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Chapter1

Introduction



Figure 1. The adoration of the Christ child (circa 1515).
A. Painting by Jan Joest van Kalkar (born circa 1450-1460, died in 1519 in Haarlem, The Netherlands) that
shows multiple individuals with characteristics suggestive of Down syndrome. B. These characteristics
include flattened midface, epicanthic folds, upslanted palpebral fissures, small and upturned nasal tip
and downward curving mouth corners.

Printed under the Open Access for Scholarly Content (OASC) initiative of The Metropolitan Museum of Art, New York,
United States of America.




PART A: DOWN SYNDROME

Clinical and genetic features of Down syndrome

In 1866, John Langdon Down was the first physician to describe intellectual
disability and facial dysmorphia as the clinical features of what now is known
as Down syndrome (OMIM 190685)." However, before then, the phenotypical
characteristics have been shown in antiquities, especially figurines from South
American and Mexican cultures (1500BC-300AD) and paintings from the
European Renaissance (15-17th century; Figure1)? In 1959, the presence of an
extra chromosome 21 was identified as the cause of Down syndrome. Detection of
trisomy 21 is since then used to confirm the diagnosis.? Genetic studies have shown
that ~90% of cases with Down syndrome originate from meiotic nondisjunction of
maternal origin.#5 Paternal and mitotic origin of trisomy 21 as well as unbalanced
translocation involving chromosome 21 are less common and affect approximately
5% each (Figure 2).%5

Individuals with Down syndrome display various health issues that manifest
variably in different stages of life and can affect almost all organ systems. Children
are often diagnosed shortly after birth due to hypotonia and facial dysmorphia
that include upslanting palpebral fissures, epicanthic folds and macroglossia. In
infants with Down syndrome, congenital malformations are found frequently
and can affect all organ systems. Congenital heart disease and gastrointestinal
malformations are most common and found in approximately 50% and 5-10% of all
children, respectively.*® Other problems during infancy include feeding difficulties
and delayed motor and mental development.>* Ear, nose and throat (ENT) disease
such as hearing loss and obstructive sleep apnoea are common and often related
to anatomical abnormalities."> When growing up, orthopaedic problems of
the feet, knees, hips and spine may arise as well as problems with their dental
development.’** Although the intellectual disability in individuals with Down
syndrome is highly variable, it significantly impairs practical and social functioning
in almost all individuals with Down syndrome.*

Due to the complex problems that may arise, diagnostic and management
guidelines have been developed in many countries including The Netherlands and
the United States of America.*»* In The Netherlands, follow-up by a specialized
paediatrician is recommended for all children with Down syndrome at least
once a year. At specific ages or when needed, healthcare professionals such as
ophthalmologist, ear, nose and throat-specialist, orthopaedic surgeon, rehabilitation
specialist, psychiatrist, physical therapist and speech therapist are involved. For




adults, treatment by physicians specialized in people with intellectual disability is
advised.

Risk factors for Down syndrome

Each year approximately 250 children with Down syndrome are born (1 in every
725 live born children; Figure 3A). Therefore it remains the most common genetic
cause of intellectual disability* This number has remained stable over the past
decade, despite the decrease in total births in The Netherlands from 200,000 in
2000 to 170,000 in 2013. As a result, the prevalence of Down syndrome has slightly
increased from 12 to 15 children per 10,000 live-born children (Figure 3B).>+%
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Figure 2. Genetics of Down syndrome

A-B. Nondisjunction during meiosis is the most important cause of Down syndrome (~90%) and can occur
during the first (A) or second (B) meiotic division and results in the two-fold presence of chromosome
21. When the maternal and paternal germ cells fuse, a trisomy of chromosome 21 will occur. Blue and
red chromosomes represent chromosome 21 and control chromosome, respectively. C. Karyotype of an
individual with Down syndrome. Chromosomes are organized based on their size and aspect. A trisomy
of chromosome 21 is the most common cause of Down syndrome, although translocation can occur
as well. This figure was kindly provided by the Department of Human Genetics, Radboud University
Medical Center, Nijmegen, the Netherlands.
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Multiple medical as well as socio-economic variables have a significant impact on
the prevalence of Down syndrome, which leads to a substantial variation within
and between countries from 1 per 600-1,000 live born children.*

Already in the 1930s, it was established that maternal age is an important risk
factor for the birth of a child with Down syndrome.** 22 For women aged 25 years
old, there is a 1/1000 risk to give birth to a child with Down syndrome. However,
this risk is increased to 1/19 for women over 45 years (Figure 3C).» This finding has
been observed in The Netherlands as well: the average age of mothers giving birth
to a child with Down syndrome was 34.0 years between 1997-2007, in contrast to the
average maternal age of 30.8 years (p<0.001; Figure 3D).*
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Figure 3. Demographics of Down syndrome

A. Births of number of children with Down syndrome obtained from Van Gameren-Oosterom et al.*
Children born before 24 weeks of gestational age are suggestive for termination of pregnancy. B. The
incidence of Down syndrome per 10,000 live born children in The Netherlands. The data with trend
lines from Van Gameren-Oosterom et al.,** De Graaf et al., and the European Surveillance of Congenital
Anomalies (EUROCAT) database of Northern Netherlands*® are shown in red, green and orange,
respectively. The total number of live births in The Netherlands was obtained from Statistics Netherlands
(CBS) and shown in blue.*” C. The risk of Down syndrome increases with increasing maternal age. In
this figure, the percentages concern the gestational age of 20 weeks. Data are obtained from Snijders
et al»®D. Maternal age in The Netherlands. Over the last 30 years, the mean maternal age as reported by
Statistics Netherlands (CBS) increased to 31 years (black line).*” Between 1997 and 2007 (dashed lines),
the mean maternal age of mothers giving birth to a child with Down syndrome (red) was significantly
increased compared to the mean maternal age in the population (blue).>* More than 50% of children with
Down syndrome are born to mothers that are < 35-years-old.
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Other maternal risk factors include low socio-economic status, obesity and
polymorphisms for folate metabolism.?*3 It is noticeable that the risk for Down
syndrome is lower in multiple than singleton pregnancies.® The influence of
maternal race appears to be limited.* It is unknown how these risk factors increase
meiotic nondisjunction.

