




















































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 8

SUPPLEMENTAL FILE

Supplemental Table 1. Performance characteristics of the TSAT/hepcidin ratio to distinguish subjects
with IRIDA (n=21) from patients with IDA other than IRIDA (n=39), provided that inflammation is absent,
and no iron therapy has been given < 3 months.

IRIDA group vs. non-IRIDA group (n=21and n=39)

TSAT/hepcidin ratio: AUC SE of AUC 95% Cl of AUC

A. Hepcidin <0.5 nM = 0.25 nM
Total study population 0.991 0.009 0.973-1.000
Bi-allelic IRIDA group vs. non-IRIDA group 1.000 0.000 1.000-1.000
Mono-allelic IRIDA group vs. non-IRIDA group 0.982 0.019 0.945-1.000

B.  Hepcidin <0.5 nM = 0.49 nM (‘worst-case’)
Total study population 0.977 0.000 0.931-1.000
Bi-allelic IRIDA group vs. non-IRIDA group 1.000 0.000 1.000-1.000
Mono-allelic IRIDA group vs. non-IRIDA group 0.951 0.048 0.858-1.000

.SE and 95% CI of AUC calculated with SPSS version 22.0 and 95% CI of sensitivity and specificity
calculated with Ken Rothman’s Episheet, 2011!
Abbreviations: AUC denotes area under the curve; SE, standard error; Cl, confidence intervals
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TSAT/Hepcidin Ratio discriminates TMPRSS6-related Anemia from IDA

Cut-off value Sensitivity 95% CI of Sensitivity Specificity 95% CI of Specificity
<5.9 %/nM 95% 79-100% 100% 93-100%
<4.5 %/nM 100% 87-100% 100% 93-100%
<5.8 %/nM 90% 72-98% 100% 93-100%
<3.9 %/nM 95% 79-100% 100% 93-100%
<2.6 %/nM 100% 87-100% 100% 93-100%

<3.9%/nM 90% 72-98% 100% 93-100%




DISCUSSION,
SUMMARY
AND
ADDENDA










Chapter 9

General Discussion






General Discussion

GENERAL DISCUSSION

In this thesis, we explored several clinical and diagnostic aspects of microcytic
anemias due to a genetic disorder of iron metabolism or heme synthesis. We
intended to create awareness among clinicians for these rare disorders, and to
provide them with information and tools that facilitate distinction from the far more
common causes of microcytic anemias as iron deficiency and hemoglobinopathies.
This is of great importance because timely diagnosis of these anemias may prevent
an unnecessarily long diagnostic process and a not effective or even harmful
treatment, thereby reducing the disease burden and avoiding lifelong sequelae of
either iron deficiency or iron overload for the individual patient.

In this concluding chapter, we review our main findings and reflect upon the
implications for clinical practice. We discuss the strengths and limitations of the
studies and consider future research challenges with a focus on Iron Refractory Iron
Deficiency Anemia (IRIDA).
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STUDIES AT A GLANCE

PART I: LITERATURE AND CLINICAL STUDIES

We started with a narrative review with the intention to identify the critical roles of iron
for the different iron-demanding organ systems during the journey from fetus to adult
and to assess the developmental aspects of iron handling, with a focus on the systemic
level. We aimed to increase the understanding of iron biology in childhood, therewith
enabling a timely and accurate diagnosis of both genetic and acquired iron disorders in
children (Chapter 2). After a comprehensive survey of the literature we concluded that
iron homeostasis in the growing and developing child is still poorly understood and that
appropiate biomarkers for the various iron-consuming organs, especially the central
nervous system, are largely absent. This limited comprehension of iron physiology of
childhood complicates the diagnosis and management of both acquired iron disorders
as iron deficiency (anemia), anemia of inflammation or iron loading due to ineffective
erythropoiesis and also of anemias due to genetic disorders of iron metabolism that are
addressed in this thesis. For example, lack of pediatric serum hepcidin reference values
hamper the diagnosis of TMPRSS6-related IRIDA. Limited understanding of the optimal
iron status for the different iron-consuming tissues in the growing and developing child
impede adequate treatment concerning both iron deficiency (ID) and iron overload (1O).
Considerations for future research in order to unravel iron handling in childhood are
reviewed in the discussion section of Chapter 2.

We continued with a systematic review of the literature on microcytic anemias due to
a genetic disorder of iron metabolism or heme synthesis, with the aim of developing
evidence-based and multidisciplinary guidelines, aiding the clinician in the diagnosis,
treatment and family screening of these rare disorders (Chapter 3). We presented such
guidelines on 12 disorders of microcytic anemia due to defects in 13 different genes
involved in iron metabolism and heme synthesis. We concluded that many aspects
of these orphan diseases regarding the pathophysiology, clinical presentation and
optimal diagnostic workup and treatment are still unknown, making the level of evidence
relatively low. Therefore, we suggested that national and international collaboration
between both clinicians and researchers is crucial, in order to improve the clinical care
for the involved patients. Suggestions how to shape this cooperation in the field of
microcytic anemias due to a genetic disorder of iron metabolism or heme synthesis,
are addressed in this chapter. In the next chapters (Chapter 42 and Chapter 6° we
retrospectively described Dutch case series of IRIDA due to TMPRSS6E defects and of
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X-linked Sideroblastic Anemia (XLSA) due to ALAS2 defects respectively, assessing age
of presentation, clinical and biochemical features, genotype and treatment characteristics
of the patients. The case study on IRIDA illustrates the clinical and genetic characteristics
of inappropriately increased hepcidin levels relative to body iron. Conversely, the case
series of XLSA demonstrates the clinical and genetic characteristics of inappropriately
decreased hepcidin levels relative to body iron. Both studies exemplify the phenotypic
and genotypic heterogeneity of genetic disorders of iron metabolism and heme synthesis,
suggesting a complex interplay between (epi)genetic and environmental factors in the
pathogenesis of these disorders. These factors still need elucidation, with the ultimate
goal of determining the prognosis, optimal diagnostic approach and treatment regimen,
tailored to the individual patient. Suggestions to achieve this goal, in particular for IRIDA,
are discussed in this chapter.

PART II: DIAGNOSTIC STUDIES: FOCUS ON IRON REFRACTORY IRON DEFICIENCY
ANEMIA

In the diagnostic part of this thesis (PART Il) we described a study on serum hepcidin
levels, hepcidin/ferritin ratios and transferrin saturation (TSAT)/hepcidin ratios in 266
healthy children aged 0.3-17 years, measured with a standardized assay, with the
intention to facilitate the diagnosis of iron disorders in childhood (Chapter 7). We
demonstrated that serum hepcidin and also hepcidin relative to ferritin and TSAT is age
dependent in children, suggesting that the set point of serum hepcidin relative to stored
and circulating iron changes during childhood. This suggestion needs confirmation in a
broader population as we elaborate on in this chapter.

In Chapter 8 we performed a study assessing the value of the TSAT/hepcidin ratio in
discriminating IRIDA from iron deficiency anemia (IDA) due to acquired causes e.g. gastro-
intestinal or vaginal blood loss or malabsorption in 21IRIDA patients and 39 IDA controls.
We observed that the TSAT/hepcidin ratio was significantly lower in IRIDA patients
compared to IDA controls. We therefore concluded that the TSAT/hepcidin ratio is able
to differentiate between IRIDA and IDA-controls due to other reasons with high specificity
and sensitivity in a broad iron-deficient population, provided moderate to severe
inflammation is absent and no recent iron therapy has been given. Recommendations to
validate the TSAT/hepcidin ratio in a population without the above-mentioned restrictions
are important in order to increase its usability in clinical practice. This is discussed in the
discussion section of Chapter 8.
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LOOKING BACKWARDS:
STRENGTHS AND LIMITATIONS

Strengths of this thesis

Extensive laboratory research during the last 20 years has answered many questions
regarding both the physiology and pathophysiology of systemic and cellular iron
homeostasis.>® Several genes have been discovered that play a pivotal role in
microcytic anemias due to genetic disorders of iron metabolism and heme synthesis.
However, clinical studies addressing the accurate diagnosis and adequate treatment
of these anemias are relatively scarce. The power of the descriptive and diagnostic
studies in this thesis lies in our patient-centered point of view, thereby bridging the
gap between basis science and clinical practice. The systematic approach of our
evidence-based guidelines in combination (Chapter 3') with the extensive description
of the phenotypes and genotypes in our case series (Chapter 42 and Chapter 63) will
help the clinician in distinguishing these rare disorders from the far more common
causes of microcytic anemia due to an acquired iron deficit or due to a thalassemia
syndrome.

Apart from adults, we paid attention to children in our studies, especially in
Chapter 2 and Chapter 7.% This is crucial; the very first lesson we learned as residents
in pediatrics was: children are not just small adults. Children have specific anatomical
and physiological characteristics that change and mature during the journey from
fetal life to adulthood. That is also true for the regulation of systemic and cellular
iron handling (Chapter 2); the dynamic process of growth and development provides
an extra challenge for clinicians to accurately diagnose and treat iron disorders in
childhood. Therefore, the establishment of standardized pediatric serum hepcidin
ranges and hepcidin ratios relative to indicators of body iron is an important step
in elucidating the physiology of iron metabolism during the successive maturation
stages of human life and in facilitating the pediatrician dealing with children with
(suspected) genetic and acquired iron disorders.

Importantly, for the determination of serum hepcidin levels in our diagnostic studies
(Chapter 74 and Chapter 8) we used a hepcidin assay that was standardized with our
commutable 2™ reference material (RM), value-assigned by a candidate primary RM."
Both clinical care and research in the field of genetic and acquired iron disorders
would benefit from comparability of laboratory results independent of time, place,
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and measurement procedure. As a first step, harmonization ensures traceability
to a reference system agreed on by convention. The next step is standardization,
which leads to the “true” value, by ensuring traceability to the International System of
Units. " Standardization, but at least harmonization, is paramount regarding serum
hepcidin measurements procedures. Until now, serum hepcidin measurements
procedures had not been standardized nor harmonized ' Therefore, our studies
performed with a standardized hepcidin assay are unique and allow the definition
of international reference values and clinical decision limits, and as such have the
potential of bringing clinical care and research regarding iron disorders to a higher
level.

Limitations of this thesis

Our studies have several limitations that should be taken into account. These
include the retrospective description of patients in our case series. Furthermore,
in the diagnostic studies, the majority of patients were of Dutch ancestry and thus
of Western European origin. Moreover, in the study on serum reference values of
hepcidin in children (Chapter 7%) the age distribution of the participants was skewed;
young children were underrepresented.

Another important point is that our patients with IRIDA and XLSA were diagnosed by
traditional pathways, following the conventional sequence of history, examination,
standard hematological and biochemical assays, possibly a bone marrow aspirate
and at last genetic analysis, revealing the relevant gene defect. This approach
requires a high index of suspicion from the clinician and might result in selection
bias regarding instigating genetic testing for IRIDA, XLSA and other microcytic
anemias due to disorders of iron metabolism and heme synthesis. Nowadays, the
quick advance of next generation sequence (NGS) techniques (particular whole
exome sequencing (WES))®*® is changing the work-up of patients with rare diseases,
also in the field of benign hematology®® Employing WES in the diagnostic process
is altering the known phenotypic spectrum of diseases, as illustrated by the case
series of a family with multiple females with a macrocytic dyserythropoietic anemia
that turned out to be caused by an X-linked ALAS2 defect. This presentation is
different from the known classical phenotype of ALAS2 defects as a combination
of microcytic anemia and iron loading in male patients.” Another example is the
description by Khuong-Quang of two siblings suffering from unexplained severe
microcytic anemia, hypoferremia and hyperferritinemia, responding to some extent
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to oral iron supplementation.?’° The clinical and biochemical characteristics of the
children did not fit any previously described microcytic anemia known at that time.
WES revealed compound heterozygous TMPRSS6 defects in both patients that
previously were described as pathogenic, thereby elucidating the genetic basis of
this unusual clinical presentation of TMPRSS6 defects. 2° It also further uncovers the
pathophysiology of IRIDA, which is characterized by a distribution of the absorbed
orally supplemented iron to the RES, resulting in relatively high ferritin levels for the
amount of body iron.

