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Executive summary

All over the world, people with sickle cell disease (an inherited condition) have premature

deaths and preventable severe chronic complications, which considerably affect their quality

of life, career progression, and financial status. In addition, these people are often affected

by stigmatisation or structural racism, which can contribute to stress and poor mental health.
Inequalities affecting people with sickle cell disease are also reflected in the distribution of the
disease—mainly in sub-Saharan Africa, India, and the Caribbean—whereas interventions, clinical
trials, and funding are mostly available in North America, Europe, and the Middle East. Although
some of these characteristics also affect people with other genetic diseases, the fate of people
with sickle cell disease seems to be particularly unfair. Simple, effective interventions to reduce
the mortality and morbidity associated with sickle cell disease are available. The main obstacle
preventing better outcomes in this condition, which is a neglected disease, is associated with
inequalities impacting the patient populations. The aim of this Commission is to highlight the
problems associated with sickle cell disease and to identify achievable goals to improve outcomes
both in the short and long term.

The ambition for the management of people with sickle cell disease is that curative treatments
become available to every person with the condition. Although this would have seemed unrealistic
a decade ago, developments in gene therapy make this potentially achievable, albeit in the distant
future. Until these curative technologies are fully developed and become widely available, health-
care professionals (with the support of policy makers, funders, etc) should make sure that a
minimum standard of care (including screening, prophylaxis against infection, acute medical care,
safe blood transfusion, and hydroxyurea) is available to all patients.

In considering what needs to be achieved to reduce the global burden of sickle cell disease

and improve the quality of life of patients, this Commission focuses on five key areas: the
epidemiology of sickle cell disease (Section 1); screening and prevention (Section 2); established
and emerging treatments for the management of the disease (Section 3); cellular therapies with
curative potential (Section 4); and training and education needs (Section 5). As clinicians,
researchers, and patients, our objective to reduce the global burden of sickle cell disease

aligns with wider public health aims to reduce inequalities, improve health for all, and develop
personalised treatment options. We have observed in the past few years some long-awaited
momentum following the development of innovative point-of-care testing devices, new approved
drugs, and emerging curative options. Reducing the burden of sickle cell disease will require
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substantial financial and political commitment, but it will impact the lives of millions of patients
and families worldwide and the lessons learned in achieving this goal would unarguably benefit
society as a whole.

Introduction

Sickle cell disease is probably the most common, serious inherited disease in the world,
and one of the top 50 most common causes of non-communicable death globally, with most
of these deaths occurring in African countries.! Furthermore, it has recently been shown

to be the most common contributor to mortality globally in the 5-14 year age group.!
Whereas the majority of common causes of death are decreasing, the number of deaths

due to sickle cell disease are increasing globally.! Despite this, there are fewer than five
effective disease-modifying agents available and most patients in the world do not have
access to any of these.2 Although curative treatment is possible, by haematopoietic stem-cell
transplantation (HSCT) and emerging gene therapies, only a tiny minority of patients are
currently treated with these because of the need for infrastructure, the cost, and associated
adverse effects.3 In the context of increasing global health inequalities, partly driven by
racism, previous calls for action on sickle cell disease have been largely ineffective. There
is an urgent need for the development of research, policies, and public health strategies to
reduce the morbidity and mortality associated with this long-neglected condition.*

The first paper on sickle cell disease was published in 1910 by James Herrick in Chicago
(IL, USA), who described the appearance of atypical, sickle-shaped red cells in a Black
dental student from Grenada, who presented with respiratory symptoms.® Following this
publication, more clinical and pathophysiological observations emerged, including the
identification of haemolysis as a cause of anaemia and jaundice and vaso-occlusion as

a cause of pain and ischaemic tissue damage.5 In 1948, Janet Watson published the key
observation that babies did not develop symptoms of sickle cell disease in the first few
months of life and attributed this to high concentrations of fetal haemoglobin (HbF).”

This realisation led to a stream of therapeutic attempts to increase HbF concentrations to
recreate the asymptomatic neonatal state, which resulted in the emergence of hydroxyurea
(also known as hydroxycarbamide) as the most effective and widely used drug in sickle
cell disease.® HbF is also currently the main focus of gene editing trials.® In 1949, Linus
Pauling published a paper showing that sickle cell disease was associated with atypical
electrophoretic mobility of haemoglobin S and described it as a molecular disease, 10 with
subsequent studies showing the amino acid change responsible for the atypical haemoglobin
(HbS), and the propensity of HbS to form destructive polymers when deoxygenated.®

It has also gradually emerged that there are more than 15 different genotypes that can
cause sickle cell disease. The most common and severe form occurs when HbS (HbSS)

is inherited from both parents, with the compound heterozygous states HbSC and HbS/p
thalassaemia making up most of the remainder in most populations. The term sickle cell
anaemia refers specifically to the homozyzgous condition HbSS (sometimes also including
HbS/pO thalassaemia), whereas sickle cell disease includes all genotypes causing the
syndrome (appendix p 4). As molecular biology developed, the transcription of globin genes
was increasingly understood and served as an example for other inherited and acquired
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genetic disorders.!! These observations form the backbone of our understanding of the
pathophysiology of sickle cell disease: haemoglobin S is inherited, which polymerises

when deoxygenated and damages the red cell; the damaged red cell occludes blood vessels
causing ischaemic tissue damage, and also lyses prematurely, releasing the toxic erythrocyte
contents into the circulation.12 There has been a large amount of research focusing on the
downstream consequences of HbS polymerisation, showing abnormalities in nearly every
measurable biological process, including inflammation, oxidative stress, blood coagulability,
vascular endothelium function, nitric oxide metabolism, expression of adhesion molecules,
and immune function.® Additionally, there is progressive damage to many organs resulting
in hyposplenism, renal impairment, cerebrovascular disease, avascular necrosis of bones and
joints, cardiopulmonary disease, retinopathy, hepatopathy, and priapism.®

In parallel with progress in molecular and clinical understanding of sickle cell disease, it
became apparent that the disease is distributed very unevenly across different populations,
with the majority of patients being of African and African-Caribbean origin. Although most
babies born with sickle cell disease occur in Nigeria, the Democratic Republic of Congo,
and India, 3 sickle cell disease is relatively common in the Indigenous Peoples of the Middle
East and southern Europe, with substantial numbers of people affected in an increasing
number of countries in the world because of population movements.24 The reason for this
uneven distribution was suggested by John Burdon Sanderson Haldane in the 1940s, who
hypothesised that carriers of sickle haemoglobin (also called sickle cell trait) had relative
protection against death from malaria, which resulted in the disease becoming much more
common in countries where malaria was or is an important cause of premature death.

This malaria hypothesis (which also applies to other inherited red cell disorders such as
a-thalassaemia and B-thalassaemia and G6PD deficiency) has largely been substantiated

by further epidemiological studies, although the exact mechanism of protection is still not
known.1®

Although the molecular and cellular aspects of sickle cell disease are well understood and
have often been used as models to understand other molecular conditions, clinical aspects
have been relatively neglected. In addition to the progressive organ damage mentioned
earlier, sickle cell disease is characterised by acute episodes of illness related to vaso-
occlusion and infection, causing problems such as acute pain, acute chest syndrome (ACS),
strokes, and—in severe cases—multiorgan failure and death.® The majority of patients

are still thought to die in childhood,8 apart from the relatively small number of patients
living in some countries with better outcomes, such as many high-income countries (HICs)
and Jamaica, where mean life expectancy is reduced by about 20 years compared to the
non-sickle population.1” In 2013, sickle cell disease was the fourth most common cause

of death in Nigeria (after malaria, lower respiratory infections, and AIDS) and the 36th
most common globally.! In addition to shortened life expectancy, sickle cell disease is

also associated with substantial morbidity in all age groups, resulting from unpredictable
episodes of acute illness, accumulating organ damage, neuropsychological problems, and
iatrogenic complications. For example, in 2017, sickle cell disease was one of the leading
non-communicable disease causes of disability-adjusted life-years in children younger than
5 years in African countries (769-4 disability-adjusted life-years per 100 000 years; 95%
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uncertainty interval 432:9-1076-4).1 As previously mentioned, without intervention, this
global burden is expected to increase over the coming decades.

Even though sickle cell disease is a common and severe condition, there is little evidence
on what constitutes effective clinical management and few treatment options, especially
when compared with rarer conditions such as haemophilia A and cystic fibrosis. For
example, it is unclear how simple supportive measures (eg, intravenous fluids and oxygen)
should be used during acute complications. There is good evidence to support the use of
phenoxymethylpenicillin prophylaxis!® and hydroxyurea,® but until about 5 years ago these
were the only drugs available to try and prevent complications. With increased commercial
interest in orphan diseases and financial incentives to develop drugs for their treatment,
more drugs have emerged over the past decade, with crizanlizumab,2° voxelotor,?! and
L-glutamine2? variably licenced for use in different countries. Although these are expensive
and non-curative drugs, they are indicative of an increasing academic and commercial
interest in sickle cell disease, as suggested by the increasing number of publications, and
there are currently a large number of drugs in commercial development that could offer
further important benefits.23 Additionally, there is rapid progress in the development of
stem cell treatments, with advances in HSCT and gene therapy,2* with the potential to
make curative treatments available to all patients; however, widespread use is still a long
way from clinical reality everywhere, but particularly so in low-income and middle-income
countries (LMICs). Importantly, there are also ongoing advances in methods for screening
and diagnosis of patients with sickle cell disease. In particular, emerging point-of-care
testing (POCT) devices could facilitate the earlier identification of patients in many LMICs
that do not have an established network of laboratories able to perform these tests.

It is difficult to know exactly why sickle cell disease has been so neglected, particularly
when compared with other less common inherited disorders. To some extent, sickle cell

has been seen as a disease mainly affecting African countries, and in those countries

its relative importance was diminished by the devastation caused by infectious diseases,
including malaria, diarrhoea, and AIDS. In HICs, this disease has occurred predominantly
in low-income populations, who have little political influence, and has been prioritised by
few health-care systems around the world. Equally, the pharmaceutical industry previously
had little or no interest in the condition, although this has changed in the past decade

with financial incentives to develop drugs for orphan diseases and the apparent profitability
of selling such drugs. WHO has passed two resolutions on sickle cell disease: in 2006

they called for affected countries to strengthen their response to sickle cell disease and
thalassaemia and in 2010 they made various statements on the prevention and management
of sickle cell disease and other inherited conditions, encouraging the promotion of
awareness, improved access to health-care services, and support for research. In August,
2022, the WHO regional office for Africa, African health ministers, and some other
interested parties launched a campaign to reduce the burden of sickle cell disease in African
countries.2® Other influential global health organisations, including the UN and the Bill &
Melinda Gates Foundation, have offered some statements and support for sickle cell disease,
although this is limited compared to other global health problems, such as HIV and malaria.
Although this high-level support is encouraging, there has been very little progress in actual
management of sickle cell disease in most parts of the world.
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To sustainably achieve good health and wellbeing for all people with sickle cell disease,
identifying and promoting appropriate policies that consider the priority challenges of the
21st century (eg, growing inequalities, poverty, and climate change) are needed. The aim
of this Commission is to describe the current situation for people with sickle cell disease
and to identify the changes that need to be made to the organisation and provision of health
care to develop sustainable policies to substantially reduce morbidity and mortality over
the coming decades. Although other strategies have been produced previously, most notably
the US National Academy of Sciences, Engineering, and Medicine Strategic Plan and
Blueprint for Action, Addressing Sickle Cell Disease,25 these have mostly been focused on
particular countries, and the aim of this Commission is to take an international perspective,
with representative multinational involvement, and broad recommendations relevant to
both high-income and low-income regions. The main areas of focus are understanding

the epidemiology, the development of screening programmes, providing better access to
established treatments, ensuring that people in all countries can benefit from emerging
therapies, and training health-care workers and empowering them to better manage sickle
cell disease.

Section 1: epidemiology

Data quality and data quantity

Epidemiological data on disease distribution, prevalence, mortality, and morbidity are
essential to monitor progress towards reducing the global burden of disease. Public health
authorities require precise, reliable, comparable, and multidimensional data on the burden
of disease to setup, plan, implement, and evaluate policies and break through one-size-fits-
all health interventions. Currently, in most countries, many gaps in epidemiological data
remain; this affects funding allocation and the development of adequate public health
policies. In addition, there are substantial disparities in health-care prevention, coordination,
and management programmes between HICs and LMICs, as well as within countries.
Reducing these disparities would both decrease the burden caused by sickle cell disease
and improve the quality of life of patients. A first step towards this goal is to agree on
minimum accurate standard epidemiological data to be collected.

Databases, mapping, and networking—Although a substantial body of data has been
assembled on the distribution of sickle cell disease,2’~2? reliable, precise, and representative
data are still scarce for the prevalence and distribution of the condition in most countries.
As reflected in discrepancies between existing estimates, including those from the Global
Burden of Diseases Study,! there remains a lot of uncertainty in prevalence and burden
estimates in many parts of the world. These discrepancies, combined with a long-term
neglect of sickle cell disease, affect progress towards improving the management of the
disease. These estimates are important to help develop national policies and often highlight
the need to use standardised protocols in epidemiological studies. Furthermore, monitoring
spatial and temporal changes in the frequencies of sickle cell disease, and other malaria-
related red blood cell genetic disorders (eg, thalassaemia and G6PD deficiency), is essential
for public health authorities to develop adequate long-term policies and interventions.

Lancet Haematol. Author manuscript; available in PMC 2024 October 08.
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Estimates tend to be based on newborn screening and life expectancy data or rely on

regional and national registries, natural history studies, clinical and administrative data, and
surveys and cross-sectional reports in sample cohorts whose data are generalised.3% Many

of these data are collected on a voluntary basis or are part of short-term funded research
projects. Very few of these data collections are sustained in the long-term with adequate staff
or funding.

The development of various international collaborative networks, such as the Global Sickle
Cell Disease Network, the Sickle Pan African Research Consortium, and the Réseau
d’Etudes de la Drépanocytose en Afrique Centrale (appendix p 5), has the potential to

fill some of these data limitations and to promote the use of standardised protocols.

These networks have all shown the benefits of collaborative work. The development of

a centralised electronic portal (eg, the Sickle Cell Disease Ontology) further extended
these collaborations to provide tracking systems for recruitment, data quality assurance,
and reporting of research studies. Similarly, in Europe, collaborations between national
registries (eg, through EuroBloodNet) have increased to standardise approaches and better
monitor changes. In the USA, the Centres for Disease Control and Prevention’s Sickle
Cell Data Collection programme developed a population-based longitudinal surveillance
system to identify people living with sickle cell disease by centralising data from several
sources. Other collaborations, such as the PhenXToolkit, have focused on the development
of common data collection. The next steps are to enlarge and join up these collaborative
efforts (eg, through more coordinated efforts between anglophone and francophone sub-
Saharan African countries); to promote interoperability between data sources; to integrate
epidemiological data with emerging omics and real-life data; and to further join up and
expand all these national, regional, and global efforts to provide near real-time, consistent,
and high-quality epidemiological data. Although machine learning algorithms could help fill
some of the knowledge gaps, their outputs will largely depend on the quality of input data
used.

Data on prevalence and mortality of sickle cell disease—Apart from a few
countries with a universal newborn screening programme (eg, the UK and USA,; figure 1),
precise data on the annual number of children born with sickle cell disease are non-existent.
A review of the burden of sickle cell disease in children younger than 5 years only identified
52 studies containing relevant data on incidence and prevalence and 15 with mortality

data, further highlighting the need for better epidemiological data on sickle cell disease.3!
Although epidemiological data are not necessary to set up policies and interventions, they
are essential to assess changes and measure the effect of public health decisions taken.

Estimates suggest that around 75% of the more than 300 000 annual global children born
with sickle cell anaemia occur in sub-Saharan Africa (figure 2). Data on allele frequencies
of HbC and B-thalassaemia are scarce, making it difficult to estimate the numbers of
births with HbSC disease and HbS/B-thalassaemia. Up-to-date and more meaningful data
are required on the frequencies of expected births and outcomes of people with sickle

cell disease, particularly in Africa and India.# The generation of accurate data requires
better screening and diagnostic facilities, with improved staff training. The influence of
ethnic, religious, and social heterogeneities has so far been poorly studied and data on
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consanguinity are particularly scarce. New large-scale data collection efforts, such as the
Statewide Screening Data Interface in Chhattisgarh (India), and refined modelling work on
sickle cell disease accounting for these heterogeneities (eg, Scheduled and non-Scheduled
populations in India)32 can have a substantial impact on estimates generated. Data on the
prevalence of sickle cell disease in adults are very scarce in all countries worldwide. As a
result, there is no reliable estimate of patient numbers either globally or for any country.
Even in countries with the best data quality, estimates of the number of people with sickle
cell disease remain very crude.33:34 Nevertheless, new data from the Global Burden of
Disease 2021 study estimated that 7-74 million people (95% uncertainty interval 6-51-9-20)
lived with sickle cell disease globally in 2021.1 Population and fertility projections suggest
that this number will increase over the coming decades, particularly in sub-Saharan Africa.
The implementation of simple measures, such as appropriate prophylaxis, immunisation, and
universal screening, could lead to decreased mortality for millions of babies with sickle cell
disease.3® High-quality monitoring epidemiological data would allow current estimates to be
validated and updated.

The survival of adults with sickle cell disease has mainly been investigated in specific
centres in North America and Europe.32:36 Although survival data from well equipped urban
centres in Africa have been published,37-39 there is still a lot of uncertainty around mortality
rates of people with sickle cell disease in other parts of these countries.#? Data collected as
part of demographic health surveys could offer opportunities to collect representative data,
as trialled in Nigeria.*! Prospective studies are required, especially in LMICs, to provide
up-to-date data on risk factors for mortality.

Data on newborn screening and morbidity—Studies in HICs and Jamaica have
shown the importance of newborn screening with early comprehensive care and education of
the parents to substantially reduce early morbidity and mortality from sickle cell disease.*2
44 Setting up appropriate follow-up of infants with sickle cell disease remains a major
challenge. Furthermore, data on the use of health care, delivery of services, and costs of care
are scarce in most countries, including across Europe.#® Survival of people with sickle cell
disease beyond the age of 18 years in Europe and North America is common, yet their life
expectancy in these countries is still 20 to 30 years lower than in the general population.

Although nationwide universal newborn screening programmes were launched in 2001 in
Brazil and in 2020 in Ghana, there is still very little data available on the natural history
of sickle cell disease in most areas of high prevalence. The national newborn screening
programme in Ghana screened more than 200 000 babies over the course of 10 years at
nine public institutions and 15 private clinics, identifying over 3000 children with sickle
cell disease and providing care in local clinics.48 In Uganda, the US3 study showed the
feasibility of a large-scale epidemiological study of sickle cell disease and sickle cell trait in
infants of mothers who were HIV positive through the use of residual dried blood spots.#’
In Tanzania, regional and district data are now being generated by analysing repurposed
dried blood spots, which were part of the HIV infant diagnosis programme, with existing
infrastructure.#® In India, there is negligible data on life expectancy of individuals with
sickle cell disease. Although newborn screening programmes have been initiated in a few
Indian states, only two studies from the states of Gujarat and Maharashtra have reported
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clinical outcomes; 4920 the causes of death could not be determined in most children and the
follow-up rate was only around 70% in both studies.

Public—private partnerships could be helpful in implementing early diagnosis and sustained
care to reduce mortality and improve the quality of data.>1°2 A village-based model of

care using local volunteers has shown the importance of community participation, and the
possibility of assessing premature mortality rates and causes of mortality in a remote tribal
village in south India has also been shown.>3 One of the main challenges to improve the
management of people with sickle cell disease in high-prevalence countries is reaching

rural communities and making sure that people have access to ongoing care. Inexpensive
POCTs used in conjunction with immunisation programmes can be a good way to start data
collection, to map out and study differences in morbidity, and to setup improved health care.

Prenatal diagnosis is acceptable in many countries but requires a lot of infrastructure

and therefore, data on this is scarce.>* Various preventive strategies are needed for the
management and control of sickle cell disease, including antenatal screening and prenatal
diagnosis early in pregnancy to offer parents informed reproductive choices. Antenatal
screening is undertaken in some countries, including Australia, Bahrain, Canada, Cuba,
India, Saudia Arabia, and the UK, and variably in other countries based around individual
hospitals or centres. The acceptability of prenatal diagnosis and termination of pregnancies
varies substantially across the world, reflecting cultural and religious beliefs. In England,
although antenatal screening is widely accepted, reproductive choices depend on the

timing of prenatal diagnosis, as termination of pregnancies is more acceptable with early
diagnosis.®® In India, prenatal diagnosis and termination of pregnancies for sickle cell
disease is acceptable even among marginalised communities. A single-centre study over 30
years showed that 527 couples opted for prenatal diagnosis of sickle cell disease and 30%
of them came prospectively.>* In Cameroon, physicians considered termination in only 36%
of affected pregnancies, whereas 90% of prospective mothers would opt for termination.>® In
southwestern Nigeria, only 37% of doctors would recommend prenatal diagnosis for sickle
cell disease, with only 17% of mothers being willing to undergo testing due to the high

cost and fear of the procedure.>” One difficulty of prenatal diagnosis in sickle cell disease

is that it is a variable condition and it is hard to predict the clinical severity accurately,
making it difficult for parents to make informed choices; increased use of genetic modifiers
of sickle cell disease, like those associated with higher HbF levels and co-inheritance of a-
thalassaemia, could help to predict the clinical phenotype.>® Non-invasive prenatal diagnosis
is another option to avoid the small risk of fetal loss associated with invasive methods.
Although there is little data on noninvasive prenatal diagnosis for sickle cell disease, one

of the largest studies on this method showed that 37 out 44 sample results were concordant
with established methods.>8

Economic costs—The economic burden of sickle cell disease is substantial and
increasing in most countries. Irrespective of where people live and their economic situation,
the cost of this disease imposes a large financial burden to them, their family, and society. In
the USA, the inpatient costs, outpatient costs, and out-of-pocket costs surpass US$3 billion
per year for about 100 000 patients. Median yearly costs are approximately $28 000 per
patient and lifetime care cost $460 000 per patient.>° The indirect economic burden of pain
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events has also been recognised in the USA,®0 where estimates averaged an additional $15
000 per patient per year in terms of productivity loss and around $20 000 of unpaid work
lost per caregiver. In the Netherlands and the UK, some studies have looked at resource use
and costs related to sickle cell disease health care.b In LMICs, there is very little data on
the economic burden, although sickle cell disease can add substantial financial pressure on
patients and their families. Such information is essential to advise governments and public
health authorities on the future health burden of sickle cell disease. A cost-effectiveness
analysis of newborn screening and a few prophylactic interventions conducted across 47
sub-Saharan African countries could be used to guide policies and pave the way for similar
studies in other regions of high prevalence. Further health economics studies, including the
costings of a large-scale implementation of key interventions to reduce the burden of sickle
cell disease, are needed.

