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Abstract

Thalassaemia major (TM) and Friedreich’s ataxia (FA)
are autosomal recessive inherited diseases related to
the proteins haemoglobin and frataxin respectively. In
both diseases abnormalities in iron metabolism is the
main cause of iron toxicity leading to increased morbid-
ity and mortality. Major efforts are directed towards the
prevention of these diseases and also in their treatment
using iron chelation therapy. Both TM and FA are en-
demic in Cyprus, where the frequency per total popula-
tion of asymptomatic heterozygote carriers and patients
is the highest worldwide. Cyprus has been a pioneering
nation in preventing and nearly eliminating the birth of
TM and FA patients by introducing an organized health
structure, including prenatal and antenatal diagnosis.
Effective iron chelation therapy, improved diagnostic
methods and transfusion techniques as well as sup-
portive therapy from other clinical specializations have
improved the survival and quality of life of TM patients.
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Despite the tiresome clinical management regimes
many TM patients are successful in their professional
lives, have families with children and some are now
living well into their fifties. The introduction of deferi-
prone led to the elimination of cardiac failure induced
by iron overload toxicity, which was the major cause of
mortality in TM. Effective combinations of deferiprone
with deferoxamine in TM patients caused the fall of
body iron to normal physiological ranges. In FA differ-
ent mechanisms of iron metabolism and toxicity apply
to that of TM, which can be targeted with specific iron
chelation protocols. Preliminary findings from the in-
troduction of deferiprone in FA patients have increased
the hopes for improved and effective therapy in this
untreatable condition. New and personalised treat-
ments are proposed in TM and FA. Overall, advances in
treatments and in particular of chelation therapy using
deferiprone are transforming TM and FA from fatal to
chronic conditions. The paradigm of Cyprus in the pre-
vention and treatment of TM can be used for applica-
tion worldwide.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Thalassaemia; Friedreich ataxia; Prenatal
diagnosis; Survival; Chelation therapy; Deferiprone;
Deferoxamine; Cyprus

Core tip: Thalassaemia major (TM) and Friedreich’s
ataxia (FA) are inherited diseases related to iron toxic-
ity, with high morbidity and mortality rates. Cyprus has
the highest frequency of TM and FA worldwide. Prena-
tal diagnosis and other health policies almost abolished
the birth of TM and FA patients in Cyprus. Deferiprone
has increased the survival and quality of life of TM pa-
tients, who are now reaching normal life expectancy
and it is also promising for FA patients. Personalised
treatments are proposed for TM and FA. The Cyprus
experience can be used as a paradigm for the preven-
tion and treatment of TM worldwide.
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INTRODUCTION

Thalassaemia major (TM) and Friedreich’s ataxia (FA) ate
autosomal recessive inherited diseases with serious patho-
logical complications, morbidity and mortality. Although
the two diseases are genetically different they are both
related to abnormalities in proteins of iron metabolism
namely frataxin in FA and haemoglobin in ™",

Adult haemoglobin is composed of two alpha and
two beta globin chains, each containing an iron molecule
embedded in a protoporphyrin ring, which is responsible
for the transport of oxygen to all cells of the bodym.
Frataxin is a mitochondrial matrix protein which func-
tions in iron-sulfur cluster containing enzymes within the
chain assembly responsible for respiration and energy
transduction”™.

While frataxin is encoded by the gene of chromo-
some 9, the beta globin chains of haemoglobin are en-
coded by a single gene on chromosome 11 and the alpha
globin chains of haemoglobin are encoded by two genes
which are closely linked on chromosome 16",

In patients with TM, insufficient or no beta globin
chains of haemoglobin ate produced and the abnormal
haemoglobin cannot deliver oxygen efficiently to the tis-
sues. TM is a fatal disease if it is not treated with regular
blood transfusions every 1-4 wk and chelation therapy'.

FA is a progressive neurodegenerative disease with
significant morbidity and has no effective treatment'”.
In FA patients the production of frataxin is severely re-
duced. Frataxin is a highly conserved mitochondrial ma-
trix protein composed of 130 amino acids, has MWt 14.2
kDa and weakly binds iron™. In almost all FA patients
there is an expansion of the guanine-adenine-adenine
(GAA) trinucleotide in the first intron of both alleles of
the frataxin gene. While in normal individuals the alleles
of the frataxin gene have 36 or fewer GAA repeats, in
FA disease the alleles have approximately 70 to more than
1200 to 1700 GAA repeats™*,

Major efforts have been taken worldwide for the
control and reduction of births of TM and FA patients.
Prenatal and antenatal diagnoses are increasingly being
used in certain endemic areas and in ethnic groups for
the prevention of these and other inherited diseases. Cy-
prus has the highest rate of asymptomatic heterozygote
carriers and patients per population of both TM and FA
by comparison to any other nation” . There is a 25%
chance of TM or FA child being born from a pairing of
asymptomatic heterozygote carrier parents. Within this
context an effective prevention programme is needed
for the containment of TM and FA in endemic areas like
Cyprus.
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Regarding patient treatment, recent developments
involving primarily iron chelation therapy using the iron
chelating drug deferiprone (L.1) suggest that major ad-
vances have taken place in reducing morbidity and mor-
tality in TM and also promising steps towards improve-
ment in the treatment of FA®'"?, The strategy responsible
for these advances and the transition of these diseases
from the fatal to the chronic stage can better be described
using the paradigm of Cyprusm. Within this context the
recent developments in the past few years in TM and FA
in Cyprus have been reviewed with particular emphasis
on the strategies regarding the health organisation struc-
tures, educational efforts, prevention measures and the
overall clinical management. Related epidemiological and
socioeconomic consequences are also described.

Special emphasis is also given to the mechanisms and
pathogenesis of gross or focal iron overload toxicity in
both TM and FA".. The treatment of gross or focal iron
overload toxicity using chelation appears to be the major
therapeutic option for decreasing the associated high
mortality and morbidity observed in these two categories
of iron metabolic diseases. The role of L1 is highlighted,
since it is considered as one of the major factors in the
transition of TM from a fatal disease to a chronic disease
anc}ﬂalso increases the prospects of effective treatment in
FA".

EPIDEMIOLOGY, TREATMENT AND
SURVIVAL OF THALASSAEMIA PATIENTS

TM is classified as a haemoglobinopathy, the most com-
mon group of inherited diseases in humans. More than

200 mutations of the haemoglobin genes have been
reported, causing a range of pathological abnormalities
from asymptomatic to fatal states”. Patients with TM
can only survive if they are regularly transfused with
normal red blood cells from appropriate blood donors.
Iron accumulated from regular long term red blood cell
transfusions is toxic to many organs and becomes fatal
unless removed by chelating drugs. Iron overload toxicity
in TM has one of the highest metal related morbidity and
mortality rates globallym].

The geographic distribution and prevalence of thal-
assaemia is mostly in developing countries found in the
Mediterranean, Middle East and South East Asia, where
over 90% of thalassaemia patients are born. More than
100000 thalassaemia babies is estimated to be born an-
nually and there are 100 millions of thalassaemia hetero-
zygote asymptomatic carriers worldwide. Tn India alone
the annual birth rate of TM is estimated at 9000,

Thalassaemia is considered as an orphan disease in
the European Union (EU), the United States and other
developed countries due to the low number of patients
compared to the total population, which is mainly Cauca-
sian™"". The treatment of TM patients in EU countries
(e.g., Cyprus, United Kingdom, Greece and Italy) is sup-
ported by the state, while in most developing countries
insufficient funds are available for their treatment.
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Organisation structure and collaborating bodies involved with the coordination for the prevention diagnosis and treatment of thalassaemia in Cyprus

European Union

Blood Donors
Co-ordination
Committee (1977)

Cyprus
Thalassaemia
Association (1977)

Orthodox Church (1983)

Thalassaemia International
Federation (1986)

Ministry of Education Schools,
Society, Mass Media (1983)

Hospital Departments
Psychiatric Unit

Thalassaemia centre (Nicosia 1980)
Thalassaemia clinics (1993)

Ministry of health

Government-state

Hospital Medical
and Paramedical Staff

Casualty Departments

Bone Marrow Transplantation
Centres-national and
International

Bone Marrow

Transplantation Laboratory

Research Institutes
-

™~

Cyprus Institute of
Neurology and Genetics

Thalassaemia Prenatal

Diagnosis Laboratory

Blood Bank

First Aid and

Figure 1 The organisational health structure and the chronological development of Thalassaemia in Cyprus. WHO: World Health Organization.

In the case of Cyprus, epidemiological data suggest
that the indigenous population is numbered at around
800000 thousand and an extra 200000 thousand are most-
ly immigrants from developing countries working in Cy-
prus. The thalassaemia heterozygote frequency, which is
associated mainly with the beta globin chain trait is 1 in 6
Cyptiots. There are about 800 TM and thalassaemia inter-
media patients ie (1 in 1000) who are regularly transfused
and treated in specialist thalassaemia clinics in the main
cities of Cyprus (Nicosia, Limassol, Larnaca, Paphos) o,

Historically, the introduction of government policies
to control thalassaemia came about after Cyprus gained
independence in 1960. Before this period TM patients in
Cyprus had a similar fate to TM patients in developing
counties, where there is inadequate treatment including
blood transfusions and chelation therapyl14’18’19].

HEstimates from the health budgets for the treatment
of TM patients were colossal for the size of Cyprus at
the time of independence. Projections for the rate of
birth of TM children and the associated expenditure on
treatment predicted the collapse of the national health
service ot abandonment of the treatment due to unaf-
fordable costs. The socioeconomic consequences for the
families with TM children were devastating.

Based on these dilemmas the government of Cyprus
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introduced a new policy about 35 years ago for the set
up of a thalassaemia centre, an educational campaign for
population screening for thalassaemia trait, for the need
of prenatal diagnosis of affected mothers, in addition to
better clinical management for existing TM patients. An
outline of the organization health structure, the collabo-
rating bodies involved in the prevention, diagnosis and
treatment of thalassaemia in Cyprus as well as a historic
perspective is shown in Figure 1.

The plan for the prevention of births of TM babies
includes the option of prenatal diagnosis, which provides
an opportunity to the pregnant mother to decide about
the course of the pregnancy, usually before the 3" month
of pregnancy. In the case of birth of a TM child, the
survival prospects are directly related to the treatment
options available at the country of residence. Non trans-
fused TM patients die from ineffective erythropoiesis of
normal red blood cells and related complications usually
by the age of 2-7 years. If regular red blood cell transfu-
sions are available from matched blood donorts, survival
is expected to increase to about 15-20 years. At this stage
TM patients usually die from excess iron accumulation
and iron overload toxicity induced organ damage. Cardiac
failure due to excess iron deposition in the heart is the
major cause of death in regularly transfused TM patients
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who do not receive adequate iron chelation therapymw.

Life expectancy in TM increases following the appli-
cation of effective chelation therapy within a period of
a few years having started transfusions. A few compliant
TM patients who adhered to the recommended protocol
of sc deferoxamine (DF) (40-60 mg/kg per day, at least 5
d per week) were treated successfully since birth and have
now exceeded 50 years of age. Compliance with sc DF
for the majority of TM patients is poor and the average
life expectancy is much shorter. Within this context, be-
fore deferiprone (L.1) was introduced the mean life span
of TM patients in the United Kingdom, was estimated
to be 30-35 years™. In contrast, following the introduc-
tion of L1 in 1999, an improvement in compliance and
efficacy as well as a reduction of cardiac deaths was
observed in Cyprus and many other countries” . The
prospects of compliance in relation to chelation therapy
have also increased following the introduction of defera-
sitox (DFRA) in 2007. Chelation therapy with DFRA
may mostly benefit TM patients who are intolerant or
have other complications with both DF and L1 chelation
therapy''®. Several aspects are influencing the morbidity
and mortality of TM patients worldwide including the ef-
ficacy, toxicity, availability and cost of all chelating drugs.
In particular, access to these drugs may especially influ-
ence the overall survival of TM patients most of who

live in the developing countries'”.

EPIDEMIOLOGY, TREATMENT AND
SURVIVAL OF FRIEDREICH ATAXIA
PATIENTS

FA is the most common autosomal recessive ataxia co-
ndition. It was identified by the German physician Niko-
laus Friedreich in 1863 and only recently in 1996 the
genetic mutation as well as the affected protein namely
frataxin was identified and characterized™ . This neu-
rodegenerative inherited disease related to low produc-
tion of frataxin appears to cause abnormalities in iron
metabolism including the accumulation of iron in the
mitochondria and consequential pathological complica-
tions of different severity in various organs. In particular,
it causes progressive damage to both the central and
peripheral nervous system resulting in a variety of symp-
toms ranging from gait disturbance and speech problems
to diabetes and heart disease™ .

The geographic distribution and prevalence of FA
is mainly in countries with Caucasian populations. It ac-
counts for almost 50% of all the cases of hereditary
ataxia. The FA carriers in Europe are estimated to be
about 1:90, whete in the United States it affects 1 in 50000
people. Apart from Europe and the United States, cases
of FA have been recorded in the indigenous population
of Mexico, Iran and India”"”". However, FA appears not
to exist among the indigenous populations of sub-Saharan

Afficans, American Indians, Chinese, Japanese and South-
38)

east Asians
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The FA carrier rate in Cyprus is estimated to be about
1:10, where in a cluster in the villages Kathikas and Arod-
hes in the Paphos district of Cyprus it is 1:5 or 1:6""", A
total of 26 patients with FA were identified in Cyprus in
a study in 2009,

There are individual variations in the onset and the se-
verity of FA, which is characterised by progressive tissue
and organ damage and significant morbidity. The onset
of FA is early and almost always present before the age
of 20 years. Loss of ambulation occurs about 15 years
after the onset of the disease. More than 95% of patients
are wheelchair bound by the age of 45 years. Frequent
clinical findings of FA include the incoordination of limb
movements, impairment of position and vibration, dys-
arthria, nystagmus, diminished or absent tendon reflexes,
scoliosis, e#. In general, FA has progressive multipatho-
logical effects with a life span of approximately 30-40
years and the most frequently reported causes of death
are diabetes mellitus and cardiomyop'axtl'1y[3’4’33’3 I

The socioeconomic consequences for the FA patients
and their families and the costs associated with the treat-
ment and cate of these patients requires state intervention
including steps for its prevention, diagnosis and treatment
at the local level and worldwide. Within this context, pre-
liminary scientific and epidemiological evidence prompted
the introduction of government measutres for the preven-
tion or decrease in the number of births of FA patients in
Cyprus similar to the adopted model of TM. These pre-
vention measures were concentrated in the Paphos district
where most of the patients and carriers of FA were previ-
ously identified and also to descendants from the Paphos

district living elsewhere in Cyprus'"".