Furthermore, the unbiased analysis of coding exons by WES might reveal genotypic
variability of disorders, meaning that defects in multiple genes lead to the same
clinical phenotype and that defects in the same gene might result in a variation
in clinical phenotype, or that a combination of defects in genes involved in iron
metabolism modulates the phenotype. Anecdotal data suggesting that co-inheritance
of HFE and ALAS?2 variants might worsen the iron loading in patients with XLSA are a
good example of the latter,?' as further corroborated by the clinical course of patient
2B (Chapter 6° who was diagnosed with both a p.Arg452His ALAS2 defect and a
homozygous p.Cys282Tyr HFE defect. He developed iron loading already in his
teens, while in the majority of XLSA patients IO does not become evident until the
third or fourth decade.

Since the patients we studied were diagnosed by a clinical presentation, followed
by classical Sanger sequencing of the candidate gene, we might have assessed
selected subpopulations of patients with a certain phenotype of a microcytic genetic
disorder of iron metabolism or heme synthesis, and we might have missed defects
in other disease-causing or modulating genes that explain the phenotype of the
patients.
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LOOKING FORWARDS:
FUTURE PERSPECTIVES

Biobanking is a promising tool in unrevealing the pathogenesis of rare genetic
anemias and improving the clinical care of the involved patients

In 2009, Time Journal published an article entitled “10 ideas changing the world right
now; number 8: Biobanking’. 22 Ten years later, biobanking has indeed brought a lot
of discoveries and new knowledge in the whole process of medical research in the
twenty-first century. 232* The collection of bio-specimens along with clinical data in
biobanks facilitates the stratification of patients with the same disorder, accelerating
the new area of personalized medicine from curing to prevention.?

The upcoming of the science of biobanking is of great importance against the
background of the limitations of this thesis as mentioned above; the retrospective
design of our case series and the small study populations of predominantly Western-
European descent. Therefore, a first suggestion to allow future research, from bench
to bedside, would be the establishments of a European and ultimately international
biobank of patients with a diagnosed or suspected microcytic anemia due to a
genetic defect of iron homeostasis or heme synthesis. Such a biobank, comprising
both biomaterial, demographic and clinical data, will enable the assessment of the
natural course of these anemias for a broad population, the identification of disease-
modifying genetic and environmental factors and hopefully the development of
effective treatment regimens. International biobanking might also help in identifying
epidemiologic differences in the prevalence and incidence of diseases between
various populations across the world and the underlying pathophysiological
mechanisms for such differences. To date, 115 IRIDA patients in 85 families have
been described worldwide, harboring 78 different TMPRSS6 variants.??527 Forty-one
out of these 115 patients are Dutch inhabitants (Chapter 42, Chapter 8), which raises
the question whether IRIDA is associated with ethnicity or whether IRIDA is an under-
diagnosed disorder. Furthermore, 5 out of the 21 patients who are described in detail
in Chapter 42 were immigrants with a Mediterranean origin, e.g. Morocco and Turkey.
In addition, according to the literature, many IRIDA cases with a pathologic TMPRSS6
defect are from thalassemia or malaria endemic regions!?>2% This might suggest
a survival benefit for the combination of thalassemia (carrier ship) and TMPRSS6
defects, which might result in a higher incidence of IRIDA in thalassemia endemic
regions. Possible explanations for this hypothetical relation are the findings that low
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body iron status protects against malaria, 23" and that both a —thalassemia (HbH
disease) and B-thalassemia major and intermedia, but also carriers of a —thalassemia
have relatively low serum hepcidin levels due to an ineffective erythropoiesis.323*
In B-thalassemia mice, TMRPSS6 defects counteract the low serum hepcidin levels,
thereby attenuating iron overload and anemia.>>% Biobanking on an international
level would be helpful in exploring these hypotheses.

The Iron Biobank, as part of the Radboud Biobank thatinvolves a central storage facility
of patient biomaterials, designed in accordance with the standards set by a Dutch
national biobank (Parelsnoer Institute®), is a first and important step in the direction of
biobanking in the field of iron disorders, although a lot of work needs to be done.3%4°
This Iron Biobank prospectively collects clinical data and bio-specimens of Dutch
individuals, referred to the Radboud Center of Iron Disorders (RCID*), with (suspected)
inherited disorders of iron metabolism (hereditary hemochromatosis or anemia due
to disorders of iron metabolism and heme synthesis) and hemoglobinopathies,
and also of their family members in a standardized way.>*% However, the recent
enormous advances in molecular medicine and genomic research have raised a
range of ethical, legal and social implications related to biobank-based research,
facing both researchers and clinicians with major challenges that still need to be
overcome.*? Main areas of concern involve the transparency to biobank participants
and stakeholders regarding the use and sharing of health data for research, the
active involvement of participants in biobank activities, including the selection of
research topics and the establishment of public and private partnerships, which
constitutes a risk of getting into conflicts of interest around profit-based versus public
health activities.*?

Moreover, the recent introduction of two major legal instruments in Europe has great
impact on the practice of biobank medicine. First, the European Union General Data
Protection Regulation 2016/679 (GDPR) dictates new and strict rules in terms of
transparency, data subjects’ rights and information about data uses, and introduces a
legal framework regarding direct responsibility of the processor of (health) data to the
individual subject.”®* Second, Article 27 of The Additional Protocol to the Convention
on Human Rights and Biomedicine, concerning Biomedical Research, establishes
legal and ethical obligations in the countries that have ratified this Council of Europe
instrument.#44s



General Discussion

The translation of the above-mentioned legislation to daily practice is costly and
time-consuming. Practical solutions, especially with regards to informed consent
(IC) procedures that reasonably take account of the rights of the involved patients
without interfering with the conduction of relevant research are urgently needed. This
is of particular interest for minors, for which the procedure regarding participation in

clinical research is even more complicated from a legal point of view.*®

Apart from biobanking, (virtual) networks with health care providers involved in
the care for patients with complex and/or rare disorders that require concentrated
knowledge and resources and highly specialized treatments, is crucial. The
European Reference Network (ERN) EuroBloodNet, of which the RCID is a part, is a
promising example of such collaboration. #4748 Further developing this network will
certainly benefit (European) patients with rare disorders, such as the genetic anemias
addressed in this thesis.

Reference values of serum hepcidin are required for children of all age groups
from various origins

As discussed earlier, our study on serum values of hepcidin in children (Chapter 7%
predominantly contained older children of Western-European descent; young
children and children of non-Western European origin were underrepresented.
Therefore, broadening the study population regarding children of different age
groups and ethnic origins is essential in order to establish usable and widely
applicable reference values of serum hepcidin and its ratio to the iron parameters
ferritin and TSAT, which form the starting point of the diagnosis and treatment of
iron disorders in childhood. Noticeably, our data on serum hepcidin values relative
to indicators of body iron show evidence for a changing set point of iron handling
during childhood. This point needs further exploration, preferably in prospective
cohort studies that assess the course of serum hepcidin levels from fetal life until
young adulthood in a healthy population. However, this will present a challenge
since children who visit the clinic periodically for check-ups including blood tests
are often diagnosed with chronic conditions that are known to affect serum hepcidin
values by either organ dysfunction as liver- or renal impairment or by inflammation.
Moreover, clinical research in children is challenging because of the stringent Dutch
legislation applying to medical research in minors; at this point practical and workable
guidelines are urgently needed for this purpose.
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Dutch legislation regarding minimal-risk pediatric research needs adjustments
First of all, we are certainly aware of the important historical roots of the legislation
around human research, roots that should never be forgotten. On December 9, 1946,
an important conference took place at the Nuremberg Palace of Justice that would
define the course and nature of permissible human research. The conference was
part of the Nuremberg trials, conducted by a military tribunal, held after World War
Il by the Allied Forces under international law. This was the start of the so-called
Doctors’ trial for war crimes of German doctors, accused of having been involved in
human experiments including exposure to simulated high altitudes, freezing, malaria
and mustard gas amongst other cruelties. Fifteen of the 23 defendants were found
guilty and sentenced to death by hanging.*® This historical indictment resulted in
a list of conditions (Nuremberg Code®® and later in the Declaration of Helsinki®
required for the conduction of ‘permissible human experiments’, which became the
cornerstone of the ethics of human research and a template for all informed consent
forms regarding participation in clinical trials. Autonomy, beneficence and justice
are leading principles in these documents. Importantly, in pediatric research self-
determination is exercised by proxy (parents or guardians), requiring even more
careful balancing of the benefits versus the disadvantages of participation in clinical
trials.5?

Taking into account the dramatic violations of human rights in human experiments
during the past, strict rules regarding research involving human subjects are
warranted. In the Netherlands, this legislation is defined in the Medical Research
Involving Human Subjects Acts (Wet Medisch Onderzoek (WMQ)).>® Apart from this
law, also European legislation regarding conducting human research exists, as the
guideline for Good Clinical Practice (GCP).>* In line with the United Nation Convention
of the Rights of the Child (UNCRN)®, including minors in clinical trials is subject to
stringent rules in order to protect vulnerable children who are not able yet to stand-
up for themselves.

Against the background of the historical abuses around human research we definitely
agree with the strict legislation as defined in the WMO and GCP guideline. We
also agree with the even more strict rules regarding research that involves minors
since the very important principle of autonomy might be compromised in children.
However, in our opinion, research ethics committees should apply various degrees
of stringency regarding the relevant ethical and regulatory structures, dependent
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of the impact of the study. Such an approach would be in line with the legislation
in the United States (US).%¢ In the US, different categories of research are identified
regarding the risks and the anticipated direct benefits for the subject. In case of a
minimal risk study, anticipated direct benefit is not required and a simplified informed
consent procedure will suffice. Importantly, the signature of only one parent is
required. Procedures under the minimal-risk threshold include collection of blood (3
mL/kg with a maximum of 50 mL) and psychological examinations and tests amongst
others.%® On the basis of these criteria, the study we performed on serum hepcidin
values in Dutch children could be classified as such a minimal risk study (Chapter 74).
However, the Central Committee on Research Involving Human Subjects (Centrale
Commissie Mensgebonden Onderzoek (CCMQ)),*” which is charged with accrediting
and supervising the medical ethics review committees in the Netherlands, does not
acknowledge such a division of studies with respect to low- or high risk. Therefore
the consent of both parents/caregivers is required, regardless of the impact of the
study for the child. This is remarkable since the WMO dictates that the stringent GCP
standards only apply to pharmaceutical research .55

Our experience (and also the experience of other Dutch researchers®®) is that this
lack of proportionality hampers the conduction of important research in children.
Moreover, we are concerned about the implications of the current developments
in the legislation regarding multi-parenting on the possibility to include children in
clinical trials.%® If the recommendations of Wolfsen et al*® regarding multi-parenting
indeed will be followed, a child might have four legal representatives in the future.
As yet, the Dutch Government has not accepted this recommendation.®® However,
if they do so, this will render the conduction of pediatric clinical research practically
impossible.