Prenatal detection

Multiple screening methods have been developed to enable early diagnosis of
Down syndrome. In The Netherlands, the combined screening test is used at 11-14
weeks gestational age.** In addition to maternal age, the gestational age is taken
into account in this test because the risk of Down syndrome decreases as a result
of more spontaneous abortions in early pregnancy.® Pregnancy-associated plasma
protein A (PAPP-A) and beta human chorionic gonadotrophin (B-hCG) are proteins
that are produced by the placenta. These values are measured in maternal plasma
because lower PAPP-A and higher f-hCG levels are related to Down syndrome.®
However, it is unclear why these values are altered. At last, the nuchal translucency
is measured by ultrasound because higher measurements are found in Down
syndrome, possibly caused by abnormal collagen deposition.’® 3" The results of
these variables are analysed using a complex algorithm to estimate the risk of the
child having Down syndrome. In case an increased risk is identified, confirmation
is possible through karyotyping upon chorionic villus sampling or amniocentesis.

Recently, a non-invasive prenatal test has been developed that allows detection
of Down syndrome in the first trimester of pregnancy by analysis of foetal DNA in
maternal blood.?*#° At this moment, this test is only available to women who have
an increased risk of having a child with Down syndrome. In absence of an early
prenatal diagnosis, Down syndrome can be suspected later during pregnancy when
congenital abnormalities are visible on ultrasound studies. However, the specificity
of most congenital abnormalities for Down syndrome is low.#

In The Netherlands, up to 12.8% of pregnancies are terminated when a diagnosis
of Down syndrome is made,* but these rates may vary between o0 and 75% in other
countries (Figure 3A).#»4 Mothers aged >36 years who were reimbursed for the
combined screening test by the health insurance showed both a higher uptake of
this screening test as well as an increased likelihood to subsequently terminate the
pregnancy.* From 2015 onwards reimbursement for the combined screening test
will stop. How this will affect the screening uptake as well as the number of live
born children with Down syndrome in The Netherlands is unclear.
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Figure 4. Life expectancy in individuals with Down syndrome.

The age distribution of mortality in individuals where Down syndrome has been noted as the primary
cause of death is shown in blue for men and pink for women. Data are shown as the cumulative relative
contribution of age groups to mortality. A. Life expectancy of individuals with Down syndrome is
decreased compared to the general population (2005-2012). B. Life expectancy has further improved in
2005-2012 compared to 1996-2004 in individuals with Down syndrome, this improvement has not been
observed as much in the general population (C). Down syndrome and general population are depicted
in circles and squares, respectively. Men and women are shown in blue and pink, respectively. Dashed
and solid lines represent 1996-2004 and 2005-2012, respectively. Data are obtained from Statistics
Netherlands.®
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Life expectancy

In the last fifty years, the life expectancy of individuals with Down syndrome
has improved significantly. However, it remains limited as compared to the general
population (Figure 4).%5 4 One of the main reasons is the increased mortality in
infants, and especially of those who are suffering from congenital heart disease.”*
As a result of improved care for congenital heart disease in general, a decline in
mortality was observed in children with Down syndrome as well.s In Sweden for
example, infant mortality in Down syndrome decreased from 14.2% in 1973-1980 to
2.3% in 1995-1998.47 Data from Statistics Netherlands confirm the decreasing trend.
In 2003 the reported mortality in infants with Down syndrome was 4%.” In adults
with Down syndrome a major improvement has been obtained in survival. Mean
age of individuals with Down syndrome was 26 years in 1983, which has increased
to approximately 60 years nowadays.*>4® It is unclear whether this is only caused
by improved medical care. Strikingly, where in the general population women tend
to get older than men, this difference was not found in Down syndrome (Figure 3B
and C).45°

Thus, despite generally lower birth rates and the introduction of prenatal
diagnostic options with possible subsequent termination of pregnancy, the absolute
number of children born with Down syndrome in The Netherlands has been stable
due to increased maternal age. Further improvement of the medical and social care
for these children and adults is therefore important.

14



PART B: IMMUNOLOGICAL DISEASES IN DOWN SYNDROME

Malignancies of immune cells

Children with Down syndrome are more likely to develop acute lymphoblastic
leukaemia (ALL) and acute myeloid leukaemia (AML), which are characterized
by clonal expansion in the bone marrow of a lymphocyte or myeloid precursor
subset, respectively. ALL is the most common malignancy in childhood and affects
approximately 3 in 100,000 children with a peak incidence of 7.6/100,000 children at
the age of 2-3 years.s In children with Down syndrome the risk for ALL is ~24 times
increased.5* 5 In The Netherlands, every year 100-120 children are diagnosed with
ALL of whom 4-5 children have Down syndrome (Figure 5).5° Although the prognosis
for ALL is very good (i.e. five-year-survival), individual prognosis may vary between
75% and >95% and is depending on risk stratification, based on treatment response
and genetic characteristics of the leukaemia clone.5 Children with Down syndrome
show other cytogenetic leukaemia profiles (i.e. more IKZF1 mutations) and higher
treatment related toxicity that is related to poor prognosis in terms of relapse rate
as well as survival in both children with and without Down syndrome.5** Infant
leukaemia, meaning leukaemia in young children up to 1 years of age with mixed
lineage leukaemia (MLL) gene rearrangement,” is rarely found in children with
Down syndrome.®® This is confirmed by data from the Dutch Childhood Oncology
Group (Figure 5).5

