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The thalassaemias are a group of inherited blood disorders characterised by decreased or absent globin chain synthesis. Classification of
thalassaemia is based on the type of globin chain that is deficient. There are four globin chain subtypes, viz. o, §, y and §; deficiencies of

these are designated as a-, B-, y- or O-thalassaemia, respectively. As genetic defects or deletions may affect one or more globin genes, a

variety of clinical phenotypes may be encountered. Heterozygotes (thalassaemia carriers) enjoy partial protection against malaria, with

consequential survival advantage. This explains the unexpectedly high gene frequencies found in malaria-endemic areas. South Africa is
not a malaria-endemic area, and therefore has a predictably low prevalence of thalassaemia and other inherited Hb disorders. However,
because of migration, these conditions are increasingly encountered in countries not endemic to malaria. In this issue (part 1 of the 2-part
CME series), discussion is centred around epidemiology, pathophysiology, clinical features and diagnosis. Management is discussed in the

next issue (part 2).
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This CME series on thalassaemia is divided into 2 sections: part 1 (current
issue) covers epidemiology, pathophysiology, clinical exposition and
diagnosis, whereas part 2 (next issue) is dedicated to matters pertaining
to management.

The term thalassaemia is derived from the Greek word thalassa,
which means sea, as thalassaemia was known for its prevalence
around the Mediterranean Sea.

The thalassaemias are a group of inherited disorders that result
in a reduction or absence of globin chain synthesis. Classification of
thalassaemia is based on the type of globin chain that is deficient or
absent, viz. a-, B-, y-, 6-, 8B-, y8B- and eydP-thalassaemia.

Human Hb is a tetrameric molecule that is made up of two a- and
two non-a-globin chains. For Hb to function optimally, there must be
equal representation of a- and non-a-globin chains. Postnatally there
are 3 Hb subtypes, i.e. HbA, HbA2 and HbF (Table 1).

Since HbA is the major Hb subtype that constitutes >95% of total
Hb after infancy, a- and p-thalassaemias represent the majority of
clinically important thalassaemias. Similarly, with HbF being the major
subfraction in the fetus, y-thalassaemia is likely to cause varying degrees
of anaemia in the fetus, depending on the number of y-globin genes
inactivated or deleted. In contrast, as the a-globin chain is an integral
component of all Hb subtypes after the embryonic phase, a-thalassaemia
manifests in the fetus, as well as postnatally (children and adults).

Alpha-globin chains are transcribed on chromosome 16 (Fig. 1)
and non-a-globin chains are transcribed on chromosome 11 (Fig. 2)
(discussed below). Delta-beta-thalassaemia is caused by deletion of a

d-gene and the adjacent 3-globin gene. Larger deletions may include
other globin genes and cause y§p- and ey8p-thalassaemia, which are
much rarer conditions (Fig. 2). Gamma- and §-thalassaemia do not
cause any clinically recognisable disease postnatally, as HbA2 and
HbF constitute only a small fraction of Hb in adults.

Owing to the rarity of 8-, y8p- and eydP-thalassaemia, and the
clinical insignificance of y- and §-thalassaemia, these entities are not
discussed further in this CME series.

Epidemiology and genetic basis of
disease

Most inherited red cell disorders, including thalassaemia, owe their
high prevalence in malaria-endemic regions to selective pressure of
malaria. Partial protection of heterozygotes (thalassaemia carriers)
against malaria with consequent natural selection has been responsible
for elevating and maintaining their gene frequencies, an idea first
proffered 50 years ago by Haldane.!"? Several mechanisms for reduced
parasite survival have been proposed and the oxidative stress pathway
has been reported to be a likely mechanism of protection. Oxidative

Table 1. Hb subtypes after the first year of life

Hb Composition Reference range after infancy, %
HbA apB, >95

HbA2 a?, 24-37

HbF ay, <1
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stress of the parasite is added to the intrinsic
oxidative stress of the thalassaemic red cell,
thereby decreasing its overall viability. This
allows for selective removal of the parasitised
red cell by macrophages.*! However, indivi-
duals with severe forms of thalassaemia are
particularly sensitive to malarial infection.
The mode of inheritance of severe forms of
thalassaemia is typically autosomal recessive.