THE ROLE OF DIAGNOSIS AND
PREVENTION OF THALASSAEMIA AND
FRIEDREICH ATAXIA IN CYPRUS

Prenatal and antenatal diagnoses are widely used for the
prevention of many inherited diseases with serious or
fatal clinical complications, which are endemic in certain
areas or ethnic groups. Both TM and FA belong to this
category of diseases and Cyprus has the highest rate of
asymptomatic heterozygote carriers of these diseases in
comparison to any other nation. Within this context the
prevention programme for TM started about 35 years
ago whereas for FA it was recently adopted by the gov-
ernment in 2011 using the same guidelines as for TM.

In Cyprus the fate of TM patients prior to indepen-
dence in 1960 was similar to that of a large majority of
TM patients in the developing countries today, namely
eatly death at 2-7 years due to lack of blood transfusions
and other treatments. Following the independence of
Cyprus and the initiation of a transfusion programme
the survival rate of the TM patients increased. How-
ever, blood supplies were insufficient due to the high
demand and the high annual birth rate of TM children

at that period which was about 70 new cases per year',
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The alarming rate of TM births and the socioeconomic
consequences for the small population of Cyprus at that
period prompted the initiation of new measures by the
government in conjunction with institutions and organi-
sations that could facilitate the process of prevention and
the improvement of the treatment of patients.

Several initiatives including educational and publicity
measures were taken to inform the general public of the
campaign for the prevention of births of TM children
and its implications in the families affected and society
in general. Within this context a programme for the
prevention of TM has been operating in Cyprus since
1973". However, the major and most effective strategy
for prevention was founded on thalassaemia trait com-
pulsory screening for premarital couples. The strategy
of compulsory screening was introduced in 1983, after
an agreement between the government of Cyprus and
the church, which carried out almost all weddings at that
time. Accordingly a medical certificate was required by
the church from all the premarital couples for confirming
their thalassaemia status before proceeding to marriage.

In the meantime, the doctor managing the thalassae-
mia clinic where the diagnosis was carried out had to
screen and inform the premarital couples of the possibil-
ity of having children with TM if they were both thal-
assaemia catriers and also to inform them of the available
options to them including the option to decide the course
of the pregnancy. Following marriage the prevention
programme included genetic counselling and screening
tests which were offered only for couples with thalassae-
mia trait, including chorionic villus sampling at about 11
wk of gestation of the pregnant mothet™, If the test
indicated a TM foetus, then the various options available
were discussed and the final choice made.

Recent TM preventive measures for couples with thal-
assaemia trait included other possibilities, for example the
pre-implantation diagnosis procedurem. This procedure
was brought in to effect in Cyprus in the last 17 years
and involves 7 vitro fertilisation for the analysis of eatly
embryos and also the selection of an egg free of haemo-
globin disorders. Following selection, further procedures
include fertilisation of the egg in the laboratory and im-
plantation into the womb™*. Another possible option
for future application is 7 utero allogeneic bone marrow
transplantation.

The screening for thalassaemia trait is in most cases
relatively simple and inexpensive, involving the electro-
phoresis of haemoglobin from blood samplesmm. Simi-
latly, a blood sample is used in the case of FA screening
but a more expensive DNA analysis is required to iden-
tify an FA carrier™. The strategy adopted for screening
for the FA trait status involves in the first instance only
persons with origins from the areas in Paphos where high
prevalence of FA was identified"".

The screening for thalassaemia carriers and the intro-
duction of prenatal and antenatal diagnosis resulted in a
significant drop in the number of births of patients with
TM. The birth rate of TM children in Cyprus between
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1970 and 1980 was estimated to be about 30-50 per
year and a total of about 400 TM births wete recorded.
Following the implementation of the government and
church policy on thalassaemia in 1983, the birth rate of
TM babies between 1984 and 1994 dropped to about 25,
i, a rate 2-3 per year .

However, new trends have arisen in the last 20 years
in Cyprus including major demographic changes, which
had a major influenced in the birth rate of TM patients.
It is estimated that 20% of the people residing in Cyprus
are foreign workers and the total population has increased
to approximately 1 million. Cyprus became a member
country of the EU in 2004 and as a result of implemen-
tation of EU laws a medical certificate for thalassaemia
is not obligatory for civic weddings, unlike church wed-
dingsm. Similarly, many couples are deciding to have TM
children instead of abortion, because of emotional, reli-
gious and ethical reasons and also as a result of the newly
improved treatments, which lead to an increase in the life
expectancy of TM patients. As a result of these trends
and also the marriage of Cypriots with non-Cypriot car-
riers the number of births of TM children has increased
slightly in the last few years[sm. It is estimated that there
were about 25 births of TM children from 2005 to 2011,
i.e., a rate of 3-4 per year. The trend on the birth rate of
TM patients is set to persist at present, unless the law
on civic weddings is changed and one similar to that of
church weddings is adoptedm. In the meantime, further
reduction in the birth rate of TM children in Cyprus
is expected following the recent introduction of other
techniques such as that of the pre-implantation diagno-
sis. This procedure is costly but allows the selection of a
non TM foetus by parents with thalassaemia trait or by
parents where one is a TM patient and the other has the
thalassaemia trait™*.

The prevention programme for FA is similar to TM
but with slight modifications. The major difference is that
the screening programme for FA carriers is concentrated
in premarital couples in the Paphos district and individu-
als living in other areas of Cyprus but originating from
the Paphos district. In a previous study involving the
Paphos district a total of 1050 persons aged 18 and over
were screened and 98 (9.33%) FA catriers were identi-
fied"". More FA carriers have been identified since 2011,
when the government prenatal screening programme for
FA on premarital members of couples originating from
Paphos was initiated. In this case the partners of those
identified as FA carriers were also screened.

While major efforts have been taken in Cyprus for the
diagnosis of carriers of TM and FA and the prevention
of births of TM and FA patients, there are still a small
number of births with these inherited diseases and espe-
cially of TM patients every year. The small number of
births of TM patients is related to cases of non prenatal
screening and the choice of parents to have a TM child.
Within this context the treatment of the newly born and
existing patients is another continuous challenge in the
day to day running of the thalassaemia clinics and the
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Table 1 Biochemical and clinical monitoring of Thalassaaemia major patients

Determination of thalassaemia mutation and blood group (ABO, rhesus)

Vaccination: Flu, pneumonia, haemophilous influenza, meningitis a + c and hepatitis B

Cardiac: Physical examination, echocardiography, holter, stress test, muga scan, (once a year or earlier if required)

Liver and kidney function tests, urate, cholesterol, triglycerides, Ca, PO4, fasting glucose test and prothrombin time (every six months)

Blood glucose tolerance test and screening for hepatitis B antibodies, hepatitis C and HIV (every year)

Bone densitometry, chest X-ray, Endocrine (T3, T4, TSH, PTH), ophthalmology, ear, nose, throat and echo of the abdomen examination (every year)
Iron load estimation: Serum ferritin and Zn (every 3-4 mo), serum ferritin for patients with normal physiological iron range (every month), MRI T2 and

T2* of the heart and liver (once a year)

Full blood count (every 1-1.5 wk for those treated with L1 and L1/DF combination)
Supporting specialist therapy team: Cardiologist, endocrinologist, haematologist, paediatrician, dietician, gynaecologist, psychologist. Other clinical

faculties if required

The table was adapted from ref. [9]. HIV: Human immunodeficiency virus; MRI: Magnetic resonance imaging; DF: Deferoxamine; TSH: Thyroid-stimulat-

ing hormone; PTH: Parathyroid hormone.

government health structure adopted in general.

ORGANISED HEALTH STRUCTURES FOR
THE TREATMENT OF THALASSAEMIA
AND FRIEDREICH ATAXIA PATIENTS IN
CYPRUS

The developmental model of an organised health struc-
ture for the prevention, diagnosis and treatment of TM
in Cyprus was primarily based on an initiative of the
parents of TM children and also the physicians in charge
of the patients, other scientists, the church, the govern-
ment and other non governmental organisations (Figure
1). The cornerstone of the health structure was based on
the organisation of the Cypriot thalassaemia society and
the blood donors association in 1977. Further milestones
in the development of an organised health structure was
the organisation in Nicosia (the capital of Cyprus) of the
thalassaemia centre in 1980 and thereafter the gradual
evolution of the thalassaemia clinics in each of the dis-
tricts of Cyprus in 1993.

In the postnatal phase an organised health structure
for the treatment of TM patients in Cyprus involving
many health sectors and other organisations has been
designed and developed over many years with the cen-
tre of activity based in the district thalassaemia clinics
(Figure 1). The structure was based on the main form
of treatment of TM patients, namely chronic red blood
cell transfusions and iron chelation therapy. A continu-
ous programme of biochemical and clinical monitoring
involving many common laboratory tests and other clini-
cal specialists was organised by the thalassaemia clinics
(Table 1).

A major aspect of the treatment and the survival of
TM patients is blood transfusion. Blood donation and
collection in Cyprus is organized successfully by the
volunteer blood donor co-ordination committee in con-
junction with the blood bank of the ministry of health.
The blood donors co-ordination committee in Cyprus
was initiated in 1977 by the local thalassaemia society and
a number of clinicians with the slogan “give blood and
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. . . 7-9)
save lives” with a reference to the TM patients’ .

Blood donation and collection was cootdinated and
progressively covered all towns and villages in all dis-
tricts and community sectors in Cyprus. It involved both
state and private organisations such as the army, schools,
universities, police, banks, businesses and many others.
Blood donation is strictly on a volunteer basis and is or-
ganised and carried out in each district by the local blood
donor coordination committee involving thousands of
blood donors. It is a purely volunteer organization with
no financial budget or treasurer. Blood supplies ate gen-
erally sufficient but in the summer holidays for example
problems may arise in blood donation and blood supply
may be at a shortage. In the latter case the state media call
for an emergency blood donation of the relevant blood
groups in shortage to be donated at the nearest district
hospital.

Continuous biochemical and clinical monitoring as
well as supportive specialist care involving a multi-disci-
plinary team is available in all the thalassaemia clinics in
Cyprus for the follow up treatment of TM patients (Table
1). The multi-disciplinary clinical team include almost all
clinical sectors such as specialists in cardiology, endocri-
nology, haematology, paediatrics, nutrition, gynaecology,
psychology, ez

Iron chelation therapy introduced within a few years
of beginning the red blood cell transfusions is essential
for the survival of TM patients. In the absence of iron
chelation therapy the life expectancy of TM patients
is less than 20 years. Under these circumstances TM
patients usually die from excess iron accumulation and
organ damage. In particular cardiac failure due to excess
iron deposition in the heart is the major cause of death
in regulatly transfused TM patients who do not receive
effective iron chelation therapy™ Y,

Iron chelation therapy is widely available for both the
use of DF and L1 and also in many cases for DFRA in
different countries including Cy‘prusm]. The T2 and T2*
relaxation time magnetic resonance imaging techniques
have been used over the past decade for the routine di-
agnosis of excess iron load in the liver, the heart and also
other organsISZ’S(’]. Monitoring of serum ferritin levels is
also routinely used for estimating body iron overload.
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Organ function and other biochemical tests are also rou-
tinely performed at different intervals as shown in Table 1.

Bone marrow transplantation has also been consid-
ered as a therapeutic option especially for young patients
(usually under 7 years) when a matched human leukocyte
antigen sibling is identified by the bone marrow trans-
plantation laboratory. It is estimated that a total of about
20 Cypriot TM patients received bone marrow trans-
plantations and in most cases were successful except for
one death and two graft rejectionsm. Similar results were
reported in TM clinics in other countries” ",

Treatment problems and other complications associ-
ated with the life of TM patients are frequently assessed
by arranging interviews between the clinician in charge
of the thalassaemia clinic and each TM patient around
every other week!.

The small number of FA patients by comparison
to the large number of TM patients in Cyprus required
the adoption of a smaller different organisational health
structure for treatment provision in FA. Despite the
abscence of effective therapy in FA, major efforts are
directed towards the therapy of the symptoms of FA
patients. Clinical and biochemical monitoring, as well as
supportive therapy for the FA patients is carried out in
a specialised neurology centre in Nicosia the capital of
Cyprusm’”’m‘,

In relation to treatment it appears that gross body or
focal iron overload toxicity is the main cause of death in
both TM and FA. A better understanding of the normal
iron metabolic pathways and the detection and charac-
terisation of the iron abnormalities and iron overload
toxicity in both TM and FA can lead to effective treat-
ments and reduction of the morbidity and mortality in
these diseases.

IRON METABOLISM IN NORMAL AND
ABNORMAL CONDITIONS INCLUDING
THALASSAEMIA AND FRIEDREICH
ATAXIA

Iron is an essential metal required by all mammalian cells

for many biological processes and normal physiological
functions. The solubility of ferric (Fe‘”) iron in aqueous
solution at pH 7.4 is negligible (10718 mol/L) and iron
precipitation rapidly occurs in biological media in the
absence of chelating proteins or low molecular weight
(LMwt) chelators. Ferric iron is deposited in cells in a
polynuclear form as ferritin, which is water soluble and
haemosiderin which is not water soluble. Ferrous (Fe’")
iron is more soluble than ferric iron in physiological
conditions. In biological systems ferrous iron is found in
mononuclear form bound to proteins but not in poly-
nuclear form as precipitates or deposits. Ferrous iron
is a major catalyst of free radical reactions. In contrast,
ferritin and other protein bound iron does not appear to
facilitate the catalysis of free radical reactions. Howevert,
haemosiderin and haemosiderin-like ferric iron deposits
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(focal iron), as well as other forms of labile, LMwt fer-
ric iron are considered to be toxic. The latter provide a
continuous source of catalytic iron which under certain
conditions can readily give rise to free radical reactions
and cascades leading to oxidative stress damage.