Inthe general population,AMLisless common than ALL withanincidence rate of
0.5in 100,000 children.5>53 Each year ~25 children are diagnosed in The Netherlands
of whom 2-3 children have Down syndrome (Figure 5).5° Therefore, children with
Down syndrome are 20 times more at risk to develop AML compared to children
without Down syndrome.>*5 AML is categorized in different subtypes according to
the World Health Organization (WHO) Classification of Tumours of the Hematopoietic and
Lymphoid Tissues.® In Down syndrome especially acute megakaryoblastic leukaemia
is found. Because this malignancy is different in children with Down syndrome
compared to children without Down syndrome, this type of AML is classified as
“Myeloid leukaemia associated with Down syndrome”.®® The prognosis of AML is
generally better compared to children without Down syndrome.® The relapse rate
is 12% in Down syndrome versus 30-40% in non-Down syndrome and their overall
survival rate 79% and 60-65%, respectively.®

Myelodysplastic syndrome (MDS) is a rare heterogeneous group of disorders
characterized by abnormal cell morphology and cell numbers of blood and/or bone
marrow components.*® The incidence of MDS is 3.2 per 1,000,000 children, and of
those approximately 15-25% have Down syndrome.*”° Because of the similarities to
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Figure 5. Leukaemia in Down syndrome

Absolute numbers of children with and without Down syndrome diagnosed with acute lymphoblastic
leukaemia (ALL) and acute myeloid leukaemia (AML) in the Netherlands between 2002 and 2011 (panel A
and C). The cumulative incidence rate illustrates the relative contribution of age on the incidence of ALL
and AML (panel B and D). The data shown in this figure were kindly provided by the Dutch Childhood
Oncology Group (DCOG) Trial and Data Centre.>®

AML, MDS in Down syndrome is classified as “Myeloid leukaemia associated with
Down syndrome” and treated accordingly.®

In addition to the above-described malignancies, transient myeloproliferative
disorder (TMD) is another megakaryoblastic proliferative disease with variable
clinical signs that has been found uniquely in Down syndrome and affects foetuses
as well as newborns up to the age of 3 months. The exact incidence is not known
but has been estimated to be 4-10%.7° TMD regresses in most children within the
first months of life.” However, chemotherapy may be required in patients with high
white blood cell count, thrombocytopenia and/or liver dysfunction.” Approximately
20% of children with a history of TMD that had regressed in peripheral blood,
developed AML later in life.” Cytogenetic analysis of Down syndrome leukaemia
has shown GATA1 mutations in AML and TMD but not in ALL or MDS.” 7

Thus, children with Down syndrome not only show a unique proliferative
disease in the form of TMD, they are more at risk to develop ALL and AML in a
Down syndrome specific pattern. However, individuals with Down syndrome are
not at increased risk to develop lymphomas and solid tumours.5+55 747
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Autoimmune diseases

Children as well as adults with Down syndrome are more at risk to develop
autoimmune diseases, which mainly includes autoimmune hypothyroidism, celiac
disease and type 1 diabetes mellitus. For Crohn’s disease, ulcerative colitis and
psoriasis however, the risk is comparable to the general population.s

Hypothyroidism is common in Down syndrome.> 77 Newborns show a 30-fold
increased risk of congenital hypothyroidism.” Later in life, up to 50% of all older
children as well as adults show a decline in thyroid function.”® However, treatment
is not always required. Besides structural differences of the thyroid gland?®
Hashimoto’s thyroiditis, which is accompanied by the production of autoantibodies
(i.e. thyroid peroxidase (TPO) antibodies), is an important cause of hypothyroidism
in Down syndrome.®

It has been shown that individuals with Down syndrome have a 6 to 10 fold
increased risk to develop celiac disease for which routine laboratory screening
has been advised.®% However, if patients are negative for both human leukocyte
antigen (HLA)-DQ2 and HLA-DQS, the chance of developing celiac disease is very
low and routine screening is not indicated.* Finally, there is a threefold increase
in the likelihood for individuals with Down syndrome to develop type 1 diabetes
mellitus.?

Thus, autoimmunity is more common in children and adults with Down
syndrome; this is especially true for thyroid disease, celiac disease and type 1
diabetes mellitus.

Respiratory tract infections

Children with Down syndrome suffer more bacterial and viral respiratory tract
infections that cause significant morbidity and mortality. In young infants with
Down syndrome, the risk for hospitalization due to respiratory syncytial virus
(RSV) infection is increased as compared to their siblings.* Moreover, up to 80%
of paediatric intensive care unit admissions of children with Down syndrome is
caused by lower respiratory tract infections.® The risk for death due to respiratory
tract infections is increased in Down syndrome and almost one third of all deaths
are related to pneumonia, influenza infection and/or aspiration.” *> Although
respiratory tract infections in children with Down syndrome are often accompanied
by wheezing, there is no increased risk to develop asthma 997

Many causes for recurrent respiratory tract infections have been described
in Down syndrome, but it is unknown how they contribute individually to the
number and severity of these infections. First, there are multiple anatomical
abnormalities of the upper and lower respiratory tract that include macroglossia,
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Figure 6. Diseases of the respiratory tract in Down syndrome.
Overview of common abnormalities in the respiratory tract in Down syndrome.! 24 995 168171
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midface hypoplasia, narrow nasopharynx and trachea, tracheal bronchus as well as
laryngo- and tracheomalacia (Figure 6).°® Second, physiological differences of the
respiratory tract include decreased ciliary beat frequency and increased production
of mucus.?® % Third, children with Down syndrome suffer from hypotonia especially
in the first years of life, which leads to insufficient mucus clearing by coughing
and enhances the abnormalities of the respiratory tract.9 % Fourth, congenital
heart diseases have been proposed as an attributable risk factor in the development
of respiratory tract infections.”*°> And last, gastroesophageal reflux may cause
chronic microaspiration leading to pneumonia.’*

Itis clear that respiratory tract infections are a multifactorial problem in children
with Down syndrome that is associated with high morbidity as well as mortality.