Alpha-thalassaemia
Alpha-thalassaemia is subdivided into three
main categories:

o Inherited a-thalassaemia syndromes (Table 2).
These constitute the most common variety
and are caused by deletions (usually) or
mutations in and around the a-globin
gene cluster that silence or remove one or
more a-globin genes.

o Alpha-thalassaemia mental retardation
syndrome, a rare condition of which there
are two distinct genetic subtypes:!®
« ATR-X syndrome, caused by a mutation

in the ATRX gene on the X-chromo-
some (Xql3.1 - q21.1). This syndrome
manifests with severe mental retardation,
congenital organ and facial anomalies
and mild thalassaemia. It is inherited in
an X-linked recessive manner.

o ATR-16 syndrome, caused by a micro-
deletion of the tip of chromosome 16p.
This disorder is associated with a milder
level of intellectual disability and more
subtle facial and genital anomalies.
Depending on the size of the deletion,
patients may also share features of other
conditions, including polycystic kidneys
and tuberous sclerosis.

In both subtypes, the a-thalassaemia com-
ponent does not cause clinically significant
haemolysis, but detection of a low number
of red cell HbH
microcytic hypochromic indices generally
serve as a supportive diagnostic tool for the
identification of such cases.
o Alpha-thalassaemia  myelodysplastic
syndrome (ATMDS) is very rare, and

inclusions, or mild

Table 2. The a-thalassaemia syndromes

has been described in select haemato-
logical malignancies, including myelodys-
plastic syndrome (MDS), myeloproliferative
disorders and erythroleukaemia.”" Such
patients usually present with severe anaemia
as a result of uncompensated haemolysis
and generally require regular transfusions.

Discussion of a-thalassaemia is focused on
the common inherited variety, which is not
associated with any syndromic features.

The a-globin cluster is situated on the
short arm of chromosome 16 (16p13.3) and
a-globin chains are encoded by two closely
linked genes on each chromosome (Fig. 1). Thus,
four genes encode the a-globin chain, two on
each chromosome 16. HS40 is a regulatory
gene that is responsible for co-ordinated and
sequential expression of the entire a-globin
cluster during development. The (-globin

gene is an a-like gene that is expressed
during the embryonic phase until ~8 weeks
of fetal development, followed by a switch in
expression to a-globin genes. Expression of
a-globin genes continues throughout adult
life (Figs 3 and 4).

The normal genotype is designated as aa/
aa, indicating the presence of four a-genes.
Alpha-thalassaemia is classified as o, with
deletion or mutation of both a-genes on a
linked pair (- -/aa), or a'-thalassaemia,
with deletion or mutation of one a-gene on
a linked pair (-a/aa). If three of the a-genes
are deleted, the resultant disorder is called
HbH disease. Deletion of all four a-genes is
a lethal abnormality, and causes severe fetal
anaemia and hydrops fetalis.

Alpha-thalassaemia is widely distributed
geographically, largely reflecting areas of malaria
endemicity, ranging from sub-Saharan Africa

5 Chromosome 16 (16p13.3) 3
—1 | [ | [ |
—] == [ | ||
HS40 C a2 al

Fig. 1. Alpha-globin gene cluster. (HS40 = regulatory gene; { = embryonic globin gene expressed in the
yolk sac up to 8 weeks of fetal life; a2 and al = a-globin genes expressed after 8 weeks of fetal life and

throughout adult life.)

5 Chromosome 11 (11p15.5) 3
—— [ [ | [ | ] |
— [ [ | || [ | .
B-LCR € Y AY 6 B

Fig. 2. Beta-globin gene cluster. (LCR = locus control region; € = embryonic non-a-globin gene; “y and

Ay = 4 allelic y-globin genes; § = §-globin gene; f =

B-globin gene.)

Genetic profile Description Clinical features
(aa/aa) Normal

(~a/aa) Silent carrier Asymptomatic
(—a/-a)

(- ~/aa) } a-thalassaemia minor

(—a/aa)

(- -/-0)

(- -/aa®) } HbH disease Chronic haemolysis
(--/--) Hb Barts hydrops fetalis Incompatible with life

a' = non-deletion a-thalassaemia.
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to the Mediterranean basin, Arabian Peninsula, Indian subcontinent and
South East Asia in a line crossing through southern China, Thailand,
Malaysia, Indonesia and the Pacific islands. The a*-mutation (discussed
below) is the predominant type in Africa, where the frequency ranges
from 0.12 to 0.4 across various parts of the continent.'>'*) A more recent
study, investigating the role of a-thalassaemia in unexplained microcytosis
in the South African (SA) population, demonstrated the prevalence of
a-thalassaemia trait to be 19.1% among black and Indian patients.!"®!
The —a*’ deletion is the most common deletion identified in SA. Other
deletions reflect the ancestral origins of individuals.!®!”]