We think a balance between reasonable legislation and practical feasibility is
crucial, by tailoring the rules regarding pediatric research to the impact of inclusion
in a clinical study, without compromising the protection of the subject. The very
comprehensive Dutch legislation around the inclusion of minors in clinical studies
entails the risk that children as subjects are protected in such extent that pediatric
research will become impossible, with the inevitable consequence that children
have to be exposed to diagnostic and therapeutic procedures without evidence for
its effectiveness in this particular age group.
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Therefore, in our opinion, Dutch legislation regarding minimal-risk pediatric research
needs relaxation, especially of the informed consent procedure. In the interest of
children, we highly agree with the following recent statement in the Lancet: ‘The
time has come to protect children and young people through research, not from
research’®

High-throughput DNA sequencing technology in the field of iron disorders holds
significant promise for the future

Since the use of traditional diagnostic approaches was also an important limitation
of our studies, a next suggestion to strengthen future research would be the wider
application of NGS, especially WES, in patients with (suggested) microcytic anemias
due to genetic disorders of iron metabolism or heme synthesis. As mentioned above,
WES might shed new light on the phenotypic and genotypic spectrum of particular
diseases. Importantly, various studies have shown a high concordance with Sanger
sequencing, making WES non-inferior and potentially even more accurate than the
classical sequencing techniques.®263

During the last decades, enormous progress has been made in the mapping of
genes directly causing diseases or conferring susceptibility to complex disorders
in general,® also in the field or iron disorders.® Apart from WES in patients, genome
wide association studies (GWAS) in a broad population have discovered common
genetic variants associated with iron metabolism that might confer a susceptibility to
iron disorders.®*®> Although such associations simply represent a statistical relation
between specific alleles and phenotypes, which might have various reasons (totally
different from the phenomenon of linkage that represents a relation between
specific loci e.g. physical sites on the chromosome and phenotypes), GWAS has
provided useful insights regarding iron handling, which are helpful in the formulation
of hypotheses regarding iron disorders. Good examples are the studies of Traglia®®
and Galesloot,®” who disproved the hypothesis that the association of common HFE
and TMPRSS6 with body iron parameters can be explained by the intermediate
effect on hepcidin concentration. By contrast, their data suggest that serum hepcidin
independent mechanisms play a role in the association of certain HFE and TMPRRS
variants with serum iron parameters. %667
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However, data obtained from GWAS explain only a small fraction of the genetic risk for
particular diseases.®® Therefore, substantial challenges remain for researchers and
clinicians that aim to unravel the architecture of susceptibility of complex diseases,
such as the disorders addressed in this thesis, and to translate the information
gathered into improvements in clinical guidelines. One of these challenges involves
the identification of disease-modifying genetic variants that lie in the middle of the
spectrum of at one side very rare DNA sequences directly causing disease with a
Mendelian inheritance pattern (high penetrance), and on the opposite side common
DNA variants that have very weak effects (low penetrance), which can be identified
by GWAS. These variants with both an intermediate allele frequency and penetrance
can neither be detected by linkage analysis because of the relatively low penetrance
nor by association studies because of the relatively low allele frequency.®®¢® Such
variants could be identified by sequencing of candidate genes by WES in patients that
have been diagnosed with a specific genetic defect by classical Sanger sequencing.
We would suggest such an approach in our patients with microcytic anemias due to
inherited disorders of iron metabolism or heme synthesis, for example in the patients
with a phenotype of IRIDA in whom only a heterozygous TMPRSS6E defect was found.
We would prefer a targeted WES, filtering only the relevant candidate genes since a
major concern of genome-wide DNA sequencing techniques is still the identification
of secondary, actionable findings. Those unintended findings might reveal genetic
information not pertaining to the patient’s presenting conditioning, possibly raising
negative consequences such as stigmatization, financial burden, discrimination in
insurance and employment/® This is particularly relevant and challenging in the
case of children, since the parents have to serve as substitute decision makers,
weighing the potential benefits against the potential undesirable above-mentioned
consequences of the disclosure of secondary findings.”!
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KNOWLEDGE GAPS CONCERNING IRON
REFRACTORY IRON DEFICIENCY ANEMIA

The genetic and molecular background of IRIDA needs further elucidation

The genetic aspects and molecular pathways underlying the pathogenesis of IRIDA
are poorly understood. In our IRIDA case series (Chapter 42) 14 out of 21 of our IRIDA
patients had a homozygous or compound heterozygous TMPRSS6 defect, consistent
with an autosomal recessive disease, in line with the majority of IRIDA cases that
have been described in the literature! However, in the other seven patients both
Sanger sequencing and Multiplex ligation-dependent probe amplification (MLPA)
identified only a heterozygous TMPRSS6 defect, challenging the idea of Mendelian
inheritance due to rare TMPRSS6 variants with a high penetrance. These findings
corroborate previous reports of mono-allelic patients presenting with an IRIDA
phenotype (reviewed in'). Also, the question remains whether others and we did not
miss small deletions or insertions in the coding sequences, defects in the introns and
promoter region or balanced translocations of chromosome 22, affecting expression
or function of the wild type considered allele. Several IRIDA probands in our series
in whom only a heterozygous TMPRSS6 defect was found, had first-degree relatives
without an IRIDA phenotype but with identical TMPRSS6 genotypes, supporting this
hypothesis. Moreover, the results of parental haplotype analysis that we performed
in two IRIDA families suggested that differences in phenotype between probands
and unaffected siblings with the same heterozygous TMPRSS6E defect could be
attributed to differences in the as wild type considered inherited parental allele, also
supporting this idea.

Apart from still undetected pathogenic variants in this as wild type considered
TMPRSSE6 allele, cis-acting mechanisms may also explain the different phenotypes
in IRIDA patients and individuals with identical TMPRSS6 genotypes. Epigenetic
processes as imprinting, involving DNA and histone methylation, are known
to influence mMRNA transcription and may result in a difference concerning the
relative expression of the paternal-inherited versus the maternal-inherited allele. 72
Furthermore, the presence of polymorphisms in regulatory elements of the TMPRSS6
gene may play a role in these cis-acting mechanisms./? Interestingly, mice studies
indicate that expression of HAMP is regulated by histone acetylation and de-
acetylation,” suggesting that indeed epigenetic phenomena may play a role in the
etiology of IRIDA. In addition to the above-mentioned genetic factors, environmental
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conditions may determine the phenotype of IRIDA, as suggested by mice studies
that show and increases susceptibility to the development of ID after exposure to an
iron-deficient diet in TMPRSS6 haplo-insufficient mice during periods of rapid growth
and increased erythropoiesis.

Concerning the possible intronic variants in the as wild type considered allele in
IRIDA patients in whom only a mono-allelic TMPRSS6 defect has been identified,
sequencing of the whole TMPRSS6 gene including the introns may be an appropriate
approach. However, the interpretation of deep intronic alterations still forms a
big challenge, compared to modifications in coding regions that cause clearly
interpretable changes in amino acid sequence or splicing sites!® Addition of RNA
studies could be helpful in determining (non)-pathogenicity of variants, especially with
regards to identifying aberrant splicing. However, since RNA functions as a temporary
intermediate, enabling the transfer of data from the genome to the organism, it is
subject to targeted degradation by various ribonucleases. This intrinsic unstable
character of RNA renders its laboratory use for diagnostic purposes challenging,
especially with regards to bio-specimens stored in biobanks, since commonly
used banking modalities are not able to adequately preserve RNA molecules.”*
We therefore think that at the current state of knowledge sequencing of the whole
TMPRSS6 gene is actually not a feasible approach.

Apart from the possibility we missed defects in the as wild type considered TMPRSS6
allele, we might have overlooked pathogenic variants in other trans-acting genes that
affect TMPRSS6 expression or genes that modulate hepcidin levels independently
from matriptase 2. This latter suggestion is supported by the case description of
Pagani et al who described a digenic form of IRIDA due to a combination of defects in
both TMPRSS6 defect and in ACVRIA, encoding the BMP receptor ALK27® Therefore,
we propose WES sequencing of these candidate genes that are described to
be involved in hepcidin regulation in mono-allelic IRIDA cases. Of note, also this
approach will inevitably generate findings that are difficult to interpret. Deletions,
frameshifts, nonsense mutations and changes to splice sites are very likely to
be pathogenic, but deciding whether a nucleotide substitution that has not been
described earlier in SNP databases (as the NCBI dbSNP, describing information on
allele frequency, functional consequence and clinical significance’) is pathogenic
and hence represents one of the sought after defects, can be very challenging.’¢”’
Co-segregation of a certain allele variant with the relevant IRIDA phenotype within
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a family will support but not prove pathogenicity since the true cause of the disease
might be located elsewhere in the gene, in the cis position. If SNP databases and co-
segregation data within a family do not answer the question whether a new variant
is pathogenic or not, in silico predictions can be helpful.”® However, performing
functional studies is still the gold standard for determining the (non)pathogenicity
of variants of unknown significance (VUS). For this reason, we suggest to perform
functional studies of VUS that will be found by WES sequencing of candidate genes
in mono-allelic IRIDA patients by the above-mentioned approach.

Functional studies might also be helpful in determining the pathogenicity of VUS
in TMPRSS6 variants that are often found in suspected IRIDA cases. However, the
development of functional in vitro assays that represent the in vivo situation is
challenging. Moreover, the exact function of matriptase 2 is still not completely certain.
As reviewed earlier in this thesis, in vitro experiments have shown that matriptase
2 (MT2) acts by cleaving hemojuvelin, the BMP co-receptor that upregulates HAMP
transcription. 7 IRIDA-causing TMPRSS6 variants result in aberrant MT2 with impaired
HJV-cleaving capacity, resulting in inappropriately increased hepcidin levels.”® These
data and other observations & suggest that HJV is the substrate of MT2. However,
recent in vivo studies in Hjv knock out mice overexpressing TMPRSS6 suggest that
also BMP receptors of the BMP/SMAD pathway are cleaved by MT2.8" Whether
BMP receptors are substrates of MT2, next to HJV, needs further exploration in
functional studies. Performing these studies might identify novel working mechanism
for matriptase 2, form the basis for novel functional assays for TMPRSS6 variants,
and might help to further elucidate the pathophysiology of IRIDA, with the ultimate
goal of improving the diagnosis and treatment for the individual patient.

The lifetime course of IRIDA is intriguing and raises questions concerning the
effects of TMPRSS6 defects during the journey from fetus to adult

The lifetime course of IRIDA in human life is intriguing. According to our observations
and those of others,®? suspicion of IRIDA because of unexplained and therapy-
resistant IDA predominantly occurs during childhood, but not at birth or during the
first postnatal months. This raises the following questions: i) Is hepcidin suppressed
by other, MT2 independent pathways in the fetus and neonate? Noteworthy, in
TMPRSS6 -/- fetal mice mRNA expression of liver HAMP is significantly higher than
in control mice, arguing against this suggestion.t#* ii) Are the fetus and neonate
protected for overexpression of hepcidin, and if so, by which mechanism(s)? One
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might argue that infants are born with sufficient iron stores at birth to overcome
the first months of infancy, also in case of an IRIDA due to a pathogenic TMPRSS6
defect. However, in IRIDA patients, iron stores are often sufficient irrespective of age.
The main problem is the maldistribution of iron since the high hepcidin levels favor
entrapment of iron inside the macrophages. This mechanism plays an even more
important role in early life because of the relatively short life span and consequently
high turnover of fetal Hb. The occurrence of sufficient iron stores at birth does
therefore not sufficiently explain the apparent absence of complaints during the
first postnatal months of an IRIDA patient. Interestingly, studies in suckling mice
suggest that enterocyte ferroportin is hypo-responsive to hepcidin during infancy.®®
Other mice studies indicate that in the fetus and infant DMT1 and ferroportin are
expressed in all areas of the small intestines and colon, in contrast to the situation
in adults in whom iron absorption predominantly occurs in the duodenum.® These
studies indicate that both the sensitivity of ferroportin to degradation by hepcidin
and the surface area available to absorb iron are age-dependent, possibly explaining
the onset of IRIDA symptoms only a couple of months after birth in the majority of
patients.

According to our observations and those of others (reviewed in '), in most patients,
especially in whom a bi-allelic TMPRSS6 defect is found, the signs and symptoms
of IRIDA, including iron deficiency anemia that is not responsive to oral iron and
only partially responsive to parenteral iron, typically persist into early adulthood.
Afterwards, the phenotype becomes milder in many IRIDA patients, with declining
requirements for (parenteral) iron treatment. One might hypothesize that iron needs
of the erythroblasts and/or other iron-demanding tissues decrease with decline of
growth in adults. Another explanation might be the increasing TSAT/hepcidin ratio
during childhood, as we observed in our reference values study on serum hepcidin
values (Chapter 7%, indicating a changing set point of systemic iron homeostasis,
with an increased tendency to absorb and release iron into the circulation with
advancing age.

As a first step, our own observations regarding this typical course need confirmation,
underpinning the importance of longitudinally following IRIDA patients due to
TMPRSS6 defects and collecting clinical, biochemical and genetic data in national
and international biobanks, as proposed in this chapter.
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Decreased energy metabolism on the cellular level affecting multiple organ
systems may play a role in the clinical phenotype of IRIDA

Since the majority of iron in the human body is attributed to hemoglobin synthesis,
a persistent deficit of iron will inevitably lead to IDA, with a decreased oxygen-
transporting capacity to the tissues. Clinically, this will result in fatigue and decreased
exercise intolerance, which are the most commonly heard complaints in IRIDA
patients. However, in general we observe a more pronounced tiredness in our IRIDA
patients compared to other patients suffering from a chronic anemia, e.g. sickle cell
disease.