Thus, throughout their lives, individuals with Down syndrome are more likely to
suffer from recurrent respiratory tract infections, haematological malignancies and
autoimmune diseases. The combination of these diseases is suggestive for impaired
immunity and has led to many immunological studies. Until now, attention has
been mainly focussed on the development and function of T cells, but the clinical
phenotype of Down syndrome is also reminiscent of impaired humoral immunity.
For this reason, we have studied the B-cell compartment in children with Down
syndrome.
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PART C: B-CELL DEVELOPMENT AND ANTIBODY RESPONSES

The immune response

The human body is exposed each day to many different pathogens such as
bacteria and viruses. The skin and mucosal surfaces of the respiratory tract and
gut serve as the first physical and chemical barrier to prevent invasion by these
microorganisms. Once invasion does occur, the immune system will first try to
eliminate the intruder by innate immune responses. Its proteins (e.g. complement)
and immune cells (e.g. neutrophils, macrophages, natural killer cells) have the
ability to produce a fast but non-specific response against pathogens. Finally, in the
following 3-6 days, B and T cells will provide an antigen specific response. These
lymphoid cells recognize pathogens with their antigen specific receptors, generate
long-term immunological memory, and are able to improve their response upon
repetitive exposition.

Antigen independent development of Band T cells

All cellular components of the immune system originate from the bone marrow
where they develop in an antigenic independent manner from haematopoietic
stem cells under the tight regulation of growth factors. Haematopoietic stem
cells can either differentiate into common myeloid or lymphoid progenitors.=+ 15
Common myeloid progenitors give rise to erythrocytes, platelets and many cellular
components of the innate immune system that include monocytes, macrophages
and neutrophils. In contrast, B, T and NXK cells develop from common lymphoid
progenitors (Figure 7). B and NK cells fully develop in the bone marrow and enter
the bloodstream as transitional B cells and functional NK cells, respectively. T cells
however, will partially develop in the bone marrow and then migrate to the thymus
to undergo further development into naive T cells.

The B- and T-cell antigen receptors

The B-cell antigen receptor (BCR) consists of two identical heavy and light
chains. The heavy chain consists of one variable domain and 3 or 4 constant domains,
whereas the light chain consists of one variable and one constant domain (Figure
8A). The variable regions of the heavy and light chain form a pocket, or antigen-
binding site, which allows antigen recognition. As a result, each BCR contains two
antigen-binding sites. The T-cell receptor (TCR) consists of two chains that each
consist of one variable and one constant domain. The variable regions form one
antigen-binding site. Most TCRs consist of an o and f chain (~85%), but a minority
has a configuration with a y and 6 chain (~5%; Figure 8B).°°
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Figure 7. Development of the lymphoid compartment in bone marrow and thymus.

Whereas naive B cells and NK cells fully develop in the bone marrow, T cells migrate to the thymus
for further development. V(D)J recombination in applicable loci are shown under the corresponding
developmental stage. DN, double negative; ISP, immature single positive; DP, double positive; SP, single
positive. Figure adapted from Van Zelm et al.*> and Dik et al.””?

A combination of one of the variable (V), diversity (D) and joining (J) genes on
the IGH locus and a combination of V and ] genes on the IGK or IGL locus codes the
variable region of the Ig heavy and light chain, respectively (Figure 8C). In T cells, V,
D and J genes on the TRB and TRD loci are recombined to code for the f and 8 chain,
respectively. The a and y chain are coded by TRA and TRG, respectively. These loci
contain V and J genes that are recombined to code for the variable region.

There are 9 constant genes that encode the constant region of the heavy chain
and determine the function of the secretory immunoglobulin that is produced (i.e.
IgM, IgG and IgA). For example, IgA and IgM have their main effector function
at mucosal surfaces and in the bloodstream, respectively. The Ig light chain has a
similar composition to the heavy chain. However, the constant region of the light
chain has no influence on the functionality of the receptor and can be of the Kappa
or Lambda isotype.
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Figure 8. Antigen recognition receptors and V(D)J recombination

A. B-cell antigen receptor of IgM isotype is expressed with CD79A/B. The membrane bound molecule
consists of two heavy and two light chains. B. T-cell antigen receptors consist of either an a and p chain
or a y and & chain and are expressed by the CD3 complex. C. V(D)] recombination of the IGH locus
combines a V, D and J gene that code for the variable region. D to ] recombination is followed by V to DJ
recombination.