Beta-thalassaemia

The B-globin cluster is situated on the short arm of chromosome 11
(11p15.5). On each chromosome, ¢-, 8- and B-globin chains are each
encoded by a single gene, whereas y-globin chains are encoded by
two genes. Therefore, in a normal person, two gene copies of each
encode the e-, §- and P-chains, whereas four gene copies encode the
y-globin chains (Fig. 2). The locus control region (LCR) controls the
expression of the non-a-globin genes sequentially during development
in the order in which they appear on the chromosome. The e-globin
gene is expressed during the embryonic phase until ~8 weeks of fetal
development. Thereafter, expression is switched to y-globin genes until
~30 weeks of fetal life, when another switch to f-globin gene expression
occurs. Low-level production of y-globin chains, however, continues
throughout adult life. Transcription of §-globin genes is inefficient,
which explains the low level of HbA2 (2.4 - 3.7%) (Fig. 3). From
6 to 12 months of life onwards, HbA is the predominant Hb subtype,
whereas HbF and HbA2 (as minor haemoglobins) constitute <1% and
2.4 - 3.7% of total Hb, respectively (Fig. 4).

The most common mutations of the PB-globin gene are point
mutations and small insertions or deletions of one or two bases.
Deletions of the B-globin gene are generally uncommon, although a
619bp deletion occurs at a frequency of up to 12% in SA individuals
of Indian ancestry with thalassaemia."”’ Individuals with mutations
in both B-globin genes have p-thalassaemia major, and suffer from
severe and often uncompensated haemolytic anaemia. Individuals
with one mutant gene copy are so-called carriers. They are generally
asymptomatic, but have microcytic hypochromic red cell indices.

The geographical distribution shows significant overlap with that
of a-thalassaemia and includes the Mediterranean region, segments
of North and West Africa, the Middle East, Indian subcontinent and
South East Asia.

Table 3. Complications of chronic extravascular haemolysis

Pathophysiology and clinical
presentation

Depending on the genetic mutation/s and co-existing abnormalities,
three clinical thalassaemia phenotypes are described.

50 -

40

30

Globin chain synthesis, %

3 6 9 3 6 9 12
Fetal age, Infant age,

months Birth months

Fig. 3. Globin chain production during various stages of development.

100 -
80
HbF
60

40

Total Hb, %
T
o
>

3 6 9T 36 9 12
Fetal age, Infant age,

months Birth months

Embryonic Hbs

Fig. 4. Relative Hb percentages during various stages of human life.

Complication

Pathophysiology/clinical effect

Iron overload
Heart
Endocrine glands
Brain
Liver
Bony abnormalities
osteoporosis
Gallstones
Splenomegaly
Leg ulcers
Cardiac failure
Growth retardation and delayed pubescence
or arrested puberty
Infection

IEN-Y = interferon gamma; IL-10 = interleukin 10.

Myocardial iron deposition = cardiac failure
Endocrinopathies, e.g. diabetes mellitus, pituitary dysfunction
Basal ganglia = Parkinson’s disease

Cirrhosis of the liver, liver failure

Frontal bossing, ‘pigeon rib cage, maxillary hyperplasia, long-bone deformities, osteopenia,

Pain in right-upper quadrant, jaundice

Due to extramedullary haemopoiesis

Hypoxia induced (in non-transfusion-dependent thalassaemias)

Myocardial iron deposition and/or chronic anaemia with high cardiac output

Low somatomedin level, hypothalamic-pituitary axis dysfunction, hypogonadism with delayed

Impaired production of IFN-y and IL-10
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o Asymptomatic thalassaemia trait: (i) heterozygous p-thalassaemia;
and (ii) single-gene (-a/aa) or two-gene deletion ((- -/aa) or
(-a/-a)) a-thalassaemia. Although asymptomatic, it is important
to identify such individuals, as they are often misdiagnosed as
having iron-deficiency anaemia and unnecessarily supplemented
with iron.

o Thalassaemia intermedia: in this category there is chronic
haemolysis that is compensated, i.e. not necessitating regular
transfusions. The Hb is maintained at a steady level with moderate
anaemia. Such patients may be diagnosed only when they develop
aplastic crisis with severe pallor, or hyperhaemolysis with jaundice
due to intercurrent infection. However, as a result of the chronic
anaemia and hypoxia, long-term effects of chronic haemolysis are
likely to develop. Examples in this category include HbH disease
(- -/-a) and homozygous B*-thalassaemia (discussed below).

o Thalassaemia major: such patients have severe haemolysis that is
not compensated by the bone marrow and are thus transfusion
dependent. They require aggressive management and close
monitoring to prevent the complications of chronic haemolysis and
hypoxia. Presenting features of thalassaemia major include severe
anaemia, jaundice, dark urine, failure to thrive, stunted growth
and effects of chronic haemolysis, such as splenomegaly, and bony
abnormalities (Table 3). A characteristic example of thalassaemia
major is homozygous p°-thalassaemia (discussed below).