There are many conditions associated with iron meta-
bolic imbalance, which are caused by genetic, nutritional,
iatrogenic, environmental, disease and other factors and
their combinations™”, These factors can cause deficiency
or ovetload or abnormal distribution of iron and a corre-
sponding pathological effect from the molecular to tissue
levels™"**, Examples of such changes in iron metabolic
disorders is nutritional iron deficiency anaemia, idiopathic
haemochromatosis which is a genetic iron overloading
condition, Hallervorden-Spatz syndrome where iron ac-
cumulation in the brain is observed, anaemia of chronic
disease where iron is diverted and deposited in macro-
phages of the reticuloendothelial system, sideroblastic
anaemia where iron is deposited in ring sideroblasts, FA
where excess iron is deposited in mitochondria, atrans-
ferrinemia where the iron transport protein transferrin is
not produced leading to abnormal iron disttibution and
many others™. Abnormalities in iron metabolism can
also be observed in relation to changes in the many pro-
teins involved in the regulation of iron metabolism and
of changes involving iron containing proteins including
the haemoglobinopathies'>"7.

Body iron levels and iron distribution in the organs
are governed under normal conditions by homeostatic
controls of iron uptake, distribution and storage. In gen-
eral, these levels are regulated by dietary iron absorption
in the gastrointestinal tract, the erythropoietic activity of
the bone marrow and the rate of iron excretion™>*. The
absorption of iron mostly takes place from the intestine
and is regulated by several metabolic pathways involving
regulatory proteins such as hepcidin and ferroportin[“].
Following the uptake of iron into the enterocytes from
the gut lumen, iron is then taken by plasma transferrin
and transported in blood for delivery to all the cells of all
tissues >,

The total body iron of normal adult humans is esti-
mated at 3-5 g and is present in different forms mainly
as haemoglobin (58%), which is found in red blood cells,
myoglobin (9%) which is found in muscle tissue and
also as intracellular ferritin/haemosiderin (30%) which is
found mainly in the liver but also other organs (15-17).
The uptake, transport and distribution of iron is tightly
controlled. For example, the uptake of iron from trans-
ferrin by cells and its storage intracellularly is regulated
by specific iron regulatory proteins based on the transla-
tional control of the transferrin receptor synthesis at the
cell surface and also that of intracellular ferritin, as well
as by hepcidin™'?,

The amount of iron delivered to cells is mainly deter-
mined by the number of transferrin receptors and also
the iron saturation of transferrin. Transferrin iron satura-
tion under normal physiological conditions is 25%-35%.
However, in transfusional iron ovetload or primary hae-
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Figure 2 The mode of chelating and antioxidant activity of deferiprone in Friedreich Ataxia. Deferiprone can chelate intracellular and intramitochondrial iron de-
posits and labile low molecular weight (LMwt) iron, which are responsible for the catalytic formation of toxic free radicals and toxic byproducts. It can inhibit iron toxicity

related damage to the heart and brain of Friedreich ataxia patients.

mochromatosis the saturation of transferrin with iron
1s much higher and usually exceeds 100%. At this stage
where transferrin is saturated with iron, non-transferrin
bound iron can be detected in the plasma[“’m].

The iron released from the continuous breakdown of
effete red blood cells and the catabolism of haemoglo-
bin, as well as of other cells of the body is transported in
the blood by transferrin, which in conjunction with hep-
cidin and other regulatory proteins of iron metabolism
maintains equilibrium between the sites of iron absorp-
tion from the gut, intracellular storage and also utilisa-
tion. Iron uptake by cells is accomplished by the binding
of transferrin iron to a transferrin receptor on the cell
surface. Usually two molecules of monoferric or diferric
transferrin is bound to each transferrin receptor, which
subsequently is incorporated into the cell within an endo-
some. The release of iron from transferrin is carried out
through acidification of the endosome from pH 7.4 to 5.6.
The iron molecules released are in a LMwt form and are
incorporated in the “transit iron pool”. Iron is then trans-
ported to all parts of the cell including the mitochondria,
for storage in ferritin or haemosiderin and for incorpora-
tion into apoproteins for the formation of iron contain-
ing proteins.

The LMwt intracellular transit iron pool is thought
to be composed mainly by LMwt chelator iron com-
plexes ™™, Some LMwt naturally occurring chelators are
found in cells, e.g., citrate, ATP, ADP, glutathione, amino
acids and some absorbed from food eg phytic acid, poly-
phenols and ascorbate. These and other similar molecules
are thought to be involved in the transfer of iron in dif-
ferent intracellular compartments affecting intracellular
iron metabolism. For example, they can form ternary
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metal complexes with apo-proteins or facilitate the incor-
poration of iron into the metal domain of proteins. The
mechanisms and processes of iron uptake, release and
exchange are governed by the same kinetic and thermo-
dynamic parameters as for those applied to other chela-
tors and their iron or other metal complexes®. Within
this context, it is anticipated that chelators present at high
concentrations eg citrate (10 mmol/L, in plasma) and
glutathione in cells (5 mmol/L in liver cells) may play a
significant role in these processes.

One of the most important functions of iron and
some iron containing proteins is the catalysis of free radi-
cal reactions, and formation of related byproducts which
are essential for physiological processes[()g]. Free radicals
and other nitrogen and oxygen activated products such
as the nitrogen oxide, superoxide, hydroxyl radical, lipid
peroxides and hydrogen peroxide are constantly and con-
tinuously generated in aerobic organisms during normal
metabolism and physiological functions and also in re-
sponse to both internal and external stimuli. However, if
free radical reactions and related by-products are continu-
ously overproduced and are not regulated or controlled
by the antioxidant pathways and molecules, this can cause
free radical toxicity and damage from the molecular level
to the organ level as shown in many diseases including
TM and FA"",

The catalytic effects of iron can cause free radical tox-
icity cascades and biomolecular damage including damage
to sugars, lipids, proteins, DNA and also widespread sub-
cellular, cellular, tissue and organ damage (Figure 2). Such
free radical cascades are not sufficiently neutralized by
antioxidants but can usually be prevented by iron binding
or chelation™",
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Iron absorption and transferrin iron delivery appeats
to be normal in FA patients, with the general iron meta-
bolic parameters such as serum ferritin and transferrin
iron saturation to be within the normal physiological
ranges. The frataxin abnormality appears to affect selec-
tively certain organs and tissues and the damage to be
manifested slowly over many years, in a time scale similar
to the case of iron overload in hereditary haemochro-
136261 11 the affected cells the frataxin
abnormality appears to cause the increased uptake and

matosis patients

deposition of iron in mitochondria.

The transport of iron from the cytosol to the mito-
chondria and its incorporation into the apoproteins for
the formation of mitochondrial iron containing proteins
or incorporation into mitochondrial ferritin is not well
characterised or understood in FA"™ ™, Similarly, there
are controversies as to the presence of only mitochon-
drial iron deposits or both cytosolic and mitochondrial
iron deposits in the affected cells. Accordingly, some in-
vestigators have reported the presence of excess iron in
mitochondria but not the cytosol and others excess iron
deposits in both sites™",

A possible pathway can be suggested to explain these
differences. Within this context and under normal condi-
tions a pathway is operating involving the transport of
LMwt iron complexes from the cytosol or protein bound
iron, across the mitochondrial membrane and the forma-
tion of “intra-mitochondrial transit LMwt iron pool”
before iron incorporation into the mitochondrial apopro-
teins or mitochondrial ferritin.

Incorporation of iron into ferritin including mito-
chondrial ferritin is usually in the reduced mononuclear
ferrous form which is then oxidised and polymerised
inside ferritin in an oxohydroxide iron phosphate poly-
nuclear form”""™, Polynuclear iron cannot be incorporated
inside ferritin but can be deposited as a haemosiderin-like
polynuclear iron in the cytosol or mitochondria. In the lat-
ter case deposits of iron oxyhydroxy phosphate and sul-
phur polymers were identified in an animal model of FA,
which were different from the forms of iron incorporated
into mitochondrial ferritin™. Similarly, haemosiderin-like
iron can also be formed from the breakdown of the fer-
ritin protein shell and exposure of the intra-ferritin iron
core! "™, Based on these observarions two different stages
of iron deposition appear to be taking place in FA in a
time dependent manner. In the initial stages there is an in-
creased uptake of cytosolic iron into mitochondria, where
cytosolic iron deficiency may also occut™. In the second
stage, saturation of mitochondria with iron can cause pro-
gressive increase in cytosolic iron accumulation and the
formation of iron deposits in the cytosol™,

The iron deposition process in FA may be facilitated
by several factors including the low production of ATP
in mitochondria which decreases both the intra-mito-
chondrial LMwt transit iron pool and iron incorporation
in mitochondrial ferritin, thus leading progressively to the
increased polymerisation and deposition of haemosider-
in-like iron in mitochondria””. Similarly, decreased pro-
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duction of ATP could cause a decrease in the cytosolic
LMwt leading to progressive iron polymerisation and
deposition in cytosol ™.

An additional factor that may facilitate excess iron
deposition in mitochondria is the presence of oxidative
environment which causes iron oxidation and precipita-
tion. Ferrous iron is more water soluble than ferric iton
and the former can be oxidised and precipitate forming a
haemosiderin-like polynuclear iron inside the mitochon-
dria. Other similar factors may possibly be involved in the
intra-mitochondrial recycling of iron, where for example
iron re-utilisation from the turnover of mitochondrial
iron containing proteins is blocked and it undergoes
polymerisation and accumulation as iron deposits in the
mitochondria™".

Another possibility for the excess iron deposition in
mitochondria is the presence of a mechanism of iron
loading of mitochondria similar to that observed in
primary or hereditary haemochromatosis involving the
malfunction of regulatory proteins like herceptin and fer-
roportin. In the case of chronic iron overload disorders,
iron deposition progressively results in increased forma-
tion of haemosiderin polynuclear iron complexes which
are difficult to mobilise. In such cases polynuclear iron
removal from ferritin, haemosiderin and other forms of
iron deposits follows the “last in-first out” general prin-
ciple. Similarly, newly formed polynuclear iron forma-
tions and precipitates can be mobilised faster and more
efficiently by chelation than older ones'"

In addition to the toxic iron deposits and the in-
creased oxidative stress observed in the mitochondtia of
FA patients, low frataxin levels can also cause other meta-
bolic abnormalities such as the insufficient production
of iron-sulfur clusters that are required for mitochondrial
electron transport and energy transduction, as well as
the functioning of aconitase and other iron containing
enzymes or iron related metabolic pathways'”. The dis-
tortion of these processes and in particular of mitochon-
drial electron transport is an additional powerful source
of free radical production, which if not controlled can
cause free radical cascades, toxicity and damage (Figure 2).

Organs such as the heart and the brain with high en-
ergy consumption and increased numbers of mitochon-
dria appear to be particularly sensitive to these forms of
abnormalities. Cardiac, brain and other organ damage,
resulting in insufficient organ functioning levels is the
overall cause of increased morbidity and mortality in FA.

PATHOGENIC EFFECTS OF THE IRON
METABOLIC ABNORMALITIES IN
THALASSAEMIA AND FRIEDREICH
ATAXIA

There are many differences between TM and FA in rela-
tion to the iron metabolic pathways involved, such as
the cellular and body distribution of iron, the origin and
quantity of iron accumulated, the biochemical parameters
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related to iron imbalance, the target organs of iron toxic-
ity and many others. In assessing these differences it is
important to specify some of the pathways, properties
and characteristics of iron metabolism which are relevant
to the diagnosis and treatment of each of these two con-
ditions. Within this context the characterisation of the
molecular pathways involved under normal physiological
conditions and the pathological effects observed in both
TM and FA, including the pathogenesis of gross or focal
iron overload toxicity are considered essential in the un-
derstanding of the mechanisms involved in both diseases
and also for the proposed treatment options.

Gross body iron overload is one of the most com-
mon metal overload toxicity condition which can be
caused by increased iron absorption from the gut (primary
haemochromatosis) or regular transfusions of red blood
cells (secondary haemochromatosis) or a combination of
both these two processes. Thalassaemia patients or pa-
tients with other refractory anaemias are regularly trans-
fused every 1-4 wk, usually with 1-3 units (1 unit = 200
mg of iron) of red blood cells for maintaining haemoglo-
bin levels above 9-10 mg/dL. Iron ovetload in refractory
anaemias including TM has the highest morbidity and
mortality rate worldwide in comparison to other iron
or other metal overloading condition. One of the most
seriously affected group of iron overloaded transfused
patients are the TM patients.

The accumulated iron from transfusions cannot be
excreted and is stored intracellularly as ferritin and es-
pecially as haemosiderin. The latter protein increases in
concentration in some main organs, particularly in the
liver as well as the heart and spleen of the transfused
TM patients. Previous electron microscopy studies in
cardiomyocytes and hepatocytes of TM patients have
shown that in iron ovetloaded conditions iron loaded fer-
ritin arrays are formed intracellularly mainly in primary
lysosomes and haemosiderin iron aggregates in second-

21,82,83 1
PLE28] Burther ultrastructural observations

ary lysosomes
suggest that in heavy iron overload in TM there are some
iron-laden lysosomes which are ruptured into the cell
sap and may be a cause of toxicity. Other forms of sub-
cellular damage which are identified for example in cat-
diomyocytes of TM who suffered congestive cardiac fail-
ure, include the presence of large cytoplasmic vacuoles,
increase in the electron density of nuclei and increased
amounts of heterochromatin, substantial loss of myofila-
ments, swollen mitochondria with loss of their cristae but
with no iron deposits within them™.

