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1. GENERAL INTRODUCTION

1.1 Overview of the topic

1.1.1 Definition and history

Hemoglobin (Hb) is the most abundant protein of vertebrate red blood cells (RBC) where it
functions as an oxygen carrier (Kabanova et al. 2009). The hemoglobin molecule is a tetramer
comprising four subunits of two different types: two o globin peptide chains and two non-a
globin peptide chains. While the a globin chains remain part of human hemoglobin from
embryonic to adult life, the non-o chains are variable depending on the life period. The fetal
Hb (HbF) has two a and two y chains whereas adult Hb (Hb A) has two a and two P chains (a2
B2) (Schechter 2008).

Abnormal production or aberrant structure of the Hb molecule in the cause of a group of
inherited disorders named hemoglobinopathies. The hemoglobinopathies are classified into
two types: qualitative hemoglobinopathies such as sickle cell disease (SCD) are characterized
by changes in the hemoglobin structure; whereas quantitative hemoglobinopathies or
thalassemia exhibit a decrease in globin chain production (Weatherall et al., 2008). Depending
on the peptide chain that is deficient, thalassemia is mainly classified as alpha thalassemia (the
alpha chain is deficient) and beta thalassemia (the beta chain is deficient) (Marengo-Rowe
2007).

The concept of SCD encompasses multiple disorders characterized by the presence of an
abnormal hemoglobin, either in the homozygous state or in double (compound) heterozygous
state (Bunn 1997). Sickle cell anemia (SCA) applies to the homozygous SCD (Hb SS), with
both alleles carrying the mutation. The sickle cell trait or sickle cell carrier (Hb AS) refers to
the heterozygous state with one allele carrying the mutation and the other allele carrying the
normal allele. The double heterozygous forms of SCD combine one allele with the S variant
and the other with a non-S variant on the p-globin gene. The spectrum of mutations includes
HbS/C (B7Glu>Val /B6Glu>Lys), HbS/OArab (B7Glu>Val/ PB121Glu>Lys), HbS/B°
thalassemia (B7Glu>Val / - ), HbS/E (B7Glu>Val / f26Glu>Lys) and others (Piel et al. 2013b;
Rees et al. 2010). However, SCA is the most frequent and the most severe form of SCD (Rees
et al. 2010).



Historically, the first references to sickle cell symptomatology date back thousands of years
ago within some West African tribes (Konotey-Ahulu 1968). Although controversial to date,
the famous Egyptian pharaoh Tutankhamun reportedly died from complications of sickle cell
disease (Pays 2010). The first formal description of SCD was provided in 1904 in Chicago by

Dr James B. Herrick, a cardiologist, and professor of medicine.

He observed unusual sickle-shaped RBC on microscopic analysis of blood samples from
Walter Clement Noel, a 20 years old student from Grenada admitted at Chicago Presbyterian
Hospital for anemia (Herrick 2001).

1.1.2 Epidemiology

Sickle cell disease is the most common hemoglobinopathy worldwide, both as a trait
(heterozygous carriers, sickle cell trait, SCT) and as sickle cell anemia (homozygous
individuals, SCA).

The disease is mainly observed in tropical regions of Sub-Saharan Africa, the Mediterranean
basin, the Caribbean, Saudi Arabia, and India (Serjeant 1997). Although the disease was
initially locally distributed, the frequency of SCA has currently spread across the world. Slave
trade and voluntary migration have played a major role in changing the map of SCA (Modell
2008; Modell et al. 2007; Roberts & de Montalembert 2007). The prevalence of SCD is
estimated to be 25 million patients worldwide and 12 to 15 million (48 to 60%) of them are
living in Africa (Ware et al. 2017). Each year, approximately 312,000 babies homozygous for
hemoglobin S are born worldwide, around 230,000 of these births occur in Sub-Saharan
African (SSA) countries (Figure 1). The incidence of SSA is around 1% of total births (McGann
2014; Piel et al. 2013c). This incidence is expected to increase to 400,000 annual births by
2050 (Piel et al. 2013a). Nigeria is reported to have the highest prevalence of SCA, followed
by India. The Democratic Republic of Congo holds third place in the world and second in
Africa (Odame 2014; Piel et al. 2013b). Beside HbS, the HbC and HbE are other frequent
hemoglobinopathies. The HbC is the second most frequent abnormal Hb in Africa after HbS,
especially in West African countries (Ghana, Togo, Benin, Burkina Faso) (Piel et al. 2013b).
The HbE is frequent in some regions of India, Myanmar and throughout Southeast Asia
(Fucharoen & Winichagoon 2011).



The burden of SCA is very heavy in Africa to such an extent that SCA is responsible for 6 to
15% of child mortality. About 50 to 80% of SCA children in SSA die, often undiagnosed,
before their 5th birthday due essentially to infections and anemia (Mulumba & Wilson 2015).
This related morbi-mortality is so important that the disease was recognized as a global public
health problem by the United Nations and the World Health Organization (WHO), respectively
in 2009 and 2010. The 19" of June was instituted as the international sickle cell disease
awareness day (United Nations 2009; WHO Regional Office for Africa 2010).

Several theories have been proposed to explain the geographical distribution of the disease.
The most plausible theory to date remains the survival advantage conferred by the sickle-cell
trait (SCT) against severe forms of malaria given the region of high SCA prevalence are also
characterized by malaria endemicity (Elguero et al. 2015). Malaria is a life-threatening
condition caused by Plasmodium parasites that are transmitted through bites of infected female
Anopheles mosquitoes. In its severe forms, malaria is accompanied by severe anemia,
respiratory distress, and neurological damage, that may lead to death. Multiple factors support
malaria endemicity in tropical regions, including the tropical climate. This climate promotes
the breeding of Anopheles mosquitoes.

Contrary to the disadvantage of SCA mutation in homozygous individuals, there is a selective
advantage of HbS carriers against malaria. This is illustrative of balanced polymorphism, in
which SCA patients are likely to die due to the disease at an early age, whereas SCT individuals
are prone to survive till reproduction age (Luzzatto 2012). Various mechanisms are reported to
explain resistance to severe malaria in the sickle cell trait. Immunological pathways are the
most involved, including higher splenic phagocytosis of Plasmodium-infected erythrocytes and
a reduced expression of Plasmodium falciparum Erythrocyte Membrane protein 1 (PfEMP1),
an endothelium cytoadherence protein at the surface of HbS RBC infected by Plasmodium
falciparum (Baruch et al. 1997; Luzzatto et al. 1970; Williams et al. 2005). Additionally, more
recently reported mechanisms include the translocation of HbS-specific parasite-growth
inhibiting microRNAs as well as inhibition of intra-RBC parasite growth related to HbS
polymerization in hypoxic microcirculation (Archer et al. 2018; LaMonte et al. 2012). The

entire range of mechanisms is not fully elucidated yet (Depetris-Chauvin & Weil 2018).
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Figure 1. Sickle cell anemia newborn incidence in 2015

(Reproduced with permission from Piel FB, Steinberg MH, Rees DC. Sickle cell disease. N Engl J Med 2017 ;
376:1561-1573), Copyright Massachusetts Medical Society). Note that DR Congo features among the countries
with the highest incidence in Africa and in the world.

1.1.3 Etiology and pathophysiology

Etiology

Sickle hemoglobin (HbS) is a structural variant of the hemoglobin A (HbA), in which the
normal beta-globin subunit is replaced with a mutant form of the beta chain called Beta-S chain
(BS). This variant resides in the seventh codon of the hemoglobin  gene (HBB), which encodes
for a glutamic acid (E), in which the second nucleotide (GAG), an adenine, is substituted with
a thymine (GTG) (rs334). At the protein level, the glutamic acid (E) is substituted by a valine
(V) (Sundd et al. 2019). According to the current HGVS nomenclature, this variant is described
asNM_000518.5(HBB):c.20A>T;p.Glu7Val (https://www.ncbi.nlm.nih.gov/clinvar/113462171/).

However, the variant is commonly referred to as E7V.

The genes coding for the different Hb peptide chains are clustered into two loci, the alpha-like
cluster on chromosome 16 and the beta-like cluster, also known as HBB locus, on chromosome
11. There are six globin genes distributed over both loci : the zeta ({) and alpha (o) genes on
chromosome 16, and epsilon (¢), gamma (y), delta () and beta () genes on chromosome 11
(Figure 2) (Stamatoyannopoulos 2005). The genes at both loci share the same transcriptional
orientation and are ordered in the same sequence in which they are expressed during
development and life (Nussbaum 2007). Each gene in both o globin and B globin clusters is
expressed during a specific period throughout life. The embryonic hemoglobin includes Hb
Gower-1(£2€2) , Hb Portland-1 ({2 y2) , Hb Portland-3 (£262), Hb Portland-2 (£232) and Hb

Gower-2 (a2e2). At the fetal stage, the HbF (a2 y2) appears. It starts decreasing after birth to
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around 1% of the total hemoglobin by the age of 6 months to 2 years (Maier-Redelsperger et
al. 1994). The synthesis of adult Hb (HbA) (a2 B2) starts in the perinatal period and persists
throughout life (Figure 2) (Stamatoyannopoulos 2005).

The sequential change observed in the expression of the globin genes named “globin
switching” is under the control of a Locus Control Region (LCR) located 6 kb upstream of the
¢ gene. The expression of a selective B globin gene is regulated by interactions involving the
LCR, the promoter of that active gene, and transcription factors acting as activators or
repressors (figure 3) (Barbarani et al. 2021). To date, the y/B globin switch appears more

interesting because of its therapeutic implication in B hemoglobinopathies.
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Figure 2. Schematic presentation of the S-globin and a-globin clusters respectively on chromosome 11 and
chromosome 16

From Weatherall, 2001. Reproduced with permission from Springer Nature. Upper panel: schematic
presentation of B-globin cluster on chromosome 11 with the locus control region (LCR) and the different globin
genes. Middle panel: expression of the different Hb illustrates the first switch from embryonic (Hb Gower 1 ({2
€2) and Hb Gower 2 (a2 €2)) to fetal hemoglobin (HbF (a2 v2)) followed by the second switch from fetal Hb to
adult Hb (HbA (02 B2)). Lower panel: schematic presentation of the a- globin cluster on chromosome 16.

The switching is tightly regulated by different transcription factors. SNPs in several other
genomic regions in cis to the B-globin cluster have been associated with variation in clinical

and biological expression (figure 3).
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Figure 3. Transcription factors in B8 globin genes expression
Adapted from Barbarani et al., 2021. Upper panel: Transcription factors common for all embryonic, fetal and

adult hemoglobin. Lower panel, right: Transcription factor for embryonic and fetal hemoglobin; left: y globin-
specific repressor complex with BCL11A

Pathophysiology

The SCA pathophysiology is centered around four main pathways: HbS polymerization, blood
vessel obstruction, hemolysis and inflammation (Sundd et al. 2019). However, there is an

intricacy that makes the separation of those pathways from one another difficult.

The starting point of SCA pathophysiology is the polymerization of HbS under hypoxia,
dehydration, or acidosis conditions. The deoxy-HbS molecules stick together to form linear
elongated insoluble polymers. This leads to the rigid sickle-shape deformation of RBC instead
of physiological discoid deformable RBC. As a result, sickle RBCs are dehydrated cells that
hemolyze prematurely (Zago & Pinto 2007).

The polymerization of HbS causes occlusion in the microcirculation by sickle RBCs.
Intermediate mechanisms include increased blood viscosity; the unusual expression on sickle
RBC membrane of adhesive and linking molecules such as phosphatidylserine (PS), basal cell
adhesion molecule-1/Lutheran (BCAM-1/Lu), integrin-associated protein (IAP) and
intercellular-adhesion-molecule-4 (ICAM-4), and the release of stress reticulocytes that
express adhesive molecules as a4P1 integrin (VLA-4) and CD36 (Barabino et al. 2010; Kaul
et al. 2009). Adhesive interactions between sickle RBCs, endothelial cells, leukocytes, and

platelets contribute to the observed vaso-occlusion.
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The excess of free Hb generated by intravascular hemolysis consumes nitric oxide (NO), thus
reducing its bioavailability. The NO is not only a powerful vasodilator but also an inhibitor of
adhesive molecules’ expression on cellular membranes and of platelet activation (Gladwin &
Kato 2008). The inflammation state consists of the activation of other blood cells (leukocytes
and platelets), endothelial cells and the generation of reactive oxygen species (ROS) by several

pathways involving some interleukins (Wang & Zennadi 2021).

Infections represent another important factor in the pathophysiology of SCA. Due to functional
asplenia associated with a dysfunctional immune system by the age of five years old, SCA
children are susceptible to infections by encapsulated germs such as Streptococcus

pneumoniae, Salmonella, Haemophilus influenzae and Meningococcus (Battersby et al. 2010).

1.1.4 Clinical presentation

Due to its complex pathophysiology, SCA is considered to be a multisystem disease, beyond
its original definition as a hematologic disease. According to the pathophysiological
mechanisms, the clinical manifestations can be classified in four groups: hemolysis and
hematological complications, vaso-occlusion, infection, and organ dysfunction (Figure 4 )
(Houwing et al. 2019; Makani et al. 2013). However, clinical expression of the disease is highly

variable, depending on genetic, environmental, socio economic and climatic factors.

Hemolysis e
Hematological complications: anemia,
splenic sequestration....

_| Brain: stroke
Eyes: retinopathie

Abdomen: ’ e Lung: pulmonary hypertension
- Cholelithiasis G i 3) - Heart failure
- Sickled nephropathy ®

Infections:

Vaso occlusion: multifocal pain crisis ;
Malaria

Bacterial infections: Salmonella, S.
pneumoniae, S. aureus
Virus: Parvovirus B19

Figure 4. SCA clinical manifestations
Adapted from Makani et al., 2013.



Due to its inhibiting mechanical effect on HbS polymerization, HbF is among the main
modulators of SCA severity (Akinsheye et al. 2011). The HbF level depends on the life period.
The reduced HbF level after birth allows the onset of clinical manifestations of SCA. Therefore,
in SCA patients high levels of HbF are reported to be associated with a reduction in the disease
severity (Thein, 2008). Co-inheritance of a-thalassemia reduces SCA severity further by
decreasing total Hb concentration in RBC, and consequently occurrence of HbS polymerization
(Steinberg & Sebastiani 2012).

Non-genetic circumstances that promote the occurrence of hemoglobin polymerization like
hypoxia, RBC dehydration, and acidosis are influenced by environmental factors (Tewari et al.
2015). Consequently, extreme temperatures and rain seasons with high humidity are among the
environmental factors leading to an increased rate of acute pain episodes in SCA patients
(Mekontso Dessap et al. 2014). Socio-economic factors such as nutrition, parents’ or patients'
incomes, and home environment are potential influencers of SCA patients' health outcomes
(Rees et al. 2010).

1.1.5 Diagnostic approaches

The detection of the presence of HbS is the main approach to diagnosing SCA. This detection
commonly utilizes the physicochemical properties of HbS, such as decreased solubility and
sickling under deoxy conditions, mobility on an electric field, and rate of elution from solution
onto adsorbents (Thom et al. 2013).

Different technical strategies for the detection of HbS may be applied depending on whether
the test purpose is screening or confirmatory testing (Makani et al. 2013; Wajcman &
Moradkhani 2011). The screening tests previously included the HbS solubility and the Emmel
sickling test, whereas the confirmatory tests, available only in some specific laboratories, rely
on electrophoresis, high-performance liquid chromatography (HPLC), and Mass Spectrometry
(Joutovsky et al. 2004).

Screening tests

The HbS solubility test or Itano test

This test is based on the precipitation of deoxygenated HbS in a saturated salt solution, leading

to observable turbidity of the solution (Arishi et al. 2021) . Despite its easy use and low cost,



the Itano test cannot differentiate sickle cell trait from SCA. Also, it is not indicated for

newborn screening since high HbF levels lead to false negative results (Tubman & Field 2015).

The Emmel test or sickling test

This test investigates the sickling of RBC containing HbS under hypoxic conditions artificially
created by using sodium metabisulfite. Unfortunately, HbAS cannot be differentiated from
HbSS with this test (Okwi et al. 2009).

Confirmatory tests
Hb electrophoresis techniques

Generally, electrophoresis involves the separation of electrically charged molecules (Hb) under
the influence of an electric field. Different HbS variants are easily identifiable using cellulose
acetate and/or citrate agar at alkaline or acidic pH, respectively (Kumar & Derbigny 2019).
The alkaline electrophoresis allows easy separation of HbA and HbS, whereas some other Hb
variants such as HbS, HbF (high amount as in newborn), HbD, and HbG co-migrate. The acidic

pH electrophoresis allows the separation of the co-migrated HbS (Clarke & Higgins 2000).

But those methods have the disadvantage of being time-consuming and labor-intensive, in
addition to lacking accuracy for the quantification of low-concentrated hemoglobins such as
the HbA2. They are now mostly used in combination with another more accurate method (Ou
& Rognerud 2001).

Capillary electrophoresis separates Hb variants according to their electrophoretic mobility, the
electrolyte’s pH, and the electro-osmotic flow within capillaries (Chen et al. 1991). Fully
automated equipment has become available for capillary electrophoresis. This equipment has
the advantage of handling multiple samples simultaneously for analysis with reusable columns.
The benefits of this technique are balanced by the cost and requirement of trained technicians

for results interpretation (Cotton et al. 2013).

The isoelectric focusing (IEF) technique separates Hb variants across a pH gradient according
to their isoelectric point (Reddy & Franciosi 1994). Due to its advantages such as an excellent
resolution in separation of variants with a difference of at least 0.02 pH units in their isoelectric
point, detection of abnormal hemoglobins in newborns as well as analysis of large blood

samples series, especially dried blood spot, the IEF appears to be the choice method for
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neonatal screening (Frémmel 2018). However, the main limitations of this method are a
complex implementation, labor intensive, time consuming and interpretation by trained
personnel (Clarke & Higgins 2000).

High performance liquid chromatography (HPLC)

With this chromatographic method, different hemoglobins are separated according to their
specific retention time as they interact with the stationary phase (Sharma & Das 2016). The
HPLC has a higher sensitivity to detect Hb variants than classic electrophoresis as well as a
higher speed of analysis (about 3 minutes per sample), enabling the handling of a larger number
of samples (Wajcman & Moradkhani 2011). However, the cost of the machine and its technical

requirements limit access to resource-limited countries (Nair 2018).

Molecular methods to detect the E7V mutation

The molecular biology techniques consist in the identification of the Bs mutation (Clark &
Thein 2004). These techniques can be classified into primer-specific PCR-based methods,
Restriction Fragment Length Polymorphism (RFLP), and sequencing methods (Arishi et al.
2021).

Primer-specific polymerase chain reaction (PCR)-based methods

These methods include the high-resolution melting (HRM), allele-specific amplification
(ASA), amplification-refractory mutation system (ARMS), and allele-specific oligonucleotide
(ASO) (Newton et al. 1989; Toye et al. 2018; Yue et al. 2014).

Restriction Fragment Length Polymorphism (RFLP)

The E7V mutation abolishes the recognition site of restriction enzymes such as Ddel, Mnl I,
and Mst II, resulting in observable bands of specific lengths depending on the number of
affected alleles and the enzymes used (Wilson et al. 1982). Compared to others, this one is very
easy to perform and less expensive, but it is time-consuming and difficult to automate (Saiki et
al. 1985).

DNA sequencing methods

They provide the most comprehensive data for the HBB gene. Sanger sequencing remains the

gold standard in term of sequencing. Sequencing allows the sequence of a gene to be deciphered
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at single the base level. Usually, DNA sequencing methods, especially next generation
sequencing (NGS), are indicated for identification of genetic modifiers related to disease

severity, to drug response rather than SCD diagnostics (Fakher et al. 2007).

Point of care techniques

Recently, point-of-care (POC) devices for SCD detection have been developed. According to
the WHO, an ideal POC device for SCD testing should meet the « ASSURED » criteria, with

e A as Affordable, with an ideally cost of less than 1 $ per test

e S as Sensitive, particularly in the neonatal period with a high level of HbF

e S as Specific, differentiation of HbAS with HbSS, HbSC, and HbS-fthalassemia

e U as User-friendly, related to the ease of use of the device

e R as Rapid / Robust, in reference respectively to reduced turnaround time and device
storage at room temperature

e E as Equipment free, no equipment to be added

e D as Delivered, available in high prevalence settings (McGann & Hoppe 2017).

The POC tests are based on several principles: qualitative detection of AA, AS, SS and SC
profiles based on e.g. a lateral flow immuno-chromatographic assay using polyclonal (Sickle
Scan™) or monoclonal antibodies (HemoTypeSC™): precipitation of insoluble deoxy-Hb on
a paper-based support;

adapted cellulose acetate electrophoresis on a microchip support ( HemeChip); discrimination
between normal and sickled RBC based on difference of density in an aqueous multiphase
system (AMPS) (Alapan et al. 2016; Kumar et al. 2014; Piety et al. 2016; Quinn et al. 2016; St
John & Price 2014).