The long-term effects and complications of chronic haemolytic
anaemia are listed in Table 3. With adequate treatment and compliance,
the complication rate and severity can be prevented or minimised.
Management aspects are discussed in part 2 of this CME series.

Alpha-thalassaemia
The clinical presentation is variable and depends on the number of
a-globin genes that are deleted or inactivated.

Patients with deletions of one or two a-globin genes are generally
asymptomatic and have no long-term clinical sequelae. The mean
cell volume (MCV) and mean cell Hb (MCH) are decreased, the Hb
is usually within or at the lower limit of the normal range and the red
cell count (RCC) is normal or elevated.

Deletion of three a-globin genes (- —/-a), also known as HbH
disease, falls under the category of thalassaemia intermedia. Reduced
a-chain production results in a relative excess of y-chains (during
fetal life) and P-chains (postnatally). Excess y- and B-chains have
the ability to form y4- and B4-tetramers, named Hb Barts and HbH,
respectively. Hb Barts and HbH are unstable, and consequently cause
mature red cells to haemolyse. Fortunately, owing to the capacity
of the bone marrow to increase its output 6-fold, a steady-state Hb
level of ~8 - 9 g/dL is usually maintained (compensated haemolysis).
However, a minority of patients with HbH disease require long-
term transfusions, as they are unable to maintain a steady-state
Hb (uncompensated haemolysis). In addition, Hb Barts and HbH
both have very high oxygen affinities and are of little use for oxygen
delivery to tissues.

Deletion of all four a-globin genes (Hb Barts hydrops fetalis)
results in complete absence of a-chain production, a scenario that
is incompatible with life since the a-chain is an integral component
of HbF and HbA. Fetuses become hydropic owing to severe in utero
anaemia, with resultant cardiac failure, and generally death in the
second or third trimester of pregnancy.

Beta-thalassaemia
Depending on the mutation, the output of the affected B-globin gene
may be decreased (designated as f*) or completely absent (designated

as B°). Heterozygous P-thalassaemia, whether B* or B’ is generally
asymptomatic, with no adverse clinical consequences. The MCV is
decreased and the Hb is usually within the normal or lower limit
of the normal range. The RCC is typically at the upper limit of the
normal range or increased.

Homozygous p°-thalassaemia presents with severe anaemia, which
is transfusion dependent. Infants are asymptomatic at birth due to
high enough levels of HbE. As the HbF level falls during the first few
months of life, there is no reciprocal increase in HbA production,
causing severe anaemia 3 - 6 months after birth.

Deficiency or absence of -globin chains results in a relative excess
of a-globin chains which, unlike $- and Y-chains, cannot form
tetramers. a-chain monomers are insoluble and precipitate in the red
cell, causing membrane damage and haemolysis prior to release from
the bone marrow, referred to as ‘ineffective erythropoiesis.

The presenting clinical features include pallor with progressive
anaemia, poor growth, difficulty in feeding, cardiac failure,
hepatosplenomegaly and recurrent infections.'¥ In patients who
are inadequately transfused, the bone marrow cavity expands in an
attempt to increase haemopoietic capacity, which results in skeletal
abnormalities (including maxillary hyperplasia and frontal bossing).

In homozygous B*-thalassaemia, P-globin chains are produced
with 10 - 30% efficiency. Haemolysis occurs to a moderate degree and
is compensated. The disease runs a milder clinical course, with no
transfusion dependency, and falls into the category of thalassaemia
intermedia. These patients are nonetheless susceptible to the long-
term effects of chronic haemolysis and anaemia (Table 3).

Diagnosis

Thalassaemia is often suspected on the full blood count (FBC)
with blood-smear microscopy, clinical examination or a known
family history. In most instances, the diagnosis is obtained using
conventional Hb separation techniques, such as high-performance
liquid chromatography (HPLC), Hb electrophoresis or capillary
electrophoresis (Table 4).