The damaging effects of iron overload and the rup-
ture of iron-laden lysosomes into the cell sap can also
cause the release of hydrolytic enzymes and potentially
toxic forms of labile iron. The latter can catalyse the
production of free radical cascades and cause further
free radical damage which can progressively lead to a vi-
cious cycle of further cellular, tissue and organ damage
(Figure 2)!"",

Iron overload and toxicity causes organ damage,
which is generally detectable when approximately 50-100
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units of red blood cells have been transfused. This dam-
age is reversible in the early stages but in many cases is
so extensive that it can become irreversible!®. Regularly
transfused iron loaded TM patients usually die from iron
(202320 The possibility
of congestive cardiac failure due to iron overload deposi-
tion in the heart is observed in TM patients with cardiac
magnetic resonance imaging (MRI) T2* values of lower
than 9 ms"™ ™. In addition to heart complications, other
forms of iron overload toxicity include liver fibrosis and

overload related cardiomyopathy

cirrhosis, splenomegaly, endocrine organ damage leading
to diabetes, retarded growth and sexual immaturation. A
major difference between TM and FA is that there is no
iron accumulation in the brain ot related toxic side ef-
fects involving the nervous system in TM patients.

Different molecular factors and pathological effects
due to iron toxicity are observed in FA patients. Fried-
reich ataxia is an autosomal recessive disease like TM,
which is caused by a mutation involving homozygous
GAA trinucleotide intronic repeat expansions in the
gene in chromosome 9, which encodes the mitochondri-
al matrix protein frataxin™". The repeat expansions in-
terfere with transcription of the protein frataxin. About
97% of patients with FA have expansions of a GAA
repeat in the first intron of both alleles of the frataxin
gene. In normal individuals the alleles of the frataxin
gene have 36 or fewer GAA repeats, while in the FA
disease the alleles have from approximately 70 to about
1700 GAA repeats. It appears that regarding pathogen-
esis the age of onset correlates inversely to the size of
the GAA repeat of the expansions, and directly with the
rate of disease progression.

Frataxin appears to play an important role in mito-
chondrial iron homeostasis and is involved in the bio-
synthesis and structural assembly of iron-sulfur cluster
proteins and also in haem synthesis. It is severely reduced
to about 5%-20% of normal in FA patients but the level
of its deficiency needed to cause disease is still unknown.
The decreased production of frataxin in FA patients ap-
pears to be associated with many clinical abnormalities™”.

Variations in the levels of frataxin are observed be-
tween different tissues and the tissues mostly affected
are expected to have severely reduced levels. A detailed
description of the symptoms or signs and the anatomic
localization involved is reviewed elsewhere™. The se-
verity of the disease in FA and other inherited diseases
seems to also depend on many other factors. Variations
in compensatory mechanisms and alternative metabolic
pathways which are in operation in affected cells and tis-
sues may contribute to minimising the severity of FA™,
Similar variations are observed in other inherited and
metabolic diseases including TM and hereditary haemo-
chromatosis™>****,

Deficit of frataxin is mostly related to many abnor-
malities associated with mitochondrial structure and
function. The main and characteristic abnormality in FA
is an increased iron accumulation and deposition in the
mitochondria matrix and a corresponding increase in
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PASE There is also deficit of mitochon-

drial respiratory chain complex activities and impairment

oxidative stress

of tissue energy metabolism, decrease in production
of ATP, effects on the function of aconitase and other
abnormalities which lead to mitochondrial misfunction,
including also to a further increase in the production of
free radicals and other reactive oxygen species. Increased
cytosolic iron in cells of specific tissues is observed
despite that the general body iron stores and metabolic
parameters are within the normal physiological range in
FAM.

Histopathological and MRI studies have shown that
iron primarily accumulates in heart muscle, dentate nuclei
(spinocerebellar tracts) and spinal cord of patients with
FA"™ 1n these studies, focal localised iron deposits
have been detected by MRI T2* in the brain and the
heart of FA patientsw()’()”. In histopathological studies
stainable positive iron deposits have been identified in the
cardiomyocytes in autopsy and biopsy specimens of FA
patients'”. Tt is important to note that patients with short
GAA repeat expansions and long survival have neither
heart disease nor focal localised iron deposits.

Many contributory factors appear to be involved in
the observed variation in the onset and progression of
disease in FA patients. In addition to the size of the GAA
repeat expansions and the focal localised iron deposits in
the heart and brain, other such factors include the pos-
sibility of frataxin isoforms, distribution of iron in other
tissues or organs, dietary habits and many other®>*”,
The pathogenesis of the disease and the high level of
toxicity observed mainly in the heart and the brain of FA
patients may also be related to the high requirements and
consumption but insufficient utilization of oxygen due
to mitochondrial malfunctioning in these main target or-
gans. Other organs appear not to be affected to the same
extent because of reduced requirements, consumption
and utilisation of oxygen.

There are many differences in the distribution and
pathogenic effects of iron in TM and FA. In both condi-
tions gross or focal iron overload deposits appear to be a
major factor in the cause of the toxicity. Furthermore, in
TM iron ovetload is in the form of ferritin and more so
in the form of haemosiderin and situated in lysosomes
in the cytosol and not the mitochondria®™. In contrast,
polynuclear iron deposits of mainly ferritin and haemo-
siderin have been identified in both the mitochondtia
and cytosol of cardiac and other biopsy samples of FA
patientsm’ss’gg].

Despite that cardiomyopathy is the main cause of
death in both diseases, iron accumulation in the hearts of
patients with FA is overall much lower in comparison to
TM patients. However, cardiomyocytes in FA appear to
be more susceptible to toxicity and damage arising mainly
from focal iron deposition, mitochondrial iron overload
and respiratory chain protein malfunction in comparison
to mainly cytosolic gross body iron overload deposition
and toxicity in TM.

Iron deposition in the pancreas may also be partly the
cause of the increased incidence of diabetes in both the
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TM and FA categories of affected patients[34’94’95]. Pancre-
atic damage due to iron overload is well documented in
TM and in some cases it may be reversible with chelation
therapy at the eatly stages, whereas in FA it is still under
investigation

Iron deposition in the cerebellum in the brain of
FA patients, as well as in other parts of the central and
peripheral nervous system may play a major part in the
cause of the observed pathology of FA and especially
the ataxia®. Neurons appear to be more susceptible to
iron toxicity than other cells. In contrast iron accumula-
tion in the hypophysis (pituitary gland) in the brain of
TM patients affects body growth and delays puberty. No
other parts of the brain or of the nervous system in gen-
eral appear to accumulate and deposit iron in TM and no
neurological effects have been reported in severely iron
loaded TM patients.

In general, the clinical problems arising from the ab-
normalities of frataxin are not equally affecting the FA
patients or the various organs with the exception of the
heart, the brain and other parts of the nervous systernm]
For example the serum iron and haemoglobin levels of
FA patients appear to be within the normal physiological
range despite that haem synthesis is carried out in mito-
chondria mainly in the bone marrow and spleen[go]. This
suggests that the haemopoietic tissues are not affected or
targeted by the toxicity mechanisms related to low levels
frataxin and also of other related abnormalities including
iron deposition observed in the mitochondria and cytosol
of FA patientsm.

Overall, the iron deposition rate in the mitochondria
of the tissues affected in FA patients appears to be very
slow. Similarly, the process of iron toxicity may take years
to reach the stage for pathological symptoms to be ex-
pressed and identified. Similar time scales are observed
in the deposition of excess gross body iron load, as well
as the expression of iron toxicity and pathological symp-
toms in hereditary haemochromatosis patients[13].

Whatever the rate or mechanisms of iron accumula-
tion and deposition in TM and FA, it appears that gross
body or focal localised iron ovetload is the major source
of pathogenesis and the major factor of the increased
morbidity and mortality observed in both diseases. With-
in this context iron chelation is considered at present as
the first line therapy for the treatment of TM and FA
patients.

THE ROLE OF DEFERIPRONE IN
CHANGING THALASSAEMIA FROM
FATAL TO A CHRONIC DISEASE

Regularly transfused TM patients not receiving iron che-
lation therapy have a poor prognosis and usually die from

congestive cardiac failure and other iron overload compli-
[20-24]

cations by the age of 20 years

There are three main iron chelating drugs which are
regularly used for the treatment of transfusional iron
overload in TM and other conditions namely DF, L1
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Figure 3 The chemical structure of the iron chelating drug deferiprone
(L1). Deferiprone can bind iron through the two molecules of oxygen. It is a
bidentate chelator and at physiological pH three molecules of L1 are used for
binding one molecule of iron.

and DFRA. Both DF and L1 are generic drugs, whereas
DFRA is a relatively new patented drug and all three are
marketed in many countries worldwide"”

Deferiprone was invented in 1981 in the United King-
dom and selected as a leading chelating compound out
of about 150 related analogues and other chelating com-
pounds (Figure 3)5 1 Many preclinical studies have
shown promising results in the ability of L1 to mobilise
iron from iron containing proteins, cells and animals and
to prevent iron induced free radical toxicity!>”"",

The first clinical trials in iron loaded myelodysplasia
and TM patients in 1987 in London, United Kingdom
showed that oral L1 can cause equivalent iron excretion
to subcutaneous DF!""'""). The academic initiatives in
the development of L1 continued and multicenter clini-
cal trials were initiated by academic departments in many
European countries, in Canada and in India, confirming
the earlier results in London, United I(ingdom“oﬁ"ws]. The
multicenter clinical trials involved mainly thalassaemia pa-
tients who were unable to receive DF due to toxicity, low
compliance or both. Deferiprone was first registered in
India in 1994 and then in the EU, Asian and other coun-
tries in 1999 and the United States in 2011"".

The introduction of iron chelation therapy has in-
creased the survival of TM patients. In a United King-
dom report prior to the introduction of L1 and DFRA
the mean life expectancy of TM patients treated with DF
was reported to be 35 years”!, Deferoxamine was freely
available to all TM patients in the United Kingdom and
the main reasons of fatalities were iton overload cardiac
failure due to non-compliance with the daily subcutane-
ous administration of DF and the inability of DF to re-
move effectively iron from the heart”. Similar outcomes
with the DF treatment were observed in other countties
such as Italy, Greece and Cyprus where DF was also
freely available from the state to all TM patients[zz"%l.

Substantial reduction in morbidity and mortality
has been observed since the introduction of 1.1 due to
increased compliance and the effectiveness of L1 to re-
move excess cardiac iron. This improvement has been
observed in many countries such as Cyprus, Greece, Italy,
United Kingdom and Hong Kong where monotherapy
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of 11 or combinations with DF were used™ . This was
also encouraging evidence that iron overload toxicity is
reversible and can be prevented in most cases especially
when appropriate chelation therapy protocols using L1
and DF are introduced at an early age. Recent evidence
suggests that the use of the appropriate chelation proto-
cols and especially of specific combinations of L1 and
DF could achieve the main aim of iron chelation therapy,
namely the complete elimination of excess iron load and
the associated iron overload toxicity complications' .

However, the progress in the treatment of TM pa-
tients in developed countries including iron chelation
therapy is not reflected in developing countries. It is es-
timated that more than 90% of TM patients worldwide,
who mostly live in developing countries do not receive
regular red blood transfusions and iron chelation therapy
due to the high cost of treatment. Similar problems were
encountered in Cyprus prior to 1977, when regular trans-
fusions or chelation therapy were not accessible to the
majority of patients due to the high cost, lack of facilities
and lack of an organised health structure system.

Much progress has taken place in the treatment of
TM and particulatly regarding iron chelation therapy in
the last 20 years in Cyprus that has changed the prog-
nosis of TM from a fatal to a chronic disease. Since the
introduction of L1 in Cyprus in 1999 many patients (70%)
with poor compliance and adverse toxic effects to DF
have either included L1 as a part of a combination proto-
col or switched over to L1 monotherapy[zsl. The advances
in chelation therapy with the introduction of L1 has led
to the overall decrease in iron overload including serum
ferritin levels, in improved compliance with chelation
therapy, which was previously characterised as poor, as
well as improved quality of life for patients”*”

The transition from a fatal to a chronic disease can
be illustrated by the follow up of TM patients in the
thalassaemia clinics of Cyprus. The TM patients undergo
regular clinical and biochemical monitoring related to the
complications of the underlying disease and the associ-
ated therapeutic applications including chelation therapy
(Table 1), Similarly, the introduction of clinical studies
and clinical trials involving TM patients in some of the
clinics has played an important role in the development
of general and personalised optimal therapies for the
benefit of all patients”".

Within this context clinical studies have shown that
the most effective treatment of transfusional iron over-
load is the use of L1/DF combination protocols and
particularly the International Committee On Chelation
(ICOC) protocol (L1 at 75-100 mg/kg per day and DF at
40-60 mg/kg at least 3 d per week). This protocol appear
to reduce serum ferritin and to increase MRI T2* of the
heart and liver progressively to physiological normal lev-
el Furthermore 1.1 monotherapy (85-100 mg/kg
per day) appears to be sufficiently effective for maintain-
ing the body iron stores at normal physiological levels
in most TM patientsmz’114j. This development is a major
breakthrough in iron chelation therapy because it allevi-
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ates TM patients from all the toxic side effects associated
with iron overload toxicity and reduces substantially the
overall morbidity and mortality to levels similar to those
observed in the normal population "

An increase in compliance in TM patients was noted
following the introduction of L1, in addition to the effi-
cacy in iron removal. The majority of TM patients appear
to receive satisfactory treatment with L1 in Cyprus either
in combination with DF (> 50%) or as monotherapy (<
20%)”*, Increase in compliance is also observed in TM
patients receiving DFRA, despite that in some reports the
efficacy in the overall iron removal and in patticular iron
removal from the heart is substantially reduced in com-
patison to the L1/DF combination">"", Similarly, im-
proved compliance and reduced episodes of local allergic
reactions were also noted in many TM patients using an
elastomeric pump as opposed to an electronic pump for
the subcutaneous infusion of DF (< 20%)".

Important progress has also been observed following
the introduction of the MRI T2* and T2 relaxation time
techniques which have shown to be very valuable for
monitoring excess iron load and for improving iron che-
lation therapy for the TM patients in Cyprus and other
countries™",

The most important finding in relation to chelation
therapy in TM is that since the introduction of L1 the
quality of life for most patients has greatly improved and
most adult TM patients in Cyprus have developed profes-
sional careers, got married and had families. Characteristi-
cally about half of the 50 adult TM patients attending the
thalassaemia clinic in Paphos have married, had in total
29 children and of note one female patient treated with
L1 has successfully given birth to 4 children and also has
two grandchildren”.