V(D)J recombination and excision circle formation

Each B and T cell contains a unique receptor that allows recognition of a specific
antigen. Therefore, a high diversity of receptors (>10%) is provided to ensure wide
enough coverage of pathogens.*” V(D)] recombination is responsible for generation
of the receptor repertoire by combining different V, D and J genes (Figure 8C).1°8109
This process is highly regulated and occurs in a specific consecutive order. In B cells,
first DH to JH rearrangement occurs in both IGH alleles (pre-pro-B cell stage), which
is followed by VH to DJH rearrangement in one of the alleles (pro-B cell stage).m>™
Subsequently, development will continue with Vk to Jk rearrangement in one
IGK allele that will be tested for functionality. New rearrangements of Vk and Jk
genes will be created until a functional junction is formed. If functionality cannot
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be obtained, further intron RSS to kappa-deleting element (Kde) rearrangement
takes place, which will remove the Ck of this allele from the genome and forms a
Kappa-deleting excision circle (KREC; Figure 9). This rearrangement occurs in ~70%
of all B cells.”> Then, rearrangement of the second IGK allele takes place. If these
rearrangements are also non-functional, rearrangement of the IGL allele will occur
in an identical manner. Once a functional BCR is formed that does not show high
affinity for auto-antigens, the B cell will further mature and enter the bloodstream
as a transitional B cell.

During T-cell development, first rearrangements occur in the TRD locus. Very
frequently, no functional TCR will develop and excision of the TRD locus will occur.
Analogue to the development of the KREC in the development of the BCR, a T-cell
excision circle (TREC) is formed with a dRec-yJo signal joint (Figure 9). As a result,
almost all T cells that enter the bloodstream have a TREC."3 "4
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Figure 9. Formation of KRECs and TRECs.

The formation of excision circles occurs when DNA is excised from the genome during V(D)J
recombination. A. During intron RSS to Kappa deleting element (Kde) rearrangement in B cells a Kappa-
deleting recombination excision circle (KREC) is formed. B. V(D)J recombination in TCRD and TCRG are
often not functional. To enable TRA rearrangement, dRec to yJa rearrangement will occur first to delete
the TCRD locus from the genome. During this rearrangement, a T-cell receptor excision circle (TREC) is
formed. This figure is adapted from Van Zelm et al.*3
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B-cell survival

Asnaive B cells recirculate, their survival and homeostasis is tightly regulated by
external signals such as B-cell activating factor (BAFF).”s BAFF is an important signal
that interacts with the BAFF-receptor (BAFFR). Studies in mice and mutations in
the human BAFFR have demonstrated that deficient BAFF-BAFFR signalling results
in decreased naive mature B cells."®"® Besides survival, limited homeostasis takes
place in the naive compartment that consists of +2 cell divisions.”® Macrophage
migration inhibitory factor (MIF) induces proliferation by CD74-CD44 interaction
and is produced by dendritic cells in bone marrow.”*

B-cell activation

B cells exit the bone marrow as transitional B cells, which are functionally
immature and do not yet respond to antigen stimulation until they mature into
naive mature B cells. In order to provide an adequate immune response, B cells
need to be activated by at least two signals (Figure 10). Antigen binding to the BCR-
CD79-complex serves as the primary activation signal. However, the BCR signalling
depends on the CD19-complex that consists of CD19, CD21, CD81 and CD225.121%

Secondary signals can come from follicular helper T cells (TFH) that reside in
germinal centers. B cells will process the antigen recognized and present it through
an MHC class II molecule. Upon recognition by the TFH, multiple receptors are
upregulated that bind to their ligands on the B cell. The most important signal
comes from CD40L, but other co-stimulatory signals come from receptors such as
ICOS (inducible T-cell costimulator), CTLA-4 (cytotoxic T lymphocyte-associated 4)
and PD-1 (programmed cell death 1) as well as soluble factors such as IL21. Upon
activation, intracellular signalling is followed by nuclear translocation of NF-«B to

A. T-cell dependent signalling B. T-cellindependent signalling

pattern ‘

recognition
receptor

BAFF/
APRIL

BAFFR  BAFF

Figure 10. B-cell activation by T-cell dependent and independent stimuli.

A. B-cell activation is induced by antigen recognition by the B-cell receptor (BCR) and T-cell dependent
co-stimulatory signalling through CD40-CD40L and ICOS-ICOSL interaction as well as IL-21 signalling.
B. T-cell independent responses can occur by BCR cross-linking or BCR stimulation in conjunction with
stimulation of pattern recognition molecules (e.g. Toll-like receptors, TLR).
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Figure 11. Antigen driven responses of B cells.

Upon activation of B cells, T-cell dependent responses will occur in the germinal centres. T-cell
independent responses take place in the mucosal layer of the intestines and marginal zone of the
spleen. TI, T-cell independent; TD, T-cell dependent, SHM, somatic hypermutation; CSR, class switch
recombination.

enhance the transcription of pro-inflammatory genes. In case T-cell help is present,
B cells start a germinal center reaction where they undergo extensive proliferation,
affinity maturation and Ig class switch recombination of the BCR (Figure 11). These
processes improve the binding affinity to the antigen and change the effector
function of the antibody. Simultaneously, B cells will develop into memory B cells
as well as plasma cells.

Extrafollicular reactions take place in absence of T-cell help in the spleen or gut-
associated lymphoid tissues (GALT; Figure 10). In these instances, the additional
signals that are required for B-cell activation can come from BCR crosslinking or
pattern recognition receptor signalling (i.e. Toll-like receptor, TLR; Figure 11). In
addition, BAFF-BAFFR and BAFF/APRIL-TACI interactions stimulate the antigen
driven response.’2412¢
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Figure 12. Class switch recombination (CSR).

A. The IGH locus contains 9 immunoglobulin constant genes that code for the immunoglobulin heavy
chain (Cy, €3, Cy3, Cy1, Ca1, Cy2, Cy4, Ce and Co2). Arrows indicate the IgM and IgG2 switch regions,
respectively. B. Switch regions in the proximity to constant genes on the IGH locus contain a high
density of activation-induced cytidine deaminase (AID) hotspots, which become accessible under the
influence of specific cytokines. C. Double stranded breaks are initiated and the intervening DNA is
excised, resulting in an excision circle and CSR to IgG2. The involved switch regions merge, resulting
in hybrid switch regions.