Despite advantages of those devices such as reliability in newborn period (e.g., Sickle Scan™),
low cost, portable devices, timeliness (less than 30 minutes) and storage at room temperature;
some limitations are pointed out such as possible misinterpretation due to visual interpretation
of results, misidentification of SS individuals related to recent blood transfusion, cross-

reactivity of polyclonal antibodies (Bond et al. 2017; Nnodu et al. 2019).
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1.1.6 SCD newborn screening

The need for a newborn screening program (NBS) is based on the very high mortality during
the first three years of SCA patients’ life (Makani et al. 2013). The implementation of NBS in
high-income settings has allowed a remarkable decrease in the morbi-mortality of SCA and
improvement in SCA patients’ survival (King etal. 2007; Quinn etal. 2010; Yanni et al. 2009).
This was made possible by the integration of multiple activities into a workflow, including
sample collection and transportation to the laboratory facilities where testing is performed,
timely reporting of results, follow-up for diagnostic confirmation, and appropriate care for

SCA-confirmed infants as well as parents’ education.

Unfortunately, in low-income settings, particularly in SSA where the vast majority of SCA
infants are born, only a few pilot NBS for SCD have been conducted (McGann et al. 2013;
Rahimy et al. 2009; Tshilolo et al. 2009). A special tribute should be paid to the late K. Ohene-
Frempong for his pilot implementation of NBS for SCA in Ghana, which demonstrated the
feasibility of a NBS program in a SSA country. He led the pilot implementation of SCA NBS
in Ghana in the early 1995 in the framework of a collaboration with several institutions (Ohene-

Frempong et al. 2008). But to date, efforts are still needed for the sustainability of this program.

Insufficient financial and infrastructure resources, as well as the lack of equipment and trained
personnel, are among the main limitations to a sustainable national-level implementation of the
NBS program (Tshilolo et al. 2009).

1.1.7 Therapeutics
Prophylactic therapy

Preventive therapy includes prophylactic administration of penicillin and pneumococcal
vaccination, as SCA children are susceptible to developing severe infections caused by
encapsulated germs (Battersby et al. 2010). Lifestyle advice is also given to SCA patients in
order to prevent heavy sports or any situation that could cause dehydration, and to prevent
buccal infections and carries by having good buccal hygiene. In some settings, folic acid is

systematically given to patients, especially adult female patients.

Blood transfusion
RBC transfusion is indicated to increase blood oxygen transport capacity in case of acute

anemia and to reduce the proportion of HbS in case of a vaso-occlusion event (Davis et al.
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2017). The RBC can be administered by simple transfusion or by exchange transfusion. Simple
transfusion consists in the administration of RBC from a healthy donor (HbAA) without
concurrently removing the patient’s blood. Conversely, the exchange transfusion, which can
be performed manually or using a machine (apheresis), combines the removal of an amount of
blood from a patient and a concurrent injection of blood from a healthy unaffected donor (Fort
2019; Rees et al. 2018).

Transfusion therapy often exposes recipient patients to alloimmunization, hemolytic
transfusion reactions, hyperviscosity, and iron overload. However, even if exchange
transfusion prevents hyperviscosity and iron overload, it remains costly and requires a trained
staff (Fasano et al. 2016; Zheng & Chou 2021).

Hydroxycarbamide therapy
Hydroxycarbamide or hydroxyurea (HU) is the first drug approved by the US Food and Drug

Administration (FDA) for SCA in 1998 due to its clinical and hematological benefits observed
in both adults and young SCA patients (Charache et al. 1995; Wang et al. 2011). HU is an
antineoplastic S-phase-specific cytotoxic drug that inhibits DNA synthesis through its iron-
chelator effect on ribonucleotide diphosphate reductase enzyme. This enzyme catalyzes the
biosynthesis of deoxyribonucleotides from corresponding ribonucleotides (Timson 1975). For
this purpose, HU was originally used as a myelosuppressive drug in the treatment of
hematologic cancers.

The HU treatment increases the percentage of HbF (%HbF) in conjunction with significant
increases in the hemoglobin concentration, mean corpuscular volume (MCV), and mean
corpuscular hemoglobin as well as simultaneous significant decreases in white blood cell
(WBC) count, absolute neutrophil count (ANC), absolute reticulocyte count (ARC), platelets
and total bilirubin levels. Clinical benefits of HU include a decrease in vaso-occlusion
complications as well as increased life expectancy, preventing end-organ damage (Rees 2011,
Ware et al. 2017) .

HU increases HbF levels through intermittent inhibition of erythroid progenitors and cell stress
pathway, resulting in the release of erythroid progenitors with high content of HbF (Agrawal
etal. 2014). HU induces y-globin expression through different mechanisms as reported by Shah
& Dwivedi.(Shah & Dwivedi 2020). . The epigenetic mechanism consists in reduction of CpG

islands methylation.
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Through signal transduction pathway, HU interacts with the NO-cGMP pathway , the MAPK
pathway and the SAR1 pathway. At the post-transcriptional level, HU indirectly acts on MYB,

an important regulator of HbF expression.

Although the main therapeutic mechanisms of HU include enhancing HbF production, several
other beneficial effects are reported. HU prevents vaso-occlusion by inhibiting adhesive
interactions between sickled RBC, reticulocytes, and endothelial cells through the decrease of
adhesive markers expression (Odievre et al. 2008); prevents endothelial dysfunction by either
enhancing NO availability (Halsey & Roberts 2003); boosts the antioxidant enzymes to
scavenge the ROS produced (Santana et al. 2020).

Other drugs

More recently, three other compounds have been approved for SCA treatment by the FDA: L-
glutamine, crizanlizumab, and voxelotor. These drugs are indicated as alternatives for HU in
non-responder or those who developed side effects for HU. They may also be used in
combination with HU (Minniti 2018).

L-glutamine, approved by the FDA in 2017, is an amino acid that reduces the oxidative stress
within sickled RBC by raising the concentration of reduced nicotinamide adenine dinucleotides
(NADP) and nitric oxide (NO) (Quinn 2018). The clinical benefit outcomes include a lower

frequency of acute chest syndrome and vaso- occlusive pain events ((Niihara et al. 2018).

The clinical benefit observed with the P-selectin monoclonal antibody Crizanlizumab consists

essentially in reducing the frequency of vaso-occlusive pain crises (Ataga et al. 2017).

Voxelotor (previously called GBT 440), approved by the FDA in 2019, is an allosteric activator
of HbS affinity for oxygen. Thus, by promoting oxy-HbS to the detriment of deoxy-Hbs, this
drug prevents HbS polymerization and RBC sickling (AlDallal 2020; Howard et al. 2019).
Gene therapy
Gene therapy involves replacing the defective gene with a functional one. Viral particles or
plasmids are used as vectors to release the functional gene and facilitate its integration in the
host genome (Gongalves & Paiva 2017). Depending on the technique used, gene therapy is
available for SCA in the form of gene correction (correction of the A>T substitution), addition
(vy- globin gene addition or functional - globin gene addition), silencing (silencing repressor
of y- globin gene or targeted y- globin induction through genome editing tool as the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9) (Kanter & Falcon 2021).
14



Despite successful results being reported in SCA patients overseas, gene therapy is limited by
the cost and the related chemotherapy toxicity (Kanter & Falcon 2021; Ribeil et al. 2017). To
the best of our knowledge, gene therapy for SCA patients is not available yet in Africa.

Stem cells transplantation

The hematopoietic stem cell transplantation (HSCT), the only curative treatment for sickle cell
anemia, consists in removing the patient’s bone marrow followed by its replacement by normal
globin stem cells from an unaffected donor (Shenoy 2013). Due to the associated high risk of
complication, it is indicated in patients with severe complications such as acute chest
syndrome, stroke, and multiple organ damage (Krishnamurti et al. 2019). Moreover, barriers
to the large use of HSCT include the cost, the need for a Human leukocyte antigen (HLA)-
matched donor, the side effects of immunosuppressive drugs, and the high risk of graft-versus-
host disease (Robinson & Fuchs 2016). Preimplantation genetic testing (PGT) of in vitro
fertilized embryos may appear as an approach to overcome the difficulty of finding a
compatible donor. This method allows the selection of unaffected embryos to be implanted.
Consequently, the “PGT baby born” could be a potential donor of HLA-matched hematopoietic
stem cells for SCA-affected siblings. However, this practice raises important ethical questions
that are not fully elucidated yet (de Rycke & Berckmoes 2020).

Natural treatment for SCA

Local research on some plants used as nutraceuticals are reporting positive results. In addition
to their anti-sickling property, most of these plants are food plants. Therefore, they can easily
be incorporated into the daily diet of SCA patients.

To date, researchers from the University of Kinshasa have completed in vitro evaluation of 15
nutraceuticals for their anti-sickling, anti-hemolytic and antioxidant activities, with promising
results (Mpiana et al. 2016). Some of those explorations will soon be continued as clinical

trials.
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1.2 The Democratic Republic of Congo and SCA
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Figure 5. Maps of Africa and DR Congo
Adapted from Wikipedia. Panel A: RD Congo is at the heart of sub-Saharan Africa. Panel B: location of Kinshasa

and Kisantu in Kongo Central provinces.

The Central-African Democratic Republic of the Congo (DRC) is the second largest African
country, with a surface area of 2 345 000 095 km 2 and more than 90 million inhabitants (figure
5).

1.2.1 History of SCA in DR Congo

SCA research studies conducted in the DRC have contributed to the initial understanding of
the disease. Those researches may be divided into 3 different phases along the time line. The
early phase consists of researches conducted from the 1920s to 1960s. Those studies were
conducted mainly by researchers from the KU Leuven (Belgium) (Ager et al. 1958; Lambotte-
Legrand & Lambotte-Legrand 1958; Vandepite & Delaisse 1920; Vandepite et al. 1955;
Vandepitte & Pieters 1952) . The oldest publication on SCA in DRC retrieved during our
literature review dates from 1920, which reported on sickle cell disease and malaria. The main
focus of the early research was the clinical description of the rather new disease at the time and

the implementation of early electrophoresis testing techniques such as paper electrophoresis.

The second phase started in the early 70s with Congolese researchers Kabakele, Lurhuma, and
Ngandu-Kabeya who led the implementation of the National Reference Center for Sickle Cell
Anemia in 1990, known today as the Centre de Médecine Mixte et d’Anémie SS (CMMASS),
The end of this era may be dated to 2010 with the creation of the Centre Médical Monkole by
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Léon Tshilolo. This phase marked the constitution of research and care institutions, and the

start of cohort studies.

While Kabakele and his team focused more on therapeutic approaches to treat ischemic
necrosis of femur head and malleolar ulcers in SCA patients (Feola et al. 1992), Tshilolo et al.
introduced the IEF method in the country and offered the first glimpse into the efficacy of
hydroxyurea and the first pilot NBS in 5 provinces in the DRC. This second also provided
evidence of clinical and therapeutic variability of SCA in Congolese patients (Aloni et al. 2013;
Luboya et al. 2014; Mikobi et al. 2018a; Musumari et al. 2021; Tshilolo et al. 1996, 2019).

The third phase is exemplified by the work of Tshilolo et al. and Lukusa et al. The former group
works on the effectiveness of HU treatment (Tshilolo et al. 2019). The latter team is leveraging
genetics in the improvement of diagnostics and in the better understanding of clinical and
therapeutic variability in SCA (Mikobi et al. 2018a,b). Our work is performed in this

framework.

1.2.2 Epidemiology of SCA in the DR Congo

DR Congo is among the most affected countries worldwide. Nigeria, India, and DR Congo
share half of the world’s SCA patients (Odame 2014; Tshilolo et al. 2008). About 20 to 30%
of the population is heterozygous AS whereas 0.97 to 1.4% is homozygous SS. The estimated
incidence is 30 000 to 40 000 SCA newborns per year (Agasa et al. 2010; Tshilolo et al. 2009).

In 2001 the DRC Government created a program named “Programme National de Lutte Contre
la Drépanocytose” (PNLCD) as the national response to SCA. This program aims to raise
awareness as well as to supervise research and prevent SCD in DR Congo. Despite the
existence of the PNLCD, the SCA-related morbi-mortality remains important, almost at the
same rate as previously reported in other countries in the sub-Saharan region. Factors that
contribute to high mortality include delayed diagnosis, scarcity of adequate infrastructures such
as appropriate laboratories, poor access to adequate medical care due to limited financial

resources of patients, and inadequate supply system.

1.2.3 Local socio-cultural environment

The general population is well aware of the existence of SCA. However, the basic scientific
knowledge regarding this disease is limited in the population, even among students, as recently

reported (Kambale-Kombi et al. 2020). Such limited awareness was also reported among
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patients and their families. A study of 50 Congolese families affected with SCA showed that
70% of parents did not know about the hereditary nature of the disease. The disease itself is
referred to with names that often contain a secondary meaning such as « maladi ya kibeka» or
splenomegaly in Lingala, or « maladi ya mikuwa » meaning bone disease in reference to the

disease-associated painful crises.

None of the local names indicates that the primary problem is hematological. The origin of the
disease is rather attributed either to bad fate, to curse, or to divine punishment (Mukinayi et al.
2018).

This explains the stigmatizations suffered by SCA patients, often resulting in the rejection of
affected children. The situation is exacerbated by the high recurrence risk (25%). The
recurrence or the death of affected offspring often leads to the separation of families and
divorces (Luboya et al. 2014).

Conversely to the negative pressure exerted by society, there is a brighter side that also deserves
to be highlighted. The religious communities are currently playing a major role in disease
prevention. Nowadays the major religious communities request premarital testing for SCA
before wedding celebrations. Since the population values the wedding celebration by churches,
such preventive measures have gained momentum and are expected to influence the incidence
of the disease in the coming decades. However, because premarital testing for SCA is not a
legal mandate, registration of marriage in court is not subjected to testing. SCT individuals or
individuals who are not aware of their carrier status can still marry in the country, maintaining

the likelihood of perpetuating the high incidence of the disease in the country.

The Congolese health system is organized as a pyramid, with health centers at the basic level
and tertiary hospitals at the high level. At the level of health centers, operational, clinical
expertise and reliable SCD tests are lacking (Mukinayi et al. 2018). The public health system
does not provide subsidies for public hospitals. Without such support, hospitals are unable to
purchase new or modern equipment or maintain existing ones. Hospitals and physicians are

then often unable to respond appropriately to the demands of patients with SCA.

There is no public health insurance in DRC. The country practices the ‘out-of-pocket’ health
care system, meaning that the burden of covering medical expenses is put on patients and their

parents. The only assistance comes from either family members or some employers
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(Wembonyama et al. 2007). Limited accessibility to quality health care encourages patients
and their families to use natural herbal medicine. Such an approach could be cost-effective,
provided evidence of the efficacy of such medicines is available. To date, most of these
medicines have not been tested in randomized clinical trials. Researchers from the University
of Kinshasa are testing some of the local natural plants seeking to identify the most efficient
ones (Mpiana et al. 2007, 2008, 2010, 2016).

Although WHO has recognized Hydroxyurea (HU) as an essential drug, HU is not routinely
prescribed in DRC. The main reason for the limited access to HU treatment would include the

cost of HU treatment.

It was reported that HU treatment for a SCA patient weighing 25 kg, would cost around 215
US dollars annually (Mbiya et al. 2021), which is above the budgetary capacity of Congolese
families who live with less than 1$ per day (Kabinda et al. 2019). A second reason would be
the limited drug availability of HU in DR Congo. It was demonstrated that HU was available
in only 22% of pharmacies in the two main cities of DRC (Mukinayi et al. 2021). A third reason
would be the insufficiency of knowledge regarding HU management among physicians. A
survey of physicians reported that only 9% of physicians prescribe HU to their patients
(Mukinayi Mbiya et al. 2020). The WHO is calling for a full supply of HU to the populations

in need, such as Congolese SCA patients.

Malaria, malnutrition, intestinal parasites, and other infections are frequent in DR Congo.
These diseases are known to be major causes of severe anemia (Aloni et al. 2013; Tshilolo et
al. 2007), leading to a high rate of transfusion often early, at the mean age of 22.4 months
(Tshilolo et al. 2016). These diseases often overshadow the SCA making diagnosis and care

complicated.

1.2.4 Diagnostic challenge

A timely diagnosis is challenging and there is no newborn screening program yet in the country.
It is worth noting that the current standards in newborn screening rely on hemoglobin-based
techniques. Because of the limitations of usual methods, positive or inconclusive cases need to
be recalled for a second test after the age of 3 months to confirm the diagnosis (Tshilolo et al.
2009).
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The lack of accuracy of hemoglobin-based tests after the transfusion is ascribed to the presence
of the donor’s hemoglobin in the receiver's blood. It is worth noting that most of the patients
arriving at healthcare facilities with severe anemia are transfused prior to the hemoglobin
profile being determined for SCA diagnosis. After Dblood transfusion, screening of
homozygous patients can result in a false heterozygous condition. In a recent report on the
management of sickle cell anemia in DRC, the Emmel test was the main method used in 40%
of cases; the other method available is Hb electrophoresis on cellulose acetate in 12% of cases,
and for the remaining cases, diagnosis is based on clinical patterns (Kambale-Kombi et al.
2021). In a few specific laboratories, mainly in Kinshasa, other techniques for HbS detection
are available including Isoelectrofocusing and capillary electrophoresis (Kasai et al. 2020).
And recently, some Rapid Test Diagnostic (RTD) for SCA have been validated (Kasai et al.
2020; Katawandja et al. 2021). None of these technics is able to offer reliable results in patients
who underwent a recent transfusion. The time until the re-conversion back to the patient’s
profile and for the hemoglobin-based tests to become reliable again is dependent on the

clearance of donor red blood cells (RBC) from the receiver’s bloodstream.

Currently, little is known about this timing, especially in African SCA patients. It is not clear
how this may vary between patients and what other variables are involved. In common medical
practice, clinicians in DR Congo recommend waiting 3 months after a transfusion before
performing a hemoglobin-based test. This window period corresponds to the RBC half-life

time.

1.2.5 The added value of genetic studies of SCA for DRC

The post-transfusion period as well as the first 3 months of life represent challenges for
hemoglobin-based tests. A DNA-based diagnostic test is therefore an attractive alternative in
those instances. Because of limited resources, it is essential to use cheap and easy collection,
storage, and analysis solutions. Dried Blood Samples (DBS) and buccal swabs might offer that

solution.

SCA patients present important phenotypic heterogeneity outcomes both in term of of types
and severity of manifestations ( Driss et al.,2009; Aghajani et al.,2017). This phenotypical
diversity was also previously observed in Congolese SCA patients (Mikobi et al., 2017). Even
if the complete mechanism of this diversity is not yet fully elucidated, beta globin haplotypes
as well as some polymorphisms associated with the baseline HbF levels are involved (Steinberg
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etal.,2009; Ndugwa et al., 2012) . The HbF level, as the most powerful modulator of the clinical
expression of SCA (Akinsheye et al. 2011), is an heritable trait whose expression is mainly
regulated by 3 quantitative trait loci (QTLs) (Garner et al. 2000; Gibney et al. 2008). So far,
only the study by Mikobi et al evaluated association of a set of 8 candidate SNPs with HbF
levels in a cohort of Congolese patients (Mikobi et al.2018). Consequently, It appear interesting
to enlarge the number of SNPs and to fill the gap of B globin haplotypes distribution, for a
better characterization of the phenotypic heterogeneity of Congolese SCA patients. Genetic
factors contribute strongly to the heterogeneity in HU response (Santana et al. 2020). The most
frequent reported are SNPs, alpha-thalassemia co-inherited and beta S-globin haplotypes (Ma
et al. 2007; Okumura et al. 2016 ; Sales et al.2022). There is a correlation between baseline and
HU-induced HbF levels. Some genetic polymorphisms are associated with HU-induced HbF
levels. Interestingly, some of those are also associated with basal HbF levels (Friedrisch et al.
2016). Unfortunately, these studies originate from outside the DRCongo. To date, only the
study by Tshilolo et al has evaluated clinical and biological response to HU treatment in a
cohort of Congolese SCA patients (Tshilolo et al.2019). But the study did not evaluate genetic
determinants of HU response. The Congolese SCA population is suited for these studies
because of the high prevalence of the disease in the country, the genetic diversity of the local
population, and the absence so far of systematic HU treatment. Consequently, before the
national-wide implementation of HU to become reality, pharmacogenomics studies might be
useful to predict HU response in terms of tolerance and HU-induced HbF levels and implement
suitable guidelines for DR Congolese SCA patients.
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2. AIMS AND OBJECTIVES

2.1 General aim

This research aimed to contribute to the improvement of the care for SCA patients in DRC
through robust molecular testing and an improved understanding of the influence of genomic
polymorphisms on clinical and biological profiles, as well as on the response to HU treatment
in SCA patients.

The first challenge is a timely diagnosis. A nationwide newborn screening program would
address this issue, but unfortunately, this might not be a priority for a developing country.
Hemoglobin-based techniques, when available, are used to confirm the clinical diagnosis. Early
testing would allow for better prophylactic and therapeutic management. The usefulness and
applicability of the different genetic assays in the context of the societal, economic, and

healthcare setting in DRC will be considered.