The paradigm of Cyprus and the adopted organisa-
tional health structure for the prevention, diagnosis and
treatment of TM including the protocols on iron chela-
tion therapy with L1 in particular, could be used as an
example to be followed by many countries where there is
a high incidence of TM. Similarly, the high safety profile
of L1 prompted its clinical application in many other non
iron loaded conditions with focal localised iron deposits
such as acute kidney disease, neurodegeneration with
brain iron accumulation, Parkinson’s disease and FA!" ™.

THE ROLE OF DEFERIPRONE IN THE
TREATMENT OF FRIEDREICH ATAXIA

The general clinical care of FA patients is primarily con-
centrated on the treatment of the symptoms of the un-
detlying disease. There is no established or effective treat-
ment available for FA at present and no clear therapeutic
targets or strategies developed to reverse the pathogen-
esis of the disease. Most efforts until recently were con-
centrated on the use of antioxidants for the treatment of
the oxidative stress related pathology of FA. The most
widely used antioxidants in FA are vitamin E, idebenone,
coenzyme Q10, selenium and N-acetyl cysteine!*"'*.
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Despite that these antioxidants are used at random and in
many cases for prophylaxis by FA patients the results are
not encouraging and in most cases do not delay the onset
or the progression of the disease!*""*.

The suggestion of the use of specific iton chelation
therapy and especially L1 for the removal of excess iron
from mitochondria for the prevention of pathogenesis
and the treatment of FA in general was originally pro-
posed in 2003"!. The proposed mechanism for the mode
of action of L1 was removal of localised excess depos-
ited iron and inhibition of the iron induced catalytic
activity and free radical cascades which caused increase
in oxidative stress and cellular damage. This proposal
was based on 7 vitro findings, animal studies and clinical
results suggesting that 1.1 had access to all major organs
and tissues including the heart and the brain®™*™. The
ability of L1 to remove excess deposited iron from the
hearts of FA patients similar to TM patients, was also
suggested since focal or gross iron overload appears to
be the main cause of mortality in both diseases™".
Similarly, it was also suggested that the application of L1
was a more appropriate therapy than the use of antioxi-
dants for the toxicity arising from focal or localised ex-
cess deposited iron and also that the therapeutic options
included drug combinations™®™.

The suitability of L1 for clinical use in FA was until
recently questioned, mainly because of lack of experience
and knowledge on L1 chelation by those involved with
the care of FA patients. Within this context a number of
concerns were expressed regarding possible toxicities.

One of the major concerns in the use of iron chelat-
ing drugs in non iron loaded conditions including those
with focal or localised excess deposited iron such as FA,
Parkinson’s disease, Alzheimer’s disease and Hallevorden-
Spatz syndrome is the induction of iron deficiency anae-
mia and other related toxicity. Despite that such hypothe-
ses may be theoretically valid, each case should have been
evaluated separately and background information on the
clinical use of chelators thoroughly investigated. Within
this context many wrong assumptions, expectations and
conclusions can be made that may effect future investiga-
tions. In particular, the physicochemical, pharmacological
and toxicological properties as well as the mode of action
of chelators need to be taken into consideration for tar-
geting each one of such conditions.

The specific properties of iron chelating drugs re-
quired for targeting iron toxicity and the risk/benefit
assessment for use in each clinical condition have been
previously reviewed™”. Similarly, the suitability of L1 in
FA and other non iron loaded conditions with focal or
localised excess deposited iron as well as the concerns in
relation to iron deficiency and related toxicity have also
been previously addressed™””". In such cases the inter-
actions of chelators and especially L1 with tranferrin is
essential in understanding the mechanisms and pathways
involved™*'™,

In vitro and in vivo studies have previously shown that
L1 can donate iron to unsaturated or partially saturated
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tranferrin provided L1 is in the form of an iron complex
and is present at a concentration of about the same level
ot lower than what is required to saturate tranferrin with
iron!™*"*), Monitoring of plasma samples of normal in-
dividuals have shown that the oral administration of L1
causes a progressive increase of tranferrin iron saturation
from the normal physiological range level (20%-35%) to
a level of up to 80% over a period of 7 h'"*. This coin-
cides with the results of pharmacokinetic studies where
L1 has been shown to be cleared from plasma over a
period of 6-7 h'". These findings suggest that L1 can
mobilise iron from cytosolic intracellular storage sites or
in the case of FA from focal iron deposits in mitochon-
dria also and donate it to apotransferrin or monoferric
transferrin in plasma, resulting in an increase of tranfer-
rin iron saturation!**"**'*,

The above study suggests that the iron mobilised
by L1 in individuals with normal body iron store levels
including focal iron deposits in FA patients could be
redistributed in the body »ia transferrin instead of being
excreted. Measurement of urinary iron exctretions have
shown that usually only about 1-3 mg iron can be excret-
ed by normal individuals of about 75 kg body weight, per
a 3 g dose of L1 Tn comparison, in iron loaded
TM patients of approximately the same body weight,
substantial increases in iron excretion of up to 71.5 mg
can be observed by using the same dose of 1.117'#%,

Despite that the net amount of iron excreted by L1
in normal individuals is small, continuous administration
over prolonged petiods of many months and years may
cause iron deficiency, unless iron can be replaced from di-
etary sources ot from iron supplements™*'*”. Monitoring
of the biochemical parameters related to the iron status is
particularly important for FA patients treated with L1 or
other chelating drugs. The same monitoring applies for
Parkinson’s disease and other non iron loaded groups of
patients, as well as for individuals using L1 as an antioxi-
dant or anti-ageing drug, where administration of L1 may
continue for many months and years''*",

Following the original proposal for the use of L1 in
the treatment of FA several studies and clinical trials have
been carried out confirming the selection and suitability
of L1 as a promising therapeutic agent in this condition”.
In cell studies using the HEK-293 FA model in which
frataxin mRNA was knocked down, L1 (50 pmol/L)
caused an increased in ATP production, mitochondrial
membrane redox potential and resistance to staurospo-
rine-induced apoptosis' >’ In the same model L1 out-
performed DFRA, DF and salicylaldehyde isonicotinoyl
hydrazone confirming its role as an effective iron chelator
and antioxidant. The superiority of L1 in this model is
based on its higher iron binding potential (log 3 = 30),
the increased access to intracellular and intramitochon-
drial compartments, the iron mobilising and antioxidant
properties and the efficient cellular exit of the L1 iron
complex'”

A number of clinical trials examining possible thera-
peutic effects of L1 in FA patients have been reported
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in the last few years. In one clinical trial nine Friedreich
ataxia patients were treated with a dose of L1 of 20-30
mg/kg per day for 6 mo. In this study L1 has been shown
to reduce excess toxic iron in the brain as determined by
MRI T2*, and also to reduce ataxic gait and neuropathy
in generalms]. Similar encouraging results were observed
in patients with FA using a combination therapy of L1
with the antioxidant drug idebenone™. In another study
13 patients were treated with triple therapy using deferi-
prone at 5-25 mg/kg per day, idebenone at 10-20 mg/kg
per day and riboflavin at 10-15 mg/kg per day for 15-45
mo”". Both neurological and heart function benefits
were noted in some patients. Some adverse effects due
to L1 were observed in four of the patientsmo]. Further-
more, a double-blind, randomised, placebo-controlled
phase 2 trial of L1 in a group of 80 individuals with FA
was reportedm. Full details of this study have not yet
been publishedm. No significant overall changes in the
ataxia scale scores in this study were observed, despite
that improvement in posture, gait, and kinetic function
were observed in some patients. Similarly, the L1 treat-
ment was associated with cardiac improvement such as a
decrease in the left ventricular mass. Decrease in serum
ferritin levels was observed in a few patients. There was
also one case of neutropenia which was resolved on L1
withdrawal.

Overall major therapeutic outcomes have been gener-
ally observed in FA patients treated with L1 during the
clinical trials with both neurological and heart function
improvements. It should be emphasised that complete
clearance of excess cardiac iron in TM and brain iron in
neurodegenerative disease patients has been previously
achieved using higher doses of L1 over longer periods
and the same result is expected in FA patients“12’“4’“9’13”.
These optimistic results offer hope to FA patients who
otherwise have no other effective treatment.

There are several concerns on the protocols used so
far in FA patients including the low doses of L.1 and the
combinations with other antioxidant drugs. In particular,
there is a scope of major improvements in the use of L1
in FA patients, including the prospects of personalised
medicine. In the latter case the therapeutic targets have to
be cleatly defined and the appropriate 1.1 dose protocols
selected based on the focal iron load in the brain, heart,
pancreas and other organs, as well as the overall risk/
benefit assessment in each patient. In general, the elimi-
nation of focal or localised iron deposits in the heart, the
brain and other organs of FA patients are considered as
a major therapeutic target in FA because it is a source of
continuous toxicity and cause of pathological symptoms.

Previous clinical studies with 1.1 in non iron loaded
patients or normal volunteers can serve as an example
for designing appropriate treatment protocols of FA pa-
tients. For example, focal or labile iron deposits have also
been targeted in kidney diseases patients. In clinical stud-
ies using doses of L1 of 50-75 mg/kg per day in about
50 non iron loaded patients with acute kidney disease for
up to 9 mo, L1 improved kidney function, caused a de-

December 26,2014 | Volume 4 | Issue4 |



Kolnagou A et a/. Advances in Thalassaemia and Friedreich ataxia

. . . . . . [117]
crease in proteinuria and no serious toxic side effects .

Overall L1 was well tolerated despite that the doses used
were two or three times higher than those used in the FA
studies. It is anticipated that similar higher doses of L1
at 50-75 mg/kg per day can also be used in most FA pa-
tients, especially those with increased focal iron deposits
in the brain, heart and pancreas. The prospects of other
improved therapies including chelator combination thera-
pies, combinations with other drugs and the introduction
of personalised medicine based on the focal iron deposits
and the stage of the underlying disease should also be
considered for future clinical investigations.

FUTURE PROSPECTS IN THE
TREATMENT OF THALASSAEMIA AND
FRIEDREICH ATAXIA

Major progress has been achieved in the diagnosis, pre-
vention and treatment of TM and FA in the last two
decades. The paradigm of Cyprus shows the way forward

for the prevention and treatment of these pathological

inherited diseases. However, these achievements have
not yet been realised for most patients and in particular
the vast majority of TM patients who live in developing
countries. Similar developments have occurred in FA, but
the lack of clear approaches and suitable strategies may
undermine the efforts for prevention and effective thera-
peutic interventions, especially in relation to the removal
of focal toxic iron deposits in the heart and the brain.

One of the major achievements of the last two de-
cades is the substantial reduction in the births of TM
children in Cyprus and many other countries worldwide
using similar birth prevention measures. Public education
policies and especially consultations with the heterozy-
gote couples at risk of giving birth to TM children played
a major role in this achievement. Similatly, the availability
of prenatal and antenatal diagnoses substantially reduced
the rate of births of TM children.

The quality of life and survival of TM patients have
increased substantially in the last 20 years as a conse-
quence of the introduction of effective therapeutic
postnatal measures and especially diagnostic advances in
the estimation of iron overload using the MRI T2* and
T2 techniques and especially the effective treatment of
iron overload with L1 and its combinations®"”. These
changes and related improvements are more obvious in
Cyprus and other countries where government health au-
thority intervention is significant and appropriate by-laws
as well as appropriate procedures are implemented using
effective organisational health structures.

The organisational health structure adopted in Cyprus
led to the decrease and almost the total elimination of
births of TM children. The birth of a few TM children in
Cyprus by those not adhering to the prenatal and antena-
tal screening programmes has highlighted the importance
of the implementation of health policies related to the
government’s strategy for the prevention of thalassaemia.
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The introduction of other interventions such as pre-
implantation diagnosis has also shown in many cases
an extra effective measure in reducing the birth of TM
children™. However, it is a more difficult and risky pro-
cedure than prenatal diagnosis with low success rate and
1s also more expensive. The prospects of use of 7 utero
allogeneic bone marrow transplantation in the future may
decrease further the birth of TM children but this still
requires further research!™'?”,

The treatment of TM patients is also entering a new
phase. Bone marrow transplantation offers a cure for
TM patients but the risk of rejection of the transplant
and of fatalities is still high®™™™. The vast majority of TM
patients follow the treatment of regular red blood cell
transfusion and chelation therapy. Complete treatment of
iron ovetload in TM patients is now envisaged from the
use of the ICOC L1/DF combination protocol, which
is leading progressively to the elimination of all excess
toxic iron load and the attainment of normal iron levels,
which are within the physiological range. This outcome
increases the prospects of living free of iron related tox-
icity complications and with longer-term survival, similar
to that observed in the general normal population >,

In addition to the increased survival, the quality of
life of TM patients has drastically changed in Cyprus and
other countries adopting similar policies. The improve-
ment in treatment, which mainly involved the introduc-
tion of L1 and other advances such as the introduction
of elastomeric pumps for the delivery of subcutaneous
DF and also the set up of a specialist multi-disciplinary
team for the clinical follow up of TM patients has also
contributed to this transition. For example, some of the
TM patients have been attending tertiary education and
many are employed in different professional sectors. In
addition the marital and family status of the TM patients
has also changed and most adults are matried and have
children. For example, in a fertility report of Cypriot TM
women in 2004, improved attainment of reproductive
capacity has been observed with a total of 358 successful
pregnancies“w. An increasing number of TM patients are
now over 50 years of age and have become grandparents.
This development followed the introduction of L1 and
the L1/DF combination, where there was a significant
drop in the mortality rate of TM patients from cardiac
complications and also the reversal of iron overload tox-
icity in other orzgrans[()’z‘;’zmB’13 l

The apparent increase in survival of TM patients is
observed in Cyprus, and also many other countries using
related chelation therapy and similar supportive therapy
protocolsps’zgl. The transition leading to the longer term
survival outcome appears to be related to the improved
compliance in the oral chelation therapy and more im-
portantly to the ability of L1 to mobilise rapidly excess
iron deposits from the heart, which has also been repeat-
edly confirmed in several thalassaemia centers using the
T2* and T2 relaxation time MRI techniques[54’55’1“’m].