Affinity maturation and class switch recombination

Affinity maturation consists of induction of somatic hypermutations (SHM) in
the variable Ig gene by activation-induced cytidine deaminase (AID) and subsequent
selection for SHMs that improve binding affinity of the BCR.*” These clones will
proliferate further and undergo additional SHM.

During an immune response, the Ig heavy chain isotype changes from Igp to
one of the more distal isotypes that is responsible for changing the function of the
excreted immunoglobulins (Figure 12).%” On the IGH locus multiple constant genes
are present that encode for the constant region of the heavy chain. Each constant
gene has an Ig switch region upstream that contains multiple AID hotspot motifs.
Due to the high density of AID hotspots, a double stranded DNA break can be
induced at multiple sites. And if these breaks occur at the Ct gene and a downstream
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constant gene, the intervening DNA will be excised and rearrangement will occur.
In contrast to V(D)] recombination, CSR is not a random process but is regulated by
cytokine signalling that affects the accessibility of AID to particular IGHC switch
regions. For example, IL21 induces CSR towards IgG3, IgG1 and IgA1,2%» whereas
IL4 and IL13 promote downstream IgG4 and IgE class switching.3° !
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D. CLINICAL AND DIAGNOSTIC ASPECTS OF IMPAIRED
B-CELL DEVELOPMENT AND FUNCTION

Primary immunodeficiencies

A primary immunodeficiency (PID) is a disease that is characterized by
insufficient function of one or multiple components of the immune system. As
a consequence PID patients suffer from an increased infection rate. In addition,
other non-infectious features can be present at diagnosis or develop throughout
life. PIDs can be classified based upon the affected components and specific genetic
mutations.’®* The European Society for Immunodeficiencies (ESID) has developed
an online registry for patients with PIDs (www.esid.org). Over 19,000 patients have
beenregistered between 2004 and 2014 of whom 56% have a predominantly antibody
deficiency (Figure 13). The spectrum of B-cell disorders is diverse and varies from
complete agammaglobulinemia to the inability to produce specific antibodies.

In patients with clinical problems due to an antibody deficiency, treatment
consists of antibacterial prophylaxis and/or immunoglobulin substitution.
However, non-infectious complications may warrant specific treatment as well.

Antibody deficiencies

X-linked agammaglobulinemia (XLA) is characterized by a complete absence of
peripheral B cells caused by a mutation in the X-linked Bruton’s tyrosine kinase
(BTK) gene that results in a developmental block at the pre-B to immature B-cell

2.1% 1.0% 1.4%

Predomi ly antibody disorders
Predominantly T-cell deficiencies

Phagocytic disorders

Complement deficiencies

Other well defined primary immunodeficiencies
Autoimmune and immunedysregulation syndromes
Autoinflammatory syndromes

Defects in innate immunity

Unclassified primary immunodeficiencies

BEERRNREO0

Figure 13. Distribution of primary immunodeficiencies (PIDs) in Europe.

Overview of 19,355 patients registered in the online registry of the European Society for
Immunodeficiencies (ESID),” updated to June 25th 2014. The majority of patients have an antibody
disorder.
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stage.’¥13 Since patients with XLA lack B cells, they are not able to develop plasma
cells and thus cannot produce immunoglobulins. This causes a high susceptibility
to - mainly respiratory tract - infections. Being X-linked, XLA is most prevalent.
Still, other autosomal recessive causes of agammaglobulinemia as a result of absent
B cells have been identified and include mutations in genes encoding components
of the pre-BCR and downstream signalling proteins such as CD79A/B, A5, IGHM
and BLNK.364

Patients with a defect in B-cell activation present with hypo- or
agammaglobulinemia but have normal or low B cells. As mentioned, B-cell activation
requires two signals. The primary signal is initiated by antigen recognition through
the BCR. Because this signal depends on the CD19 complex, mutations in CD19, CD21
and CD81 result in strongly reduced serum IgG despite normal B-cell numbers.223

Defects in co-stimulatory signalling have been described extensively. T-cell
dependent co-stimulation consists of multiple cell bound molecules as well as
soluble factors. Mutations in CD40, CD40L and AID result in Ig class switch defects
that are characterized by absent IgG, impaired affinity maturation and absence of
germinal centers.#*5 Patients with ICOS mutations also have antibody deficiency
and impaired germinal center formation.*® However, CSR is not strictly depending
on ICOS and patients can generate IgG in small amounts.*® Therefore, clinical
features become apparent much later in life as compared to the other Ig class switch
defects.

Common Variable Immunodeficiency Disorders (CVID) is a heterogeneous
group of diseases that is characterized by a decreased level of IgG and IgA with
or without low IgM."" In addition, these patients have poor antibody responses to
vaccines and/or absent isohemagglutinins or decreased switched memory B cells. All
other defined causes of hypogammaglobulinemia must be excluded.’ The clinical
phenotype of patients with CVID is highly variable. Most patients will present
with infectious diseases and/or complications (i.e. bronchiectasis) but autoimmune
phenomena and malignancies are present at higher frequencies as well.4®

In the last decade, several mutations have been identified in patients that were
diagnosed as CVID. These patients illustrate how different cellular processes result
to a CVID phenotype (i.e. ICOS and CD21 deficiency).» ¢ At this moment >90% of
patients do not have a known mutation but it can be expected that new mutations
will be found that will further unravel the pathophysiology of CVID.
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Many PIDs result in decreased total serum IgG but deficiencies of specific
IgG can be diagnosed as well. Patients with isolated IgG subclass deficiency
have decreased serum levels of IgG2, IgG3 and/or IgG4. Because IgG1 comprises
approximately two-third of the total IgG, a deficiency in this subclass will always
lead to hypogammaglobulinemia and is not included in this category. Most patients
are asymptomatic, but when symptoms occur these consist of recurrent infections
and are especially found in IgGz deficiency*”' Some patients have decreased
responses to polysaccharide antigens.s»'s* There are no known genetic mutations
that result in IgG subclass deficiency.