The reason for the relatively mild complaints of fatigue in patients with chronic anemia
lies in the shifting of the oxygen dissociation curve to the right, with a decreased
affinity of Hb for oxygen. This is a physiologic adaptation mechanism in order to
ensure sufficient oxygen supply to the tissues in conditions of impaired oxygen
transporting capacity.

However, ID does not only affect the hematopoietic system; virtually all organ systems
in the human body are dependent of iron (see also Table 1in Chapter 2). Importantly,
myoglobin, which is crucial for the function of the muscular system, contains heme
of which iron is a critical component. Iron is also involved in thyroid metabolism,
whereas IDA is associated with thyroid dysfunction, especially (subclinical)
hypothyroidism.®” The mechanism by which IDA influences thyroid metabolism is
stillincompletely understood but seems to include an impaired function of the heme-
containing enzyme thyroid peroxidase (TPO), a reduced tissue conversion of T4
to T3 and a decreased pituitary TSH secretion.®” Importantly, on the cellular level,
iron is indispensable for mitochondrial respiration, the process that is essential for
the generation of adenosine tri phosphate (ATP) as the universal energy donor in
the cell.® Furthermore, iron plays a crucial role in the citric acid cycle and oxidative
phosphorylation.®®

We therefore hypothesize that the tiredness in IRIDA patients can be attributed to iron
deficiency on multiple organ systems, apart from the iron deficit of the erythroblasts,
leading to IDA. Results of in vitro and animal studies indeed indicate that ID negatively
affects cellular oxidative metabolism, especially in the skeletal system that contains a
very high concentration of mitochondria. °*°' Noteworthy, in adult patients with heart

failure, the administration of intravenous iron is associated with an improvement
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of exercise capacity, clinical status and quality of life, irrespective of concomitant
anemia,® supporting the idea that ID on the muscular and cellular level plays a role
in the symptomatology of IRIDA, independent of IDA.

An important question is whether ID and IDA affect central nervous development
and neurocognitive functioning of IRIDA patients. As reviewed earlier in this thesis
(Chapter 2), iron is essential for the development of the central nervous system.
Iron and iron-containing enzymes are indispensable for neuronal and glial energy
metabolism, myelin and neurotransmitter synthesis and degradation.®°3 According
to both animal and human studies, ID and IDA in fetal life and infancy are associated
with longlasting and possibly irreversible neurocognitive impairment. * However,
anecdotal data do not report neuropsychological consequences of IRIDA, even
in the presence of a severe phenotype.®® This corroborates the observations in
our IRIDA patients, with the remark that we did not perform neuropsychological
assessment and thus might have overlooked minor neurocognitive deficits.

Taken together, the effect of TMPRSS6 defects and subsequent ID on multiple
organs and physiologic systems, including the muscular system, the thyroid gland
and the central nervous needs further elucidation in longitudinal clinical studies of
IRIDA patients. Insights in the degree and the effect of ID regarding the different iron-
demanding tissues might help in tailoring treatment to the individual IRIDA patient,
weighing the benefits of (parenteral) iron treatment on the health and wellbeing
against the risks of iron loading, especially of the reticulo-endothelial (RES) system.

Balancing between adequate treatment of iron deficiency (anemia) and risk of iron
loading of the reticulo-endothelial system is a challenge in IRIDA

As described in this thesis (Chapter 42), and also observed by others (Chapter 3), most
IRIDA patients due to TMPRSS6 defects require parenteral iron in order to correct anemia
to atolerable level. However, response to parenteral iron is still sluggish and incomplete
since the inappropriately high serum hepcidin levels keep the iron trapped inside the RES
in especially the spleen and liver. Therefore, intravenous iron supplementation poses
the IRIDA patient at risk for iron loading of the macrophages. This pattern of iron loading
is also characteristic for patients with loss of function variants in SLC40A7 encoding
ferroportin, but differs from observations in patients with hereditary hemochromatosis
due to variants in HFE, TfR2, HJV and HAMP and gain of function variants in SLC40A7,
which are conversely associated with inappropriately low serum hepcidin levels,
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resulting in iron release by the RES and iron accumulation in the parenchymal cells,
as the hepatocytes. While parenchymal iron overload may result in liver cirrhosis and
hepatocellular carcinoma, this form of iron loading is considered more harmful than
RES iron loading.®¢% However, increased levels of RES iron may impair the cytotoxic
response of the macrophage against pathogens and promote the survival of intracellular
microbes as Salmonella, Mycobacteria and Legionalla.**"*' Moreover, recent data suggest
that iron loading of the RES might exacerbate the progression of atherosclerosis by
inducing inflammation and enhancing the glycolysis inside the macrophages, although
the evidence is not unambigious!°?'® For these reasons, caution should be exercised
when using chronic intravenous iron in IRIDA patients, in our opinion. Since macrophages
in the human body are predominantly located in the spleen and to a lesser extent in
the liver, we suggest that the application of MRI of both the liver and spleen might be
helpful in monitoring iron loading of the RES in IRIDA patients in the future. °+°¢ We would
expect more 10 in the spleen than in the liver in these patients, while we anticipate the
opposite in patients with mainly parenchymal iron loading due to for example hereditary
hemochromatosis. The feasibility of this approach still needs exploration. A potential
technical constraint might be the sensitivity of the current MRI scans to discern (minor)
differences of iron loading between the liver and the spleen.

Noteworthy, others and we observed that some IRIDA patients to a certain extent
respond to prolonged oral iron supplementation, with or without the addition of
vitamin C, despite a severe TMPRSS6 genotype. 237 Of note, this chronic oral iron
supplements might result in unabsorbed iron entering the colon, causing unwanted
side effects on the intestinal host-microbiota interface°®® although in the future
this problem might be overcome by the administration of liposomal iron or nano-
compound iron, both new generations of oral iron with a high gastrointestinal
absorption and bioavailability™" The benefits of these types or oral iron need
further exploration in IRIDA patients.

Taking into account the possible side effects of both parenteral en enteral iron
supplementation, clinical studies are warranted in IRIDA patients, assessing the
benefits of iron administration on Hb but also on exercise tolerance and thyroid
function, against the possible side effects regarding infections with intracellular
pathogens, atherosclerosis, or dysbiosis of the gut microbiota, dependent on the
route of administration and dosing scheme.
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A novel and promising approach regarding the treatment of disorders associated
with overexpression of hepcidin such as anemia of inflammation (Al)"™ and IRIDA
would be the application of hepcidin antagonists.” Clinically relevant hepcidin
inhibitors currently undergo evaluation in randomized trials in adult patients with
Al To the best of our knowledge, no studies addressing hepcidin inhibitors in
children are underway yet.

Regarding the implementation of hepcidin modulating therapies — either hepcidin
antagonists for the above-mentioned indications or hepcidin agonists for diseases
characterized by hepcidin underexpression due to ineffective erythropoiesis such as
the thalassemia syndromes- we have certain reservations. As mentioned earlier, we
found indications of a changing set point of hepcidin relative to body iron indicators
during childhood. We suggest that the relatively high serum hepcidin levels we
observed in young children might support the innate immune system of the infant
and toddler, thereby providing a survival advantage in a critical and vulnerable
period. We therefore recommend that this topic will be further explored before
the eventual implementation of hepcidin suppressors in children diagnosed with
IRIDA, in order to define safe target levels of serum hepcidin relative to ferritin and
transferrin saturation for this age group.
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CONCLUDING REMARKS AND SUMMARY
OF FUTURE PERSPECTIVES

Unexplained microcytic anemias might be caused by defects in genes involved
in iron metabolism or heme synthesis. An important message of this thesis is
that these genetic anemias need attention from both clinicians and researchers.
Awareness among clinicians for these rare, heterogeneous disorders will result in
a timely diagnosis, thereby avoiding unnecessary long diagnostic processes and
allowing the initiation of adequate treatment modalities. Hopefully this will ultimately
result in the prevention of both (severe) iron deficiency but also iron loading and its
possibly life-long sequelae. As explained in this thesis, this iron loading concerns
two different patterns, which might overlap. First, low hepcidin expression followed
by increased intestinal iron absorption and iron release by the macrophages results
in parenchymal iron excess. Second, hepcidin overexpression with subsequent iron
entrapment in the macrophages, particularly after the administration of parenteral
iron, leads to RES iron excess. The first mentioned pathophysiologic mechanism is
thought to play a role in XLSA, underpinning the importance of a prompt diagnosis in
order to prevent severe complications as liver cirrhosis or hepatocellular carcinoma.
The second mentioned pathophysiologic mechanism is an important factor in the
development of iron loading of the macrophages in IRIDA patients, especially after
the administration of intravenous iron supplementation. Noteworthy, there are,
although not equivocal, concerns about the association between RES iron loading
and atherosclerosis.

The results of the retrospective and observational studies in this thesis provide
clinicians with essential information and practical clinical tools, which facilitate
the diagnostic and therapeutic process regarding both children and adults with
microcytic anemias due to a genetic disorder of iron metabolism or heme synthesis.
However, lots of work needs to be done, both on the preclinical and clinical level,
as we discussed in this chapter and as we will summarize in the next paragraphs.

First, collaboration on the national and international level by expanding networks
and biobanks is an important precondition because of the rarity of the disorders
addressed in this thesis. Accompanying ethical, legal and social issues that
nowadays hamper the process of biobanking need to be addressed urgently in our
opinion. A second prerequisite is the establishment of standardized serum hepcidin
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references ranges for children of all age groups and of different origins that can
be used worldwide, since the starting point of diagnosing iron disorders, such as
IRIDA, is the determination of a serum hepcidin level. Third, we argue for a broader
application of NGS with the aim of expanding our knowledge on the genotypic and
phenotypic spectrum of the rare anemias addressed in this work.

Next steps regarding the research on IRIDA involve the further elucidation of the
genetic and molecular background of this disorder by performing WES sequencing
of candidate genes in patients with a mono-allelic TMPRSS6 defect, and by studies
that further confirm or contradict possible other cleavage targets in the BMP-SMAD
hepcidin regulatory pathway of MT2. Furthermore, the clinical consequences of ID
on the function of the various iron-demanding organ systems such as the muscular
system (especially the heart), the thyroid gland and the brain need longitudinal
assessment in IRIDA patients. In addition, there is an unmet need for biomarkers
to assess functional consequences of iron deficiency beyond anemia. This will
help to further elucidate the pathophysiology of IRIDA and to guide decisions on
the application of different treatment modalities and dosing schemes tailored to a
specific patient.

The ultimate aim to achieve is the establishment of an evidence-based guideline,
based on the molecular, genetic and clinical information gathered in internationally
collaborating biobanks, allowing a tailored diagnosis and treatment of the individual
IRIDA patient of all ages. This will limit the injury induced by both iron deficit and iron
excess to a variety of organ systems, preventing the patients from lifelong sequelae
that might have a considerable impact on quality of life and longevity.

“Sola dosis facit venenum” (“Only the dose makes the poison”)

Paracelsus (1493-1541)
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Summary

SUMMARY

Every general practitioner, internist, pediatrician or any other physician will meet
patients suffering from anemia during his of her medical career. The worldwide
high prevalence of approximately 1.62 billion people, corresponding to 24.8% of the
population, makes anemia one of the most common reasons for seeking medical
attention in daily clinical practice.

Although this condition has numerous causes, diagnostic evaluation is usually
straightforward, starting with the determination of the mean corpuscular volume
(MCV) of the erytrocytes in order to classify the anemia as microcytic, normocytic
of macrocytic.

The majority of anemias are microcytic, primarily caused by iron deficiency due to
nutritional deficits, gastro-intestinal or gynecological blood loss or iron malabsorption.
Furthermore, thalassemia syndromes need to be considered as the cause of
microcytic anemias within specific populations.

However, in some patients the microcytic anemias cannot be explained by iron
deficiency or a hemoglobinopathy. In those cases a genetic disorder of iron
metabolism or heme synthesis due to defects in genes involved in systemic and
cellular iron metabolism and heme synthesis should be suspected. It is a diagnostic
challenge for the clinician to distinguish such rare disorders from the far more
common forms of acquired iron deficiency anemia as a result of for example celiac
disease or from a- or B thalassemias.

