs with non-overlapping
mechanisms of action can be paired with existing
therapies—especially ~ hydroxyurea—to  strengthen
prevention of both upstream pathophysiology (ie, sickling)
and downstream sequelae (eg, hyperinflammation) in
sickle cell disease. Pyruvate kinase activators illustrate this
potential. With mechanisms distinct from hydroxyurea
and generally non-overlapping toxicity profiles, they are
well positioned as candidates for combination therapy.
Beyond improving haemoglobin concentrations by
reducing haemoglobin sickling, pyruvate kinase activators
might also help limit cumulative end-organ injury—
including stroke, avascular necrosis, and chronic leg
ulcers—supporting evaluation not only for prevention of
acute events but also for longer-term outcomes, such as
cumulative end-organ damage, for evaluation in clinical
trials.

In addition to underscoring the urgency of initiating
paediatric  investigations for compounds on the
PADO-SCD watch list—ideally as soon as sufficient adult
data become available, typically at the onset of phase 3

Panel 3: Guiding principles for future clinical trials in sickle cell disease: key considerations for policy, trial design, and

funding priorities

+ Therapeutic urgency: the small number of disease-
modifying options for children heightens the need for
therapies that complement hydroxyurea and address the
unmet needs across diverse sickle cell disease phenotypes

» Pragmatic relevance and scalability: prioritise agents that
are feasible in settings with constrained health-system
capacity and can be delivered at scale, avoiding therapies
that require infusion capacity, cold-chain storage, complex
logistics, or intensive monitoring

+ Endpoint diversification: reduce reliance on pain-related
clinical trial endpoints in research of both acute pain and
pain-prevention interventions as they capture only a small
fraction of the disease burden; validate surrogate biomarkers
that target haemolysis, endothelial dysfunction,
inflammation, mitochondrial function, end-organ damage,
and patient-reported outcomes

+ Innovative clinical trial design: use of innovative designs
beyond the randomised controlled trial, including adaptive
trials, Bayesian and pragmatic designs, N-of-1 studies,
digital twin technology, and external control arms, to
reduce participant burden, improve feasibility, and
accelerate timelines

+ Long-term benefit assessment: evaluate sustained,
multisystem benefit, including reductions in cumulative
end-organ damage and improvement in long-term
outcomes, supported by validated biomarkers when relevant
(although not appropriate for studies of acute pain)

+ Mechanism-aligned endpoints: clinical trial endpoints should
reflect biological rationale to ensure meaningful assessment
of disease-modifying potential and long-term benefit
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« Disease severity classification: develop and apply a
classification system for disease severity to support fair
comparison of novel treatments, accurate assessment of
risks and benefits, and more generalisable results

« Timely paediatric evaluation: policies should support early
initiation of paediatric trials—when adult phase 3 studies
begin—to reduce delays in evidence generation and access
for children

« Inclusive paediatric age ranges: include children as young as
age 1year to accelerate access and evidence generation

» Adherence-friendly dosing: favour once per day or
intermittent dosing and minimise pill burden to support
adherence in routine paediatric care and settings where
sustained patient follow-up is difficult

« Oral administration: prioritise oral agents when possible
because of their greater scalability, acceptability, and low
health-system burden

« Complementarity with hydroxyurea: prioritise agents with
distinct mechanisms of action and non-overlapping toxicity
profiles that could be combined with hydroxyurea, enabling
stepwise improvement rather than simple substitution

« Combination therapy readiness: regulatory pathways
should anticipate multiagent regimens and encourage early
exploration of synergistic combinations with non-
overlapping toxicity

+ Late-phase readiness: funding prioritisation should focus on
phase 2-4 drug candidates with realistic near-term
pathways to approval, access, and implementation
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adult studies—the group emphasised the importance of
designing upfront dosing schedules that favour adherence
for this population and including children as young as
age 1 year in paediatric studies. Panel 3 outlines guiding
principles for future clinical trials in sickle cell disease,
with a focus on therapeutic urgency, pragmatic feasibility,
endpoint diversification, and timely paediatric evaluation.