In specific antibody deficiency (SPAD), patients have insufficient responses to
polysaccharide antigens but normal responses to protein antigens.>* Moreover,
they show normal serum Ig levels. The pathogenesis of SPAD is not understood.

Selective IgA deficiency is the most common antibody deficiency with a
prevalence of 1 in 600 persons.’® The pathogenic mechanisms and underlying
molecular processes have not been elucidated. Although most individuals are
asymptomatic, there are higher incidences of respiratory tract infections, allergy
and autoimmune diseases reported in selective IgA deficiency’*® Moreover, some
selective IgA deficient patients may develop CVID later in life.’s? 5

Diagnostics of B-cell disorders

Patients suspected for an antibody deficiency are evaluated in a stepwise
manner.” The order of studies depends on the result of preceding studies. In
general, Ig serum levels will be assessed first to determine whether patients
lack one or multiple immunoglobulin isotypes. Depending on the results, the
functionality of antigen responses can be studied by vaccination studies. In these
studies, patients are immunized by vaccines that contain protein or polysaccharide
antigens and specific antibodies are determined after 4-6 weeks. Moreover, the
blood B-cell compartment can be studied by flow cytometry.'*® ** Sometimes, a
bone marrow biopsy will be taken as well. These studies often allow patients to be
classified within a disease group. Moreover, the results may allow focus to specific
functional assays or genetic studies in order to come to a precise diagnosis.

Neonatal screening for B- and T-cell defects

In many Western countries, neonatal screening programs are implemented to
detect a wide spectrum of serious inherited diseases that offer improved outcomes
if an early diagnosis is made.'2 These tests are performed on dried blood spots that
are collected 3-5 days after birth on a Guthrie-card.
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In the last decade, analysis of TRECs and KRECs in dried blood spots has been
developed to detect children with PID.* %4 Severe Combined Immune Deficiency
(SCID) is a heterogeneous disease that is related to very high mortality in the first
year of life due to opportunistic infections when not diagnosed and treated in time.
Almost all patients have low numbers of T cells, which can be accompanied by
decreased numbers of B and NK cells as well. Therefore, a screening assay has been
developed to determine the number of TRECs present in the dried blood spots as a
means to estimate the number of T cells present.

More recently, screening of KRECs in neonates has been applied to detect XLA.*%5
This disease is associated with serious increased respiratory tract infections that
canresultin long-term lung damage. Since these complications can be prevented by
immunoglobulin substitution it is desirable to make a diagnosis as soon as possible
after birth.
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AIMS AND OUTLINE OF THIS THESIS

Recurrent respiratory tract infections are a major health issue in children with
Down syndrome. Still, there is a lack of information regarding the causes as well
as consequences of these infections. Therefore, we designed a study to increase
knowledge on the epidemiology of respiratory symptoms in children up to 18 years
of age (Chapter 2). In Chapter 3, the correlation between recurrent respiratory
tract infections and development, behaviour and health related quality of life is
described.

In the 1970s the hypothesis has been formulated that Down syndrome resembles
an immunodeficiency syndrome based on the increased number of respiratory tract
infections, autoimmune diseases and haematological malignancies. In Chapter 4
an overview is given of the immunological studies that have been performed in
Down syndrome. Since there has been limited attention for B cells and humoral
immunity in Down syndrome, we have focussed on this topic. Chapter 5 presents
the composition of the peripheral B-cell compartment in relation to age, respiratory
tract infections and immunoglobulin values of children with Down syndrome. The
B-cell response in blood and tonsils is studied in detail and described in Chapter 6.
Chapter 7 focuses on apoptosis of blood lymphocytes as an underlying mechanism
of reduced B-cell numbers in Down syndrome. In Chapter 8 neonatal B- and T-cell
numbers are studied using novel newborn screening tests for XLA and SCID based
on KRECs and TRECs in a cohort of children with Down syndrome.

Finally, the discussion in Chapter 9 focuses on the impact of respiratory
infections on children with Down syndrome and the pathophysiology of the
impaired B-cell development, as well as its possible consequences on the diagnostics
and treatment of respiratory tract infections in children with Down syndrome.
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ABSTRACT

Baclground

Children with Down syndrome suffer from recurrent respiratory tract and
ear-nose-throat complaints that influence daily life. Little is known about the
frequency of these complaints, as well as their relation to co-morbidity and
ageing.

Methods

A prospective web-based parent-reported observational study was
designed for parents having a child with Down syndrome (age o to 18 years).
Upon registration, parents receive an email containing a link to a weekly
questionnaire regarding respiratory symptoms during two consecutive years.
Additionally, at the beginning, after one year and at the end of the study they
receive an extended questionnaire concerning baseline data, daily activities
and medical history. The data will be compared to the ongoing “child-is-ill”
study, which collects weekly data in an identical fashion in children that are
considered to be “normal as to being ill” by their parents.