Despite being a monogenic disease and caused by a single point mutation, SCA is characterized
by a great inter-individual clinical variability in terms of range and severity of clinical
manifestations. The clinical variability has been correlated with both coinheritance with alpha
thalassemia and variations in the levels of fetal hemoglobin (HbF). Knowledge on the
contribution of genetic variants in the DRC population could better determine the prognosis of

disease in Congolese patients.

At present, hydroxyurea (HU) is an essential drug used to alleviate the manifestations of SCA.
Genetic factors contribute strongly to the heterogeneity in HU response. Eventually, it would
be worthwhile to know whether the use of polygenic risk scores (PRS) could also improve

clinical management.

The study of the genetic determinants underlying the clinical variability of SCA and insight
into the pharmacogenetics of HU treatment in Central Africa are becoming topics of great

interest to the scientific community.

We have assembled a large cohort of Congolese SCA patients in an attempt to generate genetic
data, and fill the gaps of haplotypes, polymorphisms and their influence on reported variability

in severity and HU response. This research is carried out jointly with two other Congolese
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Ph.D. students, my colleagues Dr. Paul Lumbala and Dr. Gloire Mbayabo who conducted

patients’ recruitment and the clinical trial for HU.

2.2 Specific aims

We plan to:

1. Implement a DNA-based SCA test that will be suited for a limited resource setting and will

overcome limitations of hemoglobin-based tests commonly used in the current standard of care.

Because of limited resources, it is essential to use cheap and easy collection, storage and
analysis solutions. Dried blood samples (DBS) and buccal swabs might offer that solution.

2. Evaluate the influence of SCA haplotypes and selected polymorphisms on basal levels of

hematological parameters and clinical presentation and progression in SCA patients.

Variations in the baseline HbF level are associated with genetic polymorphisms within the
HBB cluster as well as polymorphisms at other quantitative trait loci like e.g. BCL11A,
HBS1L-MYB and HBB. Data on the frequency and effect of SCA haplotypes on disease

severity are not available for the DRC.

3. Evaluate the influence of SCA haplotypes , alpha thalassemia and selected polymorphisms

on the response to HU therapy. Genetic factors contribute strongly to the heterogeneity in HU

response. There is a correlation between baseline and HU-induced HbF levels. These studies

originate from outside Central Africa.
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3. RESULTS

3.1 PART 1. A DNA-based SCA test for a limited-resource setting

Sickle Cell Anemia is a genetic disease, meaning that the causal defect is a change in the
sequence of the DNA. This implies that the identification of the mutation provides irrefutable
proof of the disease. Thus far, the diagnosis is based on the detection of the phenotypic change,
which is the presence of the mutant hemoglobin protein known as S hemoglobin (HbS).
Although very popular, these phenotypic approaches have some limitations that are
exacerbated in tropical regions such as in DR Congo. Moreover, there is a need for a test that
can be financially accessible to all and feasible on all types of samples. We evaluated the
feasibility and the benefit of deploying the SCA test using DNA. The rationale, the methods,
and the results and presented below and have been published in the Journal of Clinical
Laboratory Analysis 2022; 36(5): €24398. (doi: 10.1002/jcla.24398. PMID: 35405024).
Besides, we are currently exploring the feasibility of the molecular test in the hours following
a blood transfusion since in most pediatric patients SCA is suspected after one or more
transfusions. The study will continue beyond this thesis. However, the preliminary results are
presented in appendix to the research article 1.
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Abstract

Background: Hemoglobin-based tests form the reference diagnostic test for SCA. In limited
resource countries, these tests face limitations including cost, low sensitivity due to recurrent
transfusions in endemic malaria region, and interference from fetal hemoglobin in neonatal
diagnostic. This study aimed at adapting DNA-based SCA tests to limited resource countries

and evaluating the economic benefit.

Methods: 338 participants were recruited in the Democratic Republic of Congo, sorted in 3
cohorts based on venous blood, umbilical cord blood (UCB) and buccal swab sampling. RFLP
was performed to identify mutated allele. The feasibility and technical validity of this RFLP
was evaluated for specimens collected on DBS cards and on EDTA tubes. RFLP on DBS stored
at room temperature was regularly repeated to assess sample conservation. Finally, the cost

analysis was performed.

Results: DBS cards yielded identical results to extracted DNA. Repeated testing returned the
same result after four years. The DBS-based test performed on UCB or on buccal swab had a
sensitivity and a precision of 100%. Cost comparison indicated that our approach costs half

price of the widely used isoelectrofocussing of hemoglobin.

Conclusion: The implemented DNA-based test approach overcomes the limitations faced by
hemoglobin-based tests while being more affordable. We propose to implement the RFLP test
as a first-line diagnostic test after transfusion and as second tiers for newborn screening.
However, users should be aware that this test is unable to differentiate HbC from HbS or
identify other point mutation of gene deletion of HBB gene.

Keywords: buccal swab, DNA based-tests, sickle cell anemia, umbilical cord blood, venous
blood
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Introduction

Low-income countries such as the Democratic Republic of Congo (DRC) suffer a heavy burden
of sickle cell anemia (SCA) with about 2% of newborns being homozygous for the classical
SCA mutation, and 17%—24% being heterozygous carriers (Tshilolo et al. 2009).

The disease-related mortality remains high in many sub-Saharan African countries as 50% to
90% of affected children die before 5 years of age (Grosse et al. 2011), often before being
formally diagnosed. Thus far, nationwide newborn screening is not available in DRC. The most
commonly available SCA tests in many localities in DRC include the Itano solubility test and
the Emmel sickling test. These tests detect only the presence of hemoglobin from the abnormal
allele (HbS) and are unable to detect the hemoglobin from the reference allele (HbA).
Therefore, these tests are unable to distinguish sickle cell trait (AS profile from heterozygotes
individuals) from SCA (SS profile from homozygotes patients) (Piccin et al. 2008 ; Kitenge et
al. 2018). Thus, they are of limited diagnostic and clinical value. Electrophoresis on acetate
cellulose and isoelectrofocussing (IEF) has been introduced in DRC since 1954 and 20009,
respectively (Vandepitte et al. 1963 ; Tshilolo et al. 2009).

However, these technologies are not widely available across the country. Samples need to be
shipped from rural areas to the laboratories located in urban areas. Such sample transfer and
storage represent big challenges and may impact on the cost and quality of the test. These
technical and logistic challenges as well as the cost of the test should be considered when
implementing a diagnostic test for SCA in a resource-limited setting. In addition, the
hemoglobin electrophoresis-based techniques have low accuracy during the neonatal period
because of the presence of fetal hemoglobin, or after a transfusion because of the presence of

donor's hemoglobin (Bardakdjian-Michau et al. 2003).

Studies on Congolese SCA patients have reported that anemia is the most common sign and
often the first manifestation (Tshilolo et al. 1996 ; Shongo et al. 2014). Thus, when SCA is
suspected, patients have usually a recent history of transfusion, forcing practitioners to delay
the diagnostic test for 3 months. Unfortunately, because of other intercurrent factors, such as
malaria and other infections, that are very frequent in this setting, it is common for these
children to return to the hospital and receive another transfusion within these 3 months’

window, further delaying SCA confirmation by hemoglobin electrophoresis-based methods.

29



Therefore, the optimal diagnostic test for SCA should retain high accuracy regardless of recent

transfusion or in neonatal period.

Previous studies have shown that DNA-based tests are not affected by transfusion or fetal
hemoglobin (El-Haj et al. 2018). Thus, DNA-based tests would be preferable for a resource-
limited setting. However, the implementation of such a technique has to address important
challenges for sample collection, transfer, and cold chain requirements for storage, as well as

the test accuracy in the neonatal period and following a recent transfusion.

This study aimed to evaluate the technical validity of a DNA-based SCA diagnostic test suited

for DRC in particular and for low-income settings in general.

Methods

Study design

This study was conducted on three cohorts and different biological specimen types (venous

blood, umbilical cord blood, and saliva) in each phase.

Cohort 1. VVenous blood

Study population

A cohort of 166 participants was recruited, both at the Saint Luc Hospital and the Centre de
Médecine Mixte et d’Anémie SS (CMMASS), respectively, in Kisantu (Kongo Central
Province) and Kinshasa (the capital city) in the DRC. These patients were previously diagnosed
as homozygous (SS; n = 145), heterozygous (AS; n = 12), and wild-type (AA; n = 9) using a
hemoglobin electrophoresis-based technique. The three hemoglobin types represent the three
genotypes for the SCA mutation. The SS individuals are SCA patients, AS are heterozygous

carriers while the AA are homozygous wild-type individuals.

Samples collection and transportation

For each participant, 4 ml of peripheral venous blood was collected in a EDTA-coated tube
(BD Diagnostics). Before removing the sampling needle, a drop of blood (approximately 50 pl
of blood) was deposited on a circle of a FTA (Flinders Technology Associates) Elute card
(Whatman WB120206). This type of FTA card is chemically treated filter papers that lyse cells,
denature proteins and stabilize nucleic acids on the cellulose fibers (Figure 1A). The FTA cards

have four circular areas where the sample should be deposited. More details about the FTA
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Elute card are provided by the manufacturer: at: https://webshop.fishersci.com/

webfiles/fr/web/FS2013/EU_FR_13LAB_P0167.pdf?_ga=2.10467 506.685819103.1647441468-
337705928.1647441468

The spotted FTA cards were kept at room temperature for 90 minutes allowing the sample to
dry prior to transportation in an individual plastic bag, adequately labeled. In order to reduce
the cost of the experiment, each individual FTA card was divided into two pieces, allowing one

card to be used for two patients (Figure 1A).

The spotted FTA cards (dried blood spot, DBS) were stored in zip bags at room temperature
on a clean shelve until being used for applications as further described below. Blood samples
in EDTA tubes were transported in isotherm boxes from the sampling site to the laboratory of

the Center for Human Genetics of the University of Kinshasa (UNIKIN, www.coshg.org).

DNA extraction and molecular test

The venous blood collected in EDTA tubes was used for DNA extraction by salt-induced
precipitation of cellular protein method also known as the standard salting out procedure
(Miller et al., 1988). The extracted DNA was then re-suspended in 300 pl of TE buffer and
kept at —20°C until the analysis. The standard manual salting-out extraction procedure lasts
around 24 hours. In our study, DNA extraction was performed within two days following the
sample collection. A restriction fragment length polymorphism (RFLP) test for SCA was
implemented in our laboratory as previously described (Mikobi et al. 2017). This test uses the
Ddel restriction enzyme to differentiate between the mutant allele (S) and the wild-type allele
(A) on a PCR product spanning the SCA mutation site (Figure 1B).

Cohort 2. Umbilical cord blood

Study population

Umbilical blood cord was collected from 102 newborns in two maternities in Kinshasa, the
Maternity Hospital of Binza (MHB) in the north of Kinshasa, and the Maternity Hospital of
Kingasani (MHK) in the east of Kinshasa.

Samples collection and transportation
Umbilical cord blood (UCB) was obtained “in utero,” meaning before the placenta was

expelled, the fetal extremity of the umbilical cord was disinfected, clamped, and sectioned.

Blood sample was collected by gravity into a 4 ml EDTA tube. A drop of UCB was directly

spotted onto two circles of a FTA card. Samples were transported to the laboratory of the Center
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for Human Genetics of the Kinshasa University at room temperature packed in plastic zip bags
for spotted FTA cards and in isotherm boxes for UCB in EDTA tubes. The UCB sample
collected in EDTA tubes was used for DNA extraction following the standard salting out
procedure, whereas spotted FTA cards were used as described below.

Cohort 3. Saliva

Study population

A group of 70 participants was recruited, among which 20 were from the CMMASS and 50
from the University Hospitals of the University of Kinshasa (CUK). Previous molecular
diagnosis using DNA extracted from peripheral blood returned homozygous mutation genotype
(SS hemoglobin type) in 43, heterozygous (AS hemoglobin type) in 13, and homozygous wild
type (AA hemoglobin type) in 14.

Samples collection and transportation

For each participant, buccal cells were collected using sterilized cotton buds made with wooden
sticks. Patients were recommended not to eat, drink, smoke, chew gum, or use toothpaste or
mouthwash during the 30 minutes preceding sample collection. Samples were collected by
scratching while rotating the swab on the mucosa of the cheeks for 30-60 seconds. After
sampling, the swab was scratched against a circle of the FTA elute card for 10 seconds in order
to transfer the cells from the swab onto the FTA card.

DNA testing

Each sample collected in EDTA tubes underwent DNA extraction by manual salting-out
method (SO) (Miller et al. 1988). Extracted DNA was later used for a PCR reaction and the
RFLP using an Applied Biosystems 2720 Thermal Cycler. We refer to this protocol as SO-

RFLP across the article.

For samples collected on FTA cards, a DNA extraction step was not performed. One 1.2 mm
disk was punched from the spotted FTA card, washed with purified water in a 2 ml reaction
tube as recommended by the manufacturer, then transferred into the PCR reaction tube and
mixed with the PCR reaction mix (Table 1). The PCR product was used for enzymatic
restriction as described below. In order to prevent cross-contamination while punching, an
unused card was punched three times in between two samples as recommended by the
manufacturer. The remainder of the spotted FTA card was stored at room temperature in a zip

bag in a dust-free closet. This second protocol is referred to as FTA-RFLP in this article.
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The PCR targeted a fragment of 440 bp in the first exon of the hemoglobin beta gene (HBB;
GRCh38 chr11:5225464-5229395, Figure 1B) using the following primer pair:
Forward TGTGGAGCCACACCCTAGGGTTG and  Reverse CATCAGGAGTGGACAGATCC.

For each run, two controls were used, including a No DNA control (disk punched from blank
unspotted paper) and a positive control (disk punched from FTA card spotted with blood
sample of a Congolese SCA patient with known genetic profile). The composition of the PCR

mix is presented in Table 1.

Either 1 pl of DNA extracted by SO (100-300 ng) or a 1.2 mm washed FTA punch was added
into the PCR mix for the SO-RFLP or FTA-RFLP, respectively.

The PCR program consisted of an initial denaturation step at 95°C for 5 min, followed by 32
amplification cycles, each cycle included a quick denaturation at 95°C for 30 s, annealing at
58°C for 30 s, and extension at 72°C for 30 s. The reaction was concluded with a final extension
step at 72°C for 5 min.

The PCR product was digested using the Ddel enzyme (Promega Corporation, Belgium, Cat:
R6291) according to a standard protocol. The Ddel enzyme has two restriction sites (ctgag/)
within the PCR product (Figure 1B). The digestion products were visualized on 2% agarose
gel (Figure 1C). A non-mutated or wild-type allele produced three fragments with 201 bp, 167
bp, and 72 bp size, respectively. Conversely, on an allele with the S mutation (mutated allele),
the first restriction site is abolished, resulting in only two fragments of 368 bp and 72 bp,
respectively. For homozygotes SS individuals, only these two bands appear, three bands are
observed for homozygotes AA, whereas four bands are identified in heterozygotes AS, that is,
368 bp, 167 bp, 201 bp, and 72 bp bands.
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tgtggagccacaccctagggttggccaatctactcccaggagcagggagggcaggageccagggectgggcataaaa base pairs
acacctcggtgtgggatcccaaccggttagatgagggtcctegteccteccgtecteggteccgaccegtatttt 1 to 75

gtcagggcagagccatctattgecttacatttgettectgacacaactgtgttcactagcaacctcaaacagacacc base pairs
cagtcccgtctcggtagataacgaatgtaaacgaagactgtgttgacacaagtgatcgttggagtttgtectgtgg 76 to 150

DdeI (E6V GAG/GTG)
B atggtgcatctgactcjiillcagaagtctgccgttactgeccctgtggggcaaggtgaacgtggatgaagttggt base pairs
taccacgtagactgaggactcctcttcagacggcaatgacgggacaccccgttccacttgcacctacttcaacca 151 to 225

ggtgaggccctgggcaggttggtatcaaggttacaagacaggtttaaggagaccaatagaaactgggcatgtgga base pairs
ccactccgggacccgtccaaccatagttccaatgttctgtccaaattectctggttatctttgacccgtacacct 226 to 300

Ddel
gacagagaagactcttgggtttctgataggcactgactctctctgectattggtctattttcccaccillcct base pairs
ctgtctcttctgagaacccaaagactatccgtgactgagagagacggataaccagataaaagggtgggaatccga 301 to 375

gctggtggtctacccttggacccagaggttctttgagtectttggggatctgtccactecctgatg base pairs
cgaccaccagatgggaacctgggtctccaagaaactcaggaaacccctagacaggtgaggactac 376 to 440

Figure 1. Sample collection, experimental design, and interpretation

A. Blood sample spotted onto FTA elute cards. Here are illustrated the full FTA card and two pieces of a split
FTA card, all spotted with different samples.

B. The figure shows the target PCR sequence. The two restriction site sequences are underlined with a dashed
line. The S mutation is located on the first restriction site.

C. Pattern of restriction products on 2% agarose gel. Lanes 1 to 8 shows homozygous mutation SS profiles, lane
9 shows homozygous wild type AA, lane 10 illustrates heterozygous AS, lane 11 contains a positive control,
whereas lane 12 is no DNA. The size ladder is on the L lane.

Table 1. Composition of the PCR Mix

Primer F + R (2.5um) 2 ul

dNTP’s 2mM 2ul

H,O 12.9ul

w
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Sensitivity and precision

Sensitivity, considered as the ability of the test to identify variants that are present in a sample,
was calculated using the formula TP/TP + FN. The precision, defined as the fraction of variant
calls that match the expected, reflecting the number of FP per test, was determined using the
formula TP/TP +FP. (Marshall et al., 2020). As previously demonstrated, the sensitivity
threshold is influenced by the prevalence of the disease in the studied population (Leeflang et
al. 2013). For the previously reported incidence of 1.4% in DRC (Tshilolo et al. 2009) an error
rate of 5% will result in multiple children being denied timely care. Therefore, we set the

minimum threshold at 99%.

Evaluation of repeatability and reproducibility

Repeatability, defined as the percent agreement between the results of successive tests carried
out under the same conditions of measurement,( Marshall et al.2020) was assessed in two
ways: the intra-run and inter-run repeatability. Five FTA cards spotted with venous blood were
randomly selected. Three disks from each in five cards were included a run to evaluate intra-
run repeatability. This was repeated three times to assess inter-run repeatability. We also
assessed the reproducibility, which evaluates whether changes in testing platforms, reagent
supplies, and operators cause significant change in test results. A second operator tested one
disk from the test set of five FTA cards using a different PCR thermocycler. Reproducibility
was calculated as the percent agreement between the results of tests under different conditions
( Marshall et al.2020).

Repeatability and reproducibility were assessed for UCB and saliva spotted on FTA cards using
six randomly selected cards for each specimen and running the same experiment as described
for the venous blood. The considered cut off was 90% (Clinical Laboratory Improvement
Amendments CLIA).

Stability of spotted FTA cards in local conditions Each FTA card was stored in an individual
plastic zip bag at room temperature, in a clean closet, whereas the extracted DNA was stored
at —20°C. We randomly selected 15 FTA cards from study group 1. The selected FTA cards
were repeatedly tested every 6 months by FTA-RFLP as described above. Thus far, we have

completed testing after 4 years of conservation.
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Data analysis

The SO-PCR-RFLP was considered as the gold standard to which results from the FTA cards
were compared. The FTA-RFLP method was compared to the gold standard regarding the cost
and conditions. Sensitivity and precision were computed. Statistical analysis was performed
with SPSS version 21. Kappa statistics was used to evaluate the agreement between two
different testing methods. We also assessed the stability of FTA-spotted venous blood samples

after 4 years of storage at room temperature.

Ethical compliance

This study was compliant to international ethics laws and regulations. Prior to the inclusion,
parents and patients were fully informed and provided signed informed consent/assents. The
study protocol was approved by the Ethical Committee of the Public Health School at the
University of Kinshasa (ESP/CE/079/2016).

Results
FTA-RFLP on peripheral blood

This test was performed on the 166 participants with known electrophoresis-based hemoglobin
profile recruited in Kinshasa and Kisantu. The FTA-RFLP identified 145 homozygotes SS, 12
heterozygotes AS and nine homozygotes wild-type AA. The SO-RFLP, performed on DNA
extracted from venous blood collected on EDTA tubes, showed the same results for each
participant. Therefore, there was a perfect agreement between FTA-RFLP and SO-RFLP
(kappa = 1; Figure 2).

FTA-RFLP on umbilical cord blood

The 102 FTA cards containing UCB samples were tested by FTA-RFLP and returned 1 SS, 14
AS, and 87 AA. Later, the genomic DNA extracted from the 102 UCB samples collected in the
EDTA tubes was also tested by SO-RFLP. This returned the exact same result for each
participant, corresponding to a perfect agreement between the two techniques (kappa = 1,
Figure 2).