The ability of L1 to reverse cardiac, liver, kidney and
possibly other organ or tissue iron related damage in dif-
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ferent categories of patients and its antioxidant proper-
ties provide further evidence of its potent therapeutic
effects™™", This therapeutic option may also apply to FA
patients at present where so far no effective treatment
has become available and L1 appears to offer the most
promising therapeutic option, especially if used at the ap-
propriate doses and protocols.

The exceptional therapeutic properties of L1 by
comparison to other therapeutics in FA include several
advantages such as its ability to enter most tissues and
organs including the heart and the brain and also sub-
cellular organelles such as mitochondria and cytosolic
compartments at high therapeutic concentrations and to
remove progressively and effectively toxic iron depos-
its. The efficacy of L1 in targeting iron toxicity arising
from labile toxic iron forms and also from gross body
or focal localised iron deposits, as well as its ability to
redistribute iron wia transferrin and reach iron balance in
tissues, can make I.1 a universal iron detoxifier and iron
metabolic regulatory drug in many diseases including
FAHIRISEA 1 addition, L1 can also act as an antioxi-
dant by inhibiting iron catalysed free radical reactions and
cascades arising from mitochondrial malfunction, which
is considered a major cause of toxicity in the pathology
of FA and also of other diseases (Figure 2)7

There are many other therapeutic advantages in the
clinical use of L1 in FA and other conditions®**"*"".
For example, the role of other metals in addition to iron
in the cause and acceleration of neurodegeneration in
FA and also other diseases is an expanding area under in-
vestigation”" ", Within this context, L1 can chelate and
mobilise aluminium and copper and eliminate their as-
sociated toxicity as shown in cell and animal studies and
also in clinical conditions'*"*,

Future prospects regarding the treatment of FA
include the identification of all the molecular targets as-
sociated with the pathological mechanisms, the design of
new therapeutics and protocols, as well as the optimisa-
tion of the existing experimental treatments. Within this
context the importance of mitochondrial and cytosolic
iron deposition and its significance in the neuropathy,
cardiomyopahy as well as other organ damage needs to
be further investigated, qualified, quantified and the asso-
ciated toxicity defined similar to the iton ovetload toxicity
in TMPH,

The optimisation of chelation therapy in FA needs to
be further investigated. More effective removal of iron
in FA can be achieved using higher doses of L1 than
those used in the reported clinical trials. In this case two
ot three divided doses to a total of 50-75 mg/kg per day
of L1 can be used depending on the level of focal iron
deposition, which can be determined by the MRI T2 and
T2* techniques™ ™. Similarly, prophylactic use of lower
doses of L1 (eg., 10 mg/kg per day) can also be used
at the eatly stages in young diagnosed patients to delay
or prevent focal iron load deposition and the onset of
pathological symptoms.

Alternative and complimentary experimental treat-
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ments to that of iron chelation therapy could also be
considered. For example, regular venesection treatment
at an eatly age can be investigated in FA patients not only
for prophylaxis but also as a form of main treatment at
later stages. This treatment may be more appropriate for
FA patients with excess mitochondrial and cytosolic iron
deposition. Chronic venesection treatment is simple and
inexpensive and can be well tolerated and used before
and after the onset of the symptoms in FA patients. The
rate of venesection can vary from that of regular blood
donors to a more intensive one similar to that of heredi-
tary haemochromatosis patients' . Reduction in the rate
of organ and mitochondrial focal iron load deposition
and associated toxicity as well as delay in the onset of
pathological symptoms is expected using this form of
treatment.

The therapeutic use of hyperbatic oxygen as a pro-
phylactic measure in asymptomatic FA patients before
the onset of mitochondrial focal iron load could also be
considered for improvement of neuronal function'*,
Relative improvements were previously observed follow-
ing the therapeutic use of hyperbaric oxygen in some
stroke patients who had focal neuronal damage and sub-
stantial reduction of ATP production*. This method
can also be applied to FA patients with focal iron depos-
its and pathological symptoms but special safety proce-
dures may be required because of possible exacerbation
of the mitochondrial induced oxidative stress. Combina-
tion therapies of chelating drugs, antioxidants, hyperbaric
oxygen and venesection could provide an alternative in-
vestigational approach to the treatment of FA patients.

Gene therapy is the ultimate target for the complete
treatment of both TM and FA"*'*". However, such
experimental therapies have been tried in many diseases
with no optimistic outcome so far!" 1Y
the proposed introduction of new protocols or new
treatments for FA or TM patients, a risk/benefit assess-
ment is necessary for comparison of the existing and the
new treatments. This assessment is particularly important
for FA patients where no effective treatments are avail-
able at present.

The recent progress in the prevention, diagnosis and
treatment of TM and FA patients in Cyprus can serve as
a model by other countries and worldwide organisations
such as the World Health Organization for minimising
the births of TM and FA children and for improving the
treatment of these and other inherited diseases world-
wide. In particular, the organisational health structures
adopted and the new treatments provided are shifting the
disease profile of TM from a fatal disease to chronic one,
in Cyprus and other countries using similar models. It is
also hoped that the same model could be adopted for FA,
including the introduction of effective new treatments.

Further efforts are needed for the development and
improvement of organisational health structures for the
prevention, diagnosis and treatment of TM and FA pa-
tients in developing countries, where health resources are
extremely limited. Similarly, further advances in the de-

! In all cases of
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sigh of personalised medicine which can provide optimal
therapies for individual patients are also in progress and
are the subject of in depth investigation.

CONCLUSION

The experience of the Cypriot model of organisational
health structure implies that prenatal and antenatal diag-
noses can be successfully used for reducing substantially
the birth rate of TM and FA patients and the overall pre-
vention of the incidence of these inherited pathological
diseases worldwide. The introduction of new treatment
methods, particularly the use of effective therapeutic pro-
tocols of L1, resulted in many improvements including
better compliance with chelation therapy and improved
the quality of life, as well as reduction or reversal of iron
overload related organ damage and an overall increase
in the survival of the TM patients in Cyprus and other
countries using similar iron chelation protocols.

Similarly, the introduction of L1 in the treatment
of FA patients increases the prospects of reducing the
morbidity and mortality rates observed in this disease.
New possible treatments for FA patients such as im-
proved chelation dose protocols of L1, venesection and
hyperbaric oxygen could be investigated and selected on
individual patient cases based on a risk/benefit assess-
ment. Improved diagnostic techniques for the detection
of stored iron such as MRI and of iron toxicity could
improve the therapeutic targeting methods for both TM
and FA.

It appears that recent advances in the diagnosis of the
pathogenesis and the treatment are changing TM and FA
from fatal to chronic diseases.
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Abstract

AIM: To test the methodical and pre-analytical perfor-
mance of a new multiplex cancer biomarker panel us-
ing magnetic beads.

METHODS: The MILLIPLEX® MAP Human Circulating
Cancer Biomarker Magnetic Bead Panel 1 comprises the
tumor markers carcinoembryonic antigen, alpha-feto-
protein, total prostate-specific antigen, cancer antigen
15-3, cancer antigen 19-9, cancer antigen 125, cyto-
keratine 19-fragment, B-human chorionic gonadotropin,
human epididymis protein 4, osteopontin, prolactin, the
cell death and angiogenesis markers soluble Fas, solu-
ble Fas-ligand, tumor necrosis factor related apoptosis-
inducing ligand, vascular endothelial growth factor and
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the immunological markers interleukin-6 (IL-6), IL-8,
tumor necrosis factor-a, transforming growth factor a,
fibroblast growth factor-2, macrophage migration inhib-
itory factor, leptin, hepatocyte growth factor, and stem
cell factor. We determined intra- and inter-assay impre-
cision as well as dilution linearity using quality controls
and serum pools. Furthermore, the stability of the 24
biomarkers examined in this panel was ascertained by
testing the influence of different storage temperatures
and time span before centrifugation.

RESULTS: For all markers measured in the synthetic
internal quality controls, the intra-assay imprecision
ranged between 2.26% and 9.41%, while for 20 of 24
measured markers in the physiological serum pools, it
ranged between 1.68% and 12.87%. The inter-assay
imprecision ranged between 1.48%-17.12% for 23 bio-
markers in synthetic, and between 4.59%-23.88% for
18 biomarkers in physiological quality controls. Here,
single markers with very low concentration levels had
increased imprecision rates. Dilution linearity was ac-
ceptable (70%-130% recovery) for 20 biomarkers. Re-
garding pre-analytical influencing factors, most markers
were stable if blood centrifugation was delayed or if
serum was stored for up to 24 h at 4 'C and 25 C after
centrifugation. Comparable results were obtained in
serum and plasma for most markers. However, great
changes were observed for single markers.

CONCLUSION: MILLIPLEX® MAP Human Circulating
Cancer Biomarker Magnetic Bead Panel 1 assay is a
stable and precise method for detection of most bio-
markers included in the kit. However, single markers
have to be interpreted with care.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Multiplex immunoassay; Tumor marker; Cy-
tokines; Cell death markers; Methodical evaluation

Core tip: In this study, the methodological quality of a
new research-use-only multiplex magnetic bead assay,
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particularly designed for cancer diagnosis, was evaluat-
ed. This attractive panel includes 24 biomarkers: estab-
lished as well as auspicious tumor markers and markers
deriving from the fields of apoptosis, immunology and
angiogenesis. Herewith, the complexity and multifacto-
rial background of a cancer disease is depicted. Mea-
surements were performed with physiological serum
pools and intra- and inter-assay imprecision as well as
dilution linearity were assessed. Furthermore, the influ-
ence of preanalytical factors was investigated.

Hermann N, Dreflen K, Schildberg FA, Jakobs C, Holdenrieder S.
Methodical and pre-analytical characteristics of a multiplex cancer
biomarker immunoassay. World J Methodol 2014; 4(4): 219-231
Available from: URL: http://www.wjgnet.com/2222-0682/full/v4/
i4/219.htm DOI: http://dx.doi.org/10.5662/wjm.v4.i4.219

INTRODUCTION

Despite of essential achievements in cancer research
concerning diagnosis, therapy options and follow up
methods, cancer diseases still present a global health
problem!!. A great variety of clinical and imaging tools
are applied to diagnose tumor masses and screening pro-
grams have been established for certain entities”
serum tumor markers, such as alpha-fetoprotein (AFP),
cancer antigen 125 (CA 125), CA 15-3, CA 19-9, carcino-
embryonic antigen (CEA) or prostate-specific antigen
(PSA), have been introduced as supplementary diagnostic
tools, but none of the above is recommended as a singu-
lar method to define a cancer diagnosisD’SJ.

Cancer is nowadays perceived as a complex disease
involving inflammatory and immunological systems and
programs of cell death®”. Thus, the diagnostic opportu-
nity could be greatly enhanced by measurement of more
than one marker as a fraction of information required
to understand a complex pathological state™”. Based on
these findings, methods for parallel tumor marker testing
have become more and more interesting in cancer re-
search. Here, biomarkers, representing different systemic
processes, such as inflammation, angiogenesis or cell

death, can be combined with established tumor matrkers in
10-12]

1 Some

one panel and potentially increase diagnostic accuracy'
Multiplex based immunoassays belong to the leading
methods in this field. They are based on flow cytometry
principles applied to labeled microspheres and depict an
“ELISA on a bead”"”. They offer several advantages,
such as high-throughput performance, low material re-
quirement, wide range application and cost- and time-
effective multiplexing of more than 20 parametersls’mj.
However, the implementation of bead based multi-
plex assays has not yet been established in clinical rou-
tine", Currently used tumor markers are mainly tested
with single parameter assays. Not least due to the great
potential of differently composed assays or marker pan-
els, respectively, this field requires further research in
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order to assess assay quality, increase comparability of
multiplex assays, and to encourage consistent guidelines
which as of yet are non-existent™'”,

As already shown by other research groups marker
combination has the potential to greatly improve the
quality of early diagnosis and other therapeutically rel-
evant applicationsm’m’m. Several manufacturers offer
diverse panels of markers, mainly for the combined mea-
surement of many immunological and metabolic markers.
For oncological purposes, the MILLIPLEX® Map Hu-
man Circulating Cancer Biomarker Magnetic Bead Panel
Kit (EMD Millipore) was recently released. It represents
an attractive option particularly for study settings. This
kit includes reagents for the detection of 24 biomarkers,
which portray a widespread spectrum of already validated
as well as upcoming auspicious oncological, cell death,
angiogenesis and immunological biomarkers, such as
CEA, AFP, total prostate-specific antigen (total-PSA), CA
15-3, CA 19-9, CA 125, cytokeratine 19-fragment (CY-
FRA 21-1), B-human chorionic gonadotropin (B-HCG),
human epididymis protein 4 (HE4), osteopontin (OPN),
prolactin, soluble Fas (sFas), soluble Fas-ligand (sFasL),
tumor necrosis factor related apoptosis-inducing ligand
(TRAIL), vascular endothelial growth factor (VEGF), in-
tetleukin-6 (IL-06), IL-8, tumor necrosis factor-o. (INFa),
transforming growth factor a (TGFa), fibroblast growth
factor-2 (FGF2), macrophage migration inhibitory factor
(MIE), leptin, hepatocyte growth factor (HGF) and stem
cell factor (SCF).

However, in order to be used in studies and for clini-
cal measurements, this panel must fulfill certain require-
ments, such as high reliability, accuracy, robustness as
well as high analytical and clinical sensitivity and specific-
ity Furthermore, the analytes must be stable against
potentially influencing pre-analytical factors”. This study
was carried out to critically test whether all or only some
of the markers fulfill these basic methodical quality crite-
ria and can thus be recommended for application in clini-
cal or study conditions.

MATERIALS AND METHODS

In order to assess the methodological performance of
MILLIPLEX® MAP Human Circulating Cancer Bio-
marker Magnetic Bead Panel 1, 96 Well Plate Assay we
tested intra- and inter-assay imprecision as well as dilution
linearity.