If the treating physician overlooks a microcytic anemia due to a genetic disorder
of iron metabolism or heme synthesis, the individual patient may encounter an
unnecessarily long diagnostic process and not effective or even harmful treatments.
Moreover, in some genetic anemias, such as the sideroblastic anemias, iron overload
is of greater clinical consequence than the anemia itself since unrecognized tissue
iron loading might lead to severe morbidity and even mortality.

The objective of this thesis was to provide the clinician with information on several
clinical aspects of microcytic anemias due to a genetic disorder of iron metabolism
or heme synthesis with a particular focus on Iron Refractory Iron Deficiency Anemia
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(IRIDA) and x-linked sideroblastic anemia (XLSA). We aimed to increase awareness
for these rare disorders, to facilitate the diagnostic process, enabling the timely start
of an adequate treatment, with the ultimate goal of reducing the disease burden
and preventing lifelong sequelae of either iron deficiency or iron overload for the
individual patient.

Chapter 1is the general introduction to this thesis, describing the (patho)physiology
of systemic and cellular iron metabolism and heme synthesis.

Iron can participate in electron transfer by the interconversion between Fe?" and
Fe® and this fundamental biochemical characteric makes virtually all tissues in the
human body dependent of iron. However, the majority of iron is dedicated to the
synthesis of the iron-containing hemoglobin inside the erythrocytes, crucial for
oxygen transport.

Therefore, deficit of iron results in the clinical condition of iron deficiency
anemia, affecting over 1.2 billion people globally. On the other hand, iron is also
potentially toxic to cells because unbound iron can catalyze the formation of
oxidative radicals that damage proteins, lipids and nucleic acids. Furthermore,
many pathogens are dependent of iron for their survival. Because both iron
deficiency and iron overload may have detrimental effects, a highly sophisticated
regulatory system is required to maintain iron homeostasis on both the systemic
and cellular level.

In this introductory chapter, the two regulatory systems responsible for body iron
homeostasis are described, one that functions systemically and is dependent on the
liver-derived hormone hepcidin, and the other that predominantly controls cellular
iron metabolism through iron-regulatory proteins (IRP) that bind iron-responsive
elements (IRE) in regulated messenger RNA's of cellular iron importers, exporters and
storage genes. Although the machineries of systemic and cellular iron homeostasis
are separated, crosstalk exists between the two distinct control systems, which is
explained.

Since this thesis also addresses genetic disorders of heme synthesis, especially
XLSA due to ALAS2 defects, we explain the eight steps of heme biosynthesis, for
which ALAS?2 is crucial for the first and rate-limiting step.
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After depicting the physiology of systemic and cellular iron homeostasis and heme
synthesis, we discuss the clinical sequelae of a defective systemic iron homeostasis
or heme synthesis in terms of iron deficiency and iron overload, with a focus on
IRIDA and XLSA.

PART I: LITERATURE AND CLINICAL STUDIES

In Chapter 2 we narratively reviewed the critical roles of iron during the different
phases of childhood and the developmental aspects of iron homeostasis throughout
the journey from fetus to adult. The aim of this review was to increase the understanding
of iron biology from fetal life to adulthood since this is essential for the timely and
accurate diagnosis of both genetic and acquired iron disorders in childhood. We
assessed the importance of iron for the growth of the body and the accompanying
increase of circulating blood volume and bone mass, for the maturation of the central
nervous system, the immune system and the gut microbiota. We reviewed the current
knowledge on the systemic iron homeostasis from fetus to infant to middle-aged
child to adolescent. After extensive exploration of the literature, we concluded
that many questions remain on iron handling in childhood and on the ideal iron
status for the different iron-demanding tissues in the growing and developing child.
Understanding the way the human body prioritizes and distributes iron between
the erythroblasts in the bone marrow, the brain and other iron-dependent organs
systems during the different phases of development from fetus to adult is limited.
Moreover, the lack of appropiate biomarkers for the various iron-consuming organs,
and especially the central nervous system, hampers adequate assessment of iron
status of the different iron-containing compartments. This limited understanding of
iron physiology of childhood complicates the diagnosis and management of both
acquired iron disorders as iron deficiency (anemia), anemia of inflammation or iron
loading due to ineffective erythropoiesis and also anemias due to genetic disorders
of iron metabolism. We proposed research ideas addressing these knowledge gaps
regarding iron and iron handling in childhood, the assessment of body iron status
and the treatment of iron deficiency, some of which are adressed in this thesis
(establishment of hepcidin reference values in children, Chapter 7).

Chapter 3 is a systematic review of the literature on microcytic anemias due to a
genetic disorder of iron metabolism or heme synthesis, with the intention to develop
evidence-based and multidisciplinary guidelines that assist the clinician in the
diagnosis and treatment of these rare disorders and provide recommendations on

10
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family screening of the index patient. We presented evidence-based, multidisciplinary
guidelines on the diagnosis, the management and the recommended family
screening of 12 disorders of microcytic anemia due to defects in 13 different genes
involved in iron metabolism and heme synthesis. In order to help the clinician in
discriminating this diseases from the fare more common hemoglobinopathies
and acquired iron deficiency anemias, we added a flow chart with a step-by-step
plan supporting the diagnostic process and a table summarizing the key features
characterizing these disorders. We recommended the collaboration between
centers of excellence with special expertise of these particular disorders join in
order to enlarge pathophysiological insights and to ultimately improve the diagnostic
workup and treatment.

In Chapter 4 we retrospectively described a case series of 21 Dutch patients
diagnosed with Iron Refractory Iron Deficiency Anemia (IRIDA) due to 14 different
TMPRSS6 defects, resulting in decreased matriptase 2 activity with inappropriately
increased hepcidin levels relative to body iron parameters. In fourteen patients we
found a homozygous or compound heterozygous TMPRSS6E defect. Interestingly, in
the other 7 patients we only found a heterozygous TMPRSS6 defect after both DNA
sequencing and multiplex ligation dependent probe amplification (MLPA), challenging
the idea of IRIDA being a disease with an autosomal recessive inheritance pattern.
Nine out of 14 TMPRSS6 defects in our population had not been described earlier.
We assessed pathogenicity of the TMPRSS6 variants in our patients by review on the
literature on previous reports and functional studies in case of known defects, and
by considering the association of the TMPRSS6 variants with the phenotype within
a family and by bio-informatic tools in case of novel defects.

We explored genotype-phenotype correlation, age of presentation, disease severity
and response to oral and parenteral iron treatment. We observed that most patients
were dependent of parenteral iron. However, a severe genotype did not preclude
responsiveness to oral iron. We found that the transferrin saturation (TSAT)/hepcidin
ratios were lower in IRIDA patients than in healthy relatives, suggesting that the TSAT/
hepcidin ratio is a promising diagnostic tool for discriminating IRIDA from the far more
common acquired iron deficiency anemias (we expanded upon this issue in Chapter 8).
Since we found a noticeable discrepancy between the phenotypes of probands and
of relatives with the same genotype, we suggest that a complex interplay between
genetic and environmental factors plays a role in the pathogenesis or IRIDA.
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In Chapter 5 we commented on a case report of a suggested IRIDA case of a
10-years old Chinese girl, at the age of 10 months diagnosed with a splenomegaly
and a severe microcytic anemia (Hb 5.8 g/dL, MCV 61fL), with a decreased TSAT of
7%. The child was neither responding to oral iron nor to a combination of intravenous
iron and erythropoietin. IRIDA was diagnosed in this child because of increased
hepcidin levels (12.0 nmol/L) compared to the normal ranges for females for this
specific hepcidin assay (4.0 + 1.5 nmol/L) and because of the non-synonymous
TMPRSS6 changes c.757A>G (p.Lys253Glu, K253E, rs2235324) and ¢.2207 T>C
(pVal736Ala, V736A, rs855791). Because of the refractoriness to oral iron, parenteral
iron and erythropoietin, a steroid trial was performed. Strikingly, hepcidin levels
dropped to 2.7 nmol/L and Hb increased to 8.9 g/dL on this treatment. We argued
that the clinical course was more consistent with anemia of inflammation than with
IRIDA because of the sharp decline of serum hepcidin levels after the initiation of
the anti-inflammatory drug methylprednisolone and because of the occurrence of
splenomegaly that is not typical of IRIDA. We debated the pathogenicity of the above-
mentioned TMPRSS6 variants that are common non-synonymous polymorphisms,
also for the Han Chinese population, and therefore unlikely to be the cause of IRIDA

with such a severe microcytic anemia.

Moreover, we discussed the functional studies indicating that the TMPRSS6 736A
variant inhibits hepcidin more efficiently than 736V variant, implicating that the
presence of the 736A variant in the patient protects against instead of causes
elevated hepcidin levels and iron deficiency.

In Chapter 6 we presented clinical and genetic data of 15 Dutch patients from 11
unrelated families diagnosed with XLSA patients, which is the most common
inherited form of sideroblastic anemia, characterized by mostly mild hypochromic
microcytic anemia with bone marrow ring sideroblasts, in combination with mild to
severe parenchymal iron loading due to ineffective erythropoiesis. The disease is
associated with several mutations in the erythroid specific 5-aminolevulinate synthase
gene (ALAS2). We reviewed age of presentation, clinical and biochemical features,
ALAS-2 defects and treatment characteristics (e.g. pyridoxine, blood transfusion,
chelation, phlebotomy) of the patients. Although 10 out of 11 families shared the same
previously described c1355G>A (p.Arg452His) ALAS2 defect, phenotype regarding
severity of anemia and iron loading was very different, even for those six patients
with the p.Arg452His defect in which haplotype analysis strongly suggested ancestral




340

Chapter 10

relationship. In two brothers we found a novel c1412G>A (p.Cys471Tyr) variant. Despite
the results of the different bio-informatic tools that were not consistent in its prediction
of pathogenicity, we considered this ALAS2 variant as pathogenic since both brothers
shared the same phenotype of microcytic anemia and iron overload. Of note, the two
affected brothers had no unaffected brothers without the relevant ALAS2 variant. This
would have supported our hypothesis concerning its pathogenicity.

Although XLSA is an X-linked disease, we illustrate that female carriers of an ALAS2
defect may develop a phenotype of sideroblastic anemia later in life, probably due
to a predominant inactivation of the normal X-chromosome and physiological age-
related skewed X-inactivation in hematopoietic cells. Regarding effect of treatment,
we observed an increase in Hb in one of our patients after commencement of
phlebotomies, illustrating that blood drawing not only benefits the reduction of
systemic iron overload but may also improve erythropoiesis in XLSA patients. We
ended our article with practical recommendations for the clinician regarding a
timely diagnosis and adequate treatment of probands with XLSA in combination
with accurate screening of relatives, in order to reduce the disease burden for the
individual patient and to avoid lifelong sequelae of iron deficiency or iron overload
for both the proband and the possibly affected relatives.

PART IIl: DIAGNOSTIC STUDIES: FOCUS ON IRON REFRACTORY IRON DEFICIENCY
ANEMIA

For the second part of this thesis we performed studies aimed at improving the diagnosis
of microcytic disorders due to disorders of iron metabolism, with the focus on IRIDA.

In Chapter 7 we described a study on ranges of serum hepcidin in healthy children
with the objective of facilitating the diagnosis of iron disorders in childhood. We
measured serum hepcidin-25 levels in 266 healthy Dutch children, aged 0.3-17 years,
attending the day care unit of the Maxima MC, Veldhoven, the Netherlands for minor
surgical or diagnostic procedures. We used an isotope dilution mass spectrometry
hepcidin assay, standardized with our commutable 2" reference material (RM),
assigned by a candidate primary RM. Since we aimed to cover the different key
periods of human growth and development for both sexes, we divided our study
population in subgroups for age and sex; infancy and toddler stage (0-<2 years),
early childhood (2-<6 years), middle childhood (6 -<12 years) and adolescence (12-17
years). We constructed age- and sex-specific values for serum hepcidin and its ratio
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with ferritin and transferrin saturation (TSAT). Serum hepcidin levels, hepcidin/ferritin
and TSAT/hepcidin ratios were similar for both sexes. Serum hepcidin and hepcidin/
ferritin ratio substantially declined after the age of 12 years, TSAT/hepcidin ratio
gradually increased with increasing age. Corroborating with data in adults, we found
that serum ferritin was the most significant correlate of serum hepcidin in our study
population, explaining 15.1 % and 7.9 % of variance in boys and girls, respectively.
Multivariable linear regression analysis including age, blood sampling time, iron
parameters, ALT, CRP and BMI as independent variables showed a statistically
significant negative association between age as dichotomous variable (< 12 years
versus >12 years) and log-transformed serum hepcidin levels in both sexes. With this
study we demonstrated that serum hepcidin relative to indicators of body iron is age
dependent in children, suggesting that the set point of serum hepcidin relative to
stored and circulating iron changes during childhood.