FTA-RFLP on buccal swab samples

The FTA-RFLP test performed on swabs rubbed on FTA cards from 70 participants with
known SO-RFLP genotypes, identified 43 SS, 13 AS, and 14 AA. These results were in
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agreement with the profiles previously obtained by SO-RFLP performed on DNA extracted
from blood sampled from the same participants (Figure 2). Thus, there was a perfect agreement
between swab-based FTA test and blood-based DNA test (kappa = 1). This validated the
sensitivity and precision of the DNA-based Sickle Cell Anemia diagnostic test on buccal swab

samples.

Sensitivity and precision

The results from venous blood collected on FTA cards, UCB spotted on FTA cards and swabs
rubbed on FTA cards, all returned identical results to the respective outcome obtained with the
SO-RFLP. No false positives or false negatives were observed. Therefore, the sensitivity, as

well as the precision, was 1 for the DNA-based SCA test using either of those three specimens.

Repeatability and reproducibility

Intra- and inter-run replicates returned the exact same profiles for each of the randomly selected
individuals. Moreover, the change of the operator and the PCR thermocycler did not alter the
outcome of the test.

Stability of spotted FTA cards in local conditions

The results of 4 years of storage indicated that the profile remained clearly recognizable,
suggesting the DNA quality was not altered by the local storage conditions: shelve storage in
a dust-free closet at room temperature (between 25 and 35 Celsius degrees). The results

remained identical over the years up to 4 years when the last test was performed (Figure 3).

Conditions and cost comparison

The conditions and the cost of both tests are presented on Table 2. The cost of the SO method
was based on estimation by Chacon-Cortes et al [14]. While the personnel cost for both SO-
RFLP and FTA-RFLP was estimated according to the average monthly salary of a laboratory
technician in DRC.
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Figure 2. Study algorithm and results

The top row presents the five institutions where participants were recruited; the second row shows the composition
and specimens for the three cohorts; the third row indicates the two testing approaches applied to each of the
cohort. The distribution of the genotypes obtained by either of the testing approaches for each cohort is presented

at the bottom of the figure.
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Figure 3. Restriction profile after 4 years of storage of some FTA Elute blood samples

Lane 1 to 8 shows homozygous mutation SS profiles, lanes 9 and 10 show heterozygous AS, lane 11 to 13 show
homozygous SS, lane 14 represents wild-type AA, lane 15 shows homozygous SS, lane 16 contains a positive

control whereas lane 17 is the no DNA. The size ladder is on the L lane.
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Discussion

We conducted a prospective technical validation study aiming at implementing a DNA-based
test for SCA that is feasible in a limited resource setting such as the DRC, despite infrastructure,
environmental and economic challenges. Among the challenges we wanted to overcome were
(1) sample transfer conditions in a country that is as big as the Western Europe and (2)
instability of electricity on which depend biorepositories. In addition, we wanted the test to be
efficient on non-invasive specimen such as umbilical cord blood and buccal swabs. Finally, we
also wanted this test to remain within the cost range of the most used test, the hemoglobin
electrophoresis. To the best of our knowledge, neither the DNA-based SCA test nor the use of
non-invasive specimen is currently offered as first line test in routine for SCA diagnostic in

Central Africa.

Due to the ease in sample collection, transport and handling, the use of DBS cards such as FTA
cards is gaining in acceptance for genetic analysis in multiple fields including infectious
diseases, agriculture and pharmacogenetic (Mas et al. 2007 ; Fata et al. 2009 ; Abdelwhab et
al. 2011 ; Rabodoarivelo et al. 2015 ; Dong et al. 2017 ; Siegel et al. 2017) .

The RFLP was previously identified as a reliable and cheap approach for DNA-based
diagnostic of SCA (Bardakdjian-Michau et al. 2003) . However, users should note that this test
cannot differentiate HbS from HbC since both mutations affect the same restriction site and
result in the same profile on agarose gel electrophoresis. Also, this test is not designed for the
identification of others mutations that may cause SCA phenotype, such as compound
heterozygous HbS/Bthal or HbS/HbO. Fortunately, such mutations are rare in the DRC and

absent from this cohort (based on sequencing data, not included in this manuscript).

The FTA cards were tested as an alternative to the EDTA tube sampling and DNA extraction
by salting out. In this study, we obtained the same genomic profile using a 1.2 mm FTA discs
or 1ul of DNA extracted by salting out from the same participant. We conclude that using FTA
cards is technically as good as the extracted DNA for sickle cell testing by RFLP. The amount
of material on a dry blood spot may vary from one individual to another. In this study all
participants had clear PCR and digestion bands on agarose gel irrespectively of their disease
status. This suggests that a 1.2 mm disc of FTA card retains enough DNA sample to allow the
test to be carried out without DNA extraction.
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The value of the FTA-based test was verified using two other specimens namely UCB and
buccal swabs in comparison to genomic DNA extracted from peripheral blood. The UCB is an
easily accessible material. This prevented us from sampling newborns by heel punctures.
Therefore, this was the ideal and non-invasive material to test the FTA-based approach in
newborns. Results from UCB samples on FTA cards proved to be very reliable. Considering
that electrophoresis-based diagnostic test for SCA is unreliable before the age of 3 months ,
(Burton et al. 2014) the FTA-based test may be offered as a confirmatory test for suspect
electrophoresis-based newborn screening test results or as a first line test in high-risk couples.
This is of high value when considering both the reported delay in diagnostic and the heavy
burden of sickle cell in Sub-Saharan countries. As previously reported ( Abraham et al., 2012)
, our study has proven that buccal swab is a good alternative of DNA for a genetic test such as
SCA diagnostic. Proposing such non-invasive approach may increase acceptability of SCA test

and newborn screening.

The sensitivity and precision of FTA-RFLP for either venous blood, UCB or buccal swab were
100%, confirming that irrespectively of the specimen and the amount of DNA, FTA-based test
is reliable.

It is common to centralize genetic testing in a resource limited setting in order to ensure
efficient resource sharing. The Center for Human Genetics of the University of Kinshasa is
positioned to become the national reference center for molecular testing not only for SCA but
also for various genetic tests.

Whole blood, the most used material for genetic analyses, is a type of sample that can be stored
only in certain conditions with respect to the cold chain and for a relatively short period. But
in DRC, the unreliability of the electricity supply and the lack of quick and safe sample
transportation would not always guarantee an appropriate transport of whole blood samples to
the laboratory. Moreover, transport from the collection site to the testing laboratory is laborious
and requires an expensive investment for transport. Hence, it would be appropriate to use a

consumable that can provide safe blood sample transportation, such as DBS cards.

The issue of power supply is critical for biorepositories or any laboratory storage in resource-
limited countries. Moreover, the storage capacity is often very limited, which might be a
problem for a country with about 2 840 000 births per year including an estimate of 40000 SCA

babies (1.4%) per year (Tshilolo et al. 2009).
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Our results show that DBS cards can facilitate sample collection, ensure safer transportation of
samples, shorten the turn-around-time by skipping the DNA extraction step and return reliable
results even after several years of storage at room temperature (Rajendram et al.2006 ; Peluso
et al. 2015 ; Barth et al. 2016; Corradini et al. 2019) . In addition, based on the possibility of
stacking the zip bags, it becomes possible for the biorepository to store enormous amount of
samples. This implies that a national screening program for SCA should consider using DBS
cards or similar material for testing and for safe and long-term storage of samples at minimal

cost.

The FTA-RFLP was estimated to cost almost half of the SO-RFLP (Table 2). This is mainly
due to the fact that the SO-RFLP is labor intensive and time consuming. This resulted in a high
personnel cost that made significant difference between the two approaches. Interestingly, the
estimated cost for SO-RFLP is also the half of the price commonly charged in Kinshasa for the
IEF. Hence, our proposed approach of FTA-RFLP is not only more accurate than IEF, it is also
more efficient on challenging specimen such as UCB, it is suited for non-invasive testing using
buccal swab and, most importantly, four times cheaper than the IEF. Therefore, switching to
DBS DNA-based test as confirmatory approach in the newborn screening program, and as first
line test for SCA diagnostic in other aged groups will significantly reduce the financial burden
while offering the highest accuracy. This approach can also be offered in mass campaigns as a

non-invasive method.
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Table 2. Comparison of conditions and cost

Salting out FTA card
CONDITIONS
e Sample collection EDTA tubes FTA cards
e Sample transport RT RT
e DNA extraction Yes No
e Storage Freezer -20°C RT
e Turn-around-time (DNA extraction +PCR-RFLP) | 24h + 5h 5h
COST ESTIMATION
e Consumables for sample collection and DNA | 2.3 €° 1.51€
purification (half a card/patient)
e PCR reaction per sample 2€ 2€
e Restriction enzyme digestion 12¢€ 12¢€
o Gel electrophoresis 0.8€ 0.8 €
e Equipment depreciation 0.40€ 0.10€
*  Personnel cost® 4.85€ 09€
TOTAL COST 11.55 € 6.51 €

Abbreviations: NA, not applicable; RT, room temperature.

a Based on cost estimation from Chacon-Cortes et al. (Chacon-Cortes et al. 2012)
b Based on the average monthly salary of 500$ for a laboratory technician in DRC. The daily salary average is
25% per day. The hourly salary is 25$/8 = 3.152 $. The hourly salary is based on the legal limit of 8 working hours
a day. For the SO-RFLP, the full run includes 16 samples. The hourly salary per sample is 3.125%$/16 = 0.195$.
For the 29 hours of the run, each sample costs 0.20$ x 29 = 5.8% (4.85€) as personnel costs. For the FTARFLP,
the full run includes 14 samples. The hourly salary per sample is 3.1$/14 = 0.2$. For the 5 hours of the run, each
sample costs 0.2$ x 5 =1.0$ (0.9€) as personnel cost.

In addition, this test can be used as a first-line test for screening sickle cell traits in blood donors

and blood donations. This will increase blood transfusion safety.

CONCLUSION

The study aimed at implementing a DNA-based SCA test in resource-limited settings and
evaluating the economic benefit. We have shown that this procedure is feasible in resource-
limited settings, retains high accuracy for various sample types, including venous blood,
umbilical cord blood, and buccal swab, while remaining affordable. We recommend this test
as a first-line diagnostic test after transfusion as well as in blood donors and blood donations,

and as a second line for newborn screening.
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APPENDIX TO RESEARCH ARTICLE 1 1.

Validity and utility of DNA-based test on DBS in post-transfusion period

In DR Congo, like in other tropical countries, multiple infectious diseases such as malaria and
other parasitic diseases are endemic. Those diseases have a high potential of causing severe
anemia, which is treated with blood transfusion. Hemoglobin-based tests are generally not
recommended after transfusion. It is a common practice to delay the test for 3 months after a
blood transfusion. The reason is that the test would also pick the normal hemoglobin from the
donor in the bloodstream of the receiver, and falsely report a SCA patient rather as a
heterozygote. This situation creates a niche that is inaccessible by most hemoglobin-based tests

and represents an opportunity for DNA-based tests.

We are currently conducting a study to determine the reliability of DNA-based tests in the
immediate aftermath of a transfusion and the kinetics of the depletion of donors’ blood in

Congolese adult SCA patients who received a transfusion.

Adult SCA patients are recruited from “CMMASS” and St Crispin Hospitals, in Kinshasa, DR
Congo. To be included, patients had to be prescribed a transfusion, and agree to be sampled
multiple times according to our study test schedule. SCA patients undergoing a blood
transfusion exchange program and those with previous transfusion within 3 months prior to the
recruitment were excluded. The sampling schedule is as follows: (1) before transfusion, (2) 1
hour, (3) 24 hours, (4) 48 hours, (5) 7 days, (6) 30 days, (7) 45 days, (8) 60 days, (9) 75 days,
(10) 90 days post-transfusion. At each sampling point, peripheral blood is collected in a 1ml
EDTA tube for Hb capillary electrophoresis (Minicap, SEBIA, France) and total blood cells
count; whereas 2 drops are collected on each the FTA Elute cards and the Rapid Diagnostic
Test (RDT) Sickle SCAN™ (BioMEDOMICS, USA). Samples collected on FTA cards are
tested with FTA-RFLP.

Six SCA patients are recruited thus far. Samples collected before transfusion (red blood cell
transfusion ) confirmed SS diagnostic in all patients for all the 3 testing technics: FTA-RFLP,
RDT, and capillary electrophoresis. The DNA-based test indicated that the molecular profile
of patients remains the SS after the transfusion. Conversely, capillary electrophoresis and RDT
returned instead the AS profile in the 6 individuals (figure 4).
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These preliminary results indicate that a DNA-based test is reliable as it is not influenced by
the donor’s DNA. This test can be offered immediately after transfusion, avoiding delaying the

test until the Hb-based test becomes reliable.
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Figure 4. DNA and Hb-based tests profile after transfusion
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3.2 PART 2. Genetic factors associated with HbF levels and HU response

Introduction

In the second part of the project, we focused on the evaluation of genetic factors involved in
modulating the clinical and biological expression of SCA, as well as the pharmacogenetics of
HU. Due to the sample size and the available funds, we opted for a candidate SNP approach
exploring only SNPs with previously reported associations in the literature and public
databases.

In the sections below we have first described the general methodology applied for the study of
selected SNPs (research article 2). Then, we report specific sub-analyses in the format of
original articles to be submitted after our thesis defense (research articles 3 and 4).

General methodology

Selection of patients, sample collection and preparation, and compilation of clinical
parameters

Patients selection

A cross-sectional study was conducted between January 2017 and December 2018 at Kisantu
St Luc Hospital (KSLH), located in the Kongo Central Province, and at the “Centre de
Médecine Mixte et d’Anémie SS” (CMMASS), in the Kinshasa, both in the Democratic
Republic of Congo (DRC). Pediatric patients were recruited at KSLH, whereas adult patients
were recruited at “CMMASS” Hospital. In both sites, recruitment was performed during

regular SCA follow-ups.

Prior to the inclusion in this study, SCA homozygous status had to be confirmed by molecular
testing as previously described (Mikobi et al. 2017). In addition, we excluded confirmed SCA
patients, those not in a steady state of the disease, those who received a transfusion within 4
months prior to blood sample collection, and those under Hydroxyurea treatment or other

medications that may affect the blood counts taken during the previous 3 weeks.

Sample collection

For each participant, peripheral blood was collected in two EDTA-coated tubes of 4ml for

hematologic tests and DNA extraction.
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Hematological and clinical variables

A blood count was performed on an automated counter (Sysmex hematology counter, Japan).
Measured hematologic parameters were: hemoglobin (Hb), white blood cells (WBC), platelets
(PLT), and reticulocytes (RETIC). The HbF level was quantified by capillary electrophoresis
(Minicap, SEBIA, France).

DNA extraction and quality control

Genomic DNA was extracted from blood samples using the salting out method (Miller et al.
1988) and stored at -20°C in the Center for Human Genetics of the University of Kinshasa (DR
Congo). The concentration and purity of the extracted DNA were evaluated locally using a
NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, USA).

SNPs selection

Candidate SNPs (Table 1) associated with the baseline HbF level were retrieved from literature,
searching PubMed using “fetal hemoglobin polymorphisms”. We also extended the search to
relevant papers from the reference lists of articles retrieved through Pubmed search. We also
searched in GWAS Catalog using “ fetal hemoglobin” AND “sickle cell anemia”. The
candidate SNPs associated with Hydroxyurea-induced HbF level were also retrieved through
the same process using “fetal hemoglobin” AND “Hydroxyurea”. We also extend the research
to the PharmGKB database using “fetal hemoglobin hydroxyurea”. The last accession to all
those databases and sites was in December 2018.

Our SNP set contained the 4 polymorphic positions defining the five Bs- globin haplotypes
(Shaikho et al.2017). In addition, 63 SNPs were included in the study of other genomic
modifiers exerting pharmacogenomic variants. The 63 SNPs were distributed in 16 SNPs
associated with HbF baseline level; 34 SNPs associated with a change in HbF levels in
response to Hydroxycarbamide treatment; 13 SNPs associated with both HbF baseline level

and HbF level in response to Hydroxycarbamide treatment.
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Table 1. Candidate SNPs

Gene

HAO2
BCL11A

VEGFA

ARG1

HBS1L-MYB

PDE7B

SNP

rs10494225

rs10189857
rs1427407

rs7599488
rs766432

rs11886868

rs4671393

rs7557939

rs7606173

rs2146323

rs3024997

rs10434

rs17599586

rs28384513

rs9376090

rs7776054

rs9399137

rs4895440

rs4895441

rs9389269

rs9402686

rs9494142

rs11154849

rs9376173

rs1480642

rs487278

Chromosomic
location GR Ch37
1:119918103

2:60713235
2:60718043

2:60718347
2:60719970

2:60720246

2:60720951

2:60721347

2:60725451

6:43745095
6:43745107
6:43753212

6:131904719

6:135376209

6:135411228
6:135418916

6:135419018

6:135426558
6:135426573
6:135427159
6:135427817
6:135431640
6:136353305
6:136359446
6:136499528

6:136501828
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Alleles

C>G

A>G
T>G

C>T
C>A

C>T

A>G

G>A

G>C

C>A
G>A
A>G

CT

T>G

T>C
A>G

T>C

A>T
A>G
T>C
G>A
T>C
C>T
A>C
C>T

G>A

Mechanisms

HU metabolism

HbF baseline
HbF baseline
HU-induced HbF
HbF baseline
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HU-induced HbF

HU-induced HbF
HU-induced HbF

HbF baseline
HU-induced HbF
HU metabolism
HbF baseline
HU-induced HbF
HU metabolism
HbF baseline

HbF baseline

HbF baseline
HU-induced HbF
HbF baseline

HbF baseline
HbF baseline
HbF baseline
HbF baseline
HU-induced HbF
HU-induced HbF
HU-induced HbF

HU-induced HbF



MAP3K5

TOX

KLF10
ASS1

SAR1A

HBB

OR51B5

NOS1

FLT1

FLT1

SALL2
ARG2

SIN3A

GLP2R

NOS2

PHEX
MAGEB18

rs9376230

rs9483947
rs2693430
rs826729
rs765587

rs12155519
rs9693712
rs172652
rs380620
rs3191333
rs10901080

rs10793902
rs4282891

rs2310991

rs968857
rs10128556
rs28440105
rs3834466
rs7482144

rs7130110
rs5006884
rs5024042
rs816361

rs7309163
rs7977109
rs3751395
rs9319428
rs2182008
rs2387634
rs8002446

rs61743453
rs2295644

rs10483801
rs10483802
rs11072544

rs7166737

rs12103880

rs1137933

rs944725
rs12559632

rs6630120

6:137102365

6:137105400
8:59725048
8:59738913
8:59790903

8:59848830
8:59947423
8:59958141
8:59982532
8:103662219
9:133358656

9:133377910
10:71930069

10:71931646

11:5260458
11:5263683
11:5269799
11:5291564
11:5276169

11:5296104
11:5373251
11:5373562
12:117655131
12:117729274
12:117730340
13:28958955
13:28973621
13:28987061
13:28990428
13:28997400

14:21991343
14:68066559
14:68117006
14:68117421
15:75666081

15:75682513

17:9698342

17:26105932

17:26109571
X:22160992

X:25736480
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C>A

T
A>G
G>A
T>C

G>A
C>T
A>G
C>G
G>A
G>A
C>T
A>C

C>A

T>C
C>T
A>C
G>T
G>A

G>C
C>T
C>A
C>G
C>G
G>A
C>A
G>A
A>G
T>C
G>A
G>C
A>T
C>A
T>C
G>A

A>G

G>A

G>A

C>T
G>A

A>G

HU-induced HbF

HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF

HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
Bs haplotypes
Bs haplotypes
Bs haplotypes
Bs haplotypes
HbF baseline
HU-induced HbF
HbF baseline
HbF baseline
HbF baseline
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF

HU-induced HbF
HU-induced HbF
HU-induced HbF
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HbF baseline
HU-induced HbF
HU-induced HbF
HU-induced HbF
HbF baseline

HbF baseline



SNPs genotyping method

Probe design

We designed 64 Molecular Inversion Probes (MIPs) to cover the 67 SNPs, including 2 MIPs
covering 2 SNPs each. The genomic coordinates of the design were based on GRCh37. The
MIPs were 108 to 120 bp long. Our final Region of Interest (ROI) was 1,768 bp large.

Next Generation Sequencing and data analysis

Samples were normalized to 100 ng/ul at the Genomics Core of the Center for Human Genetics
of the University Hospitals Leuven (UZ Leuven) and checked on a Qubit 2.0 Fluorometer (Life
Technologies, Bleiswijk, Netherlands). Patient-only targeted sequencing was performed using
Single Stranded Molecular Inversion Probe (ssMIP) approach using our custom library
preparation kit. Single Stranded Molecular Inversion Probe (ssMIP) is a Next Generation
Sequencing (NGS) technique using single-stranded molecular probes containing at their
extremities two hybridization sequences, complementary to the target DNA fragment
(Cantsilieris et al. 2017), allowing the targeted sequence to be captured and the remaining linear

DNA to be degraded by exonucleases.

A total of 100 ng DNA was used for library preparation. After capturing with ssMIPs, samples
were pooled either by 76 for pools 1 and 2 or by 86 or 100 for pools 3 and 4, respectively. Pool
4 contained both the remaining samples and samples that failed in the three other 3 pools.