Gene therapies for sickle cell disease: priorities
for equitable adoption in low-income and
middle-income countries

Gene therapies are emerging as potentially curative
options for sickle cell disease. Although these therapies are
still new and definitive long-term evidence of cure is not
yet available, patient advocates and clinical experts have
described them as transformative therapies with curative
intent. As emphasised by key thought leaders in Africa and
The Lancet Haematology Commission,® the overarching
goal is to provide access to definitive or curative therapies
for every person living with sickle cell disease, regardless
of their geographical location. Achieving this vision
requires investments in the research and development of
effective and context-appropriate technologies, and
implementation protocols for regions with the highest
epidemiological burden of sickle cell disease, particularly
Africa, where an estimated 75% of affected individuals
reside.” Whereas detailed descriptions of gene-therapy
platforms have been extensively discussed in the literature,®
PADO-SCD discussions focused on the key factors to
consider when evaluating approaches to enable adoption
in low-income and middle-income countries.

Two gene therapies have been developed and
authorised in high-income countries for people aged
12 years and older.® However, to our knowledge, these
products have not yet reached any low-income and
middle-income countries, and these countries have been
largely absent from pivotal clinical trials,” leaving
uncertainties regarding efficacy and safety in genetically
diverse populations, including African populations. If
curative approaches are to be expanded to all patients in
need, regardless of geography, progress will be required
across a few strategic areas.

The first priority is to include countries with a high
burden of sickle cell disease in clinical trials, or at a
minimum to ensure they are represented through a
robust sample of trial sites.®* According to the Global
Gene Therapy Initiative, a few African countries already
have the capacity to deliver ex vivo gene therapy, and
these centres could be leveraged in future trials.**®
Conducting clinical trials in these settings would not
only generate essential context-specific evidence but also
help establish or strengthen the infrastructure and
regulatory pathways for advanced therapeutics in both
research and routine clinical practice, while building a
regionally grounded skilled workforce.

A second priority is ensuring that trial populations
reflect the age distribution and clinical profile of people

living with sickle cell disease in high-burden settings.
Most participants enrolled in randomised controlled
trials for sickle cell disease were older than age 12 years,
despite more than half of children with sickle cell disease
dying before reaching that age.* Generating rigorous data
on the efficacy, effectiveness, and safety of gene therapies
in paediatric populations—eg, children and adolescents
aged 2-11 years—is essential to support translation of
research into clinical care and to inform age-appropriate
indications and risk-benefit assessments.”

[tremains crucial to invest in research and development,
including in basic science technologies such as next-
generation gene-editing and gene-addition platforms,
particularly in vivo approaches. These advancements
might enable safer, more standardised, less resource-
intensive delivery protocols. However, ensuring that
emerging technologies are available and affordable to
those who need them is key.

Affordability must be embedded from the earliest
stages of product development.” Two complementary
dimensions are crucial. First, strategies to optimise
manufacturing costs, including through regional or local
production in low-income and middle-income countries,
should be actively explored. The very high prices currently
observed in high-income countries do not necessarily
reflect intrinsic manufacturing costs. As an example,
commercial prices for haemophilia B gene therapy are
approximately US$2 million per treatment, compared
with real manufacturing costs of about US$87000.
Although this commercial price refers to an in vivo gene
therapy, the magnitude of this difference highlights the
substantial scope for rationalising therapy costs.”” In low-
income and middle-income country settings, costs could
be further reduced through access to lower-cost labour
and raw materials, including viral vectors.” Additionally,
the lower cost of lifelong replacement therapy in these
settings should be factored into gene therapy pricing.

As new therapies are developed in high-income
countries, the pathways to regulatory approval in low-
income and middle-income countries, and the role
of bridging studies to enhance regulatory reliance
and efficiency will need to be clarified. Additionally,
strengthening the capacity of national regulatory agencies
to assess complex gene therapy dossiers, approve these
treatments, and ensure post-marketing safety monitoring
is necessary.* Much progress has already been made
toward regulatory harmonisation in Africa through the
establishment of the African Medicines Agency, which
provides a strong foundation for coordinated review and
reliance frameworks.

Taken together, these considerations underscore that
gene therapy, particularly in vivo, could offer an opportunity
not only to advance the technological frontier of care
resulting in potential cure, but also to reconfigure access
and financing models so that high-value interventions can
be delivered at scale, including in settings constrained by
geography, infrastructure, and cost.
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Identifying appropriate endpoints and
optimising trial design in sickle cell disease:
a call to action
Despite advances in sickle cell disease management in
recent years and a strong pipeline of compounds
currently under investigation, several essential research
gaps remain and urgently need to be addressed.
PADO-SCD discussions aligned with the American
Society of Hematology’s research priorities, highlighting
the need for further work in pain management, organ
complications, sickle cell trait research, gene therapy
and novel therapeutics, expansion of transplant options,
digital health and registries, and the reduction of health
disparities.” To keep pace with the rapidly evolving
treatment landscape, the field must now prioritise the
identification of appropriate clinical trial endpoints,
the optimisation of study design, and broader thera-
peutic evaluation that includes paediatric populations
alongside adults. Furthermore, clinical trials in sickle
cell disease should be prioritised on the African
continent, where most people with the condition live.