In Chapter 8 we described a study assessing the value of the TSAT/hepcidin ratio
in discriminating IRIDA from iron deficiency anemia due to acquired causes, e.g.
gastro-intestinal or vaginal blood loss of malabsorption. We included 21 IRIDA
patients from various hospitals in the Netherlands and 39 IDA controls from the
Gastroenterology, Gynecology and Emergency Department of the Maxima Medical
Center, Veldhoven, the Netherlands. We measured serum hepcidin-25 levels in all
patients by an isotope dilution mass spectrometry assay and calculated the TSAT/
hepcidin ratio. We observed that the TSAT/hepcidin ratio was significantly lower
in IRIDA patients compared to IDA controls. Area under the receiver operating
characteristic (ROC) curve for the TSAT/hepcidin ratio was 0.991 with a specificity of
100% (95% Confidence Interval, 93-100%), a sensitivity of 95% (95% Cl, 79-100%) at
an optimal cut-off point of 5.9%/nM to distinguish IRIDA from IDA because of other
reasons. We therefore concluded that the TSAT/hepcidin ratio is able to differentiate
between IRIDA and IDA-controls due to other reasons with high specificity in a broad
iron-deficient population, provided inflammation is absent and no recent iron therapy
has been given.

PART lll: DISCUSSION, SUMMARY AND ADDENDA

In Chapter 9 we discuss our main findings and reflect upon the implications for
clinical practice. We comment on the strengths and limitations of the studies and
consider future research challenges. In the current Chapter 10 we summarize this
thesis. Chapter 11 contains the addenda of this paper.

10
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or caregivers were asked for consent to store residual blood for 15 years at the TML.
In case patients or their parents or caregivers did not agree with storage of residual
blood, the leftover material will be destroyed.

The data described in Chapter 4, Chapter 6 and Chapter 7 are disclosed in peer-
reviewed papers. The data described in Chapter 8 will be published in the future. All
original data generated or analyzed in this thesis are available from the associated
corresponding authors on request.
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For Dutch Dummies

FOR DUTCH DUMMIES

INLEIDING

IJzergebrek is de meest voorkomende oorzaak van bloedarmoede
Bloedarmoede is één van de meest voorkomende redenen waarom mensen een
dokter bezoeken. Naar schatting hebben wereldwijd ongeveer 1.62 miljard mensen
in meer of mindere mate last van dit probleem, zo’n 25% van de totale bevolking
op deze aardbol.

Bij het overgrote deel van de mensen met bloedarmoede is een ijzertekort de
oorzaak.

|Jzer is een essentieel onderdeel van bloed omdat het onmisbaar is voor de
aanmaak van rode bloedcellen. En deze rode bloedcellen zijn cruciaal voor het
zuurstoftransport in het lichaam. Te weinig ijzer betekent te weinig rode bloedcellen
en dus een tekortschietend zuurstoftransport naar de organen. Het resultaat is
bloedarmoede, een aandoening die u vast kent uit uw omgeving of wellicht uit

eigen ervaring.

Kenmerkend voor bloedarmoede als gevolg van een ijzertekort is dat de rode
bloedcellen kleiner zijn dan gemiddeld; we noemen dit een microcytaire anemie
(microcytair: klein-cellig, anemie: bloedarmoede). Het ijzertekort dat deze
microcytaire anemie veroorzaakt, kan allerlei uiteenlopende oorzaken hebben. Bij
jonge kinderen is het probleem meestal dat ze te weinig ijzer binnenkrijgen met
de voeding, terwijl ze hard groeien en daardoor juist veel ijzer nodig hebben. Bij
pubermeisjes wordt een ijzergebrek en daardoor bloedarmoede vaak veroorzaakt
door bloedverlies ten gevolge van de menstruatie in combinatie met de groeispurt.
Bij volwassen patiénten is het onderliggende probleem geregeld een maag-darm
aandoening, bijvoorbeeld een poliep of een darmtumor, al dan niet in combinatie
met antistollingsmedicatie. Verder kan bij iedere leeftijdsgroep het dieet een rol
spelen; mensen met een vegetarisch of veganistisch eetpatroon krijgen sneller een
ijzertekort dan mensen die wel dierlijke producten eten.
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Bloedarmoede door een genetische aandoening van de ijzerstofwisseling is
zeldzaam, maar belangrijk om op te sporen

Soms zien we in het ziekenhuis patiénten met een microcytaire vorm van
bloedarmoede in combinatie met een afwijkend ijzergehalte in het bloed, terwijl
de onderliggende oorzaak onduidelijk is en de gebruikelijke behandeling met
ijzermedicatie niet (genoeg) helpt. Dus de patiént(e) eet gewoon vlees en vis en
heeft geen last van bloedverlies dat er niet hoort te zijn. IJzertherapie, in de vorm
van pillen of een infuus, is niet of onvoldoende effectief. Zulke patiénten zijn vaak
een moeilijke puzzel voor de dokter. Maar vooral voor de patiénten zelf is het erg
frustrerend om een onbehandelbare aandoening te hebben die veel klachten geeft
en waarvan de oorzaak niet is opgehelderd, ondanks vele en vaak vervelende
onderzoeken, zoals een scopie van de darm of een beenmergpunctie.

Bij dergelijke patiénten kan er sprake zijn van een erfelijke afwijking in de genen
die belangrijk zijn voor de ijzerstofwisseling. Denk aan genen die zorgen dat ijzer
vanuit de darm naar het bloed wordt gesluisd of aan genen die de ijzeropname in
het beenmerg regelen, de fabriek waar het bloed wordt gemaakt. Of aan genen
die een rol spelen bij het inbouwen van het ijzer in de rode bloedcel, dus bij het
productieproces zelf. Over deze genetische aandoeningen gaat dit proefschrift. We
willen daarmee aandacht vragen voor deze zeldzame vormen van bloedarmoede,
zodat ze tijdig worden opgespoord. We hopen daarmee te bereiken dat de patiénten
niet onnodig allerlei vervelende onderzoeken hoeven te ondergaan of bloot worden
gesteld aan behandelingen zoals ijzertabletten of ijzerinjecties die niet (voldoende)
helpen maar mogelijk wel bijwerkingen hebben.

Verder weten we dat sommige patiénten met bloedarmoede door een genetische
afwijking in de ijzerstofwisseling kans hebben op ijzerstapeling, dus het
tegenovergestelde van een ijzertekort. Een overschot aan ijzer in het bloed leidt tot
oxidatieve stress, een situatie waarbij er meer reactieve zuurstofverbindingen vrijkomen
dan gebruikelijk en dat is schadelijk voor het menselijk lichaam. Vooral de lever en
het hart zijn gevoelig voor ijzerstapeling. Eén van de meest beruchte complicaties
van ijzerstapeling is dan ook het ontwikkelen van leverkanker. Het verraderlijke van
ijzerstapeling is dat de patiént dit aanvankelijk niet voelt. Het probleem kan dus lang
onder de radar blijven, soms zelfs totdat er al onherstelbare schade aan de organen is
opgetreden. Ook daarom is het erg belangrijk om bloedarmoede door een genetische
afwijking in de ijzerstofwisseling tijdig op te sporen.
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Maar hoe zit het dan precies met de ijzerstofwisseling en hoe regelt het lichaam
dat de ijzerhuishouding in balans is? Dat leggen we uit in hoofdstuk 1, de inleiding
van dit proefschrift.

Hepcidine: de thermostaat van de ijzerhuishouding

Een volwassen man heeft in totaal ongeveer 4 tot 5 gram (4000 tot 5000 mg)
ijzer in zijn lichaam. Daarvan bevindt zich het grootste gedeelte, zo'n 2500 mg,
in de rode bloedcellen. Zoals we hierboven uitleggen, zijn de rode bloedcellen
van levensbelang omdat ze verantwoordelijk zijn voor het zuurstoftransport door
het lichaam. Belangrijk om te weten: een rode bloedcel gaat gemiddeld 120
dagen mee. Daarna wordt de rode bloedcel afgebroken, voornamelijk in de milt.
Dit betekent dat het lichaam steeds opnieuw heel veel rode bloedcellen moet
maken, zo’n 200 x 10° per dag. Hiervoor is per dag ongeveer 20 mg ijzer nodig,
oftewel 2 x 10 ijzeratomen per seconde. Waar komt al dit ijzer vandaan? Het
grootste gedeelte is gerecycled ijzer dat vrijkomt bij het opruimen van oude rode
bloedcellen en dat wordt opgeslagen in de macrofagen. Macrofagen zijn witte
bloedcellen die een belangrijke rol spelen bij het opruimen van beschadigde of
dode lichaamscellen. Slechts een klein gedeelte van het benodigde ijzer komt
uit de voeding. Het lichaam gaat dus heel efficient met ijzer om; het ijzer wordt
voortdurend hergebruikt en niet uitgescheiden via de urine of de ontlasting,
zoals dat met veel andere vitamines en mineralen wel gebeurt. Belangrijk om
te realiseren: het lichaam kan ijzer ook niet actief uitscheiden. En dat houdt een
risico in; namelijk het risico op ijzerstapeling met alle gevolgen van dien, zoals we
hierboven uitleggen.

Omdat zowel een tekort aan ijzer als een teveel aan ijzer negatieve gevolgen
heeft voor de gezondheid, is het essentieel dat het lichaam over een regelsysteem
beschikt. Dat regelsysteem moet ervoor zorgen dat het ijzergehalte niet te laag
maar ook niet te hoog wordt. Voor zo’'n regelsysteem is een goede thermostaat
nodig, vergelijkbaar met de thermostaat bij u thuis die de temperatuur in uw huis
regelt en die zorgt dat u een warme douche kunt nemen op ieder gewenst moment.
Gelukkig beschikt het lichaam over zo’n regelsysteem en zo’n thermostaat voor de
ijzerhuishouding in de vorm van het hormoon hepcidine. Dit hormoon, dat door de
lever gemaakt wordt, detecteert de hoeveelheid ijzer in het menselijk lichaam en
stuurt vervolgens de opname van ijzer door de darm en de afgifte van gerecycled
en opgeslagen ijzer. Een hoog hepcidine gehalte zorgt ervoor dat de ijzerpoorten
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in de darm en de macrofagen op slot gaan, een laag hepcidine gehalte zorgt er
juist voor dat ze opengaan. Dus bij een (dreigend) ijzertekort schroeft de lever
de hepcidine productie omlaag, andersom bij een (dreigend) ijzeroverschot juist
omhoog.

Overigens bestaat er nog een tweede regelsysteem dat de hoeveelheid ijzer
op het niveau van de cel regelt. Dit is een ingenieus systeem dat werkt via
het meer of minder af laten lezen van genen die bepalend zijn voor instroom
en uitstroom van ijzer op celniveau (het lichaam als geheel kan dus geen ijzer
uitscheiden, maar individuele cellen wel). Om het nog ingewikkelder te maken;
beide regelsystemen werken op verschillende punten met elkaar samen.

Tot zover de gezonde situatie. Bij een fors en aanhoudend ijzergebrek,
bijvoorbeeld doordat iemand onvoldoende ijzer binnenkrijgt met de voeding
of omdat iemand bloed verliest via een poliep in de darm, wordt het hepcidine
regelsysteem overvraagd. Het lichaam is dan niet meer in staat het ijzergehalte
op peil te houden en de patiént ontwikkelt bloedarmoede. Vergelijk het met een
oud, tochtig huis met enkel-glas dat u probeert warm te stoken terwijl het buiten
vriest dat het kraakt.