Changing distribution and patient numbers

As witnessed by many haematologists, sickle cell disease is the fastest growing inherited
condition in many countries worldwide.1462.63 This increase is due to several different
factors that also lead to changing demographics of the patients’ cohorts and to a more global
distribution of patients in areas of the world were sickle cell disease was rare, less known, or
less reported.

Evidence of increase in patients’ numbers in various settings and worldwide
—Increasing numbers of people with sickle cell disease started to occur over the past few
decades in Europe, North America, and Australia.54-%6 Observed increases in prevalence
were mostly the result of gains in life expectancy (due to reduced childhood mortality)

and immigration. For example, the UK National Hemoglobinopathy Register reported 1367
sickle cell disease cases in 1979; 7800 in 2013; and 12 000 in 2019. In France, there

were 1000-3000 people with sickle cell disease reported in 1992,57 whereas the total
number of people with sickle cell disease in 2016 was estimated between 19 800 and 32
400.58 Population movements are also responsible for increased prevalence—for example, in
Germany and Sweden,83:69

Increasing numbers of people with sickle cell disease have also been reported in LMICs in
Africa, South America, and Asia and are the result of increased diagnostic and reporting
capacity. In Brazil, 45 000 people with sickle cell disease were estimated in 1985,70 whereas
(according to reports of the Health Ministry of Brazil) this increased to 60 000-100 000
people with sickle cell disease in 2021.

Causes of increasing numbers: increased diagnostic capacity—The
implementation of sickle cell disease national newborn screening programmes has allowed
the reporting of birth prevalence and shown an increase in the number of people with
sickle cell disease in some HICs, including the USA*2 and in many European countries.30
Birth prevalence from large studies based in HICs are summarised in the appendix (p

6). In other HICs experiencing immigration, such as Italy’! and Canada,’2 only birth
prevalence data from pilot newborn screening studies are available but data from long-
term national sustainable programmes implemented in the health-care system are still non-
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existent. In African countries, birth prevalence data have also started to become available.
The integration of newborn screening into existing primary health-care immunisation
programmes or HIV screening programmes has been shown to be feasible and were rapidly
implemented at low costs in countries such as Nigeria and Uganda.’”374 There have been
few efforts so far to regularly compile prevalence data to update estimates required by public
health authorities.

Partnerships between HICs and LMICs and between research, public or private bodies, and
regional networking led to the implementation of pilot newborn screening programmes or
screening in LMICs (eg, Antigua), diagnostic efforts in remote rural areas of Nepal and
Brazil,”>7 and strengthened local efforts in the Caribbean.”” In south Asia, countrywide
data and statistics are difficult to gather and there is very little information available outside
India.”® Although sickle cell disease has been reported from Pakistan, Sri Lanka, Nepal,
Bangladesh, and the Maldives, very little is known about the nature and the burden of the
disease in these countries. Improved data are likely to start to emerge in the near future with
the increased use POCT devices in LMICs.

Causes of increasing numbers: increased reporting—In several countries, the
increase in patients’ numbers can be estimated owing to the increased reporting through the
publication of surveys, clinical cases, research and natural history study results, or enrolment
in clinical trials.”® Although all this published information does not allow the determination
of precise data on birth prevalence, prevalence, and incidence, it does show an increase in
patients’ numbers and growing scientific interest towards a neglected public health problem.
The past decade also saw reporting from areas that previously had no data or estimates, such
as Nepal and rural parts of India.

The implementation of standardised data collection is still limited geographically to a few
European countries, Brazil, and organised networks. Various factors (including the scarcity
of early diagnoses, data entry on a voluntary basis into the registries or databases, and the
absence of longitudinal registries) have restricted systematic data collection so far. This
leads to underestimating the real prevalence and to failures to track robust incidence data. A
pronounced move towards widespread complete coverage of the population at risk should be
one of the priorities as the number of people with sickle cell disease continues to increase.

Causes of changing distribution and demographics—The increased prevalence of
sickle cell disease worldwide is coupled with a change in the distribution of the disease and
a change in the demographics of the sickle cell disease population. Migration continues to
increase the prevalence of sickle cell disease in many countries, with movements of people
from high prevalence areas into countries where sickle cell disease was relatively rare or
absent. This process started a few decades ago in Europe and Australia, with diasporas from
Africa and the Middle East. This process is also ongoing in the USA, where individuals
from sub-Saharan Africa represented the fastest growing immigrant population between
2010 and 2018.89 Population movements are also causing a growing ethnic diversity,
increased complexity of the mutations, and increased complexity of disease genotype

and phenotype, which in turn can make diagnosis and reporting more complex. The
interpopulation variation and the mixture with p-thalassaemia mutations are a recognised
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factor of interpopulation variation and difficult interpretation in south Asia and increasingly
the rest of the world. Traditional approaches to laboratory diagnosis need to be modified

in the face of increased population admixture and greater variability in the genotypes
underlying sickle cell disease, requiring training of laboratory staff and increased use of
DNA analysis.

Reduced paediatric mortality also contributed to the increased prevalence and will determine
further changes in the demographics of sickle cell disease, with increasing numbers of adults
with sickle cell disease.81 The development of more complex multimorbidities is associated
with older ages.

Changing life expectancy

Improved survival and comorbidities in HICs—The impact of sickle cell disease

on survival was first suggested in reports (mostly from the USA) in the 1950s about the
apparent low prevalence of severe sickle cell disease in older age groups. Diggs estimated
a median overall survival of 14-3 years for people with sickle cell disease, with a third of
the deaths occurring before the age of 5 years and half occurring between 5 and 30 years of
age.8?

Subsequently, the largest source of prospective data on survival came from the US
Cooperative Study of Sickle Cell Disease (CSSCD; 1978-98). The CSSCD reported a
median overall survival of 42 years for male participants and 48 years for female participants
with sickle cell anaemia and 60 years for male participants and 68 years for female
participants with HbSC disease. Compared with the general African American population,
the probability of death dropped drastically after the age of 20 years. These survival
estimates supported the lower life expectancy associated with severe sickle cell disease.
The CSSCD was not able to establish the exact causes of death in most cases. Of the 209
deaths recorded, 171 (82%) occurred in people with no clinically diagnosed organ failure
but in the circumstances of an acute event (including uncomplicated pain, pain with ACS,
stroke, perioperative complications, infection, and ACS alone).83

The CSSCD gave investigators the opportunity to document and carefully determine the
causes of the high rates of mortality in children described in earlier reports. After 14

670 person-years of follow-up from 1979 to 1987, the CSSCD data showed that the
overall mortality was 0.5 deaths per 100 person-years, with the highest rates occurring

in individuals aged less than 1 year. The cause of death was known in 54 (74%) of the 73
deaths and, among those 54 deaths, 28 (52%) people died from bacterial infection.

The Penicillin Prophylaxis Study (PROPS1, 1983-85) was conducted among young children
in the CSSCD.18 Penicillin prophylaxis might have had a small ameliorative effect on
mortality for individuals who were randomised to receive phenoxymethylpenicillin and a
larger group that might have been placed on phenoxymethylpenicillin after the study was
halted, when phenoxymethylpenicillin proved efficacious in reducing incidence of, and
mortality due to, pneumococcal bacteraemia.
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Following wide public health adoption of newborn screening for sickle cell disease and
penicillin prophylaxis in the context of comprehensive clinical management, several HICs
and Jamaica have reported drastic improvements in survival of children with sickle cell
disease, increasing survival past the age of 18 years to rates above 90%, with survival of
93-9% (95% CI 90-3-96-2) from one study in the USA.84

With the proven effectiveness of newborn screening and early interventions in reducing
childhood mortality in people with sickle cell disease, the expectation would be that overall
survival for people with sickle cell disease in HICs would improve steadily. However, the
fact that most sickle cell disease deaths had been related to acute illness events served as

a cautionary note that improved childhood survival might not necessarily reduce mortality
in individuals older than 5 years who die unpredictably with no clinically diagnosed organ
failure. A review of mortality rates for children and adults with sickle cell disease from 1979
to 2005 using the US National Center for Health Statistics” multiple cause of death files
showed that the median age at death in 2005 was 42 years for female patients and 38 years
for male patients.85 Although there was an observed annual decrease in paediatric mortality
by 3%, adult mortality rate increased by 1% each year during the 16 years studied.8°

The median overall survival data from Lanzkron and colleagues® showed no improvement
over those from the 1994 report from the CSSCD. It became clear that saving the lives of
people with sickle cell disease during childhood might not be sufficient to improve their
overall life expectancy. Interventions to reduce both organ failure and improve acute illness
management were identified as a need. The switch from decreasing mortality with age in
children to increasing mortality with age from 19 years of age corresponded to the switch
from paediatric to adult care services in high-income health-care systems.

The most applied disease modifying therapy to address this has been hydroxyurea. The
broad positive effect of hydroxyurea on the clinical course of sickle cell disease in both
children and adults, and possibly on the survival of adults, suggested the need for intensified
efforts to promote hydroxyurea therapy in adults with sickle cell disease.86 Despite the
promise of curative interventions, HSCT and gene therapy, it is too early to assess their
effect on the overall survival of people with sickle cell disease, even in high-income,
well-funded health-care systems.

Mortality reduction and sustainable strategies in high-prevalence countries—
In sub-Saharan Africa, where sickle cell disease has been in existence for thousands of
years, traditional folklore about sickle cell disease typically describes a disease of recurrent
pain attacks, small stature, increased mortality, and familial childhood death.

In 1950, Raper recorded positive sickling test results as high as 45% in one community in
Uganda but not a single case of sickle cell disease.8” Comparing those findings with data
from the USA, Raper suggested that sickle cell anaemia affects African Americans more
frequently than it does Africans, and that this difference could be related to population
admixture in the USA.87 The true solution to the apparent paradox was offered in 1952
by the Belgian Lambotte-Legrand paediatrician couple with the advice that “Prevalence
of sickle cell anaemia would be found to be high if very young children in Africa were
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studied.”88 Even nowadays, without newborn screening, the impact of sickle cell disease on
early childhood mortality often escapes public health attention.

The high mortality rate in children with sickle cell disease in sub-Saharan Africa was
clearly shown by the Garki Malaria Study (1970-74) conducted in northern Nigeria.8? By
screening 2742 individuals in the general population and 534 newborn babies to determine
the prevalence of haemoglobin variants and genotypes, the study found only one child with
sickle cell anaemia in the 1-4 years age group (instead of the six individuals expected) and
only one child with sickle cell anaemia of the children aged 5 years and older (instead of the
expected 53), suggesting that 98% of the people born with sickle cell anaemia had died by
age 5 years.

Since the 2006 WHO report on the impact of sickle cell disease on childhood mortality,
and the 50-90% early-life mortality among children born in Africa with sickle cell anaemia
estimated by Grosse and colleagues,*? there has been little evidence of large-scale public
health activities that could be expected to lead to substantial reduction in childhood
mortality in sickle cell disease in sub-Saharan Africa. Although pilot and small-scale
newborn screening projects, funded largely by foreign grants, could provide reliable birth
incidence rates, mortality data remains largely unavailable. Furthermore, such poor efforts
are not expected to alter the dire statistics.

The causes of the high mortality in young children with sickle cell disease in HICs are
probably not fundamentally different from those in low-income, high-prevalence countries.
In much of Africa, signs of infection (especially fever) are synonymous with malaria

and anti-malaria therapy is often administered without previous diagnosis. However,
pneumococcus is as much a major pathogen in malaria-endemic regions as it is in countries
without malaria. In a large study on bacteraemia in children conducted in Kenya (1998—
2008), the organisms most commonly isolated from children with sickle cell anaemia

were Streptococcus pneumoniae (41%), non-typhi Salmonella spp (18%), and Haemophilus
influenzae type b (12%). With no penicillin prophylaxis, 23% of children with sickle cell
anaemia died.%0

In the US PROPS1 study,!8 13 (12%) of 110 children on placebo developed pneumococcal
bacteraemia and 3 (23%) of the 13 died; 2 (2%) of 105 children on twice daily
phenoxymethylpenicillin developed pneumococcal bacteraemia and both survived. The three
deaths occurred within less than 9 h from onset of fever. However, penicillin prophylaxis

for young children with sickle cell disease, even when they are diagnosed with sickle cell
disease following an acute illness, is not uniformly practiced in many health-care institutions
in Africa.

At the end of the first 10 years of the pilot newborn screening project conducted in Ghana
with support from the US National Institutes of Health, 2914 of the eligible 3334 newborn
babies with sickle cell disease had been enrolled for care in Kumasi and 134 (4:6%) were
known to have died after enrolment. All enrolled children received twice daily penicillin
prophylaxis and were followed up for comprehensive clinical care (Ohene-Frempong,
unpublished). Ghana has been unable to scale up newborn screening following the pilot
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study and is currently screening less than 4% of newborn babies annually, mostly with
foreign grants. This example illustrates the magnitude of the challenges faced by countries
of high sickle cell disease prevalence.

Genetic, sociodemographic, and environmental risk factors

Although sickle cell disease is one of the most common severe monogenic diseases
worldwide, and a disease that has been studied for more than a century, our capacity to
define and predict disease severity is relatively low and our understanding of risk factors
often remains insufficient to guide the management of people with sickle cell disease.
Because sickle cell disease is a multisystem disease that can affect all the organs of the
body, defining disease severity is in itself a challenge and remains a controversial topic

in the field. The phenotypic variability observed is probably due to a combination of
genetic, environmental, and socioeconomic factors—the respective contribution of each
factor remaining poorly understood. Being able to predict the clinical course of people with
sickle cell disease and to classify them has long been an important aim for better prognosis
and, now, personalised treatment. Digital epidemiology initiatives based on at-home study
designs, wearable devices, pervasive sensors, or engaging digital health interventions to
capture real-life data (eg, knowledge, attitude, self-care practices, lifestyle behaviours,

or exposure to infection) can support the data collection throughout patients’ day-to-day
life, and machine learning approaches could help infer on various omics data to propose
personalised recommendations supporting decision making.%!

Genetics risk factors—Objective and quantifiable biomarkers of disease severity in
sickle cell disease are currently scarce and this has substantially affected drug development
and clinical care worldwide.%2 Predicting which people are at high risk for complications
with only genetic data remains difficult. Biomarkers can help both to classify people

into subgroups at the population level and to predict disease severity and progression for
individual patients (ie, personalised medicine). Although the five p-globin-like gene cluster
haplotypes—Bantu or Central-Africa Republic (CAR), Benin (BEN), Cameroon (CAM),
Senegal (SEN), and Arab-Indian (ARAB)—originally described might have identified
important differences in disease severity at the population level, there is substantial overlap
between the characteristics of these haplotypes. For example, data from central India

has shown that severe disease can be commonly observed in people with the Arab-India
haplotype, which is usually considered to be milder than the African haplotypes. Measuring
ethnic variability within African haplotypes is starting to be made possible with large
national newborn screening datasets and international data collected through multicentre
collaborative projects (eg, Sickle In Africa and BioCADRE [NCT03352986]).

Over the past couple of decades, genetic association studies have attempted to define
disease subphenotypes on the basis of markers of anaemia, haemolysis, and vascular
complications.93 More than 100 blood and urine biomarkers have been correlated to at
least one of the complications of sickle cell disease94 but they often explain only a small
part of the overall disease variability. Cluster analysis, based on large well studied cohorts
(eg, CSSCD), have further identified biomarker signatures that could aid the treatment
and management of the disease.9® Although these advances have to some extent guided
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therapeutic developments and the clinical management of people with sickle cell disease,
they have not led to generic biomarkers widely adopted in clinical settings. In the future,
omics studies, accounting for genetic and non-genetic factors, might contribute to further
improve our understanding of the phenotype—genotype relationships in sickle cell disease.

The most established biomarkers of survival and clinical complications in sickle cell disease
are the concentrations of HbF and the coinheritance of a-thalassaemia, which both reduce
the polymerisation of HbS and therefore results in a milder clinical course. Increasing

HbF concentrations has been underlying the growing use of hydroxyurea to prevent
complications in sickle cell disease and the development of new drugs based on endothelial
cell activation, cellular adhesion, chronic inflammation, intravascular haemolysis, and nitric
oxide scavenging (see Section 3).

In HICs, the quest for reliable biomarkers is likely to become more complicated with the
emergence of comorbidities seen in older people with sickle cell disease.%8 In LMICs,

most of the current population and burden estimates and projections are based on Hardy-
Weinberg Equilibrium assumptions. Better data on key factors underlying these assumptions,
consanguinity in particular, will be fundamental to improve such estimates.

Environmental risk factors—A range of environmental factors, including climatic

and meteorological variables (temperature, humidity, wind speed, or rainfall); air quality
(indoors and outdoors pollutants, including particulate matter with a diameter of <2:5 pm

or <10 um, NO,, CO, and O3); altitude; and malaria endemicity, can potentially influence
the natural history of sickle cell disease. It is very difficult to establish a clear link between
specific environmental factors and pathophysiological events, and the evidence for these
effects is confusing and often contradictory.®” Similarly, the US Consensus Study Report on
sickle cell disease concluded that “the exact roles that such [environmental] factors play in
influencing symptoms and complications [in sickle cell disease] are not well understood.%8
Most of the evidence generated so far comes from Europe and the USA, although studies are
starting to emerge from countries with a high prevalence of sickle cell disease.?9 Studies of
the general population and of other subgroups affected by other diseases (eg, cardiovascular
disease, respiratory diseases, and cancers) have clearly shown the serious health effects of
poor air quality, even at low rates of exposure. Despite recommendations by WHO, nine

of ten people are exposed to poor air quality and the Global Burden of Disease Study
estimated that air pollution contributed to 213 million disability-adjusted life-years (95%
uncertainty interval 189-240) and 6-67 million deaths (5-90-7-49) in 2019.19 As it is highly
probable that poor air quality would have adverse effects on individuals with sickle cell
disease, quantifying risks for each pollutant would help mitigate complications and manage
patients. In HICs, the absence of strong associations found so far has probably reduced
opportunities for further investigations. In LMICs, ongoing efforts to collect high-resolution
data on pollutant concentrations with satellite images or measurements in India, Brazil, and
African countries represent great opportunities to investigate associations and health risks in
sickle cell disease.

As the global population becomes increasingly urban and the impact of climate changes
becomes apparent, it will be essential to better understand the effect of environmental factors
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on people with sickle cell disease. Estimates from the UN World Urbanization Prospects
suggests that, by 2050, two-thirds of the world population will live in urban areas. These
changes will be predominantly driven by changes in sub-Saharan Africa and the Indian
subcontinent,101 which coincide with regions of high prevalence for sickle cell disease.
Cities represent specific ecosystems in which populations can potentially benefit from easier
access to health infrastructures but also have poor air quality and drastic inequalities in
terms of socioeconomic status, as already observed in many megacities (see the section on
sociodemographic risk factors).

In parallel, as highlighted in the 6th Assessment Report of the Intergovernmental Panel

on Climate Change, millions of people will have to adapt to changing conditions of their
local environment or to migrate due to the effects of more severe and more frequent events
triggered by climate change (eg, droughts, storms, wildfires, and heatwaves). These local
changes will mostly affect the poorest and the most vulnerable, including people with sickle
cell disease and their families. For example, good hydration is part of the management

of sickle cell disease, as cell dehydration promotes polymerisation and sickling. Local
changes will also lead to large numbers of individuals moving within their home country,
contributing to urbanisation, or internationally either to neighbouring countries or to
countries less affected or with more resources. These large population movements could
have an important influence on the global distribution of sickle cell disease.

These changes are likely to add to the challenges already faced by people with sickle cell
disease and their families over the coming decades, making access to quality health care
more difficult and affecting their mental health. There is little data on the mental health of
people with sickle cell disease. A report jointly led by the UK Sickle Cell and Thalassaemia
All-Party Parliamentary Group and the UK Sickle Cell Society102 stated that, during the
COVID-19 pandemic, about 75% people with sickle cell disease and their carers struggled
with their mental health. Providing appropriate psychological support to people with sickle
cell disease should therefore be more prominent on the policy agenda in both HICs and
LMICs.

Sociodemographic risk factors—The COVID-19 pandemic has further highlighted
growing socioeconomic (eg, access to health care and vaccines) and racial (eg, occupation)
disparities as important determinants of health. As in many other diseases, poverty can
have a substantial effect on the health of people with sickle cell disease. Although a

large pro portion of sickle cell disease complications would be avoidable or treatable

with existing medicines (eg, hydroxyurea or penicillin prophylaxis) or interventions (eg,
newborn screening), the vast majority of people with sickle cell disease worldwide live in
LMICs and have little access to proper sanitation, health education, and health facilities,
combined with poor nutrition, prevalent infectious diseases (eg, malaria, tuberculosis, and
HIV), and exposure to toxic pollutants (eg, air pollution and heavy metals), highlighting the
need for a holistic multidisciplinary approach, building on ongoing efforts’3 to improve the
management of sickle cell disease and reduce health inequalities.

There is some evidence that a higher proportion of people with sickle cell disease
live in the lowest socioeconomic areas than the general population. In the UK, 58%
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of patients admitted to hospital with a primary or secondary diagnosis of sickle cell

disease with or without vaso-occlusive crisis (VOC) in 2005-06 lived in areas belonging

to the most deprived quintile of the English Index of Multiple Deprivation.193 In Saudi
Avrabia, Khan and colleagues'4 found a higher percentage of children in the lowest
socioeconomic class and a higher frequency of VOC and adverse events than people

living in higher socioeconomic classes. In India, sickle cell disease is predominantly found
among Scheduled tribes and Scheduled castes, which constitute the most socioeconomically
disadvantaged population subgroups in the country.32

In the UK, people with sickle cell disease from the most socioeconomically deprived areas
and with co morbidities were at highest risk of both sickle cell disease re-admissions and
in-hospital mortality.103 Similarly, in the USA, financial insecurity was associated with three
times more hospital admissions and re-admissions in adults with sickle cell disease.10 In
children, Panepinto and colleaguest® found that sickle cell disease led to a significantly
impaired health-related quality of life, even after considering the potential detrimental effect
of family income on health-related quality of life. Missing school or work for patients

and their relatives can have an effect on their education or career progression, further
contributing to the long-term disadvantage faced by people with sickle cell disease.