To reach our target coverage of 500x, pool 1, 2, and 3 were sequenced on a MiSeq v3 PE300
cycles flow cell (13.2-15 Gb output), whereas pool 4 was run on a MiSeq v2 PE300 cycles
(4.5-5.1 Gb output). A concentration of 12.5pM was loaded on the MiSeq, as per the
recommendations in MiSeq manual. A PhiX spike-in of 3% was also added.

The quality control of sequencing reads was performed using FastQC. Overlapping paired-end
reads from the same fragment were merged using FLASH 1.2.11 (Magoc et al. 2011). Reads
were then mapped against the reference genome build GRCh37 with BWA-mem 0.7.17 (Li et
al. 2009). Duplicate reads were kept. All positions were genotyped with GATK
HaplotypeCaller 4.0.11.0 with the option EMIT_ALL_SITES (McKenna et al. 2010). All
samples were genotyped together using GATK GenotypeGVCFs 3.8-0.

Hardy-Weinberg equilibrium was tested with PLINK.
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Quality control results

Sample genotyping rate
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Figure 1. Quality of genotype call per SNPs

Note. The Y axis indicates the % of variants passing the genotype quality check for samples in the X
axis. Samples M110, M9, M109, M139, L101, M117, L147, and L88 have less than 90% of their SNPs
passing the genotype QC.

Variant QC

L]

Figure 2. Variant quality control for each SNP

Note. The Y-axis indicates both the percentage (orange stars) in which an SNP (X-axis) has been well-
genotyped and the B-allele frequency of the same SNP.

No deviation from Hardy-Weinberg was observed.
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Abstract

Background: Sickle cell anemia (SCA) is characterized by an important phenotypic
heterogeneity that is not fully understood yet.

This study aims to determine the distribution of BS-globin haplotypes among Congolese SCA
patients and assess the correlation between haplotypes and baseline hematological and clinical

profiles.

Method : A cross-sectional study was conducted with SCA patients recruited at St Luc Hospital
in Kisantu and at the “Centre de Médecine Mixte et d’Anémie SS” in Kinshasa, both in the
Democratic Republic of Congo. Blood count was performed on an automated counter. SCA
homozygous status was confirmed by restriction fragment length polymorphism. BS haplotypes
were determined manually on data generated by Molecular Inversion Probes (MIPS)

sequencing. Patients were classified according to clinical phenotypes scores.

Results: Among 269 homozygous SCA patients, the haplotype CAR was the predominant allele
(95.92%), followed by BEN (1.67%), SEN (1.31%), and Al (0.37%). Atypical haplotypes
accounted for 0.74 % of alleles. Six haplotypic genotypes were identified, including
homozygous CAR (92.2%), homozygous BEN (0.37%), and double heterozygous CAR/BEN
(2.59%), CAR/SEN (2.59%), CAR/AI (0.74%) and CAR/ATYP (1.48%). Less than 15% of
patients within the CAR/CAR haplotype presented a severe clinical phenotype, representing
11% among children and 8% among adults. No correlation was observed between the
haplotypes and either hematological or clinical parameters.

Conclusion : The CAR haplotype is predominant among DR Congolese SCA patients while
patients still have variable hematologic and clinical profiles. However , the almost
homogeneous distribution of CAR haplotypes did not allow the evaluation of the influence of

other haplotypes.

Key words : sickle cell anemia, B-globin gene haplotypes, hematological parameters, clinical

severity score, DR Congo
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Introduction

Despite being a monogenetic disease and almost always caused by the same single-point
mutation (NM_000518.5(HBB): c.20A>T; p. Glu7Val), Sickle Cell Anemia (SCA), is
characterized by a great inter-individual phenotypic variability, both in terms of types and
severity of manifestations (Driss et al. 2009; Aghajani et al. 2017). Although this variability is
not fully understood yet, BS haplotypes are included among genetic factors explaining the

phenotypic heterogeneity observed in SCA (Steinberg et al. 2009; Ndugwa et al. 2012).

Traditionally, BS-globin haplotypes are defined by the profile of restriction fragments
generated from polymorphic restriction sites in a genomic region of ~60kb located within the
HBB cluster on chromosome 11. These haplotypes are inherited along with the SCA mutation
(Okumura et al.2019). The five classical haplotypes of the fS-globin gene are named according
to the geographical region where they were originally identified. Four BS haplotypes constitute
the major types in Africa, named Cameroon haplotype (CAM), Benin haplotype (BEN),
Senegal haplotype (SEN), and Bantu or Central African Republic (CAR) haplotype (Pagnier et
al.1984; Lapouméroulie et al. 1992). In addition, the Arabian Indian haplotype (Al) was
identified in India and the Arabian peninsula (Kulozik et al.1986).

Using RFLP for the identification of these haplotypes is not only time-consuming but may also
result in unusual restriction patterns in the presence of unexpected SNP at the restriction site,
without precisely determining the nucleotide change at the polymorphic site (Joly et al. 2011).
The unusual restriction patterns are known as atypical BS haplotypes (Srinivas et al.,1988; Zago
et al. 2000; Okumura et al. 2019). Nowadays, the application of Next Generation Sequencing
(NGS) techniques offers the advantages of multiplexing samples and interrogating multiple
loci in a single experiment, and the possibility of fully characterizing atypical Bs haplotypes

(Shaikho et al. 2017).

Modifying effects of SCA haplotypes are in part related to their association with the level of
fetal hemoglobin (HbF) (Al-Sagladi et al. 2010). HbF acts by interrupting HbS sickling through
a mechanic effect, resulting in reduced severity of the disease (Powars et al. 1989; El-Hazmi
et al. 2011). The CAR haplotype is known to present a severe phenotype due to its association
with a low average HbF level of about 5%. Compared to the CAR haplotype, the haplotypes
BEN and CAM, with an intermediate level of HbF of 7%, have moderate symptomatology
(Piel et al.2017). The SEN and Al haplotypes, which are associated with an average of 10 to

59



20% HbF in adult SCA patients, present milder phenotypic patterns (Rees et al. 2010; Habara
etal. 2017).

The Democratic Republic of Congo (DRC) is among the most affected countries by SCA
worldwide, with an incidence of around 2% in newborns (Tshilolo et al,2009). Surprisingly,
data on the effect of SCA haplotypes on disease severity are unavailable for the DRC. Yet this
knowledge could be helpful to explain the phenotypical diversity previously observed in
Congolese SCA patients (Mikobi et al. 2017). This study aimed at determining the distribution
of SCA haplotypes and investigating their correlation with baseline hematological parameters

and clinical severity scores.

Methods

Patient selection, sample treatment, selection of SNPs set, and SNPs genotyping technique are

presented in point 2.1 above.

In this study, patients recruited at “CMMASS” were classified according to the clinical
phenotype score as described by Mikobi et al. 2015, whereas the severity score developed by
Adegoke et al. 2013 was used for those from KSLH.

Data analysis

The data were analyzed with SPSS version 25 (IBM, USA), and a p-value less than 0.05 was
considered significant. The Kolmogorov—Smirnov and the Shapiro-Wilk tests were used to
evaluate the normal distribution of quantitative variables. The median * interquartile space of
selected hematological parameters was compared for each haplotype. When comparing
hematologic parameters between haplotypes, the statistical threshold was determined using the
non-parametric Mann—Whitney U test for 2 groups and Kruskal-Wallis test for more than two

groups.

For this study, the SCA haplotypes were manually derived based on the genotype of the 4 SNPs

of interest.

Ethics statement

Before the inclusion, parents and adult patients were fully informed of the aims, procedures,

and risks of this study. Written informed consent was obtained from adult patients or parents
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of minor children. Privacy was protected by the de-identification of samples. An individual

alphanumeric code was used instead.

The study protocol was approved by the Ethical Committee of the Public Health School at the
University of Kinshasa, DRC (Protocol number ESP/CE/079/2016).

Results

A total of 277 SCA patients were included in the study, aged between 2 and 40 years. The
gender distribution was 112 (40%) males and 165 (60%) females.

After removing 8 samples with less than 90% of SNPs correctly genotyped , only samples of
269 patients were considered: 112 patients (42%) from KSLH, including 54 males and 58
females aged between 2 and 17 years; and 157 patients (58%) from « CMMASS », comprising
56 males and 101 females aged between 18 and 40 years.

Distribution of SCA haplotypes

Among the 269 patients (538 alleles), the haplotype CAR was the major allele in this study
with 95.92% (516/538). The other classic haplotypes were BEN 1.67% (9/538), SEN 1.31%
(7/538), and Al 0.37% (2/538). When grouped at genotype levels (i.e., the composition of the
two haplotype alleles for a particular SNP), a total of 5 different genotypes were identified,
including homozygous CAR 92.23% (248/269), homozygous BEN 0.37% (1/269), and double
heterozygous CAR/BEN 2.59% (7/269), CAR/SEN 2.59% (7/269) and CAR/AI 0.74% (2/269)
(Figure 1).

A Distribution of Bs haplotypes B Distribution of Bs haplotypes
alleles genotypes per site

60,00%

X 50,00%
‘ 40,00%

30,00%

20,00%

> > \a \
§ < < S <&
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m CAR mBEN =SEN mAl mATYP mKSLH W CMMASS

Figure 1. Distribution of s haplotypes
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Three different atypical haplotypes were identified, and one of them was observed in two
individuals. Atypical haplotypes accounted for 0.74 % (4/538) of the alleles. Genotypically, all
patients with atypical alleles were heterozygous CAR/ATYP (1.48%, 4/269). The atypical
profiles were confirmed by Sanger sequencing to exclude the possibility of a false call. The

profile and the frequency of the three atypical haplotypes are presented in Table 1.

Table 1. Description and frequency of typical and atypical haplotype alleles

SNPs
HAPLOTYPES ALLELE FREQUENCY

rs3834466 rs28440105 rs10128556 rs968857

Al GT C T T 2/538 0.37%
SEN G C T T 7/538 1.31%
BEN G C C T 9/538 1.67%
CAR G C C C 516/538 95.92%
CAM G A C T 0 0
Atypical 1 GT C C C 2/538 0.37%
Atypical 2 G A C C 1/538 0.18%
Atypical 3 GT C T C 1/538 0.18%

We attempted to determine the nucleotide difference between typical and atypical haplotypes
. We build a haplotype tree (Figure 2) based on the work by Okumura et al.2019.
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Figure 2. Atypical haplotype tree

The atypical 2 appeared to be the closest to the CAR haplotype, from which these may derive
after a single event. The atypical 1 and 3 were closer to the Al and a single event may have

caused the development of either atypical haplotype.
Influence of haplotypes on hematological parameters and clinical score

Due to incomplete hematological data, 8 of 248 CAR/CAR patients, and 1 of 7 CAR/BEN
patients, were removed from this analysis.
The almost homogeneous distribution of Bs haplotypes in our cohort do not allow evaluation

of influence of other haplotypes in hematological and clinical parameters.
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Table 2. Distribution of haplotypes, clinical severity and hematological parameters at KSLH

N Severity score HbF Hb WBC Platelets Reticulocytes
(%) (%) (g/d1) (n/ul) (n/p) (n/u)
mi Mo S Med + IQR

CAR-CAR 96 38 47 11 7.7+25 7.3+18 1274516875 396000 + 238250 160418.5 + 148733
BEN-BEN 1 0 1 0 5 53 21540 211000 157927
p (M-W) CAR-CAR vs BEN-BEN 0.381 0.175 0.239 0.175 1
CAR-BEN 3 0 3 0 15.1 6.6 12105 222500 183736.5
p (M-W) CAR-CAR VS CAR-BEN 0.547 0.894 0.307 0.589 0.651
CAR-SEN 4 0 3 1 10.3 5.8 10140 256000 224411.5
p (M-W) CAR-CAR vs CAR-SEN 0.629 0.159 0.232 0.054 0.333
CAR-AI 1 0 1 0 9.5 8.8 10260 260000 79208
p (M-W) CAR-CAR vs CAR-AI 0.761 0.192 0.344 0.292 0.276
p (K-W) 0.937 0.285 0.351 0.191 0.565

Med £ IQR: median * interquartile range M-W: Mann-Whitney U K-W: Kruskal-Wallis

Mi=Mild Mo=Moderate S=severe

The Mann—Whitney U test was used for pairwise comparisons between the CAR-CAR genotype and each of the other six genotypes; the Kruskal-Wallis test
for multiple analyses between the six haplotype groups.



Table 3. Distribution of haplotypes, clinical severity and hematological parameters at CMMASS

Haplotypes

N Severity score HbF Hb WBC Platelets Reticulocytes
(%) (%) (g/dl)  (n/ui) (n/ul) (n/p)
A M S Med * IQR

CAR-CAR 144 44 86 14 6.46 3.2 7.2+19 10270+5678 453409 +£308020 117211 + 99459
CAR-BEN 4 1 2 1 13.22 7.6 7910 380000 92781
p (M-W) CAR-CAR vs CAR-BEN 0.530 0.453 0.945 0.662 0.304
CAR-ATYP 4 1 2 1 3.5 8.2 10255 464000 93954
p (M-W) CAR-CAR vs CAR-ATYP 0.49 0.66 0.398 0.99 0.595
CAR-SEN 2 0 2 0 10.3 7.6 14045 458500 100929
p (M-W) CAR-CAR vs CAR-SEN 0.79 0.448 0.906 0.983 0.722
CAR-Al 1 0 1 0 14.7 9 10160 423000 84932
p (M-W) CAR-CAR vs CAR-AI 0.19 0.360 0.901 0.976 0.401
p (K-W) 0.614 0.70 0.945 0.977 0.720

Med £ IQR: median * interquartile range

M-W: Mann-Whitney U

K-W: Kruskal-Wallis

A: Asymptomatic clinical phenotype; M: Moderate clinical phenotype; S: Severe clinical phenotype
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Discussion

The Bs haplotypes are among the genetic factors linked the phenotypic variability observed in
SCA in the literature. In this study, we assessed the distribution of s haplotypes and their
correlation with baseline hematologic parameters in a cohort of Congolese SCA patients.

We observed a predominance of the CAR haplotype (at a frequency higher than 90%) similar
to studies in neighboring African countries, including Angola (CAR-CAR at 92,15% in 192
SCA children; CAR-CAR at 82,2% in 12 SCA newborns) (Borges et al. 2019; Delgadinho et
al. 2021), Uganda (CAR-CAR at 89% in 104 SCA patients) ( Ndugwa et al. 2012), Congo
Brazzaville (CAR-CAR at 85,7% in 54 SCA pygmies) (Mouélé et al. 2000). The same trend
has been recently reported in a multicentric study involving DRC, Angola, Uganda, and Kenya
(CAR-CAR at 92% in 635 SCA children) (Tshilolo et al., 2019) .

This observation of a nearly homogeneous haplotypic genotype contrasts with studies from
other African, European, and American countries. In many American countries, the
heterogeneity of BS haplotypes is explained by the flow of Africans from different regions
during the slave trade period (Fong et al. 2013; Lindenau et al.2016). In Europe, the diversity
of BS haplotypes is essentially due to migrations from several African regions (Bernaudin et
al.2018). In Africa, the distribution of BS haplotypes is highly diversified. In some countries
such as Cameroun, Sudan, Egypt, all African BS haplotypes are represented, with a higher
frequency of the Benin haplotype (Elderdery et al. 2012; Bitoungui et al.2015; Abou-Elew et
al.2018).

The BS haplotype homogeneity in our region may reflect limited admixture with other
populations. However, the presence of the BEN, SEN and Al haplotypes even at very low
frequency could result from recent admixture of West Africans, Portuguese, Lebanese and
Indians with the local population through commercial transactions (Flahaux & Schoumaker,
2016). We could not find any anthropological explanation for the absence of the CAM

haplotype in our study sample.

The frequency of 0.74% of atypical haplotypes reported in our study is lower than the 5 to 10%
often observed (Zago et al. 2000). For instance, 5.7% of atypical haplotypes with 11 different
patterns were reported in Brazil (Srinivas et al.1988) and 11.8 % of 3 different patterns of

atypical haplotypes in Yemeni SCA children (Al-Saqladi et al. 2010). Population’s admixture



is among factors involved in the multiplicity of atypical BS haplotypes. Therefore, our finding

can be explained by the relative homogeneity of the studied population.

The atypical haplotypes were mainly co-inherited with the most frequent haplotype
encountered, the CAR haplotype. The study by Adekile et al. in Kuwait reported an atypical
haplotype with a profile close to the Atypical 1 identified in our study: GTCCC genotype in
our study, and TTCCC in the Kuwait SCA cohort (Adekile et al.2021). More Bs haplotype
distribution studies are needed in the Central Africa region to evaluate the presence of this

particular atypical haplotype in the DRC neighborhood.

The likely lack of significant association of Bs haplotypes with hematologic parameters was
also reported by Bitoungi et al. in a study involving one of the largest national cohorts of Sub-
Saharan African SCA patients where the authors found mainly the BEN haplotype (Bitoungui
et al.,2015). Both our studies could not identify significant differences in hematological profile
among haplotypes, probably because of the large predominance of one specific haplotype and

very low frequency of others.

Due to the previously reported association of the CAR haplotype with lower HbF levels, one
would expect the CAR/CAR haplotype to be characterized by a more pronounced clinical
severity (Piel et al. 2017). Interestingly, our results show that only less than 15% of patients
with the CAR/CAR haplotype (11% in children and 8% in adults) present a severe clinical
severity, while the majority of CAR/CAR patients exhibited a moderate or mild phenotype.
This could as well reflect an ascertainment bias as we have not conducted a population-wide
study, and it is likely that in adults, patients with the most severe spectrum of the disease have

already died.

The levels of HbF in SCA individuals homozygous for CAR/CAR varies widely in different
studies from different populations, as shown on Table 4.

Similar variations in HbF levels were reported in patients homozygous for other haplotypes.
For instance, Alsultan et al identified significant differences in HbF levels between African and
Saudi SCA patients, all sharing homozygous Benin haplotype. This suggests that other factors
could be involved such as age, gender, environmental factors, other associated

hemoglobinopathies (Alsultan et al.,2011) or other genetic markers.
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Table 4. Levels of HbF within SCA patients homozygous CAR/CAR haplotype




Conclusion

The CAR haplotype is predominant among DR Congolese SCA patients. Furthermore, the
evaluation of influence of Bs haplotypes on hematological and clinical parameters is limited by
the very low representativeness of other haplotypes .
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Abstract

Background: Fetal hemoglobin (HbF) level, the most recognized modulator of sickle cell
anemia (SCA) clinical expression, is mainly regulated by quantitative trait loci, BCL11A,
HBS1L-MYB, and HBB loci. However, SNPs associations with HbF levels in those regulatory
regions are not consistent across different populations.

This study assessed a set of SNPs in a cohort of Congolese SCA patients, for their potential
association with HbF levels and the hematological parameters involved in the disease severity.

Method: SCA patients were recruited from St Luc Hospital in Kisantu and the “Centre de
Médecine Mixte et d’Anémie SS” in Kinshasa in a cross-sectional study. Blood count data
were obtained on an automated counter. Restriction fragment length polymorphism was used
to confirm homozygous SCA status. Molecular Inversion Probes (MIPS) sequencing was used
for SNPs genotyping. Data analysis was performed by regression analysis using the PLINK
software with age and sex as covariates.

Results: The most significant association with HbF level was found for rs1427407 (G>T) at
BCL11A locus , with the homozygous TT genotype having the highest level of HbF (13.8%).
Other SNPs within the BCL11A locus (rs766432, rs11886868, rs4671393,rs7606173) and
HBS1L-MYB intergenic region (rs28384513) were also significantly associated with HbF
levels. No simultaneous association with both HbF and a particular blood cell count was
observed for any of these SNPs. Only the OR51B5/6 locus with rs5006884 and rs5024042
were associated with platelet count.

Conclusion: In our cohort of Congolese SCA patients, SNPs at BCL11A and HBS1L-MYB
loci show significant influence on the HbF level but no correlation with blood cell count.

Keywords: sickle cell anemia; DR Congo; single nucleotide polymorphisms; fetal hemoglobin
level
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Introduction

Sickle cell anemia (SCA) is recognized mainly as a single mutation disease with marked
interindividual variability with regards to the clinical manifestations and severity, as well as
the response to the HU treatment. The basis of this variability is not fully elucidated yet (Driss
et al. 2009). So far, the fetal hemoglobin (HbF) level is largely considered the most powerful
modulator of the clinical expression of the disease (Akinsheye et al. 2011). Multiple genome-
wide studies have established a significant association between high levels of HbF on one hand,
and milder manifestations of the disease and a survival advantage on the other hand (Akinsheye
et al. 2011; Maitra et al. 2017; Platt et al. 1994; Steinberg & Sebastiani 2012). This beneficial
effect of HbF consists in inhibiting the polymerization of deoxyHbS (Charache 1990), which
is a major element in the pathophysiology of SCA (Bunn 1997; Steinberg 2020). In addition,
SCA patients with high levels of HbF also present a decreased mortality related to the disease
(Dadheech et al. 2014; Thein 2008).