Typische klachten van bloedarmoede zijn bleek-zien, vermoeidheid en
kortademigheid bij inspanning, zoals de trap oplopen of een eindje fietsen. Een
ijzertekort leidt overigens niet alleen tot bloedarmoede. leder orgaansysteem in
het lichaam heeftijzer nodig, ook het brein bijvoorbeeld. Dit weten we uit studies
met muizen en ratten, maar we zien hier ook aanwijzingen voor in de praktijk.
Zo zien we bij peuters en kleuters met een ijzergebrek soms zogenaamde pica
klachten. Dit houdt in dat het kind een onbedwingbare neiging ontwikkelt tot
het eten van zaken die niet voor consumptie bestemd zijn, zoals zand of papier.
Onlangs zag ik dit nog bij een patiéntje van mij, een kleuter van vijf jaar oud.
In een onbewaakt ogenblik had hij zijn op papier meegebrachte laboratorium
uitslagen helaas al opgegeten voordat hij aan mijn bureau zat...We denken dat
dit fascinerende verschijnsel het gevolg is van een ijzertekort van de hersenen.
Overigens liggen er nog veel onbeantwoorde vragen op dit terrein, maar
daarover straks meer.



For Dutch Dummies

DEEL 1: LITERATUUR STUDIES EN KLINISCHE STUDIES

Kind en ijzer

De zeldzame vormen van bloedarmoede door een genetisch probleem in de
ijzerstofwisseling, waar dit proefschrift over gaat, zien we op alle leeftijden. Dus zowel
huisartsen, kinderartsen als internisten kunnen er mee te maken krijgen. Daarom is
het cruciaal dat artsen alert zijn op de symptomen van deze aandoeningen en dat
ze weten hoe ze de diagnose moeten stellen. Om vast te stellen dat een patiént
zo’n aandoening heeft, moet je eerst heel goed weten hoe de ijzerstofwisseling
werkt bij iemand die gezond is, en dat kan afhangen van de leeftijd van de persoon.
Een kind is namelijk geen mini-volwassene, dat was de eerste les die ik leerde
tijdens mijn opleiding tot kinderarts. De anatomie en fysiologie bij een kind zijn echt
anders dan bij een volwassene. Daarom hebben we een uitgebreide literatuurstudie
gedaan om in kaart te brengen wat er bekend is over de ijzerstofwisseling tijdens
de verschillende fasen van het leven; in de baarmoeder, op de kinderleeftijd en
tijdens de adolescentie, tot aan de volwassenheid. En voor welke verschillende
orgaansystemen ijzer belangrijk is, vooral tijdens de groei en ontwikkeling. Dit
beschrijven we in hoofdstuk 2. Uiteraard is er veel ijzer nodig voor de aanmaak
van bloed, net als bij volwassenen. Het grote verschil is echter dat een volwassene
alleen de afgebroken en gerecyclede oude rode bloedcellen moet vervangen door
nieuwe, terwijl een kind ook extra rode bloedcellen moet maken vanwege de groei.
Het circulerend bloedvolume bij een pasgeboren baby van 3 kg bedraagt ongeveer
250 ml, bij een volwassen man van 70 kg ongeveer 5 [; dat betekent een toename
met een factor 20. U kunt zich voorstellen dat hier grote hoeveelheden ijzer voor
nodig zijn. |Jzer is echter ook van groot belang voor de groei van de spieren en
botten, voor de rijping van het immuunsysteem, voor de vorming van de darmflora
en voor de groei en ontwikkeling van het brein. Denk aan het voorbeeld van de
kleuter met pica, die zijn papieren uitslag opat. De ontwikkeling van het brein is
overigens een erg ingewikkeld proces, waar nog veel vragen en onduidelijkheden
over zijn. Wel weten we dat het proces in verschillende, achtereenvolgende stappen
verloopt en dat ijzer er een rol bij speelt. Proefdieronderzoek met muizen en ratten
wijst uit dat de hoeveelheid ijzer die nodig is voor een optimale breinontwikkeling,
per stap verschillend is. Dit impliceert dat de gevoeligheid van het hersenen voor
schade door eenijzertekort (of juist een overschot) afhangt van het moment waarop
dit optreedt. Het moeilijke van dergelijk onderzoek met muizen en ratten is altijd
dat de resultaten ervan niet één op één vertaald kunnen worden naar kinderen. Er
zijn echter klinische studies die suggereren dat blootstelling aan een ijzertekort bij
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kinderen in de baarmoeder of op de zuigelingenleeftijd een blijvende negatieve
invioed kan hebben op de psychomotore ontwikkeling. En dat je die negatieve
invioed niet meer ongedaan kunt maken door het kind ijzer te geven als het al
wat ouder is, bijvoorbeeld op de peuterleeftijd. De theorie is dat dit komt omdat
het zogenaamde window of opportunity, waarbij ijzer een cruciale rol speelt in
een specifiek stukje van de breinontwikkeling, inmiddels is gepasseerd. Nu zou je
kunnen denken dat het dan wellicht verstandig is om extra ijzer te geven aan alle
jonge kinderen. Vooral aan kinderen die extra gevoelig zijn voor een ijzertekort zoals
prematuren of kinderen met een laag geboortegewicht voor de zwangerschapsduur.
Echter, blootstelling aan te veel ijzer op jonge leeftijd kan eveneens schadelijke
effecten hebben, bijvoorbeeld op de darmflora en op het afweersysteem. Verder zijn
veel ziekmakende bacterién voor hun overleving afhankelijk van ijzer. Dus eigenlijk
is er een soort competitie; het kind heeft ijzer nodig, maar de bacterie ook. Dit wordt
in de literatuur the battle for iron genoemd. In de tropen, waar de infectiedruk hoog
is, is dit een reéel thema. Zo hebben meerdere klinische studies uitgewezen dat het
willekeurig geven van ijzertabletten of ijzerdrank aan kinderen in de tropen leidt tot
een toename van het aantal malaria gevallen. Dit geeft aan dat, meer nog dan bij
volwassenen, de balans tussen enerzijds niet te weinig maar anderzijds niet te veel
ijzer, van groot belang is op de kinderleeftijd. Hoe het lichaam de ijzerbalans dan
regelt bij kinderen en of dit hetzelfde gaat als bij volwassenen, is nog grotendeels
onbekend. (In hoofdstuk 7 gaan we hier verder op in.)

Richtlijn voor het opsporen en behandelen van zeldzame vormen van bloedarmoede
door een genetisch defect van de ijzerstofwisseling

In hoofdstuk 3 van dit proefschrift geven we aan de hand van een systematische
analyse van de literatuur een overzicht van de verschillende bekende genetische
aandoeningen van de ijzerstofwisseling die leiden tot een microcytaire anemie, dus
bloedarmoede met de kenmerkende kleine rode bloedcellen. Zoals weergegeven in
de inleiding betreft het ziekten waarbij ofwel het ijzer vanuit de darm niet goed naar
het bloed wordt gesluisd, ofwel niet goed wordt afgeleverd en opgenomen in het
beenmerg ofwel niet goed wordt ingebouwd in de rode bloedcel. We beschrijven
de symptomen van de verschillende aandoeningen en doen aanbevelingen voor
de klinische en genetische diagnostiek en ook voor de therapie op basis van het
bewijs dat daarvoor is in de literatuur. Verder geven we advies over het al dan niet
screenen van de familieleden van de patiént waarbij een dergelijke afwijking in de
ijzerstofwisseling is vastgesteld.
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Iron Refractory Iron Deficiency Anemia: een defecte ijzerthermostaat met een te
hoog hepcidine

In hoofdstuk 4-6 zoomen we verder in op twee vormen van bloedarmoede waarbij
de ijzerstofwisseling verstoord is. De eerste aandoening betreft Iron Refractory
Iron Deficiency Anemia, afgekort IRIDA. Bij IRIDA is er sprake van een afwijking in
het TMPRSS6 gen, wat een rol speelt bij de hepcidine-productie van de lever, de
thermostaat van de ijzerhuishouding. Het gevolg van een defect in dit gen is dus
een niet goed functionerende ijzerthermostaat. Bij IRIDA kan de lever de hepcidine-
productie onvoldoende bijsturen en afremmen als de situatie daarom vraagt. Zoals
we in de inleiding uitleggen, hoort het hepcidine gehalte omlaag te gaan bij een
(dreigend) ijzertekort, waardoor de ijzerpoorten in de darm en op de macrofagen
opengaan en er meer ijzer beschikbaar komt in de bloedbaan. Bij IRIDA blijft het
hepcidine gehalte hoog, ondanks een lage hoeveelheid ijzer in het lichaam. De
ijzerpoorten in de darm en op de macrofaag blijven dan ten onrechte op slot en de
patiént ontwikkelt een ijzergebrek en bloedarmoede. Typerend voor IRIDA is het
niet goed reageren op ijzertabletten, wat we kunnen verklaren aan de hand van
het te hoge hepcidine gehalte en daardoor de gesloten ijzerpoorten in de darm.
De meeste IRIDA patiénten hebben dan ook ijzerinfusen nodig ter behandeling van
het ijzergebrek en de bloedarmoede. Overigens wordt het probleem daarmee niet
volledig opgelost. Het ijzer dat via een infuus wordt toegediend, verdwijnt namelijk
voor een belangrijk deel in de macrofagen, waar het dan vervolgens vast komt te
zitten omdat de ijzerpoorten daar ook grotendeels dicht zitten bij een IRIDA patiént
als gevolg van het hoge hepcidine gehalte.

In hoofdstuk 4 beschrijven we een serie van 21 Nederlandse IRIDA patiénten waarbij
we zowel het defect in het TMPRSS6E gen in kaart brengen (het genotype) als het
klinisch beeld, dus de mate van de bloedarmoede en het ijzergebrek, de reactie
op ijzertabletten en ijzerinfusen en de hoogte van het hepcidine gehalte in het
bloed (het fenotype). Op basis van onze bevindingen concluderen we dat er grote
verschillen zijn tussen de ene IRIDA patiént en de andere, zowel wat betreft het
genotype als het fenotype. Ook concluderen we dat er geen eenduidige aanpak is
bij de verschillende behandelaren wat betreft de diagnostiek en therapie. Verder
onderzoek is nodig om dit ziektebeeld verder te ontrafelen, zodat er vervolgens
een goed onderbouwde behandelrichtlijn opgesteld kan worden. In hoofdstuk 5
geven we een reactie op een casus beschrijving in de literatuur van een vermeende
IRIDA patiénte.
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X-linked sideroblastaire anemie door een defect in het ALAS2 gen: een defecte
hemoglobine productie en een ontregelde ijzerthermostaat met een te laag
hepcidine gehalte

De tweede aandoening waar we verder op in gaan in dit proefschrift is X-linked
sideroblastaire anemie ten gevolge van een defect in het ALAS2 gen, afgekort
XLSA. X-linked betekent dat het gendefect dat verantwoordelijk is voor deze
aandoening, in dit geval het ALAS2 gen, gelegen is op het X-chromosoom. Dit geeft
een typerend overervingspatroon waarbij de ziekte in principe alleen voorkomt bij
mannen en niet bij vrouwen, uitzonderingen daargelaten. Dat komt omdat vrouwen
twee X-chromosomen hebben en mannen maar één; mannen hebben een X- en
een Y-chromosoom. Een vrouw met een defect ALAS2 gen op het ene chromosoom,
heeft in het algemeen een intact en goed functionerend ALAS2 gen op het andere
chromosoom, wat voorkomt dat ze in de problemen raakt. Mannen met een ALAS2
defect hebben daarentegen maar één X-chromosoom en dus ook maar één ALAS2
gen. Wat gebeurt er als dit ALAS2 gen niet (goed) functioneert? Het ALAS2 eiwit dat
wordt gemaakt als het ALAS2 gen wordt afgelezen, speelt een belangrijke rol bij de
aanmaak van hemoglobine, het onderdeel van de rode bloedcel dat ervoor zorgt dat
zuurstof aan de rode bloedcel kan binden. Een defect ALAS2 eiwit resulteert dan
ook in een verminderde productie van hemoglobine. Daardoor ontstaat er een tekort
aan rode bloedcellen en zijn de rode bloedcellen die wel geproduceerd worden,
kwetsbaar en van matige kwaliteit. Het gevolg is een microcytaire anemie, de al
eerdergenoemde bloedarmoede met de kenmerkende kleine rode bloedcellen.