Racism and stigmatisation can aggravate the effect of deprivation on people with sickle

cell disease as illustrated by difficulties in accessing opioids,197 longer waiting times than
for other health complications,108 and the availability of fewer financial resources than for
other diseases (eg, cystic fibrosis).199 These inequalities need to be addressed. Additional
funding and research for sickle cell disease and other diseases that disproportionately affect
economically disadvantaged groups could help to reduce health-care disparities.

In LMICs, although high-quality care is available in well resourced centres of excellence
in cities (eg, Kilifi [Kenya]®® and Dar-es-Salaam [Tanzania]3"), the vast majority of

people with sickle cell disease do not have access to basic health care. In Nigeria, the
SPRING trial110 suggested that poverty was associated with severe anaemia in children
with sickle cell disease. A cross-sectional descriptive study performed at referral centres
for the treatment of haematological diseases in the northeast of Brazil identified difficulties
in obtaining medications prescribed by physicians and in transportation. 111 In addition,
deficiencies in nutrients associated with malnutrition and undernutrition have been shown
to be linked to disease severity and health-related quality of life in both adults and children
with sickle cell disease.112

Finally, migrants and refugees can face additional difficulties in relation to legal status,
linguistic barriers, and cultural differences. Resulting delays in screening and adequate
management can lead to severe health complications and to substantial long-term additional
health-care costs.113

Epidemiology recommendations

Although the sickle cell disease community faces many challenges, there needs to be an
agreement on what standard epidemiological data are needed, and these data should be
collected to track progress towards set milestones, aligned with the UN’s Good Health and
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Well-Being Sustainable Development Goal, and to assess the effect of interventions. Proven
cost-effective interventions have the potential to identify individuals with sickle cell disease
early, to reduce mortality, and to prevent severe chronic complications. These interventions
need to be scaled up to reflect the true global burden of sickle cell disease.

Section 2: screening

Screening for sickle cell disease

Detection programmes for any disorder depend on public health systems and life-course
approaches that include screening, diagnosis, education, treatment, and comprehensive
care. Screening can occur at any point throughout life but is particularly relevant in the
neonatal period, premaritally and preconceptually, and as part of antenatal care (table
1).114 Appropriately trained genetic or nurse counsellors have an important part in any
screening programme, particularly in the antenatal period, to discuss the possibility of
prenatal diagnosis and reproductive choices.11®

Screening before conception allows the detection of the carrier status of the mother and
father. With respect to sickle cell disease, during the antenatal period, the mother and fetus
can be screened by various tests such as chorionic villus sampling and amniocentesis to
find out if the offspring will have the disease or be a carrier.114 These tests are usually
conducted at or after 12 weeks of pregnancy and are considered invasive, increasing the
risk of miscarriage by up to 1%. New methodologies with non-invasive techniques employ
testing of cell-free fetal DNA in the maternal circulation from 8 weeks gestation.

Postnatally, newborn babies with sickle cell disease are identified through newborn
screening, which is sometimes part of broader programmes for conditions such as
phenylketonuria, congenital hypothyroidism, and cystic fibrosis. It is crucially important
that adequate health care is available for babies identified as having any of these conditions.
For sickle cell disease, these infants need to be prescribed penicillin from the age of about 3
months and to be followed up in specialist clinics.

Screening programmes also need to consider the important stresses that often affect a
family’s ability to cope with sickle cell disease, including the economic and educational
consequences of time lost from work and school and the effect of chronic illness on
typical family functioning and unaffected siblings. Families live with the knowledge that
unpredictable acute illnesses can interrupt daily life, and there are often feelings of
powerlessness, frustration, and even anger. A general scarcity of community awareness
about sickle cell disease and fear of stigmatisation can restrict the support available

from extended family, friends, and the community at large. Previous experience with
health-care providers who lack knowledge, sensitivity, and compassion can contribute to
delays in seeking appropriate health care and might engender adversarial relationships
between families and providers. Failure to appreciate ethnic and cultural differences between
providers and patients and families, the effect of stigmatisation, and absence of societal
education about sickle cell disease could also contribute to misunderstanding and lack of
trust. Thus, it is imperative that in the design of any screening programme for sickle cell
disease, providers take time to listen to the concerns of patients and families, are sensitive
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to psychosocial and medical needs, and that they assist families in accessing available
resources as needed.

Data infrastructure and surveillance systems for newborn screening—Where
newborn screening programmes are established, they are cost effective and their efficiency
and effectiveness depend on the smooth integration of sample collection, laboratory testing,
follow-up, diagnosis, and treatment (figure 3).116-120 These programmes require information
system infrastructure for follow-up and quality assurance. Inequalities between HICs and
LMIC:s for this infrastructure are apparent. In LMICs, the absence of data collection and
infrastructure makes it very difficult to assess the clinical outcomes for patients and to
monitor the effectiveness of screening programmes. In addition, training is required in all
aspects of establishing and running newborn screening programmes, with external quality
assurance and provision of genetic counselling, follow-up of screen positive babies, and
provision of comprehensive care.121

Screening tests—Newborn screening programmes for sickle cell disease have been

in place in several regions of the world for more than 40 years (table 2). The first
analytical, and still most used, techniques for screening (and diagnosis) are based upon

the separation of the various haemoglobin variants in the newborn baby’s blood by their
difference in electric charge.122 These techniques include isoelectric focusing (IEF), cation-
exchange high-performance liquid chromatography (HPLC) and capillary electrophoresis
(CE). Classic haemoglobin electrophoresis with cellulose acetate electrophoresis at alkaline
pH is still a useful technique to screen for and diagnose sickle cell disease in older

children and adults and is still used in many countries. However, this screening method

is not usually recommended for newborn screening programmes because it might be too
insensitive to reliably detect the small amounts of adult haemoglobins present in newborn
babies. New technologies being developed use differences in molecular mass (through mass
spectrometry) or antigenic properties (through immunoassays). Mass spectrometry is used
now in some national neonatal screening programmes but relies on the use of equipment
that is expensive and requires careful maintenance. Immunoassays are used in particular for
POCTs but do not have an established role in screening programmes yet.

The main technical challenge for newborn screening is that the major haemoglobin
constituent in newborn babies’ blood is HbF and that the adult haemoglobins (HbA, HbS,
HbC, HbDPunjab, HbE, and HbOArab) are minor constituents. Furthermore, it is not only
important to detect these haemoglobins’ presence but also to be certain if they are absent,
particularly in the case of HbA. For more information on laboratory methods see the
appendix (pp 2-3).

POCTs—Conventional screening programmes as established in North America, Europe,
Brazil, and some Caribbean countries16-120 have not yet been established in LMICs due
to the high costs, scarcity of skilled staff, inadequate electricity supplies, and absence of
other basic infrastructure. Several POCTs have been developed to overcome these barriers
through various approaches, including erythrocyte density, differential mobility of HbS
and HbA through filter paper, and antibody-based immunoassays (qualitative lateral flow
immunoassays or competitive enzyme-linked immunosorbent assays). These POCTSs are
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inexpensive, reliable, require only a pin prick of blood, and show high specificity and
sensitivity in the discrimination of the different haemoglobin phenotypes in the presence

of high HbF concentrations in newborn babies. POCTs can easily be administered in rural
villages with minimum training and as such have the potential to reduce health-care inequity
that has made newborn screening unattainable in high-burden countries.123 Use of POCTs
could increase access to universal newborn screening, although many problems remain in
implementing such schemes and in following up babies found to have the condition. POCTs
have been included in WHO’s Essential Diagnostics List 3.

A particular problem with POCTs is identifying some of the less common genotypes that
can cause sickle cell disease, such as HbS/p*thalassaemia, which can be confused with
sickle cell carriers. Screening programmes inevitably do not accurately diagnose every case,
but very sensitive and highly specific approaches should be used to minimise the number

of patients missed, to not falsely identify babies as affected, and to prevent unnecessary
psychosocial harm to families.

Most techniques detect carriers of haemoglobin variants as a byproduct. Some sickle

cell disease newborn screening programmes use this information to provide families with
reproductive knowledge and informed decision making regarding sickle cell disease. Some
other programmes have made the choice not to use this information for feasibility or
regulatory reasons.

The status of newborn screening

Newborn screening for sickle cell disease was initiated in the USA in 1973 but it took more
than 30 years to become a national programme, covering all the states of the country in
2006.117 In Europe, pilot programmes were launched in the early 1980s in France and the
UK and on the French island of Guadeloupe in the Caribbean.118 In high-burden countries,
the pioneering newborn screening pilot programmes were those simultaneously initiated in
Benin and Ghana in 1993.124 In India, pilot programmes have been initiated since 2010

in central and southern Indian states where the incidence of sickle cell disease is the
highest.49:51

Overall, the situation remains extremely heterogeneous from one country to another, from
national programmes covering the whole country (USA, four European countries, Brazil,
and three countries in the Middle East) to patchy pilot programmes in sub-Saharan Africa
and India (table 2).

In a survey of the implementation of the WHO strategy in high-burden countries in the
WHO African Region, it was found that newborn screening for sickle cell disease was being
practised in 13 countries (Benin, Nigeria, Uganda, Democratic Republic of the Congo, Mali,
Senegal, Ghana, Liberia, Tanzania, Kenya, Zambia, Burkina Faso, and Cameroon). Although
substantial progress is being made in Ghana, none of these countries yet have a national
programme because of a scarcity of funding and political commitment.

An examplar of newborn screening programme in sub-Saharan Africa: Ghana
—Ghana is probably the best example of an African country with a well planned newborn
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screening programme for sickle cell disease.12° The pilot newborn screening programme
started in 1993 and was supported in 1996 with three 5-year cycles of funding from the US
National Institutes of Health (NIH) to the Komfo Anokye Teaching Hospital and Kwame
Nkrumah University of Science and Technology (Kumasi) in collaboration with the Minister
of Health and the Ghana Health Service.

Sample collections are done at the place of birth before discharge or at immunisation

sites. Data collection, collation, and handling of samples are done by nursing staff of the
screening health-care facilities. The structured programme has facilitators and coordinators
at site, district, and regional levels, overseeing sample collection, communication, and
shipment to the centralised screening laboratory and with a Nurse Coordinator supervising
all the newborn screening activities of the coordinators of the programme. Data from the
programme have been managed since inception in a backed-up database with secure access
to staff only. Bet ween 1993 and 1996, 115 (85%) of 135 babies diagnosed with sickle cell
disease have been located and enrolled into comprehensive care and follow-up.

In 2018, the programme transitioned to mabile data collection with the specially developed
Ghana newborn screening App for all newborn screening-related data at screening sites
and at the National Laboratory at Noguchi to enhance accuracy in data collection, and
easier and faster management of newborn screening data. Workshops were conducted to
train genetic counsellors. The Government and public health insurance supports newborn
screening at sites in Kumasi and surrounding communities, but not sufficiently to allow
scaling up to a national programme. Over the years, newborn screening has been
sustained by external funding through international collaboration with the Government
of Brazil, non-governmental organisations, the American Society of Hematology (ASH),
and pharmaceutical companies (including a formal public—private agreement with the
Government of Ghana). A public—private partnership from 2020 aims to scale up the
programme cover to the whole country, but this has not been achieved yet.

An examplar of newborn screening programme in Europe: the UK—The history
of newborn screening for sickle cell disease in Europe goes back almost 40 years, from

the first pioneering pockets of screening in France and England to full implementation of
newborn screening, covering the whole country in 2000 for France (targeted) and 2014 for
the UK (universal).118 In both countries, it is now part of national screening programmes
integrated into a comprehensive free-of-charge system to ensure a complete medical support
of prevention and care.

The chosen strategy in the UK is that of a linked antenatal and neonatal screening
programme. In addition, women and couples with known carrier status before pregnancy are
offered genetic counselling to consider options as soon as they know they are pregnant. The
antenatal programme offers screening to all pregnant people by 10 weeks of gestation. All
the partners of carrier women are fast-tracked and offered information and testing. Genetic
counselling is provided, and prenatal diagnosis is offered to carrier couples early enough to
complete prenatal diagnosis by 12 weeks and 6 days (12*¢ weeks) gestation, if the option

is chosen. The same procedure is offered to pregnant people who are carriers when the
biological father is unavailable.
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Independently from the results of antenatal screening, all newborn babies in the UK are
tested at 5 days of age via the national blood spot screening programme for nine conditions,
including sickle cell disease. For sickle cell disease, testing of the blood spot is performed
in 13 accredited laboratories by at least two analytical methods, including HPLC, CE, IEF
and tandem mass spectrometry. The overall efficiency and quality of the programme are
regularly evaluated to ensure that the main objective of the programme is met: prompt
identification of babies born with sickle cell disease and timely transition into clinical care.

Advantages of coupling antenatal and neonatal programmes are to support parents at risk to
make informed choices during pregnancy (and before conception); to prepare them for their
newborn screening result; and to check, as a part of the quality control, that the antenatal
and postnatal results are congruent. Evaluation shows that the programme is well accepted
by professionals and by the public. Still, timeliness of the antenatal phase must be improved
to meet the standards for antenatal maternal screening to be offered by 10 weeks gestation.
Coverage of the newborn screening was 97-8% in 2018 and 2019. Survival of people with
sickle cell disease at age 16 years in the UK is 99%.126

An examplar of newborn screening programme in the Middle East: Bahrain—
In the Middle East, three countries are running newborn screening programmes for sickle
cell disease: universal national programmes in the United Arab Emirates and Bahrain and

a pilot programme in Muscat, the capital city of Oman. Newborn screening in Bahrain was
included in 2007 in their national programme to control genetic diseases, which was the first
to be initiated in a Middle East country (in 1984) with the support from religious scholars
and the parliament.127

The screening is done on cord blood samples collected for all deliveries in all the public
maternity hospitals of the country. A leaflet detailing the purpose, process, and outcomes
of the screening is provided to the parents before screening and the possibility to opt out
of testing is mentioned. Information regarding demographic characteristics, parental age
group, and consanguinity is also recorded. Cord blood analysis is performed by HPLC in a
centralised reference laboratory.

By raising awareness in the population about genetic diseases (and haemoglobinopathies in
particular), the number of babies born with sickle cell disease has declined by 75% since

the initiation of the national programme in 1984. Addition of newborn screening to the
programme has ensured prompt identification of the affected babies and early transition into
clinical care. Clinical care is provided by a network of primary care centres, with a specialist
sickle cell centre at Salmaniya Medical Complex.

Differences among different regions of the world—There are marked differences

in the nature of the screened populations in different parts of the world, particularly the
prevalence of sickle cell disease, which determines the most effective approach to screening.
Although in most programmes screening is universal, meaning that all newborn babies are
tested with some form of haemoglobin analysis, some programmes aim to do blood tests
only on babies deemed to be at high risk of having sickle cell disease. Targeting can be
more selective by testing only newborn babies of carrier parents, as in Benin128 and in some
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local programmes in India*®°1 and Cuba.116 Alternatively, targeting addresses populations
deemed at risk based on geographical origin or ethnicity, as in France, Ireland, or one of the
Italian programmes. Some programmes in India target tribal populations.32

Sampling can be done at birth or soon after at all levels of health care and by various
health-care workers, mostly nurses and midwives and sometimes by laboratory personnel
and doctors. In Africa, the services are generally provided only in tertiary health facilities
—except in parts of Mali, Democratic Republic of the Congo, Uganda, and Ghana

where samples for newborn screening are collected at all levels of the health system

and transported to tertiary facilities for analysis. Sometimes sampling is performed at

the first immunisation visit because it is integrated into immunisation programmes (eg,

in Nigeria and Ghana). In some countries, sampling is linked to reproductive, maternal,
newborn baby, and child health programmes (eg, Democratic Republic of the Congo,
Gabon, Ghana, Guinea, Tanzania, and Uganda) or into HIV screening programmes (eg,
Burkina Faso and Uganda). Most often, sample analysis is performed in dedicated newborn
screening laboratories, with mostly IEF as the primary method in Africa; HPLC in the USA,
Europe, and India; and mass spectrometry in England and France. However, this situation
is changing as some countries have reported the use of POCTs for primary screening (eg,
Republic of Congo, Demaocratic Republic of the Congo, Guinea, Liberia, and Kenya). In
countries where a national programme is in place, newborn screening is fully covered, most
often by public funding and sometimes by insurance companies (eg, USA, Europe, Middle
East, Cuba, and Brazil). Elsewhere, the tests are paid for by a variable combination of the
government, non-governmental organisations, and patients themselves in many countries.
In Uganda, the Government pays for the test, whereas in Kenya, the payment source is a
combination of the Government, insurance companies, and patients.

Effectiveness of the different programmes is difficult to appreciate as data are scarce

and highly heterogeneous. The coverage of national programmes is high (>98% in the

UK, France, the Netherlands, and USA and 85% in Brazil).118120 Because of imprecise
addresses and ever-changing telephone numbers in Africa, a major challenge of many
programmes is to locate affected newborn babies and to enrol them in follow-up and care.
But follow-up rates depend very much on the setting, the chosen strategy (including the
point of sampling), and awareness about the disease. Linkages to HIV or reproductive,
maternal, newborn baby, child, and adolescent health programmes improve early detection,
enrolment into follow-up, and management of sickle cell disease as they deliver a package of
educational and counselling services.

Data are scarce concerning the general effect of newborn screening on the first-year
mortality of affected babies or of affected children younger than 5 years. In Angola, the
first-year mortality for babies with sickle cell disease compares favourably to the national
infant mortality rate (6:8% v59-:8%).129 In Benin, the mortality rate of children with

sickle cell disease younger than 5 years was 15-5 per 1000 n (ie, 10 times lower than the
mortality rate of children younger than 5 years of the general population).128 In HICs with
newborn screening programmes (eg, UK, France, USA), survival into adulthood is higher
than 98%.84.126.130 Data concerning cost-efficiency of the various programmes are scarce. In
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Angola, the estimated cost per healthy life-years (HLY's) gained was US$ 1380-3565—ie,
less than the gross domestic product per capita.13

Barriers to screening—Cost is one of the main barriers to screening, with other
barriers existing at policy, health system, institutional, and personal levels. Conventional
screening requires leadership, detailed planning, expensive equipment and reagents,
technical personnel, stable power sources, logistic support (supply chain management), and
education and buy-in of stakeholders and communities. Without enabling policies, budgetary
allocation, and a functional public health system, newborn screening is often unsustainable
(even when started by well intentioned foreign non-governmental organisations). This
unsustainability is the reason for the failure to progress beyond pilot programmes in

many high burden countries. Equally important barriers can be the lack of awareness and
acceptability of the programme. Raising the awareness of the target population is key to

a successful screening programme.132 Myths and misconceptions about sickle cell disease
must be addressed while ensuring the availability of adequate screening tests Kits, trained
staff, and follow-up services.

The effectiveness of newborn screening and early clinical interventions—The
effectiveness of newborn screening and early clinical interventions has been evident from
HICs,84126 with some rare examples of improved outcomes in LMICs, most notably
Jamaica.133 However, the six-part system that includes education, screening, short-term
follow-up, diagnosis, management, and evaluation34 has not been widely implemented in
high-burden countries due to little government capacity and funding.13°

Examples of best practices

Best practice in screening requires that all the people with sickle cell disease in each
population are identified as early as possible, along with people who carry the trait. The
design of any screening programme will depend on the resources available, the incidence
of sickle cell disease, and the existence of other health infrastructure, such as screening
programmes for other conditions. The full details about where and when the samples will
be collected are important. This collection can be at birth, in the 2—-6 weeks after birth, or
at immunisation clinics (either at first immunisations, immunisations at birth, or later). A
protocol outlining the type of tests to be used for screening and confirmation, the screening
laboratory, what happens to the result, the person responsible for parental follow-up, the
scheduling of clinical visits, and the comprehensive care centres should be established.
The data management workflow and the personnel charged of this, as well as quality
control, should be designated. Although this is best done at or soon after birth in newborn
screening, every contact with health-care centres and educational institutions in high burden
countries should be used to achieve universal coverage. POCTs could be particularly suited
to universal screening in countries with few resources.

Consortium on newborn screening in Africa—An example of an initiative aimed to
develop and expand newborn screening in Africa is the Consortium on Newborn Screening
in Africa, a collaboration between the ASH and haematologists across Africa that aims to

increase the region’s capacity for newborn screening and to show the benefits of screening
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and early therapeutic interventions for babies with sickle cell disease, working in partnership
with local governments to ensure the long-term sustainability of these efforts.13¢ When
establishing the consortium, careful preparation was made to develop governance structure
and protocols, and site inspection visits were carried out to assess Consortium members’
readiness. The Consortium negotiated low equipment and reagent costs for newborn
screening with IEF. Seven countries have so far been admitted into the Consortium (Ghana,
Tanzania, Nigeria, Liberia, Uganda, Kenya, and Zambia). Babies with sickle cell disease
detected in the programme will be followed up for 5 years to document the effectiveness

of newborn screening to encourage African governments to implement universal newborn
screening. The protocol, checklist, and forms developed by the Consortium could be a
valuable resource for establishing other newborn screening programmes.137

Prevention of sickle cell disease

Primary prevention in the context of sickle cell disease refers to action aimed at reducing the
number of babies born with sickle cell disease. This includes premarital testing and genetic
counselling, with the potential to choose partners partly on the basis of their haemoglobino
pathy status. Prenatal diagnosis with the termination of pregnancy is not widely practiced

in most African countries, where abortion is legally restricted and cultural and ethical views
are anti-abortion. However, the selective termination of affected fetuses is an integral part

of screening programmes for sickle cell disease in some countries, such as the UK. In-vitro
fertilisation with preimplantation genetic diagnosis, which is available in some HICs, is not
feasible in most African countries.

Genetic counselling for people who are at high risk of having a child with sickle cell disease
can be considered a method of primary prevention. For people who are heterozygous for the
sickle cell allele, education should be provided regarding the probability of having a child
with sickle cell disease. This can be implemented in the screening of adolescents within the
school system.