The level of HbF is in itself a heritable trait whose expression is mainly regulated by 3
quantitative trait loci (QTLS) identified by Genome-Wide Association Studies (GWAS)
(Garner et al. 2000; Gibney et al. 2008). Those QTLs are localized in the BCL11A (B-cell
lymphoma/leukemia 11A) gene on chromosome 2p16.2, the HBS1L-MYB intergenic region
[a126-kb intergenic region between HBS1L (Hsp70 subfamily B suppressor 1-like gene) and
the MYB (MYB proto-oncogene) gene on chromosome 6q23.3], and the B-like-globin gene
cluster (HBB cluster) on chromosome 11p15.5, especially the polymorphic loci Xmn1-HBG2
and the OR51B5 (Lettre et al. 2008; Nuinoon et al. 2010; Solovieff et al. 2010; Thein 2008,
2013; Uda et al. 2008). Together those 3 QTLs explain 20 to 50% of the interindividual
variation of HbF in SCA patients (Lionel et al. 2018; Thein 2008). Other studies have identified
additional regulators of HbF expression such as the OR51B6 (olfactory receptor) gene on
chromosome 11p15.4 (Solovieff et al. 2010), SIN3A gene on chromosome 15q24.2 (Gravia et
al. 2016), and GLP2R gene (glucagon-like peptide-2 receptor) (Bhatnagar et al. 2011). In SCA
GWAS, the selection of SNPs for HbF levels association evaluation is function of the MAF in
the studied population. Hence, the association could be variable depending on the studied
populations (Delgadinho et al. 2021; Fong et al. 2015; Mikobi et al. 2018; Sales et al. 2020;
Wonkam et al. 2014).

In DRC, one of the most SCA-affected countries worldwide, only the preliminary study by

Mikobi et al. has evaluated the association of 8 selected SNPs with HbF levels in a cohort of
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DR Congolese SCA patients thus far (Mikobi et al. 2018). In the present study, we assessed a
larger set of selected SNPs on a larger cohort of Congolese SCA patients, for their potential

association with HbF levels and the hematological parameters involved in the disease severity.

Methods

Patients’ selection, sample treatment, selection of SNPs set, and SNP genotyping technique are

presented in the general methodology.

Data analysis

Quantitative data of WBC, platelet, and reticulocyte counts were normalized by logio-
transformation prior to the analysis. All genotypes underwent a Hardy-Weinberg law check
using the chi-squared test. A regression analysis was performed for SNP genotype with age
and sex as covariates using the software PLINK v1.9 (https://www.cog-genomics.org/plink/1.9

or https://zzz.bwh.harvard.edu/plink). For statistical analysis, a p-value < 0.05 was considered

significant.

Results
Description of the cohort and tested SNPs

As per the QC presented on page 54, a total of 215 patients (85 males and 130 females) aged
between 5 and 40 years (median age = 20 years; range: 12.3 - 27), were retained for the study.
Nineteen SNPs passed the QC for this study. None of these showed significant deviation from
the HW equilibrium.

Genotypes and alleles frequencies

The candidate SNPs and the allele frequencies are presented in table 1. The lowest MAF was
found for the SNPs localized in the HBS1L-MYB intergenic region and those in the HBB locus.
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Table 1. Liste of SNPs

Gene

BCL11A
BCL11A
BCL11A
BCL11A
BCL11A
BCL11A
BCL11A
HBS1L-MYB
HBS1L-MYB

HBS1L-MYB
HBS1L-MYB
HBS1L-MYB
HBS1L-MYB
HBS1L-MYB
HBS1L-MYB
HBG

HBE
OR51B5/6
OR51B5/6

Candidate
SNP
rs10189857
rs1427407
rs7599488
rs766432
rs11886868
rs4671393
rs7606173
rs17599586
rs28384513

rs7776054
rs9399137
rs4895440
rs4895441
rs9389269
rs9402686
rs7482144
rs7130110
rs5006884
rs5024042

Chromosomal location hg19

GRCh37
2:60713235
2:60718043
2:60718347
2:60719970
2:60720246
2:60720951
2:60725451
6:131904719
6:135376209

6:135418916
6:135419018
6:135426558
6:135426573
6:135427159
6:135427817
11:5276169
11:5296104
11:5373251
11:5373562
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Allele change

A>G
G>T
C>T
A>C
T>C
G>A
G>C
C>T
T>G

A>G
T>C
T>A
A>G
T>C
G>A
G>A
G>C
C>T
C>A

MAF

G=0.26
T=0.27
T=0.25
C=0.32
C=0.31
A=0.32
C=0.45
T=0.12
G=0.13

G=0,16
C=0.03
A=0.41
G=0.03
C=0.01
A=0.02
A=0.00
C=0.01
T=0.06
A=0.06



Table 2. Association of selected variants with HbF and hematological parameters

Genes SNP HbF B(p) Hb B (p) WBC B(p) Platelets B  Reticulocy
() te
B(p)

BCL11A rs10189857 -0.17(0.75) 0.009 (0.960)  0.007(0.70)  0.003(0.873) 0.001(0.95)
BCL11A rs1427407 2.63(8.25e-06) 0.38 (0.068) -0.022(0.29) -0.01(0.571) 0.03(0.22)
BCL11A rs7599488 0.06(0.90) 0.13(0.502) 0.007(0.72)  -0.003(0.881) -0.007(0.7)
BCL11A rs766432 2.06(0.00016) 0.35 (0.072) -0.027(0.17) -0.02(0.249) 0.01(0.52)
BCL11A rs11886868 2.34(2.01.e05) 0.31 (0.10) -0.028 (0.14) -0.015(0.463) 0.01 (0.44)
BCL11A rs4671393 2.11(0.0001355) 0.33 (0.087) -0.029(0.14) -0.02(0.214) 0.01(0.50)
BCL11A rs7606173 -2.13(2.31e-05) -0.381(0.034) 0.021(0.23) 0.008(0.68) -0.008(0.7)
ARG1 rs17599586 -0.45 (0.56) 0.27 (0.331) -0.006 (0.81) 0.03(0.283) -0.06 (0.06)
HBS1L-MYB rs28384513  -2.13(2.31e-05) -0.09(0.69) 0.012(0.60)  0.002(0.935) 0.01(0.57)
HBS1L-MYB rs7776054 0.41(0.57) 0.09(0.71) -0.003(0.88)  -0.02(0.467) -0.01(0.63)
HBS1L-MYB rs9399137 3.76(0.011) 0.29(0.57) 0.010(0.84)  -0.11(0.051)  0.02(0.68)
HBS1L-MYB rs4895440 0.14(0.77) 0.13 (0.46) -0.004(0.82)  0.007(0.704) -0.01(0.67)
HBS1L-MYB rs4895441 1.01(0.51) 0.33(0.53) -0.048(0.38)  8.014e-05  -0.06(0.38)

(0.998)
HBS1L-MYB rs9389269 2.31(0.21) 0.87(0.18) -0.040(0.55)  0.02(0.761)  -0.11(0.18)
HBS1L-MYB rs9402686 2.87(0.14) 0.822 (0.23) -0.036(0.60)  0.02(0.780)  0.08(0.22)
HBG rs7482144 0.39(0.89) -1.00(0.33) 0.02(0.37) 0.08(0.540)  0.04(0.59)
HBE rs7130110 0.42(0.38) 0.21(0.23) 0.02(0.21) 0.01(0.462)  0.01(0.84)
OR51B5 rs5006884 -0.83( 0.36) 0.26 (0.30) -0.02(0.39) -0.10 0.02(0.55)

(0.0030)
OR51B5 rs5024042 -0.83( 0.36) -0.33 (0.30) -0.02(0.39) -0.10 0.02(0.55)

(0.0030)

Regression analysis was performed with age and sex as covariates

Hb: hemoglobin; WBC: white blood cells

B: correlation coefficient

underlined values: no correlation after Bonferroni correction

Significant association with HbF levels was observed for rs1427407 , rs766432, rs11886868 ,
rs4671393 , and rs7606173 in BCL11A locus; and rs28384513 in HBS1L-MYB intergenic
locus (Table 2). Two SNPs (rs7606173 and rs28384513) were in LD with variant rs1427407,
with r? >0.50 and p<0.05. The most significant association with HbF level was found for
rs1427407 (G>T) at BCL11A locus .

The average HbF level increased from 5.9 % for the GG genotype to 13.8% for the TT
genotype, while the average was 7.05% for TG genotype (Figure 1).
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Figure 1. Distribution of HbF levels across the 3 genotypes of rs1427407 in the BCL11A gene

Lines at each box represent the lower, the median, and the upper quartile. Points outside the whiskers

indicated as circles are outliers.

None of these SNPs show a simultaneous association with HbF and hematologic variables.
Only the OR51B5/6 locus with rs5006884 and rs5024042 was associated with platelet count.

Discussion

The search for potential therapeutic targets for sickle cell disease has motivated studies on variants
influencing the HbF level, the major determinant of the severity of the disease thus far. In this study
involving 215 Congolese SCA patients, 19 SNPs passed the QC and were evaluated for previously
reported association with HbF and hematological parameters. Six SNPs in the BCL11A locus and

HBS1L-MYB intergenic region were significantly associated with HbF levels.
BCL11A locus

The BCL11A locus appears to be the most significant influent of HbF levels, as reported in our study
and others describing African patients (Makani et al. 2011; Mikobi et al. 2018b; Wonkam et al. 2014),
as well as in African descendants in America (Lettre et al. 2008). The BCL11A gene is

considered as the major regulator of the Hb switch.

However, rare microdeletions affecting the BCL11A locus result in both increased HbF levels
and a neurodevelopmental disorder as previously reported (Funnell et al. 2015; Lumaka et al.

2018; Peter et al. 2014). Of note, the BCL11A SNPs presenting a significant association in our
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study are rather common among African individuals. The MAF of HbF increasing allele T of
rs1427407 was 0.27 in our study, 0.23 in Nigeria (Adeyemo et al. 2018), 0.20 in Tanzania
(Mtatiro et al. 2014), and 0.24 in Cameroon (Pule et al. 2015). The MAF of rs7606173 was
0.45 in our study versus 0.42 reported in Cameroon (Pule et al. 2015) and 0.30 in a previous
study on Congolese SCA patients (Mikobi et al. 2018a). These SNPs have not been associated
with developmental phenotypes, suggesting that those SNPs carry only positive effects, making

them good therapeutic targets.

Like in our study, a significant association of rs11886868 and rs4671393 with HbF levels was
previously reported in other studies involving African-Americans (Lettre et al. 2008), Tunisian
(Chaouch et al. 2016 ) and DR Congolese SCA patients (Mikobi et al. 2018a).

HBS1L-MYB intergenic region

In this study, only rs28384513 was significantly associated with HbF level. This association
was also reported in Brazilian, Tanzanian SCA populations, and British African descent
(Creary et al. 2009; Lettre et al. 2008; Makani et al. 2011). With regards to the MAF, rs9389269
has a MAF of 0.01, which is close to the 0.03 reported in the Tanzanian cohort but higher than
the 0.18 reported in the Cameroonian cohort (Makani et al. 2011; Wonkam et al. 2014). Our
study reports a low MAF (0.03) for rs9399137, similar to other African cohorts: Cameroonian
(0.04%), and Tanzanian (0.01%). Compared to African populations, this SNP has a strong
association with HbF levels in European populations as reported by Thein et al (Thein et al.
2007). It is not clear whether these MAF differences influence the association with HbF. We

believe that these differences should be explored in relation to possible environmental effects.

Xmnl1l-HBG2 and the OR51B5/6 locus
The rs7482144 was homozygous for the wild type allele (GG) in all patients. Thus, a

correlation could not be evaluated. The T allele of Xmnl polymorphism is linked to the Arab-
Indian and Senegal haplotypes and explains the observed high HbF levels in those haplotypes
(Gilman & Huisman 1984). For instance, the rs7481244 has a strong association with HbF in
the Iragi Kurds SCA patients as well as in Senegalese SCA patients where respectively the
Arab Indian and the Senegal haplotypes are predominant (Al-Allawi et al. 2019; Bhanushali et
al. 2015). Those two haplotypes are almost scarce among Congolese SCA where the Central
African Republic (CAR) haplotype is predominant. This could be the explanation for the
observed genotype of the rs7482144.
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In general, SNPs presenting significant association with HbF levels were expected to also
impact hematological parameters. However, that was not observed in our study. Surprisingly,
independently of the effect on HbF levels, two variants at OR51B5/6 locus variants were
associated significantly with low platelet counts in our cohort ( f= -0.1036 p=0.0030). The

reasons for this disconnect remain to be elucidated.

Our approach to selected SNPs and the small size of our cohort might have prevented some
correlations from being identified. A GWAS study including Congolese SCA patients might

allow the discovery of others loci as well as the best tagging of SNPs of interest.

Conclusion

This study replicated the previously reported associations between SNPs in the BCL11A and
HBS1L-MYB loci and the HbF levels in a moderate-size cohort of Congolese SCA patients.
We did not observe a combined association between our tested SNPs and both the HbF and the
hematological parameters. Those results confirm the biological variability that characterizes

SCA is the same genomic loci across the Sub-Saharan regions.
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Abstract

Background: The beneficial effect of Hydroxyurea (HU) treatment has been demonstrated in
sickle cell anemia (SCA) patients as an increase in fetal hemoglobin (HbF) level. However, the
response is variable among patients. Genetic markers play a role in this variability. So, the

characterization of genetic profiles of SCA patients appears useful for a successful treatment.

This study aimed at evaluating the contribution of o-thalassemia coinheritance, the s
haplotypes, and 63 candidate SNPs in the HbF quantitative trait loci (QTLSs) and other loci in

HU response in a cohort of 58 Congolese patients included in a HU clinical trial.

Method: The a-thalassemia status was determined using the MLPA method, whereas SNPs
genotyping was performed by the MIPs method. The HU response was defined as the increment

of the HbF level from the baseline level.

Results: Results demonstrated that a-thalassemia status as well as the Bs haplotypes did not
significantly influence the positive response to HU treatment. Conversely, the SNPs in five
genes contributed significantly to the HbF increase: rs1480642 and rs 487278 in PDE7B , rs
9483947 in MAP3KS5 |, rs 765587 in TOX , rs 9319428 in FLT1 and rs 28384513 in HBS1L-

MY B intergenic space.

Conclusion: Those markers may serve as potential predictors of HU response in our setting.

Keywords: Hydroxyurea response, alpha thalassemia, betaS haplotypes, single nucleotide
polymorphisms, DRC
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Introduction

Hydroxyurea (HU) is the first drug approved by the Food and Drug Administration (FDA) for
Sickle Cell Anemia (SCA) treatment (Yawn et al. 2014). Treated patients benefit from both
clinical and biological improvements, leading to a better quality of life (Charache et al. 1996;
McGann & Ware 2015; Ofakunrin et al. 2020; Tshilolo et al. 2019; Youssry et al. 2017). The
drug was originally developed to treat leukemia. The increase of F cells (RBC with high content
of HbF) in patients treated with HU led to its repurposing to treat SCA despite its cytotoxicity
(Dover et al. 1985). Several mechanisms are involved in the beneficial effects of HU in SCA,
including HbF induction, reducing leucocytes and reticulocytes count, reducing hemolysis,
improvement of vascular rheology (Ware 2010). However, the increase of HbF levels remains
the primary effect of HU, through several pathways (Lebensburger et al. 2010).

The protocol for the administration of HU requires a progressive dose escalation from a
minimal dose of 10-15mg/kg/d up to the maximum tolerated dose (MTD), which is around 30-
35 mg/kg/d. However, despite good adherence to HU treatment, an inter-individual variability
in the response to treatment has been observed, both in terms of tolerated dose and in terms of
achieved % HbF at MTD, referred to as HU-induced HbF level (Baliga et al. 2000; Hankins et
al. 2014). Based on the level of HU-induced HbF levels, patients are classified into good
responders and poor responders (Charache et al. 1992; Steinberg et al. 1997). SCA patients
non-responders to HU represent 25 to 30% of treated patients (Charache et al. 1995; McGann
& Ware 2011; Steinberg et al. 1997).

Among factors likely to influence HU response among SCA patients, adherence to treatment
and environment (socioeconomic status, adherence to treatment, infections) , and the
individuals’ genetics appear to be the most relevant (Santana et al. 2020; Yahouédéhou et al.
2018). Genetic markers reported to influence HU response include some SNPs, alpha
thalassemia, and beta-globin haplotypes (Ma et al. 2007; Okumura et al. 2016). There is a
correlation between the baseline of HbF and HU-induced HbF levels. Some of the genetic
polymorphisms associated with HU-induced HbF levels are already known to influence basal-
HDbF levels of HbF (Sales et al. 2022). In addition, other polymorphisms, not concerning the
baseline HbF level, have also shown a significant association with HU response [

https://www.pharmgkb.org].

Due to this observed variability as well as potentially toxic effects related to HU, it appears
important to target patients eligible for HU treatment based on the individual genetic profile of
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the patient. This approach is particularly important in Sub-Saharan Africa in general and in the

Democratic Republic of Congo, where the majority of SCA patients live.

Before the onset of this study, such an investigation did not exist in DRC. Since HU response
and adherence have been evaluated in a large cohort of Congolese patients (Tshilolo et al.

2019). However, that study did not investigate genetic determinants.

This present study aimed to fill the gap of genetic determinants of HU response, including

candidate SNPs, alpha thalassemia status, and beta S haplotypes.

Material and methods

Patients selection, sample treatment, selection of SNPs set and SNPs genotyping technique is
presented on point 2.1 above.

The HU clinical trial was conducted by my colleagues Paul and Gloire ( Paul Lumbala.
Diagnosis and Treatment by Hydroxyurea of Adults with Sickle Cell Anemia in the Democratic
Republic of Congo) ( Gloire Mbayabo. Diagnosis and Treatment by Hydroxyurea of Children

with Sickle Cell Anemia in the Democratic Republic of Congo)

Particularly in our study, we focused on patients' genetic profiles after being categorized as HU

responders and non-responders after HU treatment.

Specifically for this study, we used the Multiplex Ligation-dependent Probe Amplification
(MLPA) to define a-thalassemia status among the cohort of patients. MPLA consists of
multiplex PCR using probes specific to the genomic sequence to evaluate the relative copy
number of each sequence. The SALSA MLPA Probemix kit (MRC-Holland, Netherlands) was
used to detect the copy number variations in the a-globin cluster on chromosome 16p13.3
defining a-thalassemia. Each DNA sample concentrated at 100 ng was used to perform the test
according to manufacturer instructions. Fragments obtained were detected on ABI Hitachi
DNA Analyzer 3730 XL (Hitachi America, USA) and analyzed using the Coffalyser.NET
software (MRC-Holland).

Data analysis

Delta HbF level, as the difference between HbF baseline level and HbF HU induced level, was
calculated. The t-student test was used to evaluate differences in HbF values between patients

according to their alpha-thalassemia status and beta-globin haplotypes. Genetic analysis was
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performed by regression analysis, with age and sex as covariates using the PLINk software. A

p-value of 0.05 was considered significant.
Results

A cohort of 58 SCA patients included in this study comprised 28 females and 30 males aged

between 3 and 33 years.

Influence of alpha-thalassemia status

The o 3.7 kb alpha thalassemia deletion, the most frequent, was co-inherited in 19 SCA
patients. But no statistical difference was observed in both groups neither in terms of HbF
baseline nor HbF (Table 1).

Table 1. HbF level according to « thalassemia status before and after two years of HU
clinical trial

SCA patients (N=39) SCA - 02.7 thalassemia p values
patients (N=19)
Baseline HbF (%) 7.4+£3.6 7+3.1 0.647
HU induced HbF 20.8+12.4 20.5+9.2 0.908
level (%)

Results are presented as mean xstandard deviation
Influence of S haplotypes

Almost all patients were homozygous CAR haplotypes and this did not allow comparison with

other heterozygous CAR haplotypes (Table 2).

Table 2 . HbF values at baseline and after HU treatment according to ps haplotype

CAR/CAR P CAR/BEN CAR/SEN
(N=54) (N=3) (N=1)

HbF baseline level 7.30+3.4 - -

<0.001
HbF induced HU 20.7+11.4 - R

Values are presented as mean + standard deviation.
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SNPs association with HU response

Six SNPs in five loci (PDE1B, MAP9KS5, TOX, FLT1 and HBS1L-MYB) were significantly
associated with HbF level induced by HU treatment. In addition, the SNP rs 28384513 in the
HBS1L-MYB intergenic region was previously reported to be associated with the baseline HbF
level and HU metabolism (Table 3).

Table 3. SNPs significantly associated with HU-induced HbF level

Gene SNP Mechanism associated B P value

HBS1L-MYB rs 28384513 HbF baseline -6.94 0.011
+ HU-induced HbF level
+ HU metabolism

PDE7B rs 1480642 HU-induced HbF level -7.53 0.012

PDE7B rs 487278 HU-induced HbF level -7.39 0.026

MAP3K5 rs 9483947 HU-induced HbF level -4.90 0.041

TOX rs 765587 HU-induced HbF level -5.34 0.026

FLT1 rs 9319428 HU-induced HbF level -6.4 0.004
Discussion

Hydroxyurea pharmacogenomics studies are useful to anticipate the drug’s response. In this
study, 58 patients followed up for an HU clinical trial, neither the a-thalassemia coinheritance
nor the Bs haplotypes influenced HU treatment. Six SNPs were associated significantly with

HU response.

a-thalassemia influence

Coinheritance with a-thalassemia deletion concerns around 30% of SCA patients and improves
both biological and clinical manifestations of SCA (Darbari et al. 2012; Embury et al. 1982).