Traditional trial endpoints, such as vaso-occlusive
episode frequency, transfusion dependence, and
hospitalisation rates, although of some value, capture
only a fraction of the disease burden and are fraught with
limitations, because they are influenced by care-seeking
behaviour, socioeconomic factors, and institutional
variability in admission criteria.”®* Severity of sickle cell
disease is often defined by the frequency or duration
of vaso-occlusive episodes. This metric has served as
the foundation for clinical trial eligibility and regulatory
approval for most therapies approved by the FDA.
However, frequency or duration of vaso-occlusive
episodes is a narrow and inadequate measure of the
overall disease burden,” a concern that became the focus
of a recent American Society of Hematology workshop in
December, 2025.” To better measure therapeutic impact,
future research should focus on harmonising and
validating objective, biologically informed endpoints that
reflect haemolysis, inflammation, endothelial activation,
mitochondrial function, and cumulative end-organ
damage, as suggested by recent consensus recom-
mendations.” Notably, the use of non-clinical endpoints
should be grounded in robust validation of their
relationship with patient-relevant outcomes. Parallel
emphasis is needed on patient-reported outcomes™* that
quantify daily pain interference, fatigue, functional
limitations, and mental health, although they might not
be ideal endpoints for studies of acute vaso-occlusive
episodes.®® Organ-specific subclinical markers such as
neuroimaging changes, kidney function trajectories,
cardiopulmonary testing, and digital monitoring of pain
and physical activity are also needed, particularly those
that can detect benefit long before overt clinical
deterioration occurs.”¢*

As emerging gene-based”* and disease-modifying
therapies enter the pipeline, endpoints must also adapt to
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capture long-term engraftment, genomic stability, fertility
preservation, durability of response, and reversal or
stabilisation of chronic organ damage. Optimising
clinical trial design is another central priority. Historically,
sickle cell disease trials have been hindered by small
sample sizes, heterogeneous disease presentation,
logistical challenges,”* and few clinical research facilities
in regions with high disease prevalence.*® Challenges
with pain-related endpoints in acute vaso-occlusive
episode studies are becoming more apparent now that
enrolment limitations have been overcome through
research networks such as the Pediatric Emergency
Care Applied Research Network.”” As of July, 2026, no
drug has received FDA regulatory approval to shorten
the duration of acute vaso-occlusive complications,
highlighting the complex pathophysiology of acute pain
in sickle cell disease.” Ultimately, reconsideration of
optimal outcomes for clinical trials for sickle cell disease-
related vaso-occlusive episodes is warranted. The field
must therefore collaborate to define and validate surrogate
endpoints that better reflect underlying disease biology
and long-term benefit. Although the 2019 American
Society of Hematology—FDA consensus workshop
established a comprehensive set of recommendations for
clinical trial endpoints,™* meaningful progress has
stalled, and the field remains effectively at an impasse. A
coordinated stakeholder initiative that brings together
clinicians, scientists, regulators, and individuals living
with sickle cell disease as a working group is essential.
Biopharmaceutical partners should also be closely
engaged in this effort to ensure alignment on priorities
and to support the development of studies that are not
only more purposeful, but also more feasible and efficient
to conduct. Without a strategic push forward, there is a
severe risk of delaying important innovation at a time
when new therapies could transform outcomes.

Prospective longitudinal cohort and registry studies,
community-engaged research infrastructure, and strategic
biomarker collection will be essential to strengthen trial
readiness and deepen mechanistic understanding.*
Research should therefore emphasise the use of innovative
designs beyond the randomised controlled trial, including
adaptive trials, Bayesian designs, N-of-1 studies,” digital
twin technology, and external control arms, to reduce
participant burden, improve feasibility, and accelerate
timelines. Pragmatic trials and real-world data could
complement traditional randomised clinical trials by
enhancing generalisability, particularly for therapies
with long-term or organ-protective mechanisms that
require extended follow-up.” Furthermore, strengthening
community-based research capacity and embedding
equity into site selection, eligibility criteria, and
engagement strategies are essential to ensure diverse and
representative enrolment.”