That sickle cell disease is inherited as an autosomal recessive disease, which is potentially
preventable, has been known for decades by the scientific community. However, this
knowledge has not been translated into action in many high-burden countries, resulting in
low rates of awareness of sickle cell disease and its implications, little availability of genetic
counselling, and the absence of effective policies for universal screening and public health
measures for primary prevention.

Genetic counselling for sickle cell disease—Genetic counselling is an educational
procedure, the nature of which varies with the objectives. Genetic counselling in sickle

cell disease is a cost-effective strategy in reducing the burden of the disease; it is a
communicative process that can help to decrease the overall incidence of sickle cell disease.

The goals of genetic counselling in sickle cell disease are to provide an understanding of
the inheritance of sickle cell disease and provide the people counselled with the information
needed to make family planning decisions. Reproductive genetic counselling in sickle cell
disease can be predominantly divided in to premarital, prenatal, and neonatal. Counselling
is designed to assist in decision making; it provides objective information to individuals
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at risk of having a child with sickle cell disease. This information enables the individuals

to make informed decisions. The counselling should also include specific information on

the natural history of the type of sickle cell disease that could affect the offspring and

the resources that will be required to care for an affected child. Counselling should be
nondirective and objective. Counsellors should not introduce personal biases or offer specific
recommendations. Counselling and education of parents of a child with sickle cell disease
should be done in a kind and sensitive manner, as the parents frequently have feelings of
grief, guilt, anxiety, or anger. Counselling sessions should stress the importance of health-
care maintenance, compliance with prescribed prophylactic penicillin, and prompt medical
evaluation of infants at the time of acute illness.

Use and awareness of genetic counselling and testing for sickle cell disease is variable
across countries and is unacceptably low in countries with a high disease burden, where
such services should be greatest. This scarcity of counselling will not only continue to
adversely fuel the already high HbS carrier rate in these countries but will also add to the
high morbidity and mortality in individuals born with the disease.

Sickle cell trait—Counselling of individuals with sickle cell trait relates predominantly to
the risks of having a child with sickle cell disease. Individuals are largely fit and healthy and,
hence, such counselling is necessary to increase the general public’s awareness of sickle cell
trait to the level that people with sickle cell trait can make informed reproductive choices
about pregnancies.

Screening recommendations

The discrepancy in access to newborn screening and early intervention between HICs and
LMICs needs to be reduced. Screening for sickle cell disease is technically possible in
nearly all health-care settings and is becoming more viable with POCT devices. On the basis
of the evidence discussed previously, we recommend that by 2025, policies, resources, and
facilities are in place to allow all babies worldwide to be tested for sickle cell disease, so
that they can enter into clinical care and avoid premature death or organ damage. We also
recommend that all populations at increased risk of sickle cell disease are given culturally
appropriate information and counselling regarding their reproductive choices.38

Section 3: disease management—established and emerging treatments

Treatment and prevention of complications

Acute clinical events—Acute complications are common in sickle cell disease and

have a characteristically abrupt onset. Whether presenting with fever, pain, dyspnoea,

or other specific symptoms such as priapism or hemiplegia, people with acute clinical
events warrant urgent intervention and treatment. Current medical management is frequently
based on clinical experience and expert opinion, highlighting the need for prospective
research to generate high quality evidence. Although appropriate treatment of acute events
is an important part of sickle cell disease management, the prevention of these events

is an equally important goal. In this section, three common acute clinical complications

are discussed: fever, VOC, and ACS. Organ specific damage, such as stroke or splenic
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sequestration, are also acute events but are typically managed by blood transfusions, so are
discussed separately.

Acute clinical events: infection—Fever must be systematically evaluated as
bacteraemia and sepsis are the leading causes of death in children with sickle cell disease,
because of functional hyposplenia or asplenia. Although there is little high-quality evidence
to guide recommendations, especially in adults and LMICs, fever is typically managed
aggressively in all people with sickle cell disease. Penicillin prophylaxis and immunisations
greatly reduce the risk of infection with encapsulated bacteria and especially invasive
pneumococcal diseases, but non-vaccine serotypes are emerging.139 Ideally, all patients
with temperature greater than 38-5°C should be urgently investigated with a full blood
count, blood and other relevant cultures, chest x-ray for any respiratory symptoms, and
empirical antibiotics covering pneumococcus. Osteomyelitis, typically from staphylococcal
or salmonella bacteria, have an increased frequency in people with sickle cell disease and
can be difficult to distinguish from local vaso-occlusive events, especially since leukocytosis
and inflammatory markers (eg, elevated C-reactive protein) occur in both settings. Malaria
must be suspected in febrile patients living in endemic regions or after travelling to these
regions.

Acute clinical events: VOCs—VOCs are the hallmark complication of sickle cell
disease that manifests as severe acute pain, typically in the back, trunk, or limbs, and last
several hours to several days. Diagnosis relies on the patient’s self-report as there are no
specific laboratory biomarkers or imaging abnormalities. The absence of objective markers
unfortunately often leads to delayed and inadequate management, and many patients

are wrongfully stigmatised as drug-seeking opioid addicts.240 When available, national
guidelines appropriately recommend that patients presenting for emergency care should be
treated with respect and offered rapid and effective analgesia.14! Hospital personnel must
be trained in pain monitoring and treatment, and should have access to local protocols for
managing VOCs. Despite the event’s frequency and importance, acute pain management
remains unsatisfactory for many patients, and preventive VOC treatment should be a priority.

Optimal management of VOCs is primarily for symptomatic pain control and is based
mainly on expert consensus due to a scarcity of available evidence. Mild to moderate

pain can be managed at home with paracetamol, non-steroidal anti-inflammatory drugs,
and weak oral opioids.142 When pain cannot be relieved at home, appropriate analgesia
should be rapidly administered at a health-care facility or hospital. The choice of drug,
dose, and administration route is guided by the severity of the pain, the history of use of
analgesia for this episode of pain, previous experience with analgesic efficacy, and adverse
effects. ldeally, an individualised prescribing and monitoring protocol, established by the
patient’s sickle cell disease provider, should be available.143 For severe pain, parenteral
opioid treatment is usually necessary, typically intravenously or subcutaneously; however,
alternative routes (including transmucosal and intranasal analgesia) can be used effectively,
especially when intravenous access is delayed or difficult.144 Pain must be reassessed

and treated frequently until pain relief is achieved. Regular opioid administration by
patient-controlled analgesia or frequent scheduled doses is then recommended, rather than
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as-requested administration. Continuous opioid infusions and long-acting oral opioids can
provide good pain control, but due to irregular pain intensity, some patients can become
over-sedated with risk of hypoventilation and these should be administered with close
monitoring. Frequent assessment of sedation, respiration, and oxygen saturation, as well as
pruritus, nausea, and constipation are recommended.

Due in part to the scarcity of evidence-based data, existing guidelines have different
recommendations, and several aspects of VOC management remain controversial. For
example, normal saline bolus therapy for initial pain treatment is common, yet might

be deleterious due to cellular dehydration that promotes sickling.24° Similarly, although
patients should receive paracetamol for synergistic analgesic effects with opioids, non-
steroidal anti-inflammatory drug therapy is recommended by US NIH and UK guidelines but
discouraged by Brazilian and French experts for adults, fearing long-term renal toxicity.146
Corticosteroids are typically not recommended due to the potential for rebound pain,
whereas incentive spirometry is important to help prevent hypoventilation and development
of ACS. 14/

Adjunctive non-pharmacological approaches to treat pain could be useful, such as local
heat, massage, distraction, meditation, exercise, and encouraging oral fluids. Nasal oxygen,
intravenous fluids, oral alkaline water, and preventive anticoagulation have theoretical
justification but need prospective data to strengthen the evidence. Blood transfusion is not
recommended for acute pain management unless there are other clinical indications, yet
many patients receive blood during hospitalisations for VOCs. After hospital discharge,
weaning of opioids is also controversial, as US and UK guidelines recommend converting
to oral long-acting and short-acting opioid prescriptions, whereas home-based morphine
is strongly discouraged in France. National guidelines have been published in several
English-speaking countries in Africa, including Uganda, Kenya, and Tanzania. However,
these guidelines were based on adaptations of British guidelines and not really adapted for
LMICs, and hence are more aspirational than practical.

Acute clinical events: ACS—The acute onset of lower respiratory tract signs and
symptoms (ie, cough, shortness of breath, tachypnoea, retractions, or wheezing) requires
evaluation and management for ACS. Minimal investigation includes chest x-ray and serial
measurement of oxygen saturation by pulse oximetry, although this might not be possible
in many low-income settings. By general consensus, people with signs of ACS should

be hospitalised to allow close monitoring and avoid progression to respiratory failure

and even death. Microbiological documentation (including blood and sputum cultures

and nasopharyngeal aspirate for viral testing) is recommended.14! Supplemental oxygen

is recommended to maintain oxygen saturations greater than 92—-95%, depending on the
patient’s baseline value, and close clinical monitoring is required for hypoxemia and
bronchospasm. Bronchodilators are commonly used to help relieve reactive airway disease,
but corticosteroids have been associated with late-onset clinical rebound and hospital re-
admission.148

Pulmonary embolism, fat embolism, fluid overload, opioid narcosis, and hypoventilation
can cause or worsen ACS. Pulmonary infection with Chlamydia pneumoniae, Mycoplasma
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pneumoniae, Streptococcus pneumoniae, Staphylococcus aureus, and Haemophilus
influenzae have been documented in ACS,149 hence most national guidelines recommend

an intravenous cephalosporin and oral macrolide antibiotic.141 However, bacterial infection
is documented in a minority of cases and in France antibiotic use is relatively restricted
unless fever and x-ray consolidation are present. Blood transfusion for ACS, discussed later,
can help prevent rapid clinical deterioration and thus be lifesaving. For respiratory failure,
high-flow humidified oxygen is recommended to reduce the need for mechanical ventilation.

Acute clinical events: chronic organ damage—Acute complications in sickle cell
disease are the most frequent reason for clinical evaluation and intervention, particularly
early in life, but the development of progressive damage to internal organs remains a
leading cause of morbidity and mortality among adults. Repeated sickling events with tissue
ischaemia, as well as chronic haemolysis and inflammation, inexorably lead to chronic
organ damage. Over time, older people with sickle cell disease commonly develop kidney
disease, retinopathy, pulmonary hypertension, cerebral vasculopathy, leg ulcers, avascular
necrosis, and hepatobiliary complications. Management involves organ-specific screening
and treatment (table 3).151.152 As described later, early use of transfusions or hydroxyurea
might reduce organ damage.193.154

Standard Interventions

Blood transfusion—Red blood cell transfusions are an important and life-saving
treatment for sickle cell disease, so access to safe, sufficient, and affordable blood represents
a key element to the optimal management of sickle cell disease. About 90% of adults with
sickle cell disease should receive at least one red blood cell transfusion in their lifetime;15°
many receive sporadic transfusions for acute clinical complications, whereas some receive
regular transfusions for chronic organ damage, such as stroke.

All individuals with sickle cell disease have chronic haemolytic anaemia, yet most adapt

to their steady-state low haemoglobin concentration such that anaemia per se is not an
indication for blood transfusion. Acute exacerbation of chronic anaemia, however, can occur
in the settings of acute splenic sequestration, transient red blood cell aplasia associated with
parvovirus B19 infection, and increased haemolysis, notably during severe infection such as
bacterial sepsis or malaria. In these settings, a simple transfusion is indicated to increase
oxygen-carrying capacity. In all cases, the post-transfusion haemoglobin concentration
should not usually exceed the baseline value by more than approximately 2 g/dL or exceed
10 g/dL to avoid hyperviscosity.24! For children who have recurrent splenic sequestration,
repeated transfusions can be helpful but if life-threatening anaemia develops, surgical
splenectomy provides a better outcome. The optimal age for splenectomy in this setting

is debated, but surgery should be delayed until all vaccinations are completed to reduce the
post-operative infectious risks.

Red blood cell transfusion also reduces the percentage of erythrocytes containing HbS,
which reduces the percentage of cells sickling and improves blood flow. Whenever feasible,
exchange transfusion should be performed instead of simple transfusion in the setting of
severe acute organ damage (eg, stroke, ACS, acute intrahepatic cholestasis, and multi-organ
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failure) because exchange transfusion reliably decreases the HbS to less than 30% and
thereby reduces in-vivo sickling.1®® Exchange transfusion can be performed either manually
or as an automated erythrocytapheresis procedure where facilities permit.

The US National Heart, Lung, and Blood Institute guideline panel has recommended
transfusion before surgery that requires general anaesthesia and lasts more than 1 h

in people with HbSS or HbS/BP thalassaemia, with individualised discussion according

to type of surgery, known organ damage, or other medical comorbidities.14! Long-term
regular transfusions to maintain HbS concentrations lower than 30% have shown efficacy

in reducing the risk of a first stroke in children with atypical transcranial Doppler.153
Initially, this transfusion regimen was recommended to be lifelong,17 but hydroxyurea

has been shown to be non-inferior to transfusion for primary stroke prevention in children
without severe vasculopathy who received transfusion for at least a year.1%8 Lifelong chronic
transfusion should be offered to people who have had a previous clinical ischaemic stroke,
although HLA-matched HSCT offers an alternative. Regular transfusions also prevent stroke
in children with silent cerebral infarcts, but the benefits of long-term transfusion in this
setting must be weighed against their risks. Although randomised studies are scarce, chronic
transfusion can be effective for people with recurrent ACS or recurrent VOCs but should be
considered a second-line therapy after hydroxyurea.1® When available, automated exchange
transfusion is usually preferable to simple transfusion because of the efficiency of the
procedure to remove sickled erythrocytes and reduce the risk of iron overload.15°

Long-term complications of transfusions vary in frequency and severity according to the
individual country. In low-resource countries, blood is not always screened adequately

so can transmit infections such as HIV, hepatitis B and C, syphilis, and malaria.1% In
high-resource countries, blood supplies are readily available and routinely screened for
blood-borne pathogens, so carry a very low risk of transmitting infections. Instead, the main
complications are erythrocyte alloimmunisation and iron overload. Scarce venous access can
also be very problematic and require insertion of indwelling catheters, which carry risks of
infection and thrombosis for patients.

Erythrocyte antigens are highly polymorphic and antigenic mismatches are common
between blood donors and recipients; differences in Rh and Kell antigens are particularly
immunogenic and frequently lead to alloantibody formation. Alloimmunisation causes
premature immune-mediated clearance of transfused erythrocytes and can lead to clinical
complications, including immediate or delayed haemolytic transfusion reactions. Once
present, alloimmunisation makes finding matched blood difficult and can limit the ability
to transfuse safely, particularly in countries with less developed blood transfusion services.
In some cases, delayed haemolytic transfusion reactions can be very severe and cause a
life threatening fall in haemoglobin below its pretransfusion level, which is sometimes
referred to as hyperhaemolysis. Management of this sort of very severe reaction requires a
high level of expertise, since additional transfusions should be avoided if possible (even in
highly anaemic people) and immunomodulatory agents might be necessary.160 To prevent
alloimmunisation, a proper transfusion history is needed and ideally an extended red blood
cell antigen profile by serology or genotyping, with prophylactic red blood cell antigen
matching for Rh and Kell antigens performed in all patients.155
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Transfusional iron overload is common among patients who have had multiple transfusions,
although erythrocytapheresis limits this risk. In contrast to thalassaemia, heart function

in sickle cell disease is usually preserved, although the liver can be seriously damaged.
Serum ferritin concentrations are not specific or accurate to measure the iron burden (since
ferritin is increased in sickle cell disease secondary to chronic inflammation) but can provide
a general assessment in low-resource settings. The US National Heart, Lung, and Blood
Institute guideline panel suggests iron overload screening by MRI for liver iron every 1-2
years in regularly transfused patients.141 Iron chelation is needed for patients on regular
transfusions; the level of intrahepatic iron typically guides the chelation dose.

Hydroxyurea—Treatment with hydroxyurea currently constitutes the standard of care
for prevention of painful VOCs in both paediatric and adult patients and is available in
many parts of the world. Hydroxyurea is a cytostatic agent that induces HbF production
via inhibition of ribonucleotide reductase, prolonging the S-phase of the cell cycle. Daily
oral administration of hydroxyurea results in dose-related marrow suppression with stress
erythropoiesis, 161 which could be a crucial mechanism for HbF induction due to the
proliferation and release of early erythroid progenitor cells that synthesise more HbF.
Sustained increases in HbF reduce red blood cell sickling and improve red blood cell
hydration, with consequent clinical benefit.

Hydroxyurea also has some HbF-independent benefits. Treatment-associated macrocytosis
improves erythrocyte deformability and reduces blood viscosity.14 Leukocytes, especially
granulocytes, participate in the initiation of vaso-occlusion by adhering to activated
endothelium and producing inflammatory molecules that propagate vessel occlusion.162
The reduction in leukocytosis and inflammation by hydroxyurea is therefore likely to

be beneficial, although excessive myelosuppression should be avoided. Furthermore,
hydroxyurea might exert additional benefits by virtue of in-vivo nitric oxide donor
properties, thereby activating intracellular soluble guanylyl cyclase.183 In-vivo evidence of
hydroxyurea’s immediate anti-vasoocclusive actions suggests that this agent could even be
exploited in acute settings, including for patients hospitalised for VOCs.164

The clinical benefits of hydroxyurea therapy for people with sickle cell disease are
numerous and well established. In 1995, the randomised controlled Multicenter Study of
Hydroxyureal6® documented a decreased incidence of painful VOCs and ACS, as well

as reduced blood transfusions and hospitalisations. Long-term follow-up of these patients
revealed a significant reduction in mortality,166 which has been observed in other adult

and paediatric populations.167.168 Among infants, the BABY HUG169 trial showed reduced
numbers of VOCs, ACS, and transfusions, even with a low fixed dose of 20 mg/kg per day.

National guidelines provide evidence-based recommendations for initiating and monitoring
the use of hydroxy urea therapy in sickle cell disease and consensus treatment protocols

for its implementation.141:170 Indications for the initiation of hydroxyurea vary among
countries, typically based on the frequency and severity of vaso-occlusive complications. All
guidelines emphasise the importance of informed joint decision making between patients
and care providers regarding the risks and benefits of treatment. For children, hydroxyurea
has the additional potential to prevent or improve future organ damage and chronic
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complications, hence the current consensus is to offer hydroxyurea to all children with
sickle cell disease.1#1 However, there is not yet strong evidence that long-term hydroxyurea
therapy, given either during childhood or later in life, can prevent organ damage during
adulthood. Treatment guidelines in LMICs are emerging despite limited drug access and
affordability.171

The HbF response to hydroxyurea depends on the average daily dose, with optimal effects
observed when the dose is escalated to produce mild marrow suppression, typically an
absolute neutrophil count of approximately 2-0 x 10° cells per L. This type of escalation has
historically been referred to as the maximum tolerated dose, although optimal dosing might
be a more accurate designation. Although HbF induction is the main treatment effect, the
amount of induction is heterogeneous and unpredictable, probably reflecting the numerous
genetic modifiers of HbF (see the section on genetic risk factors).172

Administered orally as a single daily dose, hydroxyurea should be escalated every 4-12
weeks. An initiation dose of 15-20 mg/kg per day is well tolerated in both adults and
children with sickle cell disease, and the optimal dose is typically 25-30 mg/kg per day, with
a dose of 30 mg/kg per day shown to be superior for all measured outcomes (ie, reductions
in acute pain episodes, ACS, transfusions, hospitalisations) to 20 mg/kg per day in a

study published in 2019.1% Importantly, dose escalation does not aim to achieve a specific
percentage HbF goal, but rather to achieve an acceptable amount of mild myelosuppression;
patients who reach the greatest myelosuppression often have the highest HbF concentrations,
which correlates with improved clinical status and survival.1”3 Once a stable hydroxyurea
dose is established, monitoring with full blood counts (including differential leukocyte
counts and reticulocytes) should be performed at periodic inter vals.141:170 Interruption

of treatment is indicated only if clinically significant neutropenia, thrombocytopenia, or
reticulocytopenia is detected.

Hydroxyurea treatment has almost exclusively focused on individuals with severe sickle cell
disease (HbSS or HbS/pCthalassaemia), but there is some evidence to support the safety and
benefits of hydroxyurea therapy for reducing pain and hospitalisation in other genotypes,
including HbSC disease. A retrospective analysis of 133 adult and paediatric patients with
HbSC treated with hydroxyurea reported a statistically significant decrease in painful events,
especially among adults.1”4 However, prospective controlled trials of hydroxyurea on people
with HbSC are warranted.

Concerns have been raised regarding the adverse effects of hydroxyurea on fertility for

all sexes, but an analysis of testicular biopsies of 30 male children on hydroxy urea
revealed no differences in spermatogonial cells.17> Potential for teratogenicity has also been
proposed, but data from the USA76 and Europel”” have documented hundreds of exposed
offspring without congenital anomalies, and a large review concluded that hydroxyurea

at pharmacological dosing does not have in-vivo mutagenicity or carcinogenicity. 178 In
addition, a prospective study concluded that hydroxyurea exposure through lactation was
safe for infants, and thus breastfeeding should not be contraindicated for women with sickle
cell disease on hydroxyurea therapy.179
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Newer disease-modifying therapies

With improved understanding of sickling, vaso-occlusion, and other pathophysiological
anomalies of sickle cell disease, an unprecedented biopharmaceutical interest has emerged
that has largely focused on agents that modify cellular adhesion, oxygen affinity, and
inflammation. Given the reduction in morbidity and mortality with hydroxyurea, there is
also interest in identifying novel agents that induce HbF with potentially greater potency and
less myelosuppression.

Induction of HbF—Elevated HbF expression in sickle cell disease, whether from inherited
persistence or hydroxyurea-related reactivation, improves clinical manifestations, limits
organ damage, and improves survival. Although decades of evidence have consistently
documented the efficacy of hydroxyurea, its widespread use is limited, especially

among adults. In addition, despite the absence of hydroxyurea-related mutagenicity or
carcinogenicity, ongoing concerns exist about long-term treatment side-effects and the
recommended avoidance during pre-conception, pregnancy, and lactation, which affect drug
acceptance and use. There are several HbF inducers in clinical development that might
overcome some of these limitations.