Controversial results are reported concerning the influence of a-thalassemia on HU response.
The study by Vasavda et al observed a negative effect of a-thalassemia in HU response in terms
of the high level of plasma cell-free DNA instead of the expected reduced level induced by HU

treatment (Ulug et al. 2008; VVasavda et al. 2012). In contrast, Sheehan et al reported an increase
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in HbF levels after HU treatment independently of a-thalassemia status as well as Figueiredo
etal (Figueiredo et al. 2017; Sheehan et al. 2013).

Our results sustain the trends by Sheehan and Figueiredo as in our cohort of patients the
increase in HbF level was observed regardless of a-thalassemia status. Factors such as age and
reaching of MTD are among possible factors that may explain this variability according to
Figueiredo et al (Figueiredo et al. 2017).

Bs haplotypes effect

The response to HU treatment according to Bs haplotypes is variable in the literature. Our
results corroborate with those of Vicari et al (Vicari et al. 2005), Silva et al (Silva et al. 2013),
and Ware et al (Ware 2010). Both studies conducted in Brazilian SCA patients reported a
significant increase in HbF level after HU treatment within the homozygous CAR haplotype,
the most frequent haplotype in their cohort (40.9% and 48.2% respectively).

But in another Brazilian SCA patients cohort, the second more frequent haplotype, BEN, was
correlated with an increase in HbF levels (Yahouédéhou et al. 2019). The same results were
reported by Bernaudin et al in a cohort of 580 French SCA patients, with an important
correlation of BEN haplotype with increased HbF level after HU treatment, despite the highest
frequency of the CAR haplotype (Bernaudin et al. 2018). For those authors, this difference in
HU-induced HbF levels between CAR and BEN haplotypes may be explained by the positive
correlation of the BEN haplotype with the favorable allele “T” of SNP rs 1427407 (BCL11A).
Such comparison was not possible in our cohort due to the homogeneous distribution of the
CAR haplotype.

Similar to our result, the study by Ware et al did not find an association of HU response at the

maximum tolerated dose neither with Bs haplotypes and a-thalassemia (Ware 2010).

SNPs associated

Among SNPs significantly associated with HU-increased HbF in our study, three of them
rs9483947 (MAP3KS5), rs765587 (TOX), and rs 9319428 (FLT1) were also significantly
associated with HbF as reported by Ma et al (Ma et al. 2007). In both studies, HbF was
expressed in the percentage of total hemoglobin evaluated after two years of HU treatment.
Those three candidate genes are involved respectively in HbF level regulation as QTL, DNA

transcription regulation, and vascular endothelial cell differentiation and proliferation.
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Depending on the criteria used, SNPs associated with HU response differ from ours in the
present study. Green et al reported a significant association of SNPs within BCL11A and
GLP2R genes with maximum HbF during HU treatment (Green et al. 2013). Interestingly,
those SNPs are also associated with baseline HbF levels.

Our results were consistent with those by Sheehan et al who also did not find any association
of SNPs in BCL11A or HBSIL-MYB with HU response in terms of maximum HbF at MTD
or difference in final HbF level with HbF baseline (Sheehan et al. 2014).

All those studies result in different HU response genetic profiles according to the studied

populations as well as the response criteria used.

Our study may be limited by the only parameter considered for HU biological response, the
increase of HbF level, as the main mechanism of HU. However, since other hematological and
biochemical parameters, as well as clinical data, are involved in HU response (Yahouédéhou

et al. 2019), further studies are important to evaluate the association with SNPs.

Conclusion

This study highlights the significant contribution of some SNPs to HU treatment response in
our cohort of Congolese SCA patients. However, the study is limited by the low number of
patients who achieved the clinical trial and consequently evaluated; and also, the consideration
of HbF increased level as the only evaluation parameter. Anyway, the six SNPs significantly
associated with HU response can be used as a predictive marker of HU treatment efficacity.

But those results need to be confirmed in a larger cohort.
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4. GENERAL DISCUSSION

This study was designed to contribute to reducing the burden of sickle cell anemia (SCA) on
the Congolese population. We did not initially conduct a systematic assessment of the needs:
it was obvious that a timely and robust diagnostic confirmation of SCA was the angle where a
genetic laboratory could bring improvement. The clinical presentation of SCA is widely
variable. Several environmental modifiers of the clinical variability have been explored in the
Congolese setting ( Kadima et al.2015; Aloni et al. 2017 ; Mikobi et al. 2018 ) . Using genetic
tools, it would be possible to advance such a study with the investigation of genetic modifiers
in Congolese patients. Therefore, applying genetics to improve the diagnosis and to gain more
insights into the genetic modifiers of the disease presentation, the response to treatment, and
disease prognostic were the two major challenges that we decided to take on with this study.
SCA patients in DR Congo and in similar settings experience additional challenges such as the
general limitation of resources, the additional economic burden imposed by the complications
of the disease on the patient and relatives, the limited availability of treatment options including
blood exchange program or bone marrow transplant, the weakness of the health system, the
stigmatization in society and many more (Wembonyama et al. 2007; Luboya et al. 2014;
Mulumba & Wilson 2015; Mukinayi et al. 2018). These challenges were not the topic of the
present research but were taken into consideration when discussing on the potential of

genotyping and haplotype analysis is a low-income setting.

4.1 Implementation of DNA-based test

Reaching the diagnosis is of utmost importance for any genetic disease in general, and for SCA
in particular. A diagnosis launches the start of a disease-specific patient’s follow-up and
informs the implementation of appropriate treatment when needed and available. This follow-
up could prevent complications, including death, and would lower the economic burden on the
families and on society. Until the time this work was completed, there was no newborn
screening program in the country although a pilot study proved the feasibility and utility of
NBS for SCA in DR Congo (Tshilolo et al. 2009). Screening is possible using existing
laboratory test, but it should be noted that existing diagnostic options, which are based on the

detection of sickle hemoglobin, are known for their lower reliability during the neonatal period
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due to the interference of fetal hemoglobin. Congolese SCA children enter life undiagnosed,
leading to SCA-related mortality of up to 6 to 15% (Mulumba & Wilson, 2015).

In most Congolese SCA patients, SCA workup is only initiated after an acute event or a chronic
complication of the disease ( Aloni et al.2017).

Profiling of hemoglobin chains, mainly by electrophoresis (for which the equipment is most
available in the country) not only lacks robustness during the neonatal period, these tests also
have limited accuracy after transfusion. In addition, a fresh blood sample is the only specimen
tested with these technics.

First, we implemented locally a test for SCA that distinguishes whether or not the wild-type
allele has been substituted by the mutant allele, by virtue of restriction enzymes (RFLP). This
implementation required local challenges to be evaluated and resolution strategies to be
developed in order to ensure the uptake of the method. Our evaluation of the DBS proved that
FTA Elute cards did not require specialized transportation nor cold chain for storage and that
when stored on shelves at room temperature, they can be reused for up to four years (limit of
our controls). This is an important advantage in developing countries where the specialized
transportation for biospecimen is unavailable, the distance between the field and the laboratory
is long, roads are not in good condition, the electricity supply is unreliable, and biobanks consist
of fridges where samples and stored next to reagents. In addition, because multiple FTA cards
well may be piled up to reduce storage space, FTA cards for the entire country can easily be
stored in one facility for the 2 840 000 annual births in DR Congo (Tshilolo et al. 2009).

By skipping the DNA extraction step, the FTA cards reduce the initial cost by half (from 11.5
€ to 6.5 €). This makes the DNA-based test about 2 times cheaper than the hemoglobin-based
test (15 $). Moreover, skipping DNA extraction also led to a significant reduction in the

turnaround time.

In this study, we proposed and validated FTA cards a DNA-based test that allows an accurate
SCA diagnosis in both newborns and in post-transfusion periods, using venous blood, umbilical

cord blood, or buccal swab samples.

Besides being cheaper than the standard of care (SoC) and robust, our approach is reliable on
the one hand on the most challenging specimen such as cord blood, which is enriched with fetal

hemoglobin. On the other hand, we demonstrated reliability in using buccal swab which is not
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considered by the SoC despite being easily accessible. This is of relevance since using a buccal
swab avoids blood sampling in patients with chronic anemia and does not cause pain as
opposed to peripheral blood sampling, certainly in young children. Offering these painless
biological sampling methods may gain in SCA testing acceptability among the population
(Abraham et al.2012). Feasibility of the FTA-RFLP test from buccal swabs as an in vitro
diagnostic test for SCA opens the doors for rapid, convenient, and inexpensive diagnosis for
SCA.

It is well known that establishing the hemoglobin profile using blood sampled after transfusion
is challenging because of the normal hemoglobin from the donor. We have demonstrated that
this foreign hemoglobin could not fool a DNA-based test as it does with the Hb-based tests.
The implication of this result is that testing for SCA in Congolese children should not be
delayed because of a transfusion as suggested in the past (Burton et al. 2014).

Based on its reliability , we recommend FTA-RFLP to be used as (1) a first-tier diagnostic test
for newborns from high-risk couples (both partners are heterozygotes) and (2) as the second-
tier test for newborns with inconclusive or positive results at the standard newborn screening

without having to wait the 3 months period as previously recommended (Tshilolo et al. 2009).

Our approach is limited in differentiating HbS from HbC, since both mutations target the same
nucleotide position and any change at this position will remove the restriction site of the Ddel
enzyme. Also, our test is not indicated for the diagnosis of compound heterozygous
HbS/Bthalassemia, which is anyway rare in the DR Congo setting. Finally, the FTA-RFLP is
unable to diagnose SCD due to a point mutation in the HBB gene, different from the common
E7V mutation. However, HbC and HbS/Bthalassemia are rare as well (Tshilolo et al. 2016).

4.2 Genetic factors explaining biological and clinical variability in SCA patients in
Congo

Although the causal mutation is unique, SCA patients exhibit heterogeneous presentations in
the nature and the severity of clinical and biological manifestations. Previous studies have
reported a correlation between the level of fetal hemoglobin (HbF) and the clinical expression
of the disease. Variations in the baseline levels of fetal hemoglobin are under the control of
three major eQTLs, namely in BCL11A, HBS1L-MYB, and HBB (Makani et al. 2011; Mikobi
et al. 2017) and with a number of sickle haplotypes (Piel et al. 2017). Therefore, the
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determination of the genetic profile of SCA patients would allow to prioritize treatment for

those with predictive more severe phenotypes.

4.2.1 Haplotypes

Data on the distribution of SCA haplotypes in DR Congo are scarce. Until recently, researchers
relied on publications performed in neighboring countries (Bitoungui et al. 2015). The first
study to report on SCA haplotypes in DR Congo was published while we were sequencing our
samples (Tshilolo et al., 2019). This international collaborative study included 600 SCA
patients distributed in 150 participants per site (DRC, Kenya, Angola and Uganda). Similar to
that study and to the previous estimates, the CAR haplotype has the highest frequency in our
study. Over 90% of our patients were homozygous for the CAR haplotype.

The remaining patients shared compound heterozygous CAR/BEN, CAR/SEN, CAR/AI, and
CAR/ATYP haplotypes. This indicates a high homogeneity of SCA patients in DR Congo, and
would be reflecting a weak admixture with other populations.

We did not identify an association between the CAR alleles and the hematological profile and
could not test the effect of homozygous status for the CAR haplotype on the hematological

parameters given the almost absence of homozygous for the other haplotypes.

The CAR haplotype is reported to be characterized by the lowest level of HbF (Akinsheye et
al. 2011). Consequently, without the protective effect of high HbF level, homozygous CAR

patients are expected to be situated in the more severe spectrum of the disease (Piel et al.,2017).

Because of the lack of haplotype diversity in our cohort, we could not evaluate the impact of
other haplotypes on HbF levels. However, due to the broad variation range of these levels in
our study, we concluded that haplotypes were not likely the explanation for the variability of
the baseline values of HbF. In addition, only 11 % of children and 8% of adults presented a
severe clinical score as defined by Adegoke (Adegoke et al., 2013) and Mikobi (Mikobi et al.,
2015). There may be an ascertainment bias to explain this observation, the possible early

deaths of patients harboring the severe phenotypes could be a reasonable explanation.

4.2.2 Variants

The next step in the search for relevant genetic modifiers of the phenotype was to evaluate
known SNPs.
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In DR Congo, the available knowledge on the distribution of SNPs associated with HbF
baseline levels results from the study by Mikobi few years ago (Mikobi et al. 2018). This
previous study reported on eight SNPs, we aimed to explore a larger set of SNPs known for a
potential association with HbF levels and the hematological parameters involved in the disease

severity.

In our cohort of 215 patients , the BCL11A locus (rs 1427407) results as the most influent for
HDbF baseline level, particularly the T allele . However, other variants rs766432, rs11886868,
rs4671393 and rs7606173 in BCL11A locus as well as rs28384513 in HBS1L-MYB locus ,

were also significatively associated with baseline HbF levels.

Together, variants within the three main quantitative traits loci , i. e. BCL11A, HBS1L-MYB
and HBB (especially Xmn1-HBG2) have been reported to explain 20 to 50% of HbF level
variability ( Thein et al. 2013 ; Gueye et al. 2019) . However, through GWAS , new variants

are still being described.

This emphasizes the importance of regular updates with the aim to find more potential

therapeutic targets for sickle cell anemia.

High levels of HbF result in SCA phenotype improvement. Consequently, most therapeutic
approaches target the increment of HbF level ( Paikari et al. 2018). The BCL11A gene is among
key regulators of HbF through its silencing action of globin gene expression . So under-
expression of BCL11A in erythroid cells in adults SCA patients lead to stimulate HbF
expression (Sankaran et al. 2008).

The important contribution of SNPs in the BCL11A loci in HbF level variability has been
established by our study and several others, involving African SCA patients in Angola
(Delgadinho et al. 2021) () , Cameroon (Wonkam et al. 2014) , Tanzania (Makani et al. 2011)
as well as patients in India Bhanushali et al. 2015), Saudi Arabia ( Ngo et al. 2013), Brazil (
Friedrisch et al. 2016).

The HBG2 locus did not influence HbF variability in our cohort as well as in other sub-saharan
SCA patients. In contrast, the rs7481244 in HBG2 has the most influence in HbF variability in
SCA patients in other regions including Senegal (Gueye et al. 2019), Iraq ( Al-Allawi et al.
2019), India ( Bhanushali et al. 2003) Brazil ( Cardoso et al. 2014) and African Americans (

Lettre et al. 2008) . The rs7481244 polymorphism “T allele” is reported to be associated with
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the Arab Indian and Senegal haplotypes (Rahimi et al. 2003) which are frequent in those
regions . So, the scarcity of this haplotype among African SCA patients may explain the

observed discrepancy .

None of the HbF-associated SNPs reported in our study exert a simultaneous influence on
hematological variables. Contrary to our results, several SNPs in BCL11A and HBS1L-MYB
loci correlated to both HbF baseline levels and various hematological parameters including red
blood cells, white blood cells and platelets counts as well as Hb level and red blood cells
indices, in a Cameroonian and Tanzanian cohort of SCA patients (Wonkam et al. 2014 ;
Mtatiro et al. 2015).

In our study , only the OR51B5/6 loci with rs5006884 and rs5024042 were significantly
associated with platelet count without significant influence on HbF baseline level. While
particularly , the SNP rs 5006884 influenced significatively HbF baseline levels in African
Americans SCA patients ( Solovieff et al. 2010). But in Cameroonians and Tanzanian SCA

cohorts, the contribution of the OR51B5/6 loci was not significant .

This observed diversity requires more collaborative investigations to reach out the genetic
background explaining those difference.

4.3 HU pharmacogenomic study

Hydroxyurea is the first and most widely available FDA-approved drug indicated to alleviate
manifestations of SCA (Ware, 2015). However, an inter-individual variability in the response
to HU treatment has been observed (Hankins et al. 2014). Genetic polymorphisms have been
reported to strongly influence the response to hydroxyurea treatment, mainly in term of HU-

induced HbF levels.

Pharmacogenomic determinants of HU response in SCA include the polymorphisms associated
with baseline HbF levels in three main QTL (Friedrisch et al., 2008 ; Adekile, 2011 ; Ware et
al.,, 2011) as well as other polymorphisms not related to the baseline HbF level
(https://www.pharmgkb.org). To that, other genetic markers are also involved such as

coinheritance with alpha thalassemia and beta S haplotypes.

This study involving a cohort of Congolese SCA patients was conducted to determine the

influence of some candidate SNPs, a thalassemia status and Bs haplotypes in HU response.
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Coinheritance of a thalassemia did not influence HU response, neither the s haplotypes as the
majority of patients were harboring the CAR haplotype. However, within the CAR haplotype,
a significant change was observed between HbF at baseline level and HU-induced HbF after
two years of treatment. Six SNPs rs28384513 (HBS1L-MYB), rs9483947 (MAP3KS5),
rs765587 (TOX) and rs 9319428 (FLT1), rs1480642 and rs487278 (PDE7B)) were

significantly associated with HU-induced HbF level.

The coinheritance with a-thalassemia in SCA is quite frequently encountered in SCA patients
(Mikobi et al., 2018). Even if our results did not report significative influence in HU response
as studies by Sheehan and co-workers (Sheehan et al. 2013) and by Figueiredo et al.

(Figueiredo et al. 2017), the influence of a-thalassemia status remains to date controversial.

Several criteria are used to measure the change in HbF level induced by HU treatment : AMTD
(maximum tolerated dose of HU) as difference between HbF level at MTD and HbF baseline
level; AHDF as difference between final HbF level and HbF baseline level; AHbF as difference
between maximum HbF and HbF baseline level. Also, the period of follow-up of HU treatment
remains another criteria (Sales et al. 2022). This may influence at a certain degree the SNPs
association. However, the set of SNPs found in our study as predictors of HU response in term
of HU-induced HbF level is consistent with the report by Ma et al. in US Afro-American SCA
patients (Ma et al. 2007). Both studies share similarities in period of HU treatment follow up

(21 and 24 months) and change in HbF criteria.

The HU response in SCA involves several other criteria apart from HbF induction, such as

other hematological, biochemical and clinical parameters.

As in this study we focused only on the HbF induction, which is the main mechanism, further

studies are needed to completely assess the influence of these SNPs.

In practice, our study on genetic association faced limitations at two levels. The first one
consists in SNPs selection. The available candidate approach appears to be less effective than
a broader genotyping. We consider our study as a preliminary one until we can perform GWAS.
The power of our study was also hampered by the fact that with the MIPs method, 11 SNPs

failed to be genotyped, thus reducing the number of assessed SNPs.

The second limit is the number of patients included due to logistic limitations.
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4.4 Usefulness of polygenic risk score (PRS) in SCA patients from DRC

A polygenic risk score (PRS) is an estimation of an individual's predicted risk to develop a
disease based on its genetic profile. It consists in an algorithm based on cumulative effect of
several SNPs significatively associated with a disease, rather than considering each variant
individually. The benefit of a PRS is early identification of individuals at risk for the disease
according to the score obtained. It modulates the risk conferred by the causal disease gene and
family history (Mars et al. 2022). Therefore, preventive care can be applied for (high) risk
individuals in the context of preventive medicine (Babb et al. 2020).

GWAS has allowed the discovery of several variants associated to HbF level in different SCA
populations. The HbF level is one of the main modulators of the disease phenotype variability.

Consequently, a PRS could be built based on each SNP’s risk allele and effect size.

This could be advantageous, maybe even more in a low resource country, by priority selection
of SCA patients likely to present a severe phenotype. For them, HU administration or curative
treatment such as bone marrow transplantation or gene therapy would have a greater benefit in
terms of better quality of life. We wanted to investigate whether PRS scores could be generated
for the Congolese SCA population. Of course, we realized that our cohort was very small. In
addition, the data (risk allele and effect size) used to build a PRS are mostly based on candidate
SNPs obtained from Europeans or Afro-American populations, and data from African,
particularly from sub-Saharan populations where the disease is more frequent, are not
available. An illustration of the genetic differences between European and African -American
populations with African natives, was recently given by Fatumo et al. who found several

variants specific only to Ugandan populations (Fatumo, 2020).

Then the question is to which extent those PRS would be accurate for DR Congolese SCA
patients? Certainly, the candidate SNPs approach that we used is less suitable than next
generation sequencing methods would be (van Dijk et al. 2014) . These new sequencing
technologies, by a complete analysis of the human genome, would allow the discovery of both
frequent and rare variants associated with HbF levels variation. Unfortunately, those techniques

are not affordable in the DRC setting.