Few compounds in late-phase clinical development as
of July, 2026, are being investigated in children,””
despite sickle cell disease being a lifelong condition

761



Health Policy

with early-onset morbidity. Paediatric research should
be prioritised to allow timely evaluation of new
small-molecule agents, biologics, and gene-based
interventions within paediatric-appropriate safety and
ethical frameworks. This research includes developing
age-specific endpoints, incorporating caregiver-reported
outcomes, and studying developmental effects on
growth, neurocognitive function, fertility, and long-term
organ health. Strengthening newborn screening-linked
networks™” and establishing longitudinal paediatric
cohorts™ will help create trial-ready populations that can
accelerate the evaluation of new therapies. Affordable
novel therapies beyond curative therapies are also

needed, because access to such therapies will be out of

reach for many patients,” particularly those in settings
with populations facing high barriers to care and
experiencing the highest burden of disease.

Collectively, these priorities must align closely with
the evolving therapeutic pipeline, which includes gene
editing, stem cell-based approaches, and multiple disease-
modifying agents, ensuring that endpoints are sensitive to
mechanism-specific benefits, designs are flexible enough
for rapidly advancing technologies, and paediatric access
is embedded early in development. This integrated
approach will accelerate the translation of scientific
advances into meaningful and equitable improvements in
outcomes for all individuals living with sickle cell disease.

Conclusions

PADO-SCD outcomes highlighted both the urgency of

expanding therapeutic options for children with sickle

Search strategy and selection criteria

The content and discussions of the Paediatric Drug Optimization for Sickle Cell Disease
(PADO-SCD) meeting were informed by a comprehensive review of WHO resources on
sickle cell disease, complemented by materials from partners, including an overview of
available hydroxyurea formulations compiled by Médecins Sans Frontiéres. A systematic
literature review was outside the scope of this exercise. Instead, we identified key
background materials through targeted searches using terms relevant to the meeting
objectives and through proactive outreach to PADO-SCD participants with expertise in
specific areas, who were invited to share relevant literature and resources. To identify
disease-modifying therapies for sickle cell disease that were still under investigation and
not yet included in WHO recommendations, a structured pipeline review of products in
phase 2-4 development was carried out. On July 2, 2025, we searched the WHO
International Clinical Trials Registry Platform and AdisInsight to identify investigational
therapeutics in phases 2, 3, or 4 using the following search terms in various combinations:
“sickle cell” OR “sickle cell disease” OR “drepanocytosis” OR “drepanocytose” OR “anémie
falciforme” OR “Hb-SS disease” OR “Hemoglobin S Disease” OR “Hemoglobin SS” OR "HbS
disease” OR "HbSS". We also conducted targeted literature searches and contacted
product developers as needed to clarify development timelines, formulation plans, or
unpublished updates. Eligible therapies were assessed with a multiattribute prioritisation
framework that considered clinical efficacy, safety, paediatric feasibility, formulation
considerations, implementation factors, and potential public health relevance. The final
integrated dataset was cleaned, standardised, and used to inform downstream analysis
and meeting deliberations.
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cell disease and the need to anchor innovation in equity,
feasibility, and public health relevance. Although the
current pipeline of compounds under investigation for
sickle cell disease is robust, the range of available
treatment options remains strikingly poor, underscoring
the continued importance of advancing new therapeutic
candidates alongside improving access to existing ones.
Hydroxyurea remains the only widely scalable disease-
modifying therapy with a strong paediatric evidence base,
yet formulation and access barriers continue to constrain
its impact in high-burden settings.

The prioritisation of age-appropriate hydroxyurea
formulations, together with selected pipeline candidates
for early paediatric development, therefore reflects a
pragmatic strategy that balances scientific promise with
real-world needs. At the same time, potentially curative
therapies are becoming more visible, with gene therapy
products already commercially available in some high-
income settings. However, the prospect of a cure must
not be allowed to justify delaying investment in pragmatic
disease-modifying therapies that could benefit far more
children in the near term.

Coordinated action across the product life cycle, such as
that facilitated by WHO and its Global Accelerator for
Paediatric Formulations Network partners, will need to
intersect global efforts in introducing and scaling-up
human genomics and precision medicine tools.”
Optimisation of clinical trial design and endpoints,
proactive acceleration of clinical development programmes,
fostering of regulatory efficiency, and ensuring access
when solutions are developed will be essential to translate
scientific progress into meaningful gains in survival and
quality of life.
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