Tovinontrine (IMR-687) is an oral highly selective inhibitor of PDE9, which increases
intracellular cyclic GMP concentrations, boosting HbF and reducing markers of
haemolysis.189 An added benefit of PDE9 inhibition is that this enzyme is almost
exclusively expressed in haematopoietic cells (in addition to the brain), thereby providing
semi-targeted therapy for HbF induction with some anti-adhesive benefits. Although earlier
trials in adults with sickle cell disease showed that IMR-687 was generally well tolerated as
a monotherapy and in combination with hydroxyurea, interim results from the Ardent phase
2b clinical trial (NCT04474314) showed no statistical or clinically significant improvement
in vaso-occlusive crises or HbF in a high-dose treatment group versus placebo-treated
population.

HDAC1 and HDAC? inhibition can induce HbF in sickle cell disease.181 A small study
on vorinostat showed that it was well tolerated but caused no significant HbF increases.
Panobinostat, an oral pan-HDAC inhibitor, is currently under investigation in adults with
sickle cell disease (NCT01245179).

DNMT1 is an enzyme that epigenetically silences HbF. Decitabine, a US Food and Drug
Administration (FDA)-approved DNMT1 inhibitor used to treat myelodysplastic syndrome,
can increase HbF in adults with sickle cell disease, including people without clinically
significant HbF responses to hydroxyurea.182 Decitabine’s intravenous administration and
short biological half-life are limitations, but oral decitabine with tetrahydrouridine to block
enzymatic degradation appears safe and can boost both haemoglobin and HbF.183 A large
global randomised clinical trial has begun enrolment to test the efficacy of oral decitabine
combined with tetrahydrouridine (NCT05405114).

Anti-sickling compounds—sSince the initial demonstration almost 50 years ago that

polymerisation of deoxy HbS is the first and essential step in sickle cell disease
pathophysiology, the search for therapeutic agents with anti-sickling activity has been
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largely unsuccessful. However, several new mechanisms and compounds have become
available that offer that promise to interrupt this crucial early step of erythrocyte sickling.

Voxelotor is a once daily oral small molecule approved by the FDA and European Medicines
Agency (EMA) that reversibly binds to haemoglobin to increase its oxygen affinity

and stabilise the oxygenated haemoglobin state. In a global, double-blind, randomised,
placebo-controlled trial, voxelotor met the primary endpoint of an absolute haemoglobin
increase of at least 1-0 g/dL (59% increase in the 1500mg voxelotor group vs9% in the
placebo group).184 Common adverse effects with voxelotor include headache, diarrhoea, and
abdominal pain. Safety and efficacy on haemoglobin concentrations were also shown in
children aged 4-11 years. Trials aimed at defining a clinical benefit, such as arterial cerebral
blood flow (NCT04218084) and delayed progression of nephropathy (NCT04335721),

are currently underway. Additionally, GBT021601, a highly potent, second generation

HbS polymerisation inhibitor, shown in sickle cell disease mouse models to normalise
haemoglobin, has entered early stage clinical trials. One important concern with all these
types of drug is that a left-shifted oxygen dissociation curve could inhibit oxygen delivery to
tissues.18°

Haemoglobin polymerisation and red cell stability is modified by erythrocyte

metabolites ATP and 2,3-diphosphyglycerate. Activation of erythrocyte PKLR lowers
2,3-diphosphyglycerate concentrations, which increases haemoglobin oxygen affinity, and
inhibits HbS polymerisation. Additionally, increased PKLR activity leads to higher
erythrocyte ATP concentrations, improving many aspects of erythrocyte health and
potentially reducing haemolysis. Two oral small molecule PKLR activators, FT-4202186
and mitapivat,187 are currently under investigation for safety, tolerability, and efficacy in
adolescents and adults with sickle cell disease (NCT04624659 and NCT04000165). PKLR
activation might also reduce ineffective erythropoiesis, which could provide additional
benefits for people with sickle cell disease.188

Additional therapeutic approaches—The inhibition of increased adhesiveness
between different blood cells and vascular endothelium has been explored as a therapeutic
option in sickle cell disease. Adhesive interactions among leukocytes, reticulocytes,
endothelial cells, and platelets all contribute to sickle cell disease-related vaso-occlusion.
Evidence supports a key role for membrane-bound selectins in mediating adhesion.
Accordingly, selectin inhibition has been a major therapeutic focus for both prevention

and treatment of acute vaso-occlusive pain. Rivipansel, a monoclonal pan-selectin inhibitor,
failed to show statistically significant improvement over placebo in reducing the length of
an acute VOC in hospitalised patients. However, phase 3 clinical trial indicated that the
timing of rivipansel administration after the onset of pain might be crucial for accelerating
acute VOC resolution (NCT02187003; NCT02433158). Currently, there is no evidence that
rivipansel is an effective treatment in sickle cell disease and it should not be used unless

as part of a clinical trial. In contrast, prophylactic monthly treatment with crizanlizumab,

a monoclonal anti-P-selectin antibody, significantly reduced VOC pain compared with
placebo, which led to FDA and EMA approvals. Studies at higher doses (NCT03814746),
in children (NCT03474965), and for the prevention of priapism (NCT03938454) and
progression of renal disease (NCT04053764) are ongoing. Inclacumab, a fully humanised
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and potentially more potent monoclonal anti-P-selectin antibody, is under investigation in
adults with a 3-month dosing interval for VOC prevention (NCT04935879) and a one-time
dose following an admission for acute VOC to reduce rehospitalisation (NCT04927247).

Platelet inhibition and anticoagulation have also been explored as a therapeutic option, as
sickle cell disease is known to be a hypercoagulable state with widespread inflammation,
which contributes to vaso-occlusion and vasculopathy through in-vivo fibrin formation.
However, meaningful clinical trials have been limited by concerns over bleeding risks,
especially intracranial bleeding. Sevuparin, a low molecular weight heparin, was shown to
have no benefit for reducing the duration of acute VOC episodes in hospitalised patients.18°
Prasugrel, an oral anti-platelet agent, did not show benefit in reducing the rate of VOCs

in children aged 2-17 years with sickle cell disease.19 Whether other similar agents such
as clopidogrel or even rivaroxaban are useful in sickle cell disease will require further
investigation.

A wide variety of other therapeutic compounds have also been explored as potentially
beneficial in sickle cell disease. Hemopexin (CL889), canakinumab, intravenous
immunoglobulin therapy, simvastatin, omega-3 fatty acid supplementation, the endothelin-
receptor antagonist ambrisentan, and complement inhibitor crovalimab are under
consideration for clinical trials. An oral ferroportin inhibitor (vamifeport) has some reported
benefits in a murine model.191 Vitamin D has various effects and has been purported to
reduce infections and VOCs.192

L-glutamine was approved by the FDA in 2017 to reduce acute complications of sickle
cell disease in adults and children aged 5 years and older. This approval was based on

a randomised, double-blinded, placebo-controlled trial that showed a reduction in median
annual VOC rates (3 vs4, p=0-0005), time to first VOC (84 [95% CI 62-109] days vs

54 [31-73] days; HR 0-69 [0-52—-0-93], p=0-02), and time to second VOC (212 [95% ClI
153-250) days vs133 [115-179] days; HR 0.68 [0-49-0-96], p=0-03).22 Adverse events
were mostly gastrointestinal, probably due to the powder formulation of the medication
and limited medication adherence. On the basis of this trial, L-glutamine was approved by
the FDA to reduce acute complications of sickle cell disease. However, the molecule was
rejected for approval by the EMA in 2019 and no additional data on the clinical benefits of
L-glutamine have been published since the original study.

Considerations for low-resource settings

LMICs have both the highest number of children born with sickle cell disease and the
least access to disease-modifying treatments, especially the most common—transfusions
and hydroxyurea. In sub-Saharan Africa, where the prevalence of sickle cell disease is
particularly high, these treatments are essential and lifesaving. Transfusions are especially
important for the management of acute clinical complications that require emergency care
and hospitalisation, whereas hydroxyurea can reduce the incidence of acute complications,
including painful VOCs, ACS, infection, stroke, and death, while also preserving organ
function.
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Due to high demand, low supply, and blood safety issues, all countries in sub-Saharan
Africa fail to collect enough blood to meet their transfusion needs and have frequent
shortages. Individuals with sickle cell disease are especially affected by such shortages,
since available units are used in other life-threatening emergencies related to obstetrics,
trauma, and malaria, especially for people younger than 5 years.193 In a questionnaire-based
study of 31 sickle cell centres in Nigeria, 78% of hospitals were unable to transfuse

patients with sickle cell disease regularly due to blood scarcity.194 Several modifiable factors
contribute to the inadequate blood supply for people with sickle cell disease in many African
countries. For logistical and cultural reasons, a very low percentage of people living in
LMICs donate blood; according to 2015 WHO data, the median blood donation rate in
LMICs is 3-10 times lower than in HICs.193 Donation can also be limited by nutritional
deficiencies (mainly iron deficiency) in potential blood donors. Blood donations in LMICs
often come from paid donors and replacement donations (family members donate blood to
replace that used by their relative), but less frequently from voluntary, unpaid donors.

In addition to blood scarcity, there are serious concerns about the quality of blood and
related monitoring systems. Most blood collected in LMICs undergoes laboratory testing
only to identify the ABO group and RhD type, without any screening of serum to

identify antibodies that might affect the transfusion.194:195 |n addition, transfused blood
units are often selected by ABO and RhD typing alone, without a formal crossmatch to
ensure accuracy in testing and labelling. Moreover, in some low-resource countries, whole
blood transfusions are still performed, further increasing the risk of alloimmunisation and
transfusion reactions. Although the risk of alloimmunisation might be reduced in some
LMICs compared to HICs because the donor and recipient populations are of similar ethnic
origin, better phenotyping, screening, and crossmatching are still needed to decrease the risk
of developing acute and delayed haemolytic transfusion reactions.

Transfusion safety must also be addressed because (especially in sub-Saharan Africa and
India) blood is not always tested for blood-borne pathogens such as HIV, hepatitis B and C,
and syphilis. Rapid diagnostic tests are sometimes available but have variable reliability, and
consequently transfusion-transmitted infections remain a substantial concern for families
and people with sickle cell disease. Moreover, safe blood transfusions are often expensive
and not affordable for many families. Finally, national sickle cell disease guidelines need to
be developed to include the appropriate indications for transfusion in a particular country,
which might well be different from guidelines currently used in Europe and North America.
Treatment recommendations should consider the scarce and potentially unsafe blood supply;
previous transfusion thresholds and volumes have been challenged.196

Given the various challenges toward ensuring a safe and reliable blood supply for sickle

cell disease globally, wider use of hydroxyurea is an attractive treatment alternative.
Decades of consistent and compelling data support its safety, efficacy, and effectiveness

in adults and children with sickle cell disease. After suitable dose escalation to achieve mild
myelosuppression, hydroxyurea can significantly reduce rates of VOC, ACS, hospitalisation,
and transfusion, even in low-resource settings.1’1 Reports from Africa are now also
documenting hydroxyurea’s benefits for primary and secondary stroke prevention.197
Hydroxyurea is a relatively cheap drug, and has been listed by WHO as an essential
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medicine for over a decade and is recommended for both children and adults with sickle cell
disease.

Despite this recommendation, hydroxyurea is hardly used in many LMICs. Challenges

for the effective introduction and use of hydroxyurea have been described but primarily
relate to the scarcity of drug availability and affordability in low-resource settings.198 The
absence of drug registration with national drug authorities is another potentially limiting
factor, although hydroxyurea is already registered in many countries for the treatment of
chronic myeloid leukaemia. The absence of national treatment guidelines is also limiting,
although several countries are now generating their own guidelines that are based on
published treatment guidelines from the USA and Europe. Lack of prescriber familiarity
with hydroxyurea, including the need for monitoring blood counts and dose adjustments, is
another important factor but one that is amenable to training. The cost of the drug itself and
associated laboratory monitoring is also prohibitive for many families in LMICs, but efforts
by pharmaceutical companies to lower prices might bring treatment closer to the affordable
range. Pharmaceutical companies’ donation of hydroxyurea, possibly via intermediaries
such as The Global Fund, offer one among several options to increase the availability

of hydroxyurea in LMICs. However, charitable donations of hydroxyurea are unlikely to
provide a sustainable solution for hydroxyurea treatment in the countries where the majority
of individuals live with sickle cell disease. Additional strategies include hydroxyurea being
produced in Africa, as has happened in Nigeria for over 15 years (costing about US$

0-15 per 500mg capsule), or the development of more pharmaceutical companies producing
generic formulations which could be inexpensively sold in LMICs.

Hydroxyurea has become the standard of care for sickle cell disease in HICs. To work
toward health equity for sickle cell disease, hydroxyurea must be introduced widely in
LMICs, especially sub-Saharan Africa. To achieve this goal, urgent efforts should be

made to address the absence of treatment guidelines, inadequate clinical infrastructure and
training, and drug accessibility and affordability.1%8 As an example worthy of mention, the
public health-care system of Brazil, a middle-income country, now offers universal newborn
screening for sickle cell disease, and transfusions and hydroxyurea are available free of
charge in several specialised centres across the country. Before new expensive treatments
can be considered for sickle cell disease in low-resource settings, including potentially
curative treatment options, hydroxyurea must first become widely available.

Recommendations on established and emerging treatments

Currently, effective treatment requires access to prophylaxis against and treatment of
infections, hydroxyurea, and safe blood transfusions. Table 3 summarises recommendations
for basic care, based on the consensus guidelines from the USA, UK, and France. Although
some LMICs (eg, Uganda, Tanzania, or Kenya) do have national guidelines, these tend to
be aspirational and based on the recommendations summarised in this table.1%9 Although
precise figures are not available, the majority of people in the world do not have access

to this basic level of care. We therefore recommend that policies and resources focus on
providing access to these treatments for all people across the world, with a particular goal
that affordable hydroxyurea is available to all people by 2030. It is important that further
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new treatments are developed, and that they are tested in all appropriate health-care settings
and are made affordable to all people and health-care systems throughout the world.

Section 4: disease management—cellular therapy

Allogeneic HSCT

HLA matched sibling HSCT—HSCT for sickle cell disease with an HLA matched
sibling donor was first described in 1984 in a child with acute myeloid leukaemia and

sickle cell disease. Since then, the approach has become the most common and arguably
most effective cure for sickle cell disease. Investigations are now focused on reducing its
toxicity without affecting its curative potential.2%0 Sibling transplantations can be performed
with either myeloablative or non-myeloablative conditioning, with the latter approach being
particularly useful in adults.

HSCT based on myeloablative conditioning with busulfan and cyclophosphamide was
developed as a treatment for children and became the predominant approach in the late
1990s and early 2000s. Outcomes were promising in these early studies with event-free
survival around 84-86% and an overall survival of 93-94%.201 A number of refinements
led to an increase in event-free survival to 98% in patients younger than 30 years and 100%
survival in individuals younger than 5 years. Now considered a standard of care at many
centres worldwide, myeloablative matched sibling donor HSCT provides a high chance

of cure, with immunological complications like severe graft-versus-host disease (GVHD)
occurring in about 5% of patients and less than 5% of patients need long-term systemic
immune sup pression.202

Generally, the short-term toxicities of HSCT are reversible, but the morbidity associated
with myeloablative conditioning can negatively affect patients’ quality of life during

the peri-transplantation period. Although infrequent, long-term risks of myeloablative-
conditioning-based HSCT could include increased risk of secondary cancer, infertility,
exacerbation of sickle cell disease-induced organ dysfunction, and metabolic syndrome.3

To minimise the toxicity associated with matched sibling donor HSCT, several less intense
regimens have been developed. The well tolerated immunosuppressant fludarabine has

been incorporated into conditioning regimens to reduce the need for alkylating drugs that
are responsible for the toxicity of myeloablative regimens. A commonly used reduced
intensity conditioning regimen is a combination of fludarabine, the lymphodepleting
antibody alemtuzumab, and the alkylator melphalan. This low-toxicity regimen has a similar
disease-free survival compared with busulfan-based myeloablative regimens. There is some
preliminary data suggesting that fertility might be preserved in female patients because this
reduced toxicity regimen reduces alkylator exposure.3

Non-myeloablative regimens are sufficiently low intensity that, following conditioning and
in the absence of a donor stem-cell infusion, autologous blood count recovery occurs
universally. Adults with sickle cell disease have cumulative organ injury, making the use
of high-intensity conditioning regimens untenable due to the risk of further organ damage
during HSCT. However, the non-myeloablative alemtuzumab and low-dose total body
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irradiation-based approach has now been shown in a primarily adult cohort of 122 patients to
achieve an event-free survival of 88% (95% CI 82:0-93.7) at 1 year and 85% (77-6-92-1) at
5 years.203 Similarly encouraging results have been reported in 16 paediatric patients, with
an overall survival of 100% and event-free survival of 100%, and is being studied further

in a phase 2 trial (NCT03587272).294 Although toxicity is minimal and there have been no
cases of severe GVHD reported, the long-term effects are still to be examined and are of
particular importance in the paediatric population.

Alternative donor HSCT—As the chance of a patient with sickle cell disease finding a
matched sibling donor is approximately 15%, alternative donor HSCT has been investigated
to increase the donor pool. To date, none of the alternative donor HSCT approaches

are comparable to the current success of matched sibling donor HSCT, but substantial
improvements have been made in the past decade. Investigations into adapting conditioning
and GVHD prevention continue. There are three possible types of alternative donors that
can be used in HSCT: unrelated bone marrow donors, unrelated cord blood donors, and
haploidentical donors.

The use of bone marrow-derived grafts from unrelated donors with 8/8 matched HLA
alleles was investigated in the BMTCTN 0601 trial.2% The observed 2-year event-free
survival of 69% (95% CI 42-82) in this cohort of 29 paediatric patients was lower than the
contemporary matched sibling donor HSCT and was attributed to the high rates of GVHD
(62% [95% CI 41-77], of which 38% were classified as extensive). 7/8 HLA-matched
donors have been investigated to address the challenges of finding an 8/8 HLA-matched
donor. To address the risk of GVHD, the co-stimulatory blockade agent abatacept is being
evaluated as a part of the GVHD prophylaxis regimen in several studies, with promising
results.206

Historically, graft failure was an issue in unrelated cord blood transplantations for people
with sickle cell disease, occurring in about 50% of patients. However, in a phase 1 study
of nine patients, the addition of thiotepa to an alemtuzumab—fludarabine—melphalan-based
regimen imp roved the sustained engraftment rate to 78%.3 Cell dose requirements restrict
the use of cord blood HSCT to younger patients, usually to those younger than around

4 years of age. To address this limitation, the ex-vivo culture expansion of cord units for
transplantation has been investigated in clinical trials. In a study of cord units expanded with
a nicotinamide-derivative, the median age of HSCT recipients was 13 years and an 85%
(95% CI 51-96) event-free survival was observed in patients receiving an expanded plus
unexpanded double cord transplantation.29” Further investigation is required to assess the
applicability of this approach for older patient populations.

One of the major limitations with HSCT to treat people with sickle cell disease is the
availability of suitable donors. The advantage of HLA-half-matched related or haploidentical
donors is that most patients have such a donor, in the form of a parent. However, the inherent
risks of severe GVHD and rejection with HLA-mismatched donors have hampered early
studies. Currently two approaches for HSCT with haploidentical donors are being employed
and the results are encouraging.3
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Initial results with post-transplantation cyclophosphamide with a non-myeloablative
conditioning regimen resulted in only about 50% of patients being disease free post-
HSCT.208 With the addition of thiotepa to a reduced intensity regimen, 93% event-free
survival and 100% overall survival was seen in 15 patients, with only one patient
developing mild chronic GVHD. A multi-centre study is ongoing to verify these results
(NCT03263559).

Historically, ex-vivo graft manipulation was affected by both severe GVHD and graft
rejection, with only half of patients being cured. Two studies published in the past few

years that used a CD34" cell selection have shown overall survival of 84-90% and event-free
survival of 69-90%.209:210 Future investigations will likely use more modern manipulation
methods that better maintain cells in the graft and are important to engraftment and immune
recovery.

Conclusions on HSCT—Matched sibling donor HSCT with myeloablative conditioning
is now a standard curative approach requiring a small number of essential medications
(panel 1), and future investigations are expected to focus on lessening toxicities by
reducing the intensity of conditioning regimens. Alternative donors are, however, needed
for most people with sickle cell disease seeking cure and new approaches to make these
transplantations safe is an area of active research.

Gene addition therapy

Despite improving outcomes, allogeneic HSCT might still not be a feasible option for

many people with sickle cell disease, so genetic modification of autologous haematopoietic
stem and progenitor cells (HSPCs) has become an area of rapidly expanding interest for

the haemoglobinopathy community. Autologous genetic therapies offer two major benefits
over allogeneic HSCT: eliminating the need to find a suitable donor and eliminating the

risk of GVHD and immune-mediated graft rejection. Ex-vivo, viral-based gene therapy

has now been used to treat various genetic disorders, including immunodeficiencies,
neurodegenerative disorders, and bone marrow failure syndromes.2!1 Early research with
gammaretroviral and early lentiviral vectors showed proof of principle by effectively
supplying the gene that was missing in people with ADA deficiency and X-linked severe
combined immunodeficiency,212:213 but the field suffered a setback when insertional
mutagenesis led to acute leukaemia in multiple patients.24 Alterations were made to vector
design, and a new generation of self-inactivating lentiviral vectors has proven well tolerated
and effective, thus far without evidence of insertional oncogenesis. More than 300 patients
have now been treated with HSPC gene therapy in clinical trials.21> Haemoglobinopathies
are particularly well suited to correction by gene therapy because even a partial correction of
the defect can lead to major clinical benefit. A gene therapy product using the addition of a
modified B-globin gene to treat transfusion-dependent p-thalassaemia was among the first to
receive regulatory approval by the EMA and the FDA.216

Strategies of lentiviral gene therapy for sickle cell disease include either the addition
of an exogenous globin gene that will pair with a-globin to produce a non-sickling
haemoglobin, or the addition of a regulatory construct that will act on the cell’s endogenous

Lancet Haematol. Author manuscript; available in PMC 2024 October 08.


https://clinicaltrials.gov/ct2/show/NCT03263559

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Piel et al.