Probably these limits explain the scarcity of PRS in the literature performed among African
SCA patients.
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In 2021, Rampersaud et al build a PRS for acute vaso-occlusive pain in children SCA patients
in the US using the whole exome sequencing (WES)( Rampersaud et al.2021). Another study
by Pincez T et al. elaborated a hematological traits PRS for SCA patients from the US cohort
(Pincez et al., 2022). The study by Milton et al. constructed a PRS predictive for HbF levels,
again based on American SCA patients ( Milton et al., 2014). All three studies provided
prediction on HbF levels in African -American SCA patients. The question now is to which
extent those PRS can be of use for Congolese SCA patients. The prerequisite could be the
common ancestral background . The difference in ancestral background with the population
from which the PRS was validated, is among factor leading to poor performance of a PRS when
applied in a different population ( Martin et al. 2019). However this point should be considered

in future studies.
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5. SUMMARY

Sickle cell anemia (SCA) is the most common hemoglobinopathy worldwide. Developing
countries like the Democratic Republic of Congo (DRC) suffer a heavy burden and the disease-
related mortality remains high, up to 50% to 90% before five years of age. Factors that
contribute to high mortality include delayed diagnosis due to the scarcity of appropriate
laboratory infrastructure, poor access to adequate medical care due to limited financial
resources of patients, inadequate supply of state-of the art medical, prevailing mystical beliefs
and use of traditional herbal medicine. Despite the fact that a single mutation in the § globin
gene causes SCA, a marked interindividual variability in clinical manifestations and severity
as well as the response to hydroxyurea (HU) is observed among SCA patients. Genetic factors

are among factors that could explain this variability.

We conducted this study to improve the care to SCA patients though accurate, rapid and
efficient diagnostic and a better understanding of the influence of genomic polymorphisms on

clinical and biological profile and on the response to HU treatment in Congolese SCA patients.

The overall cohort consisted of 338 patients of whom 102 were neonates, 236 children and
adults. Neonates were recruited at 2 maternities of Kinshasa i.e. Maternity of Binza and
Maternity of Kingasani. Recruitment for children and adults were performed respectively at
the Saint Luc Hospital in Kisantu (Kongo central Province) and the “Centre de Médecine Mixte
et d’Anémie SS (CMMASS)”, St Crispin Hospital , and University Hospitals of the University
of Kinshasa at Kinshasa (the capital city) . All sites are located in the DRCongo.

In the first part, we aimed to implement a DNA-based SCA test that would be suited for a
limited resource setting and overcome limitations of hemoglobin (Hb)-based tests commonly
used in the current standard of care. The SCA Hb-based tests are not reliable particularly in

neonatal and post-transfusion periods.

Three types of biological samples were collected: venous blood, umbilical cord blood (UCB)
and buccal swab. A drop of blood (approximately 50 pl of blood) (venous and UCB) was
deposited on a circle of an FTA Elute card (Whatman WB120206).Buccal swabs collected
using a homemade sterile swab, was also rubbed on a circle of FTA elute card for 10 seconds
in order to transfer the sample. After DNA extraction by the manual salting out method (SO),
SCA molecular testing (RFLP) was performed to identify the sickled mutated allele (SO-RFLP
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method). We adapted the SO-RFLP protocol by replacing the extracted DNA sample by a 1.2

mm punch of FTA Elute cards, thus avoiding an expensive DNA extraction step.

There was a perfect agreement between both protocols i.e. SO-RFLP and FTA-RFLP. By
skipping the DNA extraction step, the FTA-RFLP reduces the cost by half (from 11.5 € to 6.5
€) and turn-around time significantly. FTA Elute cards with blood spots were conserved in a
clean closet at room temperature (RT) and retested after 2 years. We obtained the exact same

results.

The value and utility of DNA-based test on DBS in post-transfusion period is an ongoing study
where FTA-RFLP is performed before and 1 hour after a blood transfusion. Our preliminary
results (on 6 patients) show that the yield of FTA-RFLP remains unchanged after packed cells

transfusion contrary to the two Hb-based tests.

Thus, the FTA-RFLP can be recommended as (1) a first-tier diagnostic test for newborns from
high risk couples (both partners are heterozygotes) and (2) as the second-tier test for newborns
with inconclusive or positive results at the standard newborn screening without having to wait
the 3 months period. The test can also be offered immediately after transfusion, avoiding the
currently long waiting time required for a reliable Hb electrophoresis The easy transportation
as well as the proven good conservation of samples suggests that FTA Elute card is a suited
collection device in a resource limited setting. Moreover, storage at RT makes access to cold
storage facilities unnecessary, which is a critical advantage in developing countries where

electricity supply is unreliable

In the second part, we focused on the evaluation of genetic factors involved in modulating

the clinical and biological expression of SCA, as well as the pharmacogenetics of HU.

We first assessed the distribution of BS-globin haplotypes and the correlation between
haplotypes and baseline hematological and clinical profiles in our cohort of patients recruited
at the Saint Luc Hospital in Kisantu and the “Centre de Médecine Mixte et d’Anémie SS
(CMMASS)”. Patients were classified according to the clinical phenotype score as previously

described.

Then we evaluated a set of single nucleotide polymorphisms (SNPs), for their potential

association with HbF levels and the hematological parameters involved in the disease severity.
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Finally, we determined the contribution of a-thalassemia coinheritance, the Bs haplotypes and
candidate SNPs in HU response in the set of patients within our initial cohort , who were

included in a HU clinical trial.

Prior to be included in this part of the study, SCA homozygous status had to be confirmed by
DNA testing as previously described. In addition, we excluded in confirmed SCA patients,
those not in a steady state of the disease, those who received a transfusion within 4 months
prior to blood sample collection, and those under Hydroxyurea treatment. For each participant,
peripheral blood was collected in two EDTA-coated tubes of 4ml for hematologic tests and
DNA extraction. Measured hematologic parameters were: hemoglobin (Hb), white blood cells
(WBC), platelets (PLT), and reticulocytes (RETIC). The HbF level was quantified by capillary
electrophoresis (Minicap, SEBIA, France). Genomic DNA was extracted from blood samples

using the salting out method.

We used a candidate SNP approach exploring only SNPs with previously reported associations
in the literature and public databases. Candidate SNPs associated with the baseline HbF level
were retrieved from literature, searching PubMed using “fetal hemoglobin polymorphisms”.
We also extended the search to relevant papers from the reference lists of articles retrieved
through Pubmed search. We also searched in GWAS Catalog using “ fetal hemoglobin” AND
“sickle cell anemia”. The candidate SNPs associated with Hydroxyurea-induced HbF level
were also retrieved through the same process using “fetal hemoglobin” AND “Hydroxyurea”.
We also extend the research to the PharmGKB database using “fetal hemoglobin hydroxyurea”.
Our SNP set contained the 4 polymorphic positions defining the five Bs- globin haplotypes . In
addition, 63 SNPs were included in the study of other genomic modifiers exerting
pharmacogenomic variants. All these single nucleotide polymorphisms (SNPs) were
genotyped at once using Molecular Inversion Probes (MIP) method. The a-thalassemia status

was determined using the multiplex ligation-dependent probe amplification( MLPA) method.

The haplotype CAR was the predominant allele (95.92%), followed by BEN (1.67%), SEN
(1.31%), and Al (0.37%). Atypical haplotypes accounted for 0.74 % of alleles. Six haplotypic
genotypes were identified, including homozygous CAR (92.2%), homozygous BEN (0.37%),
and double heterozygous CAR/BEN (2.59%), CAR/SEN (2.59%), CAR/AIl (0.74%) and
CAR/ATYP (1.48%). Less than 15% of patients within the CAR/CAR haplotype presented a

severe clinical phenotype , representing 11% among children and 8% among adults.

117


https://www.pharmgkb.org/

Concerning the HbF baseline levels, the most significant association with HbF level was found
for rs1427407 at BCL11A loci, with the highest level of HbF (13.8%) in homozygous TT
genotype. Other SNPs within BCL11A locus (rs766432, rs11886868, rs4671393,rs7606173)
and HBS1L-MYB intergenic region (rs28384513) were also significantly associated with HbF
levels. No simultaneous association with HbF and hematologic variables was observed for any
of these SNPs. Only the OR51B5/6 loci with rs5006884 and rs5024042 were associated with
platelet count.

We conclude that Bs haplotypes are not the major explanation for the clinical and biological
variability in Congolese patients as patients still have variable hematologic and clinical
profiles. This biological variability is explained by genomic loci that are identical across the

sub-Saharan regions.

The coinheritance with a-thalassemia as well as Bs haplotypes did not influence the HU
response in term of HU-induced HbF level. A set of six SNPs rs 28384513 (HBS1L-MYB), rs
1480642 and rs 487278 (PDE7B), rs 9483947 (MAP3K5), rs 765587 (TOX) and rs 9319428
(FLT1) were significantly associated with HU-induced HbF levels. These set of SNPs may
serve as predictors of HU response in our setting.

Implications of the study

We plan to implement the SCA molecular test we validated in this study in the molecular
laboratory of the Center for Human Genetics at the University of Kinshasa. This will allow to
realize the test for routine diagnostic of SCA. Actually, existing molecular laboratories in the
country are dedicated essentially to the diagnostic of infectious diseases. Validation of reliable
molecular testing in our setting will lead to the implementation of reference molecular
laboratories dedicated to SCA diagnostic, helpful for the achievement of one of the * PNLCD’

program goal.

Also in collaboration with the Authorities of our home university (University of Kinshasa), we
plan to organize regular SCA screening among students. Sickle cell trait students will then
benefit from genetic counselling. Applied at the national level, this preventive measure can

result in the coming years in reducing the disease incidence.

The collaboration with the “PNLCD” program will be crucial for the deployment of the

molecular test at the national level not only for routine diagnostic but also for newborn
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screening. Systematic NBS has not been set up yet despite the creation of the “PNLCD” more
than 20 years ago. The functioning of such national program is closely linked to the national
health policy and depend on the budget allocated. If this structure has not worked properly for
a long time , we see a relaunch of activities on the ground . Some of them involve the
implementation of a national routine NBS program . Also with the growing interest of the

government focused on the disease , we believe in an improvement of “PNLCD” activities .

This collaboration will be also helpful as a framework to present our results at a national level,
and also to extend our research through GWAS. Through the national program, collaboration
will be extended to physicians and local SCA patients and parents’ associations to raise
awareness on the diagnostic and carrier testing and HU prescription. Physicians will acquire
more knowledge about HU, the only approved molecule available in our local medical arsenal
to date. Consequently, the HU prescription will increase, and why not having HU produced

locally will reduce the price.

With the genetic data on Congolese SCA patients, collaboration including larger cohorts of

patients can be established to verify the replication of our results on a larger scale.

In conclusion, this study has generated data on genetic context of sickle cell disease |,
particularly the sickle cell anemia , the most severe form and the main type encountered in our
DR Congolese cohort. The obtained data will be helpful for the clinical management of SCA
patients in the country and other countries. And also, the study provides preliminary data for

further studies in the field of genetic context of SCA.
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6. SAMENVATTING

De bloedarmoede van de sikkelcel (SCA) is de gemeenschappelijkste hemoglobinopathie
wereldwijd. Ontwikkelingslanden als de Democratische Republiek Congo (DRC) hebben een
zware last en de ziektegerelateerde sterfte blijft hoog, tot 50% tot 90% voor de leeftijd van vijf
jaar. Factoren die bijdragen aan een hoge sterfte zijn onder andere vertraagde diagnose als
gevolg van de schaarste van de juiste laboratoriuminfrastructuur, slechte toegang tot adequate
medische zorg als gevolg van beperkte financiéle middelen van patiénten, ontoereikende
levering van state-of-the-art medische, heersende mystieke overtuigingen en het gebruik van
traditionele kruidengeneeskunde. Ondanks het feit dat een enkele mutatie in het B globin-gen
SCA veroorzaakt, wordt een duidelijke interindividuele variabiliteit waargenomen in klinische
manifestaties en ernst, evenals de reactie op hydroxyurea (HU) bij patiénten met een plotselinge
hartstilstand. Genetische factoren zijn een van de factoren die deze variabiliteit kunnen

verklaren.

We hebben dit onderzoek uitgevoerd om de zorg voor SCA-patiénten te verbeteren, ondanks
nauwkeurige, snelle en efficiénte diagnostische gegevens en een beter begrip van de invioed
van genomische polymorfismen op het klinische en biologische profiel en op de respons op

HU-behandeling bij Congolese SCA-patiénten.

De totale cohort bestond uit 338 patiénten waarvan 102 neonaten, 236 kinderen en volwassenen
waren. Neonaten werden geworven bij 2 materiniteiten van Kinshasa, d.w.z. het moederschap
van Binza en het moederschap van Kingsani. Rekrutering voor kinderen en volwassenen werd
uitgevoerd in het Saint Luc Hospital in Kisantu (centrale provincie Kongo) en het “Centre de
Médecine Mixte et d’Anémie SS (CMMASS)”, het St Crispin Hospital en de Universitaire
Ziekenhuizen van de Universiteit van Kinshasa in Kinshasa (de hoofdstad) . Alle sites bevinden
zich in de DRCongo.

In het eerste deel wilden we een op DNA gebaseerde SCA-test implementeren die geschikt zou
zijn voor een beperkte resource setting en beperkingen van op hemoglobine (Hb) gebaseerde
tests overwonnen die vaak worden gebruikt in de huidige zorgstandaard. De SCA Hb-

gebaseerde tests zijn niet betrouwbaar, vooral in neonatale en post-transfusieperioden.

Er werden drie soorten biologische monsters genomen: Veneus bloed, navelstrengbloed (UCB)
en buccaal wattenstaafje. Een druppel bloed (ongeveer 50 ul bloed) (veneus en UCB) werd
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afgezet op een cirkel van een FTA-elutekaart (Whatman WB120206).Buccal-wattenstaafjes
verzameld met een zelfgemaakt steriel wattenstaafje, werden ook gedurende 10 seconden op
een cirkel van FTA-Elute kaart gewreven om het monster over te brengen. Na de DNA-
extractie met de handmatige zoutmethode (SO) werd SCA moleculair onderzoek (RFLP)
uitgevoerd om het gesikkelde gemuteerde allel (SO-RFLP-methode) te identificeren. We
hebben het SO-RFLP-protocol aangepast door het geéxtraheerde DNA-monster te vervangen
door een 1.2 mm pons FTA Elute-kaarten, waardoor een dure DNA-extractiestap wordt

vermeden.

Er was een perfecte overeenkomst tussen beide protocollen, d.w.z. SO-RFLP en FTA-RFLP.
Door de DNA-extractiestap over te slaan, verlaagt de FTA-RFLP de kosten met de helft (van
11.5 € tot 6.5 €) en de turnaround-tijd aanzienlijk. FTA Elute-kaarten met bloedviekken werden
bewaard in een schone kast bij kamertemperatuur (RT) en na 2 jaar opnieuw getest. We hebben
precies dezelfde resultaten behaald. De waarde en het nut van DNA-gebaseerde test op DBS in
de post-transfusieperiode is een lopend onderzoek waarbij FTA-RFLP vo6r en 1 uur na een
bloedtransfusie wordt uitgevoerd. Uit onze voorlopige resultaten (bij 6 patiénten) blijkt dat de
opbrengst van FTA-RFLP ongewijzigd blijft na transfusie van verpakte cellen, in tegenstelling

tot de twee op HB gebaseerde tests.

In het tweede deel concentreerden we ons op de evaluatie van genetische factoren die betrokken
zijn bij het moduleren van de klinische en biologische expressie van SCA, evenals de
farmacogenetica van HU.

We hebben eerst de distributie van S-globin haplotypes en de correlatie tussen haplotypes en
baseline hematologische en klinische profielen beoordeeld in onze cohort van patiénten die zijn
gerekruteerd in het Saint Luc Hospital in Kisantu en het “Centre de Médecine Mixte et
d’Anémie SS (CMMASS)”. Patiénten werden geclassificeerd volgens de klinische

fenotypenscore zoals eerder beschreven.

Vervolgens evalueerden we een reeks single nucleotide polymorfismen (SNPs), voor hun
mogelijke associatie met HbF-niveaus en de hematologische parameters die betrokken zijn bij
de ernst van de ziekte.
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Tot slot hebben we de bijdrage bepaald van a-thalassemie-coerfenis, de Ps-haplotypes en
kandidaat-SNPs in HU-respons in de reeks patiénten binnen onze initiéle cohort , die deel

uitmaakten van een klinische HU-studie.

Voordat het in dit deel van het onderzoek werd opgenomen, moest de homozygoot status van
SCA worden bevestigd door DNA-tests, zoals eerder beschreven. Bovendien hebben we
patiénten met een bevestigde plotselinge hartstilstand uitgesloten, patiénten die niet in een
stabiele toestand verkeren, patiénten die binnen 4 maanden vé6r de monsterafname een
transfusie hebben ondergaan, en patiénten met een hydroxyureumbehandeling. VVoor elke
deelnemer werd perifeer bloed verzameld in twee buizen met EDTA-coating van 4 ml voor
hematologische tests en DNA-extractie. De gemeten hematologische parameters waren:
Hemoglobine (HB), witte bloedcellen (WBC), bloedplaatjes (PLT) en reticulocyten (RETIC).
Het HBF-niveau werd gekwantificeerd door capillaire elektroforese (Minicap, SEBIA,
Frankrijk). Genomisch DNA werd geéxtraheerd uit bloedmonsters met behulp van de
zoutmethode. We gebruikten een kandidaat SNP-benadering die alleen SNP's onderzocht met
eerder gerapporteerde associaties in de literatuur en openbare databanken. Kandidaat-SNP's die
verband houden met het HBF-basisniveau zijn uit de literatuur opgehaald, waarbij PubMed
werd doorzocht met “foetale hemoglobine-polymorfismen”. We breidden de zoekopdracht ook
uit naar relevante artikelen uit de referentielijsten van artikelen die via Pubmed-zoekacties zijn
opgehaald. We hebben ook gezocht in de GWAS-catalogus met behulp van “foetale
hemoglobine” EN “sikkelcelanemie”. De kandidaat-SNP's die gerelateerd zijn aan het door
Hydroxyurea geinduceerde HBF-niveau werden ook via hetzelfde proces opgehaald met
behulp van “foetale hemoglobine” EN “Hydroxyureum”. We breiden het onderzoek ook uit
naar de PharmGKB-database met behulp van “foetale hemoglobine hydroxyureum”. Onze SNP
set bevatte de 4 polymorfe posities die de vijf Bs-globin haplotypes definiéren. Bovendien
werden 63 SNPs opgenomen in het onderzoek naar andere genomische modifiers die
farmacogenomische varianten uitvoeren. Al deze single nucleotide polymorfismen (SNPs)
werden onmiddellijk genotyped met behulp van de Moleculaire Inversion sondes (MIP)
methode. De a-thalassemia-status werd bepaald met behulp van de multiplex ligation-
dependent probe amplification (MLPA)-methode.

De haplotype- CAR was de dominante allel (95.92%), gevolgd door BEN (1.67%), SEN
(1.31%) en Al (0.37%). Atypische haplotypes vertegenwoordigden 0.74 % van alle allelen. Er

werden zes haplotypische genotypen geidentificeerd, waaronder homozygoot (92.2%),
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homozygoot BEN (0.37%) en dubbel heterozygoot CAR/BEN (2.59%), CAR/SEN (2.59%),
CAR/AI (0.74%) en CAR/ATYP (1.48%). Minder dan 15% van de patiénten binnen de
CAR/CAR haplotype presenteerde een ernstig klinisch fenotype , dat 11% onder kinderen en

8% onder volwassenen vertegenwoordigde.

Wat de HbF-basisniveaus betreft, werd de meest significante associatie met het HbF-niveau
gevonden voor rs1427407 op BCL11A loci, met het hoogste niveau van HbF (13.8%) in
homozygoot TT-genotype. Andere SNP's binnen BCL11A locus (rs766432, rs11886868,
rs4671393,rs7606173) en HBS1L-MY B intergene regio (rs28384513) werden ook aanzienlijk
geassocieerd met HBF-niveaus. VVoor geen van deze SNP's werd gelijktijdige associatie met
HbF- en hematologische variabelen waargenomen. Alleen de OR51B5/6 loci met rs5006884

en rs5024042 werden geassocieerd met het aantal plaatjes.

We concluderen dat s haplotypes niet de belangrijkste verklaring zijn voor de klinische en
biologische variabiliteit bij Congolese patiénten, omdat patiénten nog steeds variabele
hematologische en klinische profielen hebben. Deze biologische variabiliteit wordt verklaard

door genomische loci die identiek zijn in de gebieden ten zuiden van de Sahara.

De samenname met a-thalassemie en Ps-haplotypes heeft de HU-respons op termijn van het
door HU geinduceerde HBF-niveau niet beinvloed. Een set van zes SNPs rs 28384513
(HBS1L-MYB), rs 1480642 en rs 487278 (PDE7B), rs 9483947 (MAP3K5), rs 765587 (TOX)
en rs 9319428 (FLT1) werden aanzienlijk geassocieerd met door HU geinduceerde HBF-

niveaus. Deze set SNP's kan als voorspellers van HU-respons in onze setting dienen.
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