Een ander opvallend kenmerk van XLSA patiénten door een defect in het ALAS2?
gen is ijzerstapeling in de organen, met name in de lever. We denken dat het
hepcidine regelsysteem hier een rol in speelt. Om dit uit te leggen, gaan we weer
terug naar het voorbeeld van de ketel, en dan een combi-ketel, zo'n ketel die zowel
het huis verwarmt als het water (als het goed is tenminste...) Zelf heb ik een keer
meegemaakt dat mijn combi-ketel kapot was; het gevolg was een ijskoude douche,
een loeiende verwarming en een tropische temperatuur in de woonkamer... We
denken dat er iets vergelijkbaars gebeurt bij XLSA patiénten door een defect in het
ALAS2 gen. Door het kapotte ALAS2 eiwit kan het eindproduct, namelijk de rode
bloedcel, onvoldoende worden aangemaakt en gaan de rode bloedcellen die wel
geproduceerd worden, snel stuk. Als reactie hierop zal het beenmerg proberen de
productie van rode bloedcellen op te schroeven (wat niet goed lukt door het defecte
ALAS2 eiwit). Voor deze poging tot compensatie is veel ijzer nodig en het beenmerg
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zal daarom communiceren met de lever dat de hepcidine-productie omlaag moet,
zodat de ijzerpoorten in de darm en op de macrofagen wijd open komen te staan.
Het gevolg hiervan is een forse toename van de ijzer opname door de darm en
van de ijzerafgifte door de macrofagen, waardoor het ijzergehalte in het bloed gaat
stijgen. Dit leidt echter niet tot een verbetering van de bloedaanmaak vanwege
het defecte ALAS2 eiwit, maar wel tot ijzerstapeling. We noemen dit verschijnsel
ineffectieve erytropoése. Het is de oorzaak van ijzerstapeling bij bijvoorbeeld
beta-thalassemie, een vorm van erfelijke bloedarmoede die o.a. veel voorkomt bij
mensen die afkomstig zijn uit het Middellandse zeegebied (thalassa is het Griekse
woord voor zee). Of dit mechanisme van ineffectieve erytropoése ook verklaart
waarom XLSA patiénten ijzer stapelen is overigens nog niet bevestigd voor zover
wij weten, maar het is wel aannemelijk.

In hoofdstuk 6 beschrijven we een serie van 15 Nederlands XLSA patiénten door
een defect in het ALAS2 gen. Net als bij de IRIDA serie brengen we het genotype
en het fenotype in kaart. Verder doen we aanbevelingen voor de diagnostiek en
behandeling, zowel gericht op het behandelen van de bloedarmoede als op het
voorkomen en eventueel behandelen van ijzerstapeling.

DEEL II: DIAGNOSTISCHE STUDIES: FOCUS OP IRON REFRACTORY IRON
DEFICIENCY ANEMIA

Referentiewaarden van hepcidine bij Nederlandse kinderen: de afstelling van de
hepcidine thermostaat is afhankelijk van de leeftijd

Zoals we al aangeven in hoofdstuk 2, is het essentieel om te weten hoe de
ijzerhuishouding werkt bij kinderen en of dit anders gaat dan bij volwassenen. Dat
is namelijk het vertrekpunt om als kinderarts vast te kunnen stellen of een kind
wel of niet een aandoening heeft van de ijzerstofwisseling. Daarom hebben we
bij 266 gezonde kinderen tussen de 4 maanden en 17 jaar, die voor een kleine
ingreep het ziekenhuis bezochten (bijvoorbeeld voor een flapoorcorrectie of een
liesbreukoperatie) het hepcidine gehalte in het bloed bepaald. De resultaten hiervan
beschrijven we in hoofdstuk 7. We zien dat het hepcidine gehalte bij kinderen erg
afhangt van hetijzergehalte in het lichaam, net als bij volwassenen. Dat is ook logisch
gezien de thermostaatfunctie van hepcidine; bij een grote hoeveelheid lichaamsijzer
hoort een hoog hepcidine gehalte met als gevolg gesloten ijzerpoorten. Bij een
kleine hoeveelheid lichaamsijzer verwacht je het tegenovergestelde; een laag
hepcidine gehalte met als gevolg openstaande ijzerpoorten. Om het effect van de
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hoeveelheid lichaamsijzer weg te filteren, hebben we daarom ratio’s berekend tussen
de hoeveelheid hepcidine en de hoeveelheid lichaamsijzer. Na deze correctie zien
we dat het hepcidine gehalte ten opzichte van de hoeveelheid ijzer in het lichaam
duidelijk lager is bij kinderen ouder dan 12 jaar. Het lijkt er dus op dat de afstelling
van de ijzerthermostaat afhangt van de leeftijd van het kind. Mogelijk is het relatief
lage hepcidine gehalte bij oudere kinderen het gevolg van de remmende invloed
van de geslachtshormonen op de productie van het hormoon. Het gevolg is in ieder
geval dat bij een puber de ijzerpoorten wijd open staan en dat is natuurlijk nuttig
met het oog op de enorme groeispurt die een adolescent doormaakt. Opvallend
genoeg vinden we bij jonge kinderen relatief hoge hepcidine waarden ten opzichte
van de hoeveelheid lichaamsijzer, vergelijkbaar met de waarden die we vinden bij
volwassenen. Terwijl een jong kind relatief nog harder groeit dan een adolescent;
in het eerste levensjaar neemt het gewicht toe met een factor 3, van 3 kg tot 10 kg,
en de lengte met een factor 1,5, van 50 cm tot 75 cm.

Waarom zou het hepcidine gehalte ten opzichte van de hoeveelheid lichaamsijzer
relatief hoog zijn bij jonge kinderen? We kunnen hier natuurlijk alleen maar over
speculeren, maar mogelijk heeft het iets te maken met de afweer en de kans op
infecties. Zoals we uitleggen in de inleiding zorgt een hoog hepcidine gehalte ervoor
dat het ijzer in de macrofagen blijft zitten en niet in de bloedbaan terecht komt.
Dit is nadelig voor bacterién die binnendringen in de bloedbaan en die voor hun
overleving afhankelijk zijn van ijzer. Een relatief hoog hepcidine gehalte heeft dus
mogelijk een functie bij de bescherming tegen infecties, waar met name jonge
kinderen erg vatbaar voor zijn omdat het afweersysteem nog onrijp is aan het begin
van het leven. Hier komt dus weer de battle for iron om de hoek kijken, waar we
eerder al over schreven. Een belangrijke kanttekening is overigens dat we in onze
studie relatief weinig jonge kinderen hebben kunnen includeren. Vervolgonderzoek
is dan ook zeker nodig om bovenstaande bevinding te bevestigen dan wel te
ontkrachten.

De ratio tussen ijzer in het bloed en het hepcidine als diagnostische test voor IRIDA
Zoals we schreven in de inleiding komt bloedarmoede door een ijzergebrek
ontzettend veel voor. Bij de meeste mensen is daar een voor de hand liggende
verklaring voor, zoals een vegetarisch of veganistisch dieet of bloedverlies door
een poliep in de darm. Sommige mensen hebben een IRIDA door een defect in
het TMPRSS6 gen waardoor de ijzerthermostaat niet goed functioneert en het
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hepcidine te hoog staat afgesteld ten opzichte van de hoeveelheid lichaamsijzer.
Voor de behandeld arts is het belangrijk om in de spreekkamer het onderscheid te
kunnen maken tussen een ‘gewone’ bloedarmoede door een ijzertekort en tussen
een IRIDA. Daarom hebben we een studie gedaan waarbij we de IRIDA patiénten
uit hoofdstuk 4 vergelijken met 39 volwassen patiénten die op de spoedeisende
hulp of bij de maag-darm-lever arts kwamen met zo’n ‘gewone’ bloedarmoede.
De resultaten van deze studie beschrijven we in hoofdstuk 8. We hebben de
ratio tussen het circulerend ijzer in het bloed en de concentratie hepcidine (de
zogenaamde TSAT/hepcidine ratio) vergeleken tussen deze twee groepen en
uitgerekend waar de grenswaarde ligt die onderscheid maakt tussen enerzijds
IRIDA en anderzijds ijzergebreks-bloedarmoede door bijvoorbeeld een bloedende
darmpoliep. We concluderen op grond van onze resultaten dat de TSAT/hepcidine
ratio een bruikbaar en gemakkelijk toepasbaar instrument is in de spreekkamer om
een IRIDA op te sporen of (hagenoeq) uit te sluiten. Ook voor deze studie geldt dat
vervolgonderzoek nodig is; we weten bijvoorbeeld nog niet wat er gebeurt met de
ratio als de patiént recent ijzertabletten heeft geslikt of als de patiént behalve een
ijzergebrek ook een andere aandoening onder de leden heeft. Deze patiénten

waren in onze studie namelijk uitgesloten van deelname.

DEEL lll: DISCUSSIE, SAMENVATTING EN BIJLAGEN

De toekomst: hoe nu verder?

In hoofdstuk 9, de discussie van dit proefschrift, houden we onze bevindingen ten
aanzien van de diagnostiek en behandeling van zeldzame vormen van bloedarmoede
door een probleem in de ijzerstofwisseling kritisch tegen het licht en bespreken we
de implicaties ervan voor de klinische praktijk. Verder brengen we de lacunes in
kaart wat betreft onze kennis en formuleren we doelen voor toekomstig onderzoek.
We richten ons hierbij met name op IRIDA.

Zoals we al eerder schreven, zijn de aandoeningen die we bestuderen in dit
proefschrift zeldzaam. Daarom is onze belangrijkste aanbeveling om op nationaal
en internationaal niveau meer samen te werken en de krachten te bundelen.
Een goed middel om dit te bewerkstelligen is het opzetten van een (inter)
nationale ijzer-biobank, waarin zowel biologisch materiaal (bijvoorbeeld buisjes
bloed) als demografische gegevens (leeftijd, geslacht, afkomst) als klinische
data (laboratoriumuitslagen, ziektebeloop, behandeling) van patiénten met
bloedarmoede door een probleem in de ijzerstofwisseling zijn opgeslagen. Zo'n
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biobank leidt tot schaalvergroting en geeft ook de mogelijkheid om patiénten in
de tijd te vervolgen, dit noemen we prospectief onderzoek. Dit in tegenstelling
tot retrospectief onderzoek, waarbij je als onderzoeker terugkijkt, zoals wij ook
gedaan hebben bij onze studies.

In het Radboudumc te Nijmegen is er al een ijzer-biobank in ontwikkeling. Het is onze
ambitie deze ijzer-biobank verder uit te rollen, eerst in Nederland en vervolgens
ook in het buitenland. Overigens is de wet- en regelgeving rondom biobanken erg
complex. Enerzijds dient de privacy, autonomie en zeggenschap van de patiénten
die materiaal en data afstaan aan de biobank geborgd te worden, anderzijds is
het van groot belang dat de voortgang van het wetenschappelijk onderzoek niet
belemmerd wordt. Omdat er steeds meer biobanken komen, is deze wet- en
regelgeving nog volop in ontwikkeling.

Verder is ons plan om zowel de genetica als het klinisch beeld van IRIDA verder in
kaart te brengen. We willen bijvoorbeeld onderzoeken of er behalve het TMPRSS6
gen nog andere genen betrokken zijn die ervoor zorgen dat de ijzerthermostaat
ontregelt en het hepcidine gehalte te hoog wordt ten opzichte van de hoeveelheid
lichaamsijzer. Verder denken we dat mogelijk andere orgaansystemen, behalve het
beenmerg, te lijden hebben onder het ijzergebrek dat bij IRIDA optreedt, denk aan
het brein of de spieren. Dit is echter een hypothese, die we nog moeten toetsen
door de verschillende orgaanfuncties van IRIDA patiénten goed in kaart te brengen.
Uiteindelijk hopen we dat een beter inzicht in het ontstaan en het beloop van IRIDA
zal leiden tot een effectieve therapie. Naast ijzerinfusen, die we nu geven, zal het
in de toekomst wellicht mogelijk zijn om medicijnen te geven die het hepcidine
remmen. Maar voor we zover zijn, is er nog veel onderzoek nodig....

In hoofdstuk 10 vatten we dit proefschrift samen. Hoofdstuk 11 bevat de bijlagen
van dit proefschrift.