Page 44

globin genes to switch expression from the mutated p-globin to y-globin, thus inducing
production of HbF. Regardless of the strategy, the metrics of success in a gene therapy trial
include: features of the medicinal product, such as number of cells transduced and vector
copy number per cell; quantification of the non-sickling haemoglobin; clinical outcomes;
durability; and avoidance of adverse events.

The gene therapy treatment process is similar in all open clinical trials. First, autologous
HSPCs must be collected from the patient. After early attempts to collect HSPCs directly
via bone marrow harvest resulted in poor cell yield, several studies showed that the CXC-
R4 antagonist plerixafor could effectively be used as a single-drug stem-cell mobilising
agent followed by collection with apheresis in people with sickle cell disease.217-219 After
collection and selection of CD34" cells, transduction with the lentiviral vector is performed.
After clinical release criteria are met (including, among other features, sufficient vector copy
number in the product and adequate cell number), the modified cells are infused in the
patient after preparation with an alkylator-based (generally busulfan) conditioning regimen.

Clinical trials that have reported initial results after treating people with sickle cell disease
with lentiviral gene therapy are listed in the rest of this section and all sickle cell disease
gene therapy trials registered as enrolling are shown in table 4.

LentiGlobin—the addition of a modified B-globin gene—In 2008, the first

patient with haemoglobinopathy was treated with gene therapy with a vector called
HPV/569 that delivered a modified B-globin gene (BA(T87Q)) designed to inhibit HbS
polymerisation.220.221 Sybsequent modifications to this vector resulted in the vector
LentiGlobin BB305.222 This vector is first being tested in people with sickle cell disease

in the phase 1/2 HGB-206 trial (NCT02140554), with interim results presented at major
haematology meetings in the past 10 years.223 In an initial cohort of seven patients (referred
to as Group A), the individuals all engrafted but CD34* cell yield and peripheral vector
copy number per cell were low.224 Study modifications were put into place for later cohorts,
including addition of a transfusion regimen before collection of autologous cells; alteration
of the transduction protocol to increase vector copy number; and use of peripheral stem-cell
mobilisation instead of bone marrow harvest for collection of CD34* cells. A publication of
the latest cohort in this trial (referred to as Group C) noted that 25 patients had been treated.
Of 16 patients with at least six months of follow-up, total haemoglobin was 11.5 (range
9.6-16-2) g/dL with median HbS less than (or equal to) 60% of the total haemoglobin. 14
patients with at least 6 months of follow-up had 4-0 (2:0-14-0) episodes per year of VOCs
or ACS during the 2 years before treatment, and these patients had no ACS or serious VOCs
after treatment.225.226

BCH-BB694—the knockdown of BCL-11A to increase HbF—The protein
BCL-11A is an important developmental regulator of both the initial haemoglobin switch
from ~y-globin to B-globin expression in infants and young children and of the persistent
silencing of y-globin expression in adults. BCL-11A, a zinc-finger protein encoded by a
gene on chromosome 2p15, was not a known regulator of globin expression. In 2007-08,
genome-wide association studies reported that variation at the BCL11A locus is responsible
for a statistically significant degree of the variation in HbF concentrations.227:228 preclinical
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studies showed that downregulation of BCL11A expression in adult human erythroid
precursor cells,?2% and inactivation of BCL-11A in a sickle cell mouse model, 230 resulted
in HbF induction and correction of the sickle cell disease defect. These data made clear
that inactivating BCL-11A in people with p-haemoglobinopathies would hold promise as
an effective way to increase concentrations of HbF and thus to decrease disease severity.
A current clinical trial (NCT03282656) is using lentiviral gene therapy to downregulate
BCL11A in haematopoietic stem cells (HSC)-derived erythroid precursors via short hairpin
RNA knockdown. The vector in this study, BCH-BB694, is driven by B-globin promotor
and regulatory sequences to ensure that expression is limited to the erythroid lineage. The
vector contains a short hairpin RNA targeting BCL 11A embedded within an endogenous
microRNA scaffold. Data from the first six patients (aged 7-25 years) with a follow-up
of 7-29 months showed that total HbF as a component of the total haemoglobin (HbF/
[HbF+HbS]) was 21-42% at the last reported follow-up in 2021, and HbF was broadly
distributed on the basis of F-cell percentages of 59-94%. Treatment was well tolerated
without safety concerns beyond the expected adverse effects of conditioning therapy.231

ARU-1801—the addition of a y-globin gene—In 2018, two patients were treated
with autologous cells containing a modified y-globin transgene. Data presented in 2020
showed HbF concentrations of 22% in the first two patients at 30 months after treatment but
with only 31% F-cells. A third patient has been treated after modifying the manufacturing
process, with improvement in cell number and vector copy number in the product and early
suggestion of improved transgene production.232

Long-term safety—Long-term safety is one of the most crucial questions that must

be investigated for all novel genetic therapies. With the new generation of lentiviral

vectors, insertional oncogenesis has not been reported; however, careful monitoring of
clinical status and insertion site analysis is required, typically for 15 years after treatment.
Still, vector-mediated insertional mutagenesis is not the only cause of malignancy risk in
trials of autologous genetic therapy. In 2020, a patient was reported to have developed
myelodysplastic syndrome 3 years after infusion of the genetically modified cells.233
However, the absence of vector within the blasts indicated that vector insertion was not
implicated in leukaemogenesis and this was presumed to be secondary to busulfan-related
genotoxicity. In February, 2021, the LentiGlobin lentiviral sickle cell disease gene therapy
trial (NCT02140554) was temporarily halted due to a reported suspected unexpected serious
adverse reaction of acute myeloid leukaemia. This second patient developed acute myeloid
leukaemia 55 years after gene therapy. In this case, the blasts did contain the vector and
transgene, but there was no evidence that this integration was a driver of the malignancy.
Therefore, additional investigation is needed to fully understand why at least two (4%) of 47
patients with sickle cell disease treated234 with lentiviral gene therapy have developed acute
myeloid leukaemia, including the possibility of an underlying increased malignancy risk in
sickle cell disease and whether there are ways to mitigate this risk.

Gene editing

Editing the genetic code to correct disease-causing mutations has been the ultimate goal of
molecular genetics. Monogenic disorders, especially those due to single point mutation such
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as sickle cell disease, are the most amendable to genetic code correction. Several groups
had previously attempted, and many successfully achieved, correction of the sickle cell
disease mutation in primary human CD34* cells or induced pluripotent stem cells with zinc-
finger nucleases or transcription-activator-like effector nucleases.23% However, the advent

of the precise and efficient, programmable CRISPR-associated protein 9 (Cas9) system has
accelerated genome editing to treat sickle cell disease from the laboratory bench to the
bedside.236.237 Novel genome editing techniques, along with the newfound understanding of
the genetic regulation of the globin-like genes, have launched an era of therapeutic genetic
manipulation to treat sickle cell disease. There are several target sites and gene editing
methods that are currently being investigated to either increase HbF or change the sickle
mutation, 235236 and many new editing tool-target site combinations are being constantly
described in the literature.

Although the direct correction of the mutant sickle cell disease codon (GTG, coding

for valine), either to the typical (GAG, coding for glutamic acid) or to another benign,
non-sickling variant is most desirable, it has some inherent technical challenges.238
However, reversing the haemoglobin switch has been a rather simplistic and achievable
alternative. Induction of HbF as a therapeutic strategy for sickle cell disease is based

on the observation that individuals with sickle cell disease who co-inherit hereditary
persistence of fetal haemoglobin (a naturally occurring benign genetic condition that results
in persistently elevated HbF concentrations) exhibit few or no sickle cell disease effects.238
HbF inhibits HbS polymerisation.23% Additionally, induction of -y-globin genes (ie, HBG1
and HBGZ2) leads to competition with the p-globin gene (HBB) locus for the locus control
region, a globin gene enhancer, which results in sup pression of the mutant HBBS gene
expression.240:241 Several genome editing methods have been developed that induce HbF to
concentrations sufficient to improve sickle cell disease pathologies. These genome editing
methods that induce HbF are also less likely to induce globin chain imbalance, due to
balanced production of p-like chains, in comparison with the lentiviral gene addition
approaches, wherein the transgenic globin molecule is produced independently of the pS
globin allele production. Systematic evaluation of patients under going treatment with gene
addition methods and genome editing techniques should assess for chain imbalance and
resultant ineffective erythropoiesis from unmatched globin chain aggregate deposition.

There are four main genome editing-based approaches, in various preclinical and clinical
stages of development to treat sickle cell disease. These are listed in the order of those
that are most advanced in clinical development to those that only have proof of concept
preclinical data available.

Conventional gene editing—Conventional gene editing approaches involve making a
double-stranded break in the genome at a precise location. The double-stranded break

is then re-ligated by the DNA repair machinery of the cell, most frequently via the non-
homologous end joining pathway and occasionally, in the presence of a template DNA,

by homology-directed repair. The non-homologous end joining repair pathway leads to
stochastic insertions or deletions (indels) which can disrupt either the protein coding exon
sequences or functional non-coding regulatory elements in the intronic DNA. This approach
has been used to disrupt the regulatory elements essential to globin switching from y-globin
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(HBG1and HBGZ2), which is expressed during the fetal life, to B-globin (HBB), which
is expressed during the adult life, and has focused on two main targets: BCL11A on
chromosome 2 and the extended B globin locus on chromosome 11

After genome-wide association studies led to the discovery of sequence variants in the gene
BCL11A that are associated with elevated HbF concentrations,?42 BCL-11A was identified
as a potent repressor of HbF in humans.229 Early genome editing attempts used zinc-finger
nuclease to disrupt exon 2 of BCL11A by introducing biallelic frameshift mutations, which
led to complete inactivation of BCL11A.243 However, global knockdown of BCL-11A

not only adversely affected erythroid maturation but also affected haematopoietic stem-

cell expansion and engraftment.243.244 |_ater, pooled CRISPR screens for fine-mapping

of the BCL11A intronic region identified a developmental stage-specific, erythroid lineage-
restricted enhancer.245 Canver and colleagues?4® further identified discrete vulnerabilities of
these erythroid-specific enhancers that could be disrupted to selectively decrease BCL-11A
transcription in the erythroid lineage while mitigating the HSC growth disadvantage
resulting from complete BCL-11A loss. Given the specificity of BCL-11A restriction by
editing of the erythroid specific enhancer and the plethora of data on these enhancers that
has been generated over the past decade,24” this strategy has become the most widely
adopted genome editing method and several people with sickle cell disease have been
treated with autologous CD34* cells edited at this locus (table 5). This approach is the

most clinically developed and is in phase 3 clinical trials currently. Several independent
groups are using this approach to disrupt the erythroid specific enhancer of BCL11A

using CRISPR-Cas9248 or zinc-finger nuclease methods.249:250 Both of these nucleases have
produced comparable preliminary data.

Several cisregulatory elements have been identified within the extended globin locus on
chromosome 11 (specifically in the HBG1 and HBGZ2 promoters, where various repressors
of HbF such as BCL-11A251.252 and ZBTB7A253.254 pind), leading to haemoglobin
switching from H#BG1 and HBG2to HBB.255 Disrupting these transcription factor binding
motifs using CRISPR-Cas9 has been considered as another potential therapeutic strategy
for HbF induction.2°¢ Although the efficacy and safety of the conventional gene editing
approaches at the BCL-11A erythroid specific enhancer and the globin locus have not yet
been systematically compared, there are some key differences between these two genomic
targets. Disruption of the regulatory elements in the HBG1 and HBGZ promoters represents
a more targeted approach than eliminating BCL-11A expression in erythroid progenitors,
which could potentially have deleterious consequences. Preliminary data suggest that
disruption of the BCL11A erythroid enhancer in HSPCs could impair erythropoiesis.2>’
BCL 11A erythroid-enhancer edited cells were found to have an erythroid differentiation
defect in a mouse model and increased apoptosis during erythroid differentiation in ex-vivo
erythroid cultures.2” Additionally, editing at the globin locus recapitulates some mutations
that cause hereditary persistence of fetal haemoglobin, which is a naturally occurring benign
condition. Individuals with hereditary persistence of fetal haemoglobin are not known to
have any long-term adverse consequences affecting erythropoiesis. However, editing the
HBG1 and HBGZ promoters presents a challenge that optimal HbF induction might require
efficient editing at four separate loci (two HBGI alleles and two HBGZ alleles) compared
with editing of just two (or maybe even just one) alleles of the BCL 11A locus. These
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challenges might not result in any clinically significant differences or adverse outcomes, but
future clinical trials with correlative mechanistic studies to closely examine these different
approaches are highly recommended.

There are at least two ongoing clinical trials, one with Streptococcus pyogenes

Cas9 (NCT04443907) protein and another with Acidaminococcus sp Cas12a protein
(NCT04853576) to create indels at the HBG1 and HBGZ promoters. Preliminary results
from the clinical trial using the S pyogenes Cas9 for editing at the HBGI and HBGZ locus
suggest clinically relevant HbF induction and symptom control in the two patients who
have undergone treatment so far.2%8 This approach could be an alternative to the BCL11A
erythroid-specific enhancer editing.

Precise correction of sickle mutations: homology directed repair—Delivery of
an extrachromosomal wild-type donor DNA sequence along with the nuclease allows the
double-stranded break to be precisely corrected via the homologydirected repair pathway.25
This approach aims at replacing the sickle mutation with the wild-type sequence.260-

264 Although it is indeed desirable to revert the genotype of the edited cells to the

typical genotype rather than to induce HbF, there are some inherent challenges associated
with this method. A high degree of sickle cell disease mutation correction by homology-
directed-repair-based methods is challenging in HSCs given their quiescent nature.263.265
Concomitant formation of indels during the nuclease-mediated double-stranded break might
disrupt the H#BB reading frame, leading to a thalassaemia phenotype.263.266 The delivery of
an exogenous DNA template for homology-directed repair is not only challenging but also
potentially cytotoxic to the HSCs.267 Furthermore, given the sequence homology between
different globin-like genes, there is a high risk of off-target editing.237 At the same time,
monoallelic correction might be sufficient to convert sickle cell disease to the sickle cell trait
phenotype.23” However, conversion to the wild-type sequence with subsequent production of
adult haemoglobin would be the most desirable and natural resolution of sickle cell disease.
Although current nucleases are fairly precise in their targeting of the DNA to introduce
break points, repair efficiency with homology-directed repair remains low and off-target
breaks remain a concern. Reported attempts at homology-directed repair correction have
reported modest success in xenotransplantation and non-human primate experiments,261.268
Perhaps insufficient to produce clinical benefit as they currently stand, these methods are
likely to continue to improve as methods to enhance homology-directed repair frequency or
selection of HSCs with the editing of interest are developed.2%6 An ongoing clinical trial is
attempting this approach in humans with no clinical results available yet (NCT04819841);
this trial has been voluntarily paused by the sponsor because of a serious adverse event in the
first patient that was thought to be related to the treatment.

Precise correction of sickle mutations: base editing—Base editors are the next
generation of gene-editing nucleases that directly introduce base changes without double-
stranded breaks, thus bypassing the low-efficiency homology-directed repair and non-
homologous end joining mediated indels and off-target effects.269270 Nuclease-induced
double-stranded breaks activate the p53 damage-response pathway,2’* which can result
in prolonged cell-cycle arrest, compromise HSC viability, reduce repopulating potential,
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induce apoptosis, and sometimes lead to 7P53 gene loss (which could promote malignant
transformation of the edited cells).272 Single base edits disrupting the GATAL motif within
the BCL 11A erythroid enhancer,2’3 as well as editing of the HBG1 and HBGZ2 promoter
disrupting the BCL-11A binding motif in the #BGI and HBGZ2 promoters,2’* led to potent
induction of HbF similar to indels produced by conventional CRISPR-Cas9 editing at those
respective sites.2’> A clinical trial exploring base editing of the #BG1 and HBGZ2 promoters
is ongoing and recruiting participants (NCT05456880).

Although base editors are currently unable to execute a base change from T to A (required
for correcting the sickle mutation to the typical genotype), adenine base editors have been
shown to effectively convert sickle cell disease codon (GTG) to a variant haemoglobin
G-Makassar (Hb G-Makassar, codon GCG).276 Haemoglobin G-Makassar is a rare, naturally
occurring, benign, non-sickling variant found in people in southeast Asia. Individuals who
are heterozygotes for haemoglobin G-Makassar exhibit normal red blood cell indices. In

a xenotransplantation model, this mutation successfully rescued the sickling phenotype

of erythroid progeny of edited human CD34* cells derived from donors with sickle cell
disease.276 This approach provides an efficient alternative to the HbF induction strategies but
without introduction of double-stranded breaks.

However, given the novelty of base-editing techniques, little data exist on the guide RNA
dependent and independent off-target activity of these nucleases, hence comprehensive
off-target analysis needs to be done before base editing moves to clinical application.

Precise correction of sickle mutations: prime editing—Prime editors are the latest
generation of gene editors, which can directly copy sequence information from a prime
editing guide RNA into a target DNA locus, thus introducing precise changes.2’’ Prime
editing has been shown to convert the sickle cell disease mutation to the typical genotype
at relatively high efficiencies in HEK293 cells but requires further optimisation for high
frequency targeted modification of human HSCs.277

In-vivo gene therapy

In-vivo gene therapy is currently the least mature platform for genetic interventions for
haemoglobinopathies, yet it has the greatest promise, particularly as it relates to delivering
more definitive targeted treatment to individuals living in LMICs or to people who are
otherwise without access to highly specialised academic medical centres.

A collaboration was formed between the NIH and the Bill & Melinda Gates Foundation
in 2019 to support the development of safe and effective in-vivo gene therapies for

HIV and sickle cell disease that could be scalable and sustainable in parts of the world
such as sub-Saharan Africa, where the burden of these conditions is high and access to
therapies is limited.2’8 Lessons learned from ex-vivo gene therapy have informed several
key considerations for the development of in-vivo approaches.2”9

Today, there are several notable impediments to in-vivo gene therapy for sickle cell
disease. True HSCs are a remarkably small subpopulation of marrow-based progenitor
cells and are typically non-dividing. Lentiviral vectors used in current ex-vivo gene therapy
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approaches use the lentiviral vesicular stomatitis virus G (VSVG) protein to promote fusion
with CD34" stem cells in the more quiescent GO state through a low-density lipoprotein
receptor in culture during the transduction process.28° In-vivo approaches will therefore
need to overcome this resistance of HSCs in the resting state to the uptake of viral vectors
or nanoparticles without the ability for cell selection or stimulation in culture, perhaps

by employing new methods for targeting stem cells in situ. The use of myeloablation

for ex-vivo gene therapy has ostensibly been needed to free up stem-cell niches in an
otherwise hypercellular marrow and to reduce the absolute numbers of unmodified stem
cells competing with genetically modified stem cells for these spaces.281 Ideally, in-vivo
gene therapy would not require conditioning so the design approach must consider how
effective disease amelioration can be accomplished if a small percentage of stem cells

are altered. Gene-editing approaches that rely on gene disruption of targeted sequences
typically use non-homologous end joining for DNA repair; however, other approaches for
direct gene correction through homology-directed repair are cell cycle dependent, given
that homology-directed repair occurs at the S/G2 transition, not the usual GO/G1 phase of
HSCs.282 Driving HSCs into cell cycle, or otherwise activating HSCs, and then maintaining
them for an extended period of time to achieve the correction would be needed to use
homology-directed repair-mediated gene editing in vivo.

Specific parameters that have been deemed essential in manufacturing vectors for ex-vivo
gene therapy might require reconsideration for in-vivo applications.283 One example is the
target vector copy number and the general range for multiplicity of infection needed to
achieve this vector copy number that have been optimised in current ex-vivo gene therapy
approaches. If in-vivo gene therapy approaches involve viral vectors that are delivered by
direct intravenous infusion, some (likely most) of the sample will be trapped in the liver;
thus, it is not clear if the multiplicity of infection used to achieve current target vector
copy number in the laboratory will be sufficient. For ex-vivo gene therapy, the percentage
of CD34" cells transduced with lentiviral vectors is another crucial feature of success. The
inter-relationship of the efficiency of vector copy number and the percentage of CD34" cells
transduced with lentiviral vectors will need to be reconsidered for in-vivo approaches.

In-vivo gene therapy for sickle cell disease will likely require development of delivery
systems currently not used in ex-vivo studies. Studies with the HDAd5/35** vector system
have yielded promising results in animal models that target HSCs, which are mobilised into
the bloodstream before intravenous infusion of the vector that either delivers the -y-globin
transgene or enables CRISPR-Cas9 gene editing of a y-globin repressor binding site and
targets the CD46 receptor of primitive haematopoietic cells.284

Studies must continue to advance understanding of the HSC microenvironment, to increase
homing efficiency of modified HSCs and to optimise mobilisation to facilitate in-vivo
editing of HSCs. The HSC-specific surface markers could differ between species and are
altered in mobilised HSCs versus the marrow niche. More studies in various mouse models
and larger animal species will be crucial before human studies.

Lipid nanoparticles have emerged as a new non-viral strategy for in-vivo delivery of
CRISPR-Cas9 gene editing tools that can target HSCs.28% Nucleoside modification of
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MRNA that has been shown to increase translation combined with highly efficient
transfection will be needed. Lipid nanoparticles that target specific cell types can deliver
mRNA for gene editing reagents. Delivery of the components relative to the appropriate
cell cycle phase of target cells will be important for different gene-editing platforms that
seek to use homology-directed repair or non-homologous end joining-mediated DNA repair.
Although it is expected that in-vivo gene therapy approaches will prevent the need for
frequent, expensive hospital treatments, it is not clear if the overall costs of in-vivo gene
therapy will be less than such inpatient hospital treatments. Manufacturing reagents and
facilities for the preparation of viral vectors and nanoparticles are expensive. It is possible
to achieve reduced costs over time, which should be pursued vigorously as these tools are
being developed, so that ultimately broad access to gene therapy is achieved.

Considerations for low-resource settings

Even in HICs, individuals with sickle cell disease face barriers that prevent most people
from realising the full benefits of scientific advances. Some of the conditions that contribute
to overall disparities in outcomes in sickle cell disease also limit the use of HSCT.286 These
include lack of awareness among patients and their care providers of the availability of
curative options, lack of access to specialised care centres, and financial restrictions imposed
variously by governments, health-care systems, and health insurance companies. Potential
solutions include greater direct engagement of patients, creation and dissemination of
multimedia, open-access educational materials describing current approaches, and advocacy
for innovation in payment models.