Standard samples plus quality controls QC 1 and QC
2 delivered by the kits were used for the internal method-
ological control. Standard 7 depicted the basis for a dilu-
tion line with the factor 1:3 from high to lower biomarker
concentrations. The standard dilution line as well as the
concentrations of QC 1 and QC 2 were predefined by
the manufacturer.

For external control, we produced two serum pools
with levels in the moderate to high and in the very low
value range for most markers (pool 1 and pool 2). To
create pool 1, 37 residual and anonymized sera of daily
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clinical routine diagnostics were combined. Inclusion
criteria were present high levels of the inflammation pa-
rameter C-reactive protein and well above average levels
of the biomarkers AFP, 3-HCG, CA 15-3, CA 125, CA
19-9, CEA, NSE and PSA. Here, patient history was not
considered. Pool 2 is a combination of two sera taken
from young healthy women (mean age 23.5 years). The
sera pools, standard samples and quality controls QC 1
and QC 2 were run in duplicate as minimum within each
plate.

In order to evaluate the linearity of dilution, a 50%
dilution of the higher concentrated pool 1 was prepared
by mixing the pool 1 sample with the appropriate amount
of serum matrix enclosed in our kit. We defined the ac-
ceptable range for the recoveries as values between 70%
and 130%.

Next, the estimation of possible affecting pre-ana-
Iytical issues was tested. Briefly, samples of two different
patients were stored at 25 C (room temperature) for 6
and 24 h prior to centrifugation and subsequent freezing
at -80 C. In a further experiment, samples were stored
at 4 'C and 25 C for 6, 24 and 48 h, respectively, after
centrifugation and before freezing at -80 ‘C. As reference
control we used the corresponding samples, which were
directly frozen after centrifugation. Finally, biomarkers
were tested in serum and EDTA-plasma samples that
were taken in parallel from the two healthy donors. All
different conditions were measured in a single plate at a
later time point to avoid inter-assay interferences.

MILLIPLEX® MAP Kit on the Bio-Plex® 200 System

The MILLIPLEX® MAP Human Circulating Cancer
Biomarker Magnetic Bead Panel 1, 96 well plate assay
purchased from EMD Millipore included all the reagents
as well as an appropriate plate required by the assay. The
procedure was conducted by experienced staff accord-
ing to the manufacturer’s protocol. For washing steps,
the Bio-Plex® Pro Il wash station was applied. All plates
wete run on the Bio-Plex® 200 System. Before each as-
say run, the system was calibrated with the Bio-Plex®
calibration kit and validated with the Bio-Plex® validation
kit 4.0. Bio-Plex® sheath fluid served as the delivery me-
dium for the samples. Analysis was performed with Bio-
Plex® manager 6.1. Within the device settings, 50 events
per bead region were defined as minimum criterion.

Principle

MILLIPLEX® MAP Kit Human Circulating Cancer Bio-
marker Magnetic Bead Panel 1 was developed as an im-
munoassay on the surface of fluorescent-coded magnetic
beads (MagPlex™-C microspheres). The proportion
of two fluorescent dyes on these beads forms the code
and determines in such way up to 100 different kinds of
beads. Here, we have 24 differently coded bead groups,
each of which is coated with a specific capture antibody
to detect one of the 24 biomarkers which are CEA, AFP,
PSA, CA 15-3, CA 19-9, CA 125, CYFRA 21-1, B-HCG,
HE4, osteopontin and prolactin, the cell death and angio-
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genesis matkers sFas, sFasL, TRAIL and VEGF as well
as the immunological markers IL-6, IL-8, TNFa, TGFa,
FGF-2, MIF, leptin, HGF and SCE.

The binding of specific analytes begins in the bead
mixture suspended with a test sample. Next, a biotinylated
detection antibody is introduced and subsequent incuba-
tion with streptavidin-phycoerythrin (PE) conjugate is
performed to complete the reaction on the microspheres.

Finally, the assay is analyzed by the Bio-Plex® 200 sys-
tem. Here, the beads coupled with the capture antibody
bound to the specific analyte, biotinylated detection an-
tibody and streptavidin-PE on its surfaces pass through
a laser, which excites the internal dyes. A second laser
excites the signal of PE. High-speed digital-signal proces-
sors identify the beads and detect the fluorescent signal
intensity in order to quantify the assay result.

Procedures

All reagents and sera were brought to room temperature
before use. Wash buffer, assay buffer, serum matrix, stan-
dard 7, quality controls 1 and 2, beads, detection antibod-
ies, and streptavidin-PE were prepared as recommended
by the manufacturer. Serum samples were thawed and
individually vortexed for 15 s. Thereafter, they were cen-
trifuged (Eppendorf centrifuge 5810R) at 3500 rpm
for one min. Next, 15 pL. of sample was mixed with
75 uL of serum matrix creating a 1:6 dilution. To cre-
ate a homogeneous mixture of all antibody conjugated
beads, every vial containing one set of microspheres was
sonicated for 30 s and then vortexed for one minute.
One hundred and fifty microliter of each vial was trans-
ferred into a mixing bottle that was vortexed again for
one minute. The beads were protected from exposure to
light throughout the assay. For pre-wetting, 200 pl. assay
buffer was pipetted into each well, the plate was covered
with a sealer and then shaken at 700 rpm for 10 min. The
fluid was removed by tapping the plate on a paper towel
and centrifuging it briefly at 3500 rpm lying top down
on a paper sheet in the centrifuge. Twenty-five microliter
of background, standard 1-7 and quality controls 1 and
2 were pipetted in duplicate into the appropriate wells
and 25 pL of serum matrix was added. Next, sample
wells were filled with 25 pulLL of assay buffer and 25 pL. of
the diluted sera was pipetted into the appropriate wells.
Finally, the magnetic bead mixture was vortexed for 1
min and 25 pL. were pipetted into each well. The plate
was sealed, covered with aluminum foil and then shaken
at 700 rpm for 16 h at 4 C. After incubation time the
magnetic bead plates were washed as recommended by
the method protocol three times using assay buffer by
means of Bio-Plex® Pro I wash station. Then 25 yL of
detection antibodies were added to each well, the plate
was sealed and covered with aluminum foil and shaken
at 700 rpm for 1 h. Now 25 pl. of streptavidin-PE per
well were added and the plate was again sealed, covered
with aluminum foil and shaken at 700 rpm for 30 min.
Thereon the three washing steps were performed as de-
scribed above. One hundred microliter of sheath fluid
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were pipetted into each well, the plate sealed and covered
with aluminum foil and shaken at 700 rpm for 5 min in
order to resuspend the beads. Lastly, the plates were run
on the Bio-Plex® 200 system.

Expected concentrations of each tested biomarker
for standards 1-7 were entered into the system prior to
running the assay. The device detects appropriate fluo-
rescence intensities (FI) and creates a standard curve for
each marker. These curves are generated by linking the
measured FI values with the expected concentration of
markers in standards 1-7. Further translation of Fl-values
in concentration levels of all the following samples is
based on these curves. Depending on the five parameter
logistic, the function possesses predefined points of ac-
cepted extrapolation, which are the minimum and maxi-
mum asymptotes. For the lower limits in our study, we
accepted an extrapolation in round terms in the middle
between the lowest standard and the minimum asymptote
point. Due to the phenomenon of heteroscedasticity to-
wards higher concentrations, here, the accepted extrapo-
lation was defined as an approximation of the highest
standard value. These limits consequently illustrate our
measuring range.

As all physiological serum samples were diluted 1:6
with serum matrix included into the kit, the dilution fac-
tor 6 was considered by the software before yielding the
final concentration of the samples. For convenience of
comparability in added tables, we multiplied all non diluted
concentrations (accepted measuring range, observed con-
centration of QC 1, QC 2 and standard 5) with the factor 6.

The results from the software of Bio-Plex® 200 con-
tain the measured FI and when duplicates were run, also
the corresponding means, standard deviation and coef-
ficients of variation (CV in %) as well as the correspond-
ing concentrations.

Statistical analysis

In order to assess intra- and inter-assay imprecision FI-
based CVs were used. We also determined the CVs based
on the observed concentration for the analysis. Means
and ranges were calculated for all comparisons. In order
to quantify the dilution linearity, we determined observed
concentration-based recoveries related to the correspond-
ing expected values for the 50% dilution of pool 1. The
evaluation of the pre-analytical influence of different
storage conditions is represented by calculated recoveries
based on FI results.

All in all, we tested ten kits or rather ten plates. The
first five plates were ordered as a batch and were mea-
sured subsequently and strictly under the same condi-
tions. The following five plates were of the same lot, but
were ordered and measured about six months later under
different conditions. Therefore, the main method evalua-
tion in our study is based on the first five kits. However,
results of the overall evaluation are also shown. In one
assay, a pipetting error of the pool samples occurred and
the respective values were omitted.
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RESULTS

Intra-assay imprecision

The intra-assay imprecision as the mean CV (in %) over
all plates for synthetic quality controls QC 1, QC 2 and
standard 5 as well as for physiological serum pools 1 and
2 was calculated for five different magnetic plates relating
to each tested biomarker. Here, only results within the
measuring range were included.

In QC 1 and QC 2, 22 and 24 markers had an FI-
based CV below 10%. In QC 2, 21 biomarkers were mea-
sured with a CV less than 5%. The CVs ranged between
3.81% (AFP) and 13.38% (FGF2) for QC 1 and between
2.06% (total PSA) and 5.56% (B-HCG) for QC 2. Ob-
served concentration-based CVs ranged between 4.23%
(AFP) and 9.41% (FGF2) for QC 1 and between 2.26%
(TRAIL) and 7.69% (CA 19-9) for QC 2 (Table 1).

In the standard 5-sample, all of the 24 biomarkers
were measured with CV values below 5%. The range was
between 0.91% (OPN)-4.41% (VEGF).

In the physiological serum pool 1, all biomarkers
showed an Fl-based CV below 10%, while 13 biomark-
ers had a CV below 5%. The values ranged from 1.89%
(MIF) to 8.71% (FGF2). Observed concentration-based
CVs ranged from 1.68% (MIF) to 36.09% (B-HCG) with
12 biomatkers measured with a CV below 5% and four
biomarkers exceeding the 10% range (Table 1).

In physiological serum pool 2, Fl-based imprecision
ranged from 1.65% (CA 19-9) to 14.31% (MIF) with only
one CV (MIF) found to be higher than 10%. CVs of 11
biomarkers fell below 5%. Observed concentration-based
imprecision ranged from 1.47% (sFas)-15.66% (MIF)
with seven biomarkers measured with a CV below 5%
and seven biomarkers exceeding the 10% range (Table 1).

When intra-assay imprecision was evaluated for all ten
plates, the CVs were somewhat higher for pools and QC
samples (Table 2).

Inter-assay imprecision
FI-based imprecision: The inter-assay imprecision was
performed by calculating the CV in % involving all fluo-
rescence intensity results for QC 1, QC 2, standard 5,
pool 1 and pool 2 over five different magnetic plates re-
lating to each tested marker. Here, only results within the
measuring range were included.

For synthetic QC 1, QC 2 and standard 5, 16, 17 and
18 markers had imprecision below 20%, ranging between
8.85% (IL-8) and 45.75% (OPN), 8.88% (CEA) and
29.04% (OPN) as well as between 8.61% (total PSA) and
42.71% (CYFRA 21-1) (Table 3).

In the higher-concentrated physiological serum pool
1, the inter-assay imprecision fell below 20% for 18 bio-
markers with the total range between 4.49% (B-HCG)
and 46.72% (OPN). In the very low serum pool 2, only
four biomarkers were measured with a CV below 20%,
collectively ranging between 10.19% (HGF) and 85.54%
(OPN) (Table 3).
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Figure 1 Dilution recovery. Recoveries of a 50% dilution of serum pool 1 for all 24 biomarkers. The values are observed concentration-based and the corresponding
measured undiluted pool 1 values were taken as reference. Horizontal lines depict the acceptable range of recovery. The dilution of VEGF fell below the measuring
range. AFP: Alpha-fetoprotein; CA 125: Cancer antigen 125; CEA: Carcinoembryonic antigen; CV: Coefficient of variation; CYFRA 21-1: Cytokeratine 19-fragment;
FGF2: Fibroblast growth factor-2; FI: Fluorescent intensity; HE4: Human epididymis protein 4; HGF: Hepatocyte growth factor; IL-6: Interleukin-6; MIF: Macrophage
migration inhibitory factor; MR: Measuring range; Conc: Concentration; OPN: Osteopontin; QC 1: Quality control 1; SCF: Stem cell factor; sFas: Soluble Fas; sFasL:
Soluble Fas-ligand; TGFa.: Transforming growth factor-a;; TNFa.: Tumor necrosis factor-o; total PSA: Total prostate-specific antigen; TRAIL: Tumor necrosis factor
related apoptosis-inducing ligand; VEGF: Vascular endothelial growth factor; 3-HCG: 3-human chorionic gonadotropin.
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Figure 2 Preanalytical factors: Storage before centrifugation. Behavior of
biomarkers undergoing different pre-analytical conditions: Blood samples were
stored at room temperature for 0, 6 and 24 h before centrifugation, definitive
storage at -80 "C and measurement. Values are Fl-based and depicted as re-
coveries corresponding to the values of directly centrifuged and frozen serum
as reference. AFP: Alpha-fetoprotein; CA 125: Cancer antigen 125; CEA: Car-
cinoembryonic antigen; CV: Coefficient of variation; CYFRA 21-1: Cytokeratine
19-fragment; FGF2: Fibroblast growth factor-2; FI: Fluorescent intensity; HE4:
Human epididymis protein 4; HGF: Hepatocyte growth factor; IL-6: Interleu-
kin-6; MIF: Macrophage migration inhibitory factor; MR: Measuring range;
Conc: Concentration; OPN: Osteopontin; QC 1: Quality control 1; SCF: Stem
cell factor; sFas: Soluble Fas; sFasL: Soluble Fas-ligand; TGFa: Transforming
growth factor-o,; TNFou: Tumor necrosis factor-a; total PSA: Total prostate-
specific antigen; TRAIL: Tumor necrosis factor related apoptosis-inducing
ligand; VEGF: Vascular endothelial growth factor; B-HCG: B-human chorionic
gonadotropin.
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All in all, ten plates were run. The first five kits were
ordered in one batch and applied subsequently under
strictly identical conditions. The following plates were oz-
dered and run six months later under the same standards
of procedure. However, we perceived a striking discrep-
ancy when comparing the results of the first five and the
last five plates. As the lot number was the same, we as-
sume an influence of surrounding conditions, ¢.g., room
temperature, pipettes used and different laboratory staff
constellation. In order to represent accurate and relevant
results in our main method evaluation, we divided our
evaluation into two steps: First, we considered only the
first five assays as they were done under homogeneous
conditions. In the second step, an overall analysis of all
assays was performed. Nevertheless, this critical fact elu-
cidates once more the importance of standardized pro-
cedures in clinical routine laboratories, the application of
internal quality controls and the participation in external
quality assessment programsp’lsl.