Heterozygous a- or -thalassaemia is usually detected incidentally
on FBC testing or in the course of family studies. An important
indication is microcytosis and hypochromia in the absence of iron
deficiency and anaemia of chronic disorder. The MCV/RCC ratio,
known as the Mentzer index, is a useful tool to distinguish iron
deficiency and anaemia of chronic disorder from heterozygous
thalassaemia, where a ratio of <13 is indicative of the latter. The
Mentzer index has a sensitivity and specificity of 98.7 and 82.3%,
respectively.'> In addition, the red cell distribution width is generally
normal in thalassaemia trait as opposed to iron deficiency, where it
is usually raised. Whereas the HbA2 level is normal to decreased in
a-thalassaemia trait, it is typically raised in B-thalassaemia trait and
is a diagnostic hallmark of the condition (Table 4). In -thalassaemia
major and HbH disease, peripheral blood microscopy shows marked
red cell changes.

Incubation of red cells in a reticulocyte preparation for 2 - 3 hours
causes HbH (p4) to precipitate and form lattice-like inclusions within
the red cells. These are called ‘golf balls’ due to their appearance, and
are easily detected under light microscopy. Scanty HbH inclusions
may be observed in a-thalassaemia trait, but are found in abundance
in HbH disease.”!!

Genetic analysis for a- and (-thalassaemia mutations requires
somewhat different approaches due to the different types of
causative mutations. For a-thalassaemia, initial testing uses a
multiplex polymerase chain reaction (PCR) analysis that detects
the most common deletions. This confirms the diagnosis in most
instances.!
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Mentzer index <13*
HbH inclusions
HbH inclusions
Mentzer index <13*

HDbA, % Other

Major fraction 10 - 30
Major fraction 0

HbE %
N/4

HbA2, %
N/|

N/|

N

N

MCV
Variable
Variable

N/|

Ll in utero, incompatible with life

N/|
N/|
(N

Hb

Thalassaemia major (TF dependent)

a-thalassaemia hydrops fetalis
Thalassaemia intermedia/major

Clinical phenotype
Thalassaemia intermedia

Asymptomatic
Asymptomatic
Asymptomatic

red cell count; TF = transfusion.

normal; RCC

MCV/RCC ratio.

3 genes deleted (HbH disease) (- —/-a)

4 genes deleted (- -/~ -)

2 genes deleted (- —/aa) or (-a/-a)
B-thalassaemia

1 gene deleted (-a/aa)
Heterozygous ° or p*

Table 4. Laboratory features of a- and $-thalassaemia
Homozygous p*
Homozygous p°

MCV= mean cell volume; N

a-thalassaemia
*Mentzer index

Thalassaemia

The majority of p-thalassaemia mutations are point mutations or small insertions/
deletions. Sequencing of the complete B-globin gene detects most mutations. It is
important to ensure that introns are also sequenced, as several relatively common
mutations are situated deep within the introns. Gene sequencing has typically been
done by Sanger sequencing, but next-generation sequencing (NGS) is increasingly being
used. Analysis for large deletions may be required, particularly if a 8f-thalassaemia is
suspected.

Genetic diagnosis can be used where there is diagnostic uncertainty after haematological
analysis. Further, prenatal or pre-implantation diagnosis can be offered to couples who
are at high risk of having a child with a severe haemoglobinopathy.*!

As the majority of severe haemoglobinopathies are inherited in autosomal recessive
fashion, there is a risk of 25% (1/4) - if both parents are carriers — to have a child with
a severe haemoglobinopathy. The risk is the same with every pregnancy. Parents may
therefore choose prenatal diagnosis during a pregnancy. This requires analysis of fetal
DNA obtained by amniocentesis (performed from 16 to 20 weeks of gestation) or
chorionic villus sampling (performed from 11 to 13 weeks of gestation). Ideally, the
mutations in the parents should be determined prior to the pregnancy, so that testing can
be performed rapidly once fetal DNA is obtained.

Pre-implantation genetic testing (PGT) can also be performed for haemoglobinopathies,
which requires the testing of trophoblastic cells obtained from embryos produced by
in vitro fertilisation (IVF). Parental mutations need to be identified in advance of the
prenatal testing procedure. PGT is performed in laboratories specifically set up to
test embryos and not in routine genetic testing laboratories. After testing, unaffected
embryos may be returned to the uterus in the hope of achieving a successful pregnancy.
Pre-implantation genetic diagnosis saves parents from having to make a decision
regarding termination of an affected pregnancy. PGT is, however, a costly process, as it
requires IVF and specialised testing. A number of IVF cycles may be required before a
pregnancy is achieved.?! Couples may also choose to test embryos simultaneously for
human leukocyte antigen (HLA) compatibility, where an affected child could be assisted
by a stem cell transplant from an unaffected sibling. However, selection of unaffected and
HLA-matched embryos greatly reduces the number of embryos suitable for implantation.
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