Curative therapies for SCD currently available in clinical practice and research trials require
highly complex services and facilities not likely to be available in many LMICs where

the majority of the global sickle cell population live. However substantial and increasing
numbers of HSCTs for sickle cell disease have been performed in some LMICs, including
Brazil, Jordan, India, Iran, Egypt, South Africa, Ghana, and Nigeria, with an emerging
programme in Tanzania. Some of these programmes, such as many of those in India, are
focused primarily on treating private health-care patients, sometimes from overseas, who can
pay for their own treatment. Collaborations between academic institutions, private industry
and governments should be encouraged.278:287 Key considerations include prioritising
technologies that allow for single infusions with durable effects, ensuring that the local
health-care systems have adopted early detection of sickle cell disease and provision of
evidence-informed early interventions, and finally devising financial and workflow models
to democratise access to curative options.

Recommendations on cellular therapies

Although this Commission endorses population-based public health priorities (eg, newborn
screening and early intervention), the ultimate aim is to provide access to definitive or
curative therapies for every patient with sickle cell disease, irrespective of where they live,
and it seems probable that this will involve some form of gene therapy. However, the
widespread use of curative gene therapy will require planning and investment that will
need to begin in the near future. We firmly recommend prioritising ongoing scientific and
infrastructure investment to achieve effective, safe, and accessible cures globally by 2040.
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Autologous curative approaches are maturing and will probably play an important role
in the future given that most individuals with sickle cell disease seeking potentially
curative options will still not have an HLA-matched sibling donor. We believe that most
approaches currently in late-phase clinical trials have acceptable safety and efficacy;
however, modifications in future trials or development of treatment centres must evolve
to improve safety further, and consider cost containment to insure more global access.

Finally, it should be noted that this Commission does not address the use of germline
stem-cell modifications as there is not currently international consensus on the safety and
ethics of these procedures. However, given the global burden of sickle cell disease, in the
future a case could be made to consider germline or heritable gene therapy in order to reduce
the population at risk.

Section 5: training and educating health-care providers to improve

evidence-based medical and nursing care

The increasing global burden of sickle cell disease is now well established. Despite the
enhanced development of evidenced-based strategies for decreasing morbidity and mortality,
few individuals with sickle cell disease in LMICs receive evidence-based medical and
nursing care, resulting in thousands of preventable deaths every year. The gap in health-care
practice for the prevention of death and lifelong morbidities, such as sickle cell disease-
related strokes in children and young adults, is in part related to the mismatch between
evidenced-based strategies for disease management and the clinical practice in LMICs.
Sickle cell disease has evolved from a life-threatening illness of childhood with a shortened
lifespan to a chronic disease where most children are expected to live to be at least 40

years old.12 As the life-course of children with sickle cell disease has changed, so have the
patterns of the mortality and comorbidities associated with the disease.

The changing global demographics of sickle cell disease present unique challenges in
developing a pipeline of knowledgeable medical and nursing providers. In Africa, where
more than 70% of the children with sickle cell disease are born, few formal medical and
nursing haematology programmes exist to ensure an evidence-based practice for sickle cell
disease. In many locations in Africa, most children and adults with sickle cell disease
receive nursing and medical care from health-care providers without any formal sickle cell
disease training. In some cases, patients receive sickle cell disease care from nurses alone
or nurses and medical officers (ie, new medical school graduates without any specialty
training) with little training in evidence-based strategies for primary care and sickle cell
disease practices. Countries with a traditionally low sickle cell disease prevalence, such as
most European and Asian countries, have had a substantial influx of African and Middle
Eastern people with sickle cell disease or people with sickle cell trait who are at risk of
having offspring with sickle cell disease. The focus of the global panel of medical and
nursing experts in section 5 is to: define gaps in implementing evidence-based guidelines
for sickle cell disease management across individuals’ lifespan; identify best strategies for
educating a multidisciplinary sickle cell disease health-care workforce in LMICs and HICs;
and identify novel health-care delivery models for implementing evidence-based guidelines
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for sickle cell disease for nurses, neurologists, obstetricians, haematologists, and primary
care physicians (the subspecialities that have pre-existing evidence based guidelines for
management of sickle cell disease). We acknowledge that people with sickle cell disease,
their families, and allied health-care professionals, all need education about sickle cell
disease to provide comprehensive care. For this Commission, we are focusing on the
education and training of health-care providers.

Education on the inheritance of sickle cell disease and non-directive genetic counselling

Medical and nursing students are typically not exposed to a formal curriculum on how to
provide non-directive genetic counselling for sickle cell disease. We are unaware of any
actively implemented medical school and nursing school curriculum to educate students
about the inheritance pattern of sickle cell disease that includes non-directive genetic
counselling learning objectives. The absence of a universal curriculum that includes genetic
counselling is a missed opportunity to ensure appropriate reproductive counselling for
individuals at risk of having a child with sickle cell disease. Furthermore, the lack of genetic
counsellors combined with the prevalence of sickle cell trait (particularly in people of
African and Asian descent, ranging from one in four individuals in West Africa to one in 12
African Americans living in the USA, and one in 50 in some populations in India) highlights
the need for the development of a specific curriculum to both expand the knowledge of
non-directive genetic counselling techniques and increase the number of providers certified
to deliver genetic counselling. The Saudi Ministry of Health has developed training modules
for genetic counselling materials used for training health-care professionals in urban and
rural primary care centres. This training must have a common core content or syllabus,
taking into account the religious and cultural sensitivities unique to the populations and
regions where the counselling is being employed.

Existing sickle cell disease education curricula

Medical students—Most medical schools provide one to two lectures on sickle cell
disease or haemoglobinopathies. We are aware of a few current sickle cell disease curricula
with learning objectives adjusted for educational training (pregraduate vs postgraduate) that
would assess a minimum core competency required for acute and chronic management of
sickle cell disease. As an exception, faculty in Senegal and the University of Paris developed
French curricula focused on these topics (panel 2).

A major gap in developing curricula for sickle cell disease education is the absence of a
minimum set of teaching objectives or content knowledge required to ensure a uniform
knowledge base from year to year. We identified one systematic guideline for developing a
minimum knowledge base for primary care providers to become proficient in the acute and
chronic management of sickle cell disease in primary care settings in Africa.2%2

In Lebanon, at the American University of Beirut, the first-year medical students have one
lecture on sickle cell disease as part of the haematology course and all third year medical
students attend the comprehensive sickle cell clinic once a week for 8 weeks. This rotation
is complemented with reading materials and now includes genetic counselling for all people
with haemoglobinopathies. A newly established National Committee on sickle cell disease
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will evaluate and recommend introducing a module on sickle cell disease to all medical
school curricula in Lebanon.

In Nigeria, where the greatest number of children and adults with sickle cell disease live,
medical schools offer on average 3 h of lectures on sickle cell disease and thalassaemia;
however, in the country where approximately 150 000 babies with sickle cell disease are
born annually, there has been no systematic approach to assess core competency in sickle
cell disease care at the postgraduate, residency programme level, or in nursing schools. At
the federal level, a national guideline for sickle cell disease management was developed by
an expert committee and published by the Nigeria’s Minister of Health on Nov 28, 2014.293
Effective strategies are required to increase the dissemination and adoption of the national
guideline into the medical and nursing curricula. A task shifting approach based on the
national guideline for sickle cell disease management should be recommended to train the
Community Health Extension Workers, who are responsible for the vast majority of primary
care provision in all rural and underserved communities of Nigeria.

Nursing students—Comprehensive care for people with sickle cell disease relies on the
chronic care model,2% and nurses are crucial members of these teams. Nursing education
programmes emphasise the role of nurses as health educators and care coordinators.
Prelicensure nursing education includes generalist education in the genetics of sickle cell
disease. Education about the genetics of sickle cell disease in nursing school could allow
nurses to provide genetic counselling to parents of children with sickle cell disease and
preconception counselling to adolescents and young adults with sickle cell disease. Nurses
also manage chronic complications of pain and the comorbidities of asthma by educating
families on symptom management.

A precious human resource is the small cadre of nurse educators and scientists committed
to the next generation of sickle cell disease nurse providers, educators, and investigators.
We believe that foundations and government agencies would drastically impact the care of
individuals, particularly maternal and child health, if more resources are placed in creating
regional sickle cell disease nursing centres of excellence or, at the very least, providing a
nurse-focused sickle cell disease curriculum.

Internal medicine and paediatric trainees—The absence of a universally accepted
curriculum to provide expected sickle cell disease primary care management, despite formal
evidence-based guidelines specifically developed for primary care providers,141 is a missed
opportunity for building a knowledgeable sickle cell disease health-care workforce. An
easy and efficient approach is to develop a consensus health-care curriculum with learning
objectives for nursing and primary care providers.

Primary care providers are an under-recognised yet crucial part of the medical care for
people with sickle cell disease. Individuals with sickle cell disease who have primary care
providers have lower hospitalisations, readmissions, and better hydroxyurea adherence than
people who do not have primary care providers.2%5-297 Globally, sickle cell disease care
largely relies on access to primary care providers and primary care nurses. Several health-
care issues typically screened and treated in the primary care setting can substantially impact
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people with sickle cell disease. Mental health, women’s health (including contraception),
hypertension, diabetes, cancer, smoking, asthma, and vaccinations are among these topics.

A global curriculum that educates primary care providers and primary care nurses about
sickle cell disease and the nuances of caring for this population is crucial. Due to the

missed opportunity for educating medical and nursing students and primary care doctors
mentioned previously, curriculums that target post-residency primary care providers are
another potential opportunity to bridge the gap. Two of the authors of this section, a
haematologist and a primary care provider (MRD and RMC), developed a curriculum to
help primary care providers overcome established barriers, learn evidence-based guidelines
for sickle cell disease care, and embrace the care of children and adults with sickle

cell disease. The curriculum, in English, takes about 24-32 h on average and includes
approximately ten sessions that address the specific components of sickle cell disease care
(panel 2).2% The curriculum has evidence-based methods to overcome barriers to care and
could be used to educate primary care providers across the USA. The team developed a
booklet of the 2014 US National Heart, Lung, and Blood Institute guidelines, adapted for the
education of individuals with sickle cell disease, their families, and primary care providers to
augment this curriculum.2%9

Other initiatives in this area include developing a core curriculum for practitioners charged
with the management of children and adults with sickle cell disease. An online course3%0
in French addressed the management of children and adults with sickle cell disease. The
course, developed in 2013, includes topics such as diagnosis, treatment, and psychological
and social aspects (70 h) and offers validated training in therapeutic education (40

h). Approximately 200 health-care providers from France, Africa, and the French West
Indies have already completed the course. The University of Paris Cité acknowledges the
graduates.

Although in many situations, evidence-based treatments and appropriate resources need

to be established before education can be fully effective, there are also many areas

where education of health-care professionals can make a very big difference. Children

and adults with sickle cell disease have one of the highest incidence rates of acute and
chronic neurological morbidities of any monogenic disease. Without the establishment of
primary stroke prevention programmes with transcranial Doppler screening and regular
blood transfusions for atypical velocities, approximately 11% of children with sickle cell
anaemia will develop overt strokes.301 After introducing stroke prevention programmes in
HICs, the stroke incidence rate dropped by at least 80% in a population-based study392 and
decreased by 10 times in a single-centre study.3%3 Since 2006, and subsequently in 2011 and
2019, the American Heart Association has published evidence-based guidelines for stroke
prevention and management that include sickle cell disease.301:304-306 Additionally, since
2020, the ASH has published evidence-based guidelines for the treatment and prevention
of neurological morbidity in sickle cell disease.152 Despite the presence of these guidelines
and the high prevalence of stroke-related morbidity and mortality in sickle cell disease, to
our knowledge, a formal curriculum with learning objectives has not been established for
neurologists-in-training regarding acute and chronic neurological complications of sickle
cell disease across the lifespan, which is a crucial need. Further, neurologists are not
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always readily available. Thus, all health-care providers who care for children or adults
with sickle cell disease need to be educated about the neurological complications of sickle
cell disease, how to detect them by history and neurological examination, and potential
treatments. A northern Nigeria research and clinical care team worked to educate nurses and
non-neurologist physicians on how to perform a standardised neurological examination for
stroke detection. Ultimately, this group formed stroke prevention teams.37 A programme

to train nurses to perform transcranial Doppler studies has also recently been established in
Tanzania.3%8 This low-cost model to improve prevention and treatment of strokes should be
possible to implement in other LMICs. Such a strategy is required because of the scarcity of
haematologists, neurologists, and radiologists to establish a systematic approach to primary
stroke prevention and provide acute and chronic medical management.

Obstetric—gynaecological doctors—Informed reproductive decision making is crucial
in family planning of a monogenic disease. The American College of Obstetricians and
Gynaecologists recommends carrier screening for haemoglobinopathies to prepare women
for the chance of delivering a child with sickle cell trait or disease.3%9 However, past studies
show that some obstetric—gynaecological health-care providers have used sickle-dex tests
for screening instead of haemoglobin analysis tests.310 As a result, other traits such as

HbC and thalassaemia are missed. Prenatal counselling and follow-up represent an essential
part of care and must be included in obstetric—gynaecological training. We are unaware of
any formal learning objectives for obstetric—gynaecological doctors. However, women with
sickle cell disease have statistically significantly increased mortality and morbidity during
pregnancy when compared with women without sickle cell disease. In a large administrative
dataset in the USA of 4262 births to women with sickle cell disease, the maternal mortality
rate was at least 10 times greater among women with sickle cell disease (1-6 per 1000
deliveries) compared with women without sickle cell disease (0-1 per 1000 deliveries).31! In
LMICs, where most children with sickle cell disease are born, the maternal mortality rate

is between 7000 and 12 000 per 100 000 livebirths312-314 in comparison with the maternal
mortality rate of 17 and 10 per 100 000 livebirths in the USA3® and the UK,316 respectively.

Even with the high rate of maternal-fetal mortality in women with sickle cell disease,

few formal health-care delivery strategies have been developed to address this issue. At
Korle Bu Teaching Hospital in Accra (Ghana), the baseline maternal mortality rate was

10 000 per 100 000 livebirths in women with sickle cell disease, compared with 1000

per 100 000 livebirths in women without sickle cell disease.317 After implementing a
multidisciplinary team, the maternal mortality rate decreased from 10 791 (15 of 139) per
100 000 live births to 1176 (1 of 85) per 100 000 live births (risk ratio 0-103; 95% CI
0-014-0:779), giving an 89-1% risk reduction (p= 0-007) that was sustained 3 years after the
intervention.318 The primary interventions were all low budget, including adding standard
clinical care management strategies; routine assessment of haemoglobin oxygen saturation
measurements at baseline and during admissions, with clinical action if there was more
than a 3% drop from baseline; standardising nursing care guidelines; and ongoing quality
control assessment of care with initially weekly meetings. These results clearly show that
improvement in obstetrician and nursing care knowledge could result in a drastic decrease in
maternal mortality rates for women with sickle cell disease. The comprehensive sickle cell
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disease obstetric care programme at the Korle Bu Teaching Hospital in Ghana published its
management protocol31® in 2021, which can serve as an important guideline for the training
of midwives, medical students, doctors, and maternal-fetal medicine fellows across Ghana

and in other LMICs.

Despite the high incidence of sickle cell disease related morbidity during pregnancy, we are
unaware of formal curricula to educate obstetric doctors and nurses about the prevention
and treatment of complications of sickle cell disease during pregnancy outside of the Ghana
experience. Two evidenced-based guidelines for the management of pregnancy in women
with sickle cell disease, from the USA and the UK, could be used to establish the expected
learning objective,320-322

Health-care professionals—There are some examples of the development of curricula
specifically focusing on sickle cell disease, with clear learning objectives for health-care
providers. One author (MRA) was actively involved with the Thalassemia International
Federation in developing an online course on sickle cell disease for health-care providers.
The course is available, free of charge, since April, 2021, and has modules on different
aspects of sickle cell disease, including clinical complications (infections, pain, neurological
complications, pregnancy, etc), treatment, and care organisation. The European Hematology
Association has also developed a haematology curriculum that includes a specific and
detailed description of the knowledge necessary to care for people with sickle cell disease,
mostly from a European perspective. We identified one institutional collaboration between
those living in HICs and those living in LMICs: the curricula by the University of Paris Cité
and health-care providers in Senegal.323

Additionally, the West African Genetic Medicine Center (a World Bank Center of
Excellence located at the University of Ghana) has started a genetic counselling MSc
programme to train genetic counsellors for the region. Trainees are drawn from wide
biomedical and clinical backgrounds including physicians, nurses, biomedical scientists, and
psychologists; the programme offers appropriate detail related to inherited blood disorders,
incorporating practical counselling courses focused on sickle cell disease.

It is particularly important that training programmes in each country or region reflect the
availability of resources. For example, the use of blood transfusions to treat cerebrovascular
disease is not possible in most LMICs and evidence-based clinical practice from Europe and
the USA would not be appropriate. Training programmes need to be developed with the best
available evidence adapted to local conditions. A good example of this is the way in which
the Jamaica Sickle Cell Unit Clinical Care Guidelines were developed by adapting North
American and UK guidelines to local needs; these guidelines have subsequently provided a
basis for training throughout the English-speaking Caribbean.

Overall, we believe the absence of a core set of expected sickle cell disease competencies for
haematology professionals globally substantially impairs implementing and disseminating
evidenced-based practice for sickle cell disease. Further, the absence of sickle cell disease
learning objectives and evaluation during annual competency service examinations explicitly
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lowers expectations of haematology training programme directors and trainees about the
importance of sickle cell disease in their current and future clinical practice.

Improving the pipeline of investigators to advance discoveries in sickle cell disease

Although precise figures are not available, there is little research funding reserved
specifically to investigate sickle cell disease, particularly when compared with many

other conditions, such as cystic fibrosis and haemophilia. This scarcity of funding leads

to shortages of trained investigators in sickle cell disease and is a disincentive for new
researchers to become interested in the condition. Private foundations have targeted grant
funding for haematologists and multidisciplinary research teams focused on sickle cell
disease related problems. In the USA, the Doris Duke Charitable Foundation offered
research funding opportunities specifically for sickle cell disease for 7 years (2009-15),
totalling $17 million or approximately $2-4 million per year. In contrast, the US Cystic
Fibrosis Foundation spends more than $100 million per year. A total of 28 new grants

were provided, $450 000 for direct costs over 3 years, and seven grants were renewed.
Subsequently, on the basis of this pilot funding, the Doris Duke awardees received $55-6
million from the NIH.324 The ASH also supports junior investigators with 2—3 year awards
for research and training activities, and trainees focused on sickle cell disease have been
among the recipients.325 This relative scarcity of funding for trainees in sickle cell disease
compared to other diseases in the USA reflects the situation throughout the world, with very
few funding schemes focused specifically on sickle cell disease. To our knowledge, there is
no current foundation devoted to specific funding of fellows or new faculty focused on a
research career in sickle cell disease anywhere in the world, in contrast to many other much
rarer diseases.

Evidence-based medicine to improve and expand the pipeline of medical and nursing care
in sickle cell disease

Evidence-based medicine is the purposeful use of current best evidence in making decisions
about the care of individual patients. Evidence-based medicine integrates provider clinical
expertise with the best available external clinical evidence from systematic research and
patient preferences. In 2020, the ASH produced evidence-based guidelines in sickle cell
disease for the management of heart, lung, neurological, and kidney disease;192:289 the use
of blood transfusion;2% and acute and chronic pain management.288 The ASH guidelines
serve as a starting point for implementing and adopting regional-specific evidenced-based
guidelines for sickle cell disease. However, bridging the gap between optimal management
and bedside patient management requires a paradigm shift in training physicians and nurses
in low-to-middle-income and high-income settings, to improve access to treatment. Further,
the value of such guidelines is undermined by the scarcity of high-grade evidence to support
them, particularly when the guidelines refer to LMICs.

Opportunities for training in sickle cell disease

There is a shortage of haematologists and medical providers trained in sickle cell disease.
Rural USA lacks providers for a large portion of adults with sickle cell disease. In sub-
Saharan Africa, where 75% of all children with sickle cell disease are born, the demand for
sickle cell disease health-care providers far exceeds available personnel. As a result, some
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organisations have invested in training programmes to increase the number of fellowship-
trained haematologists, primary care providers, and advanced practice providers to deliver
evidence-based care to children and adults with sickle cell disease.

In the USA, the Health Resources and Services Administration funded five regional Sickle
Cell Disease Treatment and Demonstration Program awards to support the education of
providers to learn more about evidence-based care of people with sickle cell disease. A
learning collaborative is an initiative in which peers come together to study and apply
quality improvement methods to a focused topic area. Learning collaboratives have also
been funded to support communities learning about sickle cell disease. In the Treatment
and Demonstration Program awards, supported by the Health Resources and Services
Administration, the regions also formed learning collaboratives across the participating
states. The Health Resources and Services Administration tasked awardees to work on
quality improvement activities to increase the uptake of evidence-based guidelines, such

as transcranial Doppler screening of children aged 2-16 years with sickle cell anaemia,
prescribing of hydroxyurea, vaccinating, and the use of child-to-adult sickle cell disease care
transition planning tools. Another learning collaborative focused on sickle cell disease care
has been created by ASH in 2021. Several organisations have invested in learning modules
to create sickle cell disease education programmes available to individuals living in LMICs
(table 6).

Although opportunities for training in sickle cell disease are few in the USA, the situation is
probably worse in most other countries, particularly in Africa and India where the disease is
most prevalent. There is also a substantial problem in many European countries where there
has been a marked increase in the numbers of people with sickle cell disease, without the
means to train the medical and other staff to manage the condition.