In general, the assay showed an acceptable intra- and
inter-assay imprecision. Apart from the synthetic internal
controls QC 1 and QC 2 we included the physiological
external control samples pool 1 and pool 2 as a further
reference source. In comparison to the internal controls
QC 1 and QC 2 this resulted in an interesting finding.
As expected, the method precision was slightly more
accurate for the synthetic samples. Although evidently
the composition of serum pools is more complex, this
physiological type of quality control is more relevant as
it reflects the situation of the clinical samples more accu-
rately. Nevertheless, the comparability between synthetic
and physiological samples was still given. However, we
petceived higher variation in samples with lower con-

December 26,2014 | Volume 4 | Issue4 |
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Figure 3 Preanalytical factors: Storage after centrifugation at 4 ‘C. Behav-
ior of biomarkers undergoing different pre-analytical conditions: Blood samples
were stored for 0, 6, 24 and 48 h after centrifugation at 4 ‘C before definitive
storage at -80 'C and measurement. Values are Fl-based and depicted as re-
coveries corresponding to the values of directly centrifuged and frozen serum
as reference. AFP: Alpha-fetoprotein; CA 125: Cancer antigen 125; CEA: Car-
cinoembryonic antigen; CV: Coefficient of variation; CYFRA 21-1: Cytokeratine
19-fragment; FGF2: Fibroblast growth factor-2; FI: Fluorescent intensity; HE4:
Human epididymis protein 4; HGF: Hepatocyte growth factor; IL-6: Interleu-
kin-6; MIF: Macrophage migration inhibitory factor; MR: Measuring range;
Conc: Concentration; OPN: Osteopontin; QC 1: Quality control 1; SCF: Stem
cell factor; sFas: Soluble Fas; sFasL: Soluble Fas-ligand; TGFa.: Transforming
growth factor-a; TNFa.: Tumor necrosis factor-o; total PSA: Total prostate-
specific antigen; TRAIL: Tumor necrosis factor related apoptosis-inducing
ligand; VEGF: Vascular endothelial growth factor; B-HCG: B-human chorionic
gonadotropin.

centrations of the biomarkers, particularly seen in the
imprecision results of pool 2 where most marker concen-
trations were below or at the lower end of the accepted
range.

Compating the precision data provided by the manu-
facturer (range: 4.9% to 15.0% and 4.1% to 16.2% for
intra- and inter-assay imprecision, respectively) with our
results a very good accordance concerning the intra-assay
results was observed.

The inter-assay imprecision is partly higher in our
tests. However, for most markers we could achieve the
corresponding coefficients of variation considering the
results of the quality controls provided by the manufac-
turer. CYFRA 21-1, a highly valuable tumor marker for
non small cell lung cancer ! was found to be the only
marker exceeding the 20% limit of CV concurring with
the given imprecision by the manufacturer where it also
yields the maximum coefficient of variation in the panel.
As the marker concentration is within the appropriate
range and the variation is found to be not acceptable we
assume a non-applicability of this biomarker in the as-
sessed method. In our higher concentrated pool 1, five
markers were found to be measured with a non-accept-
able CV. Close observation of these biomarkers revealed
that the observed concentrations were very low, even be-
low the first standard (such as for FGF2) indicating only
limited clinical relevance in these cases. In conclusion,
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Figure 4 Preanalytical factors: Storage after centrifugation at room tem-
perature. Behavior of biomarkers undergoing different pre-analytical conditions:
Blood samples were stored for 0, 6, 24 and 48 h after centrifugation at room
temperature before definitive storage at -80 ‘C and measurement. Values are
Fl-based and depicted as recoveries corresponding to the values of directly
centrifuged and frozen serum as reference. AFP: Alpha-fetoprotein; CA 125:
Cancer antigen 125; CEA: Carcinoembryonic antigen; CV: Coefficient of varia-
tion; CYFRA 21-1: Cytokeratine 19-fragment; FGF2: Fibroblast growth factor-2;
FI: Fluorescent intensity; HE4: Human epididymis protein 4; HGF: Hepatocyte
growth factor; IL-6: Interleukin-6; MIF: Macrophage migration inhibitory factor;
MR: Measuring range; Conc: Concentration; OPN: Osteopontin; QC 1: Qual-
ity control 1; SCF: Stem cell factor; sFas: Soluble Fas; sFasL: Soluble Fas-
ligand; TGFa.: Transforming growth factor-o; TNFou: Tumor necrosis factor-ot;
total PSA: Total prostate-specific antigen; TRAIL: Tumor necrosis factor related
apoptosis-inducing ligand; VEGF: Vascular endothelial growth factor; g-HCG:
f3-human chorionic gonadotropin.

with an inter-assay imprecision in a reasonable range be-
tween 4.59% (total PSA)-23.88% (TGFaq), this is a rather
satisfying result.

Comparing the values of variance of fluorescence
intensity and observed concentration revealed some strik-
ing discrepancies. This phenomenon is obviously based
on the transformation of measured fluorescence inten-
sity into biomarker concentration, which is neither linear
nor predetermined to be equal in all the tests, but corre-
sponding to the course of the standard curve calculated
anew for every single test. FI values are matched to the
concentrations that are provided by the standard curve.
Thus, the same FI values in two different plates could
lead to two different concentrations and are therefore less
comparable when it comes to a crossover comparison
between the plates. This phenomenon is shown in the
attached Table 3 comparing FI values and observed con-
centration-based CVs. Hence, the inter-assay imprecision
based on concentration values provided a more relevant
result for the methodological evaluation.

Testing the dilution linearity, our study yields satisfy-
ing results with a tendency to a recovery in the upper
field of the defined acceptable range.

Within the Bio-Plex® 200 System, it is possible to
vary the minimal number of events needed for measure-
ment. With 50 events as minimum per bead we chose a
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Figure 5 Comparison between serum and EDTA-plasma. Measured serum levels are defined as 100% recovery. The acceptable range is indicated by the hori-
zontal lines and standard deviation of the recoveries is given for each marker. AFP: Alpha-fetoprotein; CA 125: Cancer antigen 125; CEA: Carcinoembryonic antigen;
CV: Coefficient of variation; CYFRA 21-1: Cytokeratine 19-fragment; FGF2: Fibroblast growth factor-2; FI: Fluorescent intensity; HE4: Human epididymis protein 4;
HGF: Hepatocyte growth factor; IL-6: Interleukin-6; MIF: Macrophage migration inhibitory factor; MR: Measuring range; Conc: Concentration; OPN: Osteopontin; QC
1: Quality control 1; SCF: Stem cell factor; sFas: Soluble Fas; sFasL: Soluble Fas-ligand; TGFo: Transforming growth factor-oi; TNFou: Tumor necrosis factor-c; total
PSA: Total prostate-specific antigen; TRAIL: Tumor necrosis factor related apoptosis-inducing ligand; VEGF: Vascular endothelial growth factor; -HCG: B-human
chorionic gonadotropin.

compromise between a time-effective measurements and stable, except MIF and IL-8. These two markers pre-
sufficiently precise results. Obviously, the accuracy of sented a considerable increase in marker levels. Our find-
measurements increases with higher number of events. ings for IL-8 agree with the recommendations made by
Nevertheless, our findings could achieve acceptable CV Hoch e o™ to centrifuge the blood samples within less
values in most cases despite the low minimum number than 2 h to avoid interactions between I1.-8 and blood
of events set. Therefore, we did not compare absolute cells. An increase of MIF levels in samples, which were
number of detected events and their calculated CVs. not directly prepated, is also predescribed by Sobierajski
The MILLIPLEX® MAP Human Circulating Cancer et al””. These pre-analytical facts must be observed by the
Biomarker Magnetic Bead Panel 1 offers a wide spectrum clinicians as prolonged storage before processing could
of applicable biomarkers. However, it is obviously neither lead to fatal misinterpretation in these markers.
clinically relevant nor cost-effective to apply the com- Sample storage up to 48 h after centrifugation at a tem-
plete panel in diagnostics. After definition of the relevant perature of 4 C showed a good outcome for all markers
markers for each tumor type, the panel must be focused except OPN, which presented a decline after 6 h storage.
and applied as a biomarker pattern of clinical interest de- Storage at 25 C after centrifugation showed a stronger
pending on the contemplated entity of disease. effect on marker levels. While stability is given until 24 h, a
For implementation into clinical diagnostics, further more or less increase of marker concentrations can be ob-
studies evaluating its performance in a large cohort of served after longer storage time. For example, the recov-
cancer patients and appropriate control groups, which are ery of HE4 rises over 200% after 48 h. Again, OPN is the
relevant for differential diagnosis, Ze., healthy individuals only marker showing a decline to neatly 80% in recovery
and patients with organ related benign disease, are defi- supporting our above mentioned findings. Also, Cristaudo
nitely required. Currently, we are performing such clinical et al”™” found an instable performance of OPN after stor-
validation studies with cohorts of patients suffering from age of serum samples at room temperature.
gastrointestinal, gynecological and urological cancers. Furthermore, we observed good comparability be-
Apart from the method quality itself, preanalytical tween serum and EDTA-plasma samples. Only OPN
handling of samples prior to analysis in the laboratory and leptin-recoveries exceeded the 130% mark of the ac-
can influence the final results, as is known for several re- cepted range. These results correspond with the findings
search and routine parametersmm. Hence, we examined of Lanteri e/ a" and Gréschl ef a/” where an increase
the stability of the tested markers. As often observed in of these biomarkers in plasma samples compared with
the clinical routine, samples are not directly transferred serum samples was observed. HGF presented a recovery
to the central laboratory and instead remain exposed to of 60.7% as the unique marker undergoing the accepted
room temperature without centrifugation. In order to 70% mark, also concurring with previous HGF stability
depict this highly relevant situation, samples were centri- ana1}7sis[33j.
fuged after 6 and 24 h. However, most markers remained In our study, the evaluated method is demonstrated
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to be a stable and precise tool for detection of most bio-
markers included in the kit. Unfortunately, for CYFRA
21-1, the method did not achieve acceptable inter-assay
precision values. This should be further investigated. In
general, we recommend that “research use only”-tests
are assessed before implementation into further research
and clinical routine. Here, certain preconditions, such as
ordering tests in a batch, use of physiological quality con-
trols in addition to the provided control samples as well
as relevant pre-analytical aspects of some markers, should
be observed.

All in all, this study shows that the MILLIPLEX®
MAP Human Circulating Cancer Biomarker Magnetic
Bead Panel 1 could offer new diagnostic perspectives
while further studies are necessary to show its clinical ap-
plicability, usefulness and comparability with established
routine assays.
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Background

Cancer is a global health problem resulting in about eight million deaths each
year. Tumor markers as additional diagnostic tools, which are easily assessable
in blood, have been launched in the last century and with them a large variety
of detecting methods. Of these, enzyme-linked immunosorbent assays are
the standard methods in clinical routine today, while multiplexing has become
interesting for cancer research as it is a quick, cheap, less-volume-wasting,
easy-to-handle but still precise tool for parallel measurement of multiple mark-
ers. This goes hand in hand with the fact that nowadays cancer is perceived as
a complex disease involving multiple processes. The authors investigated the
MILLIPLEX® MAP Human Circulating Cancer Biomarker Magnetic Bead Panel 1,
purchased from Millipore, which was specially designed for cancer diagnostics,
on its methodical performance.

Research frontiers

Most striking is the fact that many different assays are used for research pur-
pose, although they are not that strictly proven as established methods for in-
vitro diagnostics. However, research results are assigned to a clinical setting.
Therefore, a thorough methodical investigation using physiological samples has
to be performed.

Innovations and breakthroughs

Previous investigations of the multiplex technology used by Millipore showed
good correlations to single ELISAs of each tested biomarker. However, here
only a few markers were tested in parallel. Furthermore, this specially designed
kit with the possibility to measure 24 biomarkers from the areas of angiogen-
esis, immunology, apoptosis as well as established and auspicious tumor mark-
ers has not been tested on its entirety regarding methodological performance
and stability. In the investigations, the authors used serum pools as physiologi-
cal control samples and most markers showed good results.

Applications

This study allows other users to assess the quality and applicability of the assay
and to conduct further clinical studies on methodically solid bedrock.
Terminology

All substances that can be measured in cancer patients and which reveal a
malignant disease or contribute to its prognosis or treatment are called tumor
markers. Multiplexing is one of the detection methods for tumor markers which
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are assessed in body fluids and it allows the parallel measurement of multiple
markers. An ELISA is an enzyme-linked immunosorbent assay which is another
detection method for tumor markers but limited to the measurement of only one
marker per test. Both are antibody-based detection procedures and enzymatic
color-reactions are used to quantify the results.

Peer review

The manuscript is very well presented and highlights factors influencing the
measurements of the key performance indicators of the multiplex cancer bio-
marker panel, which constitutes a highly interesting study. The findings from the
comparison of the critical measurement parameters between physiological sera
in parallel with synthetic internal controls will be of particular interest to a wide
audience. The technical details are clearly defined and the interpretations are
thorough with robust scientific conclusions.
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