The gap in dissemination and implementation of research for evidence-based
practice—After curricula for practitioners in sickle cell disease are established, the
dissemination and implementation ofthe objectives are required. In the past 10 years,
implementation science has evolved as a much-needed set of tools to increase the uptake of
evidence-based clinical guide lines.326-328 The same approaches of identifying the evidence-
based practice or learning objectives, assessing the organisation’s culture or setting, and
working through strategies to deliver the education or training are relevant to implementing
curricula,329.330

In implementation research, the RE-AIM is a framework commonly used in public

health to reduce the gap between evidence-based practice and actual activities.33! The
reach and effectiveness of the intervention, adoption, and implementation (individual

and organisational), and maintenance of the intervention is assessed after planning and
intervening. A modification of the RE-AIM framework332 published in 2020 purposely
brought the concept of equity into the maintenance to enhance sustainability. Given the
inequities of the population of patients, their daily settings, and the settings of their medical
care, this adapted version of RE-AIM332 could be considered in future dissemination and
implementation of training curricula.
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Recommendations on training and education

Across HICs and LMICs, we could not identify an ideal model for training and educating
physicians, nurses, and other health-care professionals to look after people with sickle cell
disease. There is an urgent humanitarian need to educate health-care professionals and the
general public about sickle cell disease across the world, to prevent death and decrease
lifelong sequelae of sickle cell disease, particularly in Africa, where 70% of newborn babies
with sickle cell disease are born. However, all global regions lack an adequate approach for
preparing the next cadre of leaders focused on sickle cell disease medical and nursing care
and research. Small investments in training and education can lead to marked improvement
in health outcomes, as shown by exemplar programmes, such as those to prevent the deaths
of pregnant women with sickle cell disease in Ghana and to diagnose strokes in young
children with sickle cell disease living in Nigeria and Tanzania. These programmes should
be highlighted to allow replication across the settings most in need of investment (low-to-
middle resource settings and settings with historically low incidence of sickle cell disease) to
facilitate improvements in care.

A comprehensive partnership between private foundations, professional medical and nursing
societies, and government agencies is required to tilt the global scale toward medical justice
for children and adults with sickle cell disease.

Future challenges and opportunities

There have been many warnings in the past about the neglect of sickle cell disease and
frequent calls to reduce its global burden and to better manage and treat people with this
disease. So far, these calls, including those from WHO, have had little effect. Given growing
inequalities within most countries and internationally, and substantial financial pressures

to improve the health of a growing and ageing population, it will require substantial
commitments to achieve the recommendations outlined in this Commission.

The number of people with sickle cell disease globally is expected to increase, bringing new
challenges—eg, in terms of multimorbidity in HICs and developing adequate health-care
strategies for the numbers of patients in LMICs considerably larger than those currently
managed in HICs.

The development of innovative POCT devices, new drugs, and promising therapies in the
past 5 years all offer great opportunities to scale up the availability and accessibility of
existing tools in areas of high prevalence and to pursue further developments through ethical
and equal collaborations. As illustrated by a couple of multibillion dollar acquisitions of
drug companies interested in sickle cell disease treatments, there is growing awareness about
sickle cell disease and the development of a cure for sickle cell disease currently has a high
profile. The main challenge going forward will be to maximise the effect of investments for
the benefit of patients and society overall.

To guide future progress, this Commission makes 12 key necessary and realistic
recommendations for reducing the global burden of sickle cell disease (panel 3), which
are further expanded in table 7.
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Conclusions

Overall, improvements for people with sickle cell disease worldwide have been very limited
over the past few decades. Until recently, hydroxyurea was the only available drug for

the treatment of sickle cell disease, and most individuals with sickle cell disease in high
prevalence areas remain undiagnosed or untreated. Furthermore, throughout their lives, most
patients do not receive adequate health care and are victims of racism and stigmatisation.

The beginning of the journey would seem to be starting newborn screening programmes in
every country with large numbers of people with sickle cell disease; although the technology
to do this is increasingly available, with POCTs and widespread use of mobile phones, it

is still a huge undertaking to establish even the most basic programme in most African
countries. The end of the journey is also imaginable, in which every patient in the world

is offered curative treatment—possibly through the emerging field of in-vivo gene editing,
although this requires major technical, logistical, and economic advances, and it would take
substantial commitment to make this a reality within the next three decades.

Education has often been shown to be a driver of societal, economic, and health
improvements. Awareness and understanding of the disease within the general population,
training, and knowledge of sickle cell disease within health-care professionals, and
familiarity with the challenges faced by public health services among decision makers would
all contribute to improved life and quality of care for people with sickle cell disease and
their families.

Although there remains many unknowns concerning the natural history of the disease and
uncertainties in relation to the exact burden of sickle cell disease, a series of inexpensive and
effective tools to identify people with sickle cell disease, to reduce early mortality, and to
prevent severe chronic complications are readily available to be rolled out at scale. There is
strong evidence for their benefits and cost-effectiveness, and strategies building on existing
infrastructure to maximise investments and effects.

This Commission brings together the enthusiasm and ambitious aspirations of a diverse and
multidisciplinary group of international experts in sickle cell disease—complemented by
input from advisory board members from academia, advocacy groups, policy institutions,
and funders—to seize current opportunities to make the world a better place for all

people with sickle cell disease by defining priorities and setting short-term, mid-term, and
long-term recommendations to guide public health policies and investments. Our ambition
is to monitor and document progress towards these recommendations and to evaluate
achievements and shortfalls within the next decade, while curative treatments continue to
be developed in parallel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel 1:

Essential medications for haematopoietic stem-cell transplantation

. Filgrastim

. Magnesium sulfate
. Ceftazidime

. Levetiracetam

. Cefepime

. Amlodipine

. Vancomycin

. Hydralazine

. Fluconazole

. Labetalol

. Aciclovir

. Co-trimoxazole
. Benzylpenicillin
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Panel 2:

Curriculum overview for training primary care providers about sickle cell
disease*

Primary care provider management

Genetics and pathophysiology of the disease; psychosocial factors; poverty and other
socioeconomic factors; how primary care providers fit into the care model

The sickle cell disease perspective—individuals with sickle cell disease or caregivers

Vaccines and screening (sickle cell disease related: eye screening; heart, lung, and
kidney screening; neurological screening; and sickle cell disease-specific vaccines
[NHLBI guidelines'#1] and non-sickle cell disease related: USPSTF guidelines;
pheoxymethylpenicillin [NHLBI guidelines]; depression, women’s health; hypertension;
diabetes; vitamin D and bone health; sleep; acute issues)

. Resources for the primary care provider: guidelines (2014 NHLBI41, 2019
ASH), checklists

. Patient resources: the patient portal, apps

. Medical home model and the role of the nurse or care coordinator in the
coordination of care throughout the procedure

Acute and chronic pain

Their perspectives of their disease; the positives of the care they receive; the challenges
of their care (eg, wait times in the emergency room and providers in care); what they
would hope their primary care physicians would offer; what is most important to them as
individuals with sickle cell disease and their caregivers

Acute complications

Acute pain episodes and chronic pain, including avascular necrosis and musculoskeletal
issues, includes pathophysiology and treatment and the NHLBI and ASH guidelines.288

Chronic complications

Acute chest syndrome, fever and infection, priapism, splenic sequestration, abdominal
pain, vision changes, venous thromboembolism (NHLBI and ASH guidelines)

Wellness
. Heart, lung, and kidney issues;289 leg ulcers; central nervous system
complications (eg, strokes, silent strokes, and cognition!®>—NHLBI and
ASH guidelines)
. Other problems that might exacerbate sickle cell disease (diabetes, tobacco

use, etc).

*These are didactic and case-based sessions in person or done remotely through educational platforms; the sessions are primarily

geared towards how a primary-care provider manages sickle cell disease in an outpatient setting.
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Care coordination

Preventing life-threatening infections

Avoiding sickle cell pain triggers

Managing stress
Staying active, having a healthy diet, and taking care of teeth

Safe sex, tobacco use, alcohol, and drug use

Disease-modifying therapies

Medications (hydroxyurea [hydroxycarbamide], L-glutamine, voxelotor,
crizanlizumab) and chronic transfusion therapy; recognising indications and
exclusions, complications, efficacies, dosing, and side effects or toxicities

Transfusion support, including red blood cell transfusions, requires extra
matching (specifically at the Rh and Kell loci; ASH guidelines); 29

How to manage hydroxyurea as the primary care provider (NHLBI
guidelines)

Curative therapies

How to talk to patients about curative therapies

HSCT (ASH guidelines),2%1 post-HSCT knowledge for the primary care
provider

Developments in curative treatments including clinical trials and gene therapy

ASH=American Society of Hematology. NHLBI=National Heart, Lung, and Blood
Institute. USPSTF=United States Preventive Services Taskforce.

*These are didactic and case-based sessions in person or done remotely through
educational platforms; the sessions are primarily geared towards how a primary-care
provider manages sickle cell disease in an outpatient setting.
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Panel 3:

Key recommendations to improve the outcomes of people with sickle cell
disease

1. Enable routine collection of comparable epidemiological data across all
countries by 2025, requiring action by governments, national health
authorities, and research funding bodies

2. Make national governments accountable through monitoring of public health
intervention implementation for sickle cell disease care and progress,
requiring action by governments, health authorities, and WHO

3. Ensure that all babies worldwide can be tested by 2025 to prevent long-term
complications, requiring action by governments

4, Inform people affected by sickle cell disease about reproductive risks and
choices, tailored to cultures and religions, requiring action by governments,
national health authorities, public health organisations, and patient support
organisations

5. Provide access to minimum health care specific to sickle cell disease to all
people affected no matter where they live, requiring action by governments,
and national health authorities.

6. Make hydroxyurea (hydroxycarbamide) accessible and affordable (<US$01n1
per 500mg capsule) to all people with sickle cell disease by 2030, requiring
action by governments and pharmaceutical companies

7. Improve blood transfusion supply for people with sickle cell disease
and safety (including guidelines for proper use and improvement of
haemovigilance) by 2030, requiring action by governments, health authorities,
blood transfusion services, and national and regional haematology societies

8. Accelerate the development of effective and affordable curative therapies,
including prioritising scientific and infrastructure investment to achieve safe
and accessible cures globally by 2040, requiring action by governments,
pharmaceutic companies, and research funding bodies

9. Balance participation of low-income and middle-income countries versus
high-income countries in clinical trials for new therapies by 2030, requiring
action by drug licensing bodies, pharmaceutical companies, research funding
bodies, and researchers

10.  Educate health-care professionals and the general public about sickle cell
disease and its management, requiring action from governments, health
authorities, public health organisations, universities, and patient support
organisations

11.  Prioritise sickle cell disease research through dedicated funding, requiring
action by governments and research funding bodies
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12.  Halve current estimates of the global burden of sickle cell disease by
2050, requiring action by WHO, governments, health authorities, public
health organisations, pharmaceutical companies, research funding bodies,
universities, and researchers
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Search strategy and selection criteria

Separate literature searches were performed by the authors of the different sections of this
Commission. References were identified through searches of PubMed from its inception

to January 31, 2023, with the search terms “sickle”, “sickle cell disease”, “sickle cell
anaemia”, “HbSC disease” or “HbS/beta thalassaemia” in combination with particular

procedures, treatments, and complications including “epidemiology”, “screening”,

“diagnosis”, “treatment”, “vaccination”, “penicillin prophylaxis”, “hydroxyurea”,
“hydroxycarbamide”, “blood transfusion”, “acute pain”, “acute chest syndrome”,
“stroke”, “haematopoietic stem cell transplantation”, “bone marrow transplantation”,
“gene therapy”, “gene editing”, “training”, and “education”. Clinical Trials.gov was
searched for evidence of unreported and ongoing clinical trials from its inception to Jan
11, 2023. Articles and abstracts were also identified through searches of the authors’ own
files. The final reference list was generated on the basis of originality and relevance to the
broad scope of this Commission. References were also selected for their importance and

ease of access.
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Newborn screening
programme

= National
[ Regional
[ Pilot
CINo

[ Nodata

Figure 1: Level of newborn screening programmes in each country
Overview of newborn screening programmes for sickle cell disease across countries, based

on the following categories: national—a newborn screening programme, either universal or
targeted, is in place across the entire country, can be the result of progressive implementation
over years in various parts of the country (eg, the USA); regional—there is no national-level
programme, but specific parts of the country (eg, provinces) have an ongoing newborn
screening programme in place; pilot—there is no national or regional newborn screening
programme, but there are either ongoing local newborn screening efforts (eg, Kumasi,
Ghana) or one-off pilot studies to support wider programmes; none—we could not find any
evidence of any newborn screening programme in these countries; no data—we did not find
any information for these countries. References used to compile the data presented are listed
in the appendix (pp 7-9).
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Sickle cell anaemia births (2023)
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Figure 2: Global distribution of sickle cell anaemia in 2023, illustrated by country-level annual
births with sickle cell anaemia

The estimates are derived from median HbS allele frequencies published in Piel and
colleagues!3 and probabilistic birth projections by country for 2023 from the UN World
Population Prospects 2022.
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Section 5: training Section 2: screening
o Newborn screening
Training
programme
o Parents and Newborn
Ph N < > .
ok ciia carers babies
¢ Section 1: epidemiology
w | Educationand Dried blood
coimselling St —P Database SR g Other data
Section 5: education ¢ t
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follow-up coordinator(s)

Sections 2, 3, and 4: management

Figure 3: The network of services associated with newborn screening and the related links
between the five core sections of this Commission

Epidemiology is in orange, screening in blue, management in green, and training and
education in grey.

Lancet Haematol. Author manuscript; available in PMC 2024 October 08.




Page 88

Piel et al.

aseyd uonenjeas ul [Ins

IAISeAU|

IAISeAU|

$311JUN02 awos Ul me| Aq paiqiyold
10 3)qe1daaoeun aqg yBiw sanssi [eaIyls 1509 YbiH

$1500 3oUBUBIUIRW YBIY UMM AIsuadX® 'SOIH Ul pasn ASo

S$811IUNOD AUBW U1 3]qe|IeAR 10U S10RIIU0D
92IAJ9S ‘30UBUBIUIRW pUE ‘s)uafieas ‘saulydew 4o 1509 ybiH

sisasoydosioa|a
Ase|[1ded 10 D1dH Yim patedwod usaym AJIAIISUSS MOT]

$3113UN0Y AuBW U1 paysi|geIss
118M Jou sawiwesBold Buijjasunod pue [euoieanp3

$1S02 doueURIUIRW YBIY Ynm aAIsuadxa (SOIH Ul pasn AISoN

S$3113UN0Y AUBW U1 3]qe|IeAR 10U S10RJIU0D
801AJ9S ‘B0UBUBIUIRW pUE ‘s)usbiess ‘saulydew 40 1509 ybiH

sisaioydosyos|a
Auejides 10 D1dH Yim patedwod usym AJIAIISUSS MO

ge| 01 ge| wouy BulAren synsal
YUM ‘SO[INT Ul BulInoJ Jou sassadold aoueinsse Alifend

Burjdwes Buunp ysu [e18) OU ‘8AISEAUI-UON

spoyiaw Bunsal snay Jay1o uey) Jaisea Ajjealuyoa)
eqgn) ul swweibold Buiusalds uiogmau ayl o Led

BIPUJ PUR SOIH U! 3| 1eAy

Buruaalos Arewiid 1oy eAuay pue ‘eliaqi]
‘el1abIN ‘eauIng ‘0buo) ayp Jo d1jgnday anesdowsq ‘obuo) 4o arjgndsy ayi ul pasn

SygH WwoJj JqH saretedss (aAnIsUSS
Buruaalas AyredoulqojBowsey Joy Ajjeaiyioads padojanap swislsAs pajewoine ‘aAlIsusS

juawdinba aoueualUIEW MO] ‘deayD

uluag pue eipuj ui bunsbire) Buiusslas uiogmau papinb oy pasn
‘awweJBoid Buiussios [ereusiue pue Ageq UIOgMaU UegnD pue MM ayl Jo ued jeibayu)

€ 1517 sonsouBelq [enusss3 OHM
ui ‘sisasoydonoae Areyjides pue D dH Yim paedwiod 1509 Mo| pue ‘aailIsuss ‘pidey

Sy/gH woly JqH sereedas ‘dARISUSS
Buiuaalos AyredourqojBowsaey 1oy Ajjeaiyioads padojanap swialsAs pajewioine ‘aAnIsuss

wawdinba aoueusjurew moj ‘deayd

sa106Azola18y
punodwod Buipnjoul ‘aseasip 199 apya1s 40 sadAy 1sow ysinBullsip o3 a|qe pue ajgel|al
‘ureJyeg pue elqely 1pnesS Ul 11Jauad JO 82UBPIAS ‘SISeq AIeJun|oA e uo a|ge|iene A[apIA

soAiquwia Bunsa)

poojq s, Jayiow
U1 NG [e1904 Buienaang o siskjeuy

(Aoueubald Jo sya8M OZ—GT) SISEIUB0IULY

(Aoueubaid
10 s¥9am zT—0T) Burjdwes snjjiA oluouoyD

AbBojouydsl YNG

sasney Bunsa)

S100d

sisaioydonosya Asejjided

J71dH

$152104d01198]9 [BUOIIUBAUOD

sisa) poo|g
a1doad jueubaid Bunsa

|eleuslue 1o |ejeusld

$100d

sisaioydonos|a Asejjiden

O71dH
s152104d0J393]9 [EUOIUBAUOD
$1591 poo|g

(swuared annoadsold Jo) syuared Bunsa)

lemdasuodald

sabejuenpesiq

sabejuenpy

Author Manuscript

aseasIp |99 3Xa1s 10} Buluaalds 01 sayoeolddy

‘T algeL

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 October 08.

in

available

Lancet Haematol. Author manuscript



Page 89

Piel et al.

'$)$8) 84B9-40-1U100=S ] DOd "SLIUNOD BWOJUI-3|PPIW PUB BWOIUI-MO|=SD|IAT ‘AydesBorewolyo pinbi souewopad-ybiy=o"1dH "saLIuN0d awodul-ybiy=soH

sueloIuYa) paj|1s salinbai fuawdinba Jo 1500 ybiy Alsp

SUBIDIUYD8)
pajIs salinbal ‘aoueusiurew pue Juswdinba 4o 1509 ybiH

SURIOIUYIB) P3]|1xs salinbau 11509 yBiH

papaau as1adxa SAISUIX® ‘aAISUBIUI INoge™]

sjuased 8y} Joj uspang
1eaibojoyaAsd pue [eaisAyd ajgelapisuod 1502 ybiy Alep

1101130918 a1inbaJ 10U S0P pue ‘IS0 MO ‘ash 0} Asea (souel4) anbiulLiely pue ‘eueys
‘9I10A],P 810D ‘NIBH U1 }1J3Uaq JO 32UBPIAS ‘elIBBIN Ul pajuswalduwi Ajjnyssaaons

ndyBnouy ybiy ‘doueiq pue N sy ui pasn

SDIH Ul pasn Ajisow :014199ds pue aAlISUsS
SDIH Ul pasn Ajisow ‘o1419ads pue aAnISUaS
1500 MOJ ‘ST Ul pasn AjIsow ‘o1419ads pue aAIISUsS

UMOUS 11J2Uaq ‘30Ua1IadXa aAISUSIX® ‘pajuawajdul AJ9pIAn

sniay pajosye
ue J0 8ses ul uomreulwis) Aoueubaid Jo Jayo pue sisoubelp [ereusid 0} AIRUIBYY

$100d

Anawonoads ssey

sisaioydonioaa Asejjided
O71dH
Buisnooy 211399]20S|
1581 X211S-]98Y W0l S1s8) poojg
Buiuaaias uiogmaN
|ereulsod

UoIIeS1|1148} 0JJIA
-ul yum sisoubBelp onauab uoneiue|dwiald

safejuenpesiq

sabejuenpy

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Lancet Haematol. Author manuscript; available in PMC 2024 October 08.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Piel et al.

Newborn baby screening programmes in different regions of the world

Table 2:

Page 90

North America

Universal national programmes

Year of programme  Year of Comment
initiation full national
programme
coverage
Africa
Regional or pilot programme
Benin 1993 Pioneer projects; supported by NGOs,
HIC agencies, and public-private
initiatives
Ghana 1993 Pioneer projects; supported by NGOs,
HIC agencies, and public-private
initiatives
Cameroon, DR Congo, Gabon, Ghana, Guinea, 1990-2020 Regional projects partly supported by
Mali, Senegal, Tanzania, Uganda, Zambia government funding
Burkina Faso, Kenya, Liberia, Niger, Nigeria 1990-2020 Regional projects partly supported by
government funding
Europe
Universal national programmes
UK 2002 2014 Coupled newborn and antenatal
screening; coverage >99%, survival at
age 16 years 99:0% (95% CI 93:2-99-9)
Spain 2003 2015
Netherlands 2007 2007
Malta 2017 2017
Germany 2020 2020
Targeted national programmes
France 1995 2000 Targets geographical ancestry of the
mother; coverage >99%, survival at age
16 years 97-1% (95% CI 95.2-98-3)
Regional or pilot programmes
Ireland * 2003
Belgium t 1994
Italy 2007 3 of 20 regions
Middle East
Universal national programmes
United Arab Emirates 2002 2005
Bahrain 2007 2007
Qatar 2007 2007
Regional or pilot programmes
Oman 2005
India
Regional programmes
6 of 31 states and Union Territories$ 2010
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Year of programme  Year of Comment
initiation full national
programme
coverage
USA 1973 2006 Survival at age 18 years is 93-:9% (95%
C190-3-96-2)
Universal regional programmes
Canada 1988-2006 8 of 13 provinces or territories?
Latin America
Universal national programmes
French Guiana (France) 1995 1995 Coverage >99%
Brazil 2010 2014 Coverage 83%
Regional pilot programmes
Colombia 2000
Costa Rica 2013
Uruguay 2013
West Indies
Universal national programmes
Cuba 1983 1983 Coupled antenatal screening and
prenatal testing
French West Indies (Guadeloupe, Martinque, 1984 1984 Coverage >98%
Saint Martin, and Saint Barthélemy)
Jamaica 1995 2015 Coverage >98%
Puerto Rico and the Virgin Islands (USA) 1977 1987
Dutch Caribbean 2015 2015
Regional pilot programmes
Tobago, Grenada, Saint Lucia, Saint Vincent 1990-2020

and the Grenadines, Antigua and Barbuda, Haiti

HIC=high-income country. NGO=non-governmental organisation.

*
NGO funded.

fRegions of Brussels and Liége.

IRegions of Veneto and Sicilia (universal), and Emilia-Romagna (targeted on ethnicity).

§States of Gujarat, Maharashtra, Madhya Pradesh, Chhattisgarh, Odisha, Tamil Nadu; depending on the programme, screening is untargeted or
targeted to tribal newborn babies and to newborn babies of HbAS mothers, or both.

”Provinces of Ontario, British Colombia, Yukon, Quebec, New Brunswick, Nova Scotia, Prince Edward Island, and Alberta.
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