Discussion

This study will provide important data on the epidemiology of respiratory
symptoms in children with Down syndrome, which will be useful for further
studies on treatment options. Also, this study will gain insight in healthcare
usage and work absence due to the child’s illnesses.
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BACKGROUND

Down syndrome is the most common genetic cause of developmental delay in
humans, affecting approximately 1 in 700 liveborn infants in The Netherlands.*
Numerous health issues are related to Down syndrome. In newborns, hypotonia,
facial characteristics and congenital heart disease (CHD) are variably present. Later
in life, Down syndrome is associated with an increased incidence of hematological
malignancies and auto-immune diseases, such as celiac disease, hypothyroidism
and type 1 diabetes mellitus.?

Respiratory complications and ear, nose and throat (ENT) diseases are a major
contributor to morbidity and mortality in patients with Down syndrome. Up to
80% of all hospitalizations and admissions to a pediatric intensive care unit of
children with Down syndrome is caused by lower respiratory tract infections.* 5
The risk of respiratory syncytial virus infection and viral induced wheezing, but
not asthma, is increased in infants with Down syndrome.** Moreover, up to 29%
of deaths in Down syndrome are related to pneumonia, influenza and aspiration,
with increased standardized mortality odds ratio of 3.00-4.15 in children with Down
syndrome aged <20 years.”* In addition, we recently showed that parent-reported
recurrent respiratory tract infections in 8-year-old children with Down syndrome
are associated with more impaired mental and motor development, lower health
related quality of life and more behavioral problems compared to children whose
parents report no increased respiratory tract infections in their child.*

In a retrospective Finnish chart study, up to 40% of children and young adults
(aged <30 years) with Down syndrome have had at least one pneumonia, partly
caused by aspiration.> Schieve et al. report that 27.6% of children with Down
syndrome compared to 17.5% of children without Down syndrome or other cause
of mental retardation had symptoms of head/chest cold in the 2 weeks prior to the
conduction of the survey? Another study showed that 17.6% of school-aged children
with Down syndrome have a continual runny nose and that 12% have had more
than 3 upper respiratory tract infections in the preceding year’® ENT diseases
are more frequently found in children with Down syndrome and include ear
infections, hearing impairment and obstructive sleep apnea syndrome,”* which
can subsequently lead to behavioral problems and more developmental delay.*»*

Treatment, and especially prevention of recurrent respiratory tract infections
is challenging. Anatomical and physiological changes in the respiratory and ENT
tract in children with Down syndrome are inherent to the syndrome and leave
little room for improvement, except adenotomy and/or tonsillectomy. The use of
prophylactic antibiotics to decrease the frequency of respiratory infections has
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never been studied in children with Down syndrome (nor in healthy children). Also,
although palivizumab is sometimes prescribed in children with Down syndrome
to prevent severe RSV disease, there have been no studies to evaluate the effect of
this treatment. At last, other - more active - diagnostics and treatment by ENT
specialists may be beneficial since adenotomy and/or tonsillectomy do not help all
children.* In order to evaluate treatment options there is a need for more data on
the exact incidence of respiratory symptoms and their evolvement in time to define
patient groups who may benefit from these therapies. In this paper we describe the
construction of a web-based observational study of respiratory tract infections in
children with Down syndrome.

AIM OF THE STUDY

The primary goal of this study is to describe the frequency of respiratory
symptoms in relation to age and comorbidity, with special focus on development
of symptoms in time. The secondary goal is to show the medical and social
consequences of respiratory symptoms such as doctor visits, absence from school
and care leave of parents. Thirdly, we will relate the presence of co-morbidities in
children with Down syndrome and their development in time with the obtained
data.

STUDY DESIGN

We designed a prospective web-based parent-reported observational study for
which inclusion started in March 2012. Approval of the study protocol was obtained
from the Medical Ethical Review Board “METOPP”, Tilburg, The Netherlands.

Inclusion of participants

Parents or legal guardians of a child with Down syndrome in The Netherlands
aged 0-18 years are eligible for inclusion in this study. By estimation, the total age
cohort consists of approximately 4500 children. Specialized pediatric outpatient
clinics for Down syndrome were contacted and received posters for their waiting
room. Also, the Dutch Down Syndrome Foundation and related organizations made
the study more widely known by publishing a call on their websites. Finally, social
media were used to increase awareness of this study. Parents who are interested
can obtain more information about and register for this study though the study
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website. According to Statistics Netherlands, almost all families with children in
The Netherlands have access to the Internet and would therefore be eligible to
participate.> However, parents should be able to understand Dutch in order to be
capable to register for this study.

Data collection

All data for this study will be collected through web-based questionnaires.
Participants receive email invitations, which are sent by an automatic data managing
system (Research Manager, Nova Business Software, The Netherlands). At baseline,
the parents are asked to complete a questionnaire, which includes questions on the
composition of the household of the child, daily activities of their child (i.e. child
care attendance or visiting primary or secondary school) and medical history of
the child and family (Table 1). Thereafter, parents continue to receive a weekly
questionnaire to ask whether their child has had symptoms in the past week. If so,
additional questions, regarding the symptoms and consequences of the symptoms
are asked (Table 2). After one year and at the end of the study (at two years) parents
are asked to complete the baseline questionnaire again to determine any changes.
Reminders will be sent for the baseline and two follow-up questionnaires twice.

Reference data is collected through the ongoing “child-is-ill” study, which
collects weekly data in an identical fashion in children that are considered to be
“normal as to being ill” by their parents. For this study over 750 children, aged 2-18
year, are registered.

Statistics

Because this is an observational study, we did not perform a power analysis.
However, we estimate that 2,5% of parents of a child with Down syndrome
participates in this study. Given the potential sample size of approximately 4,500
children with Down syndrome aged <18 years in The Netherlands, we estimate to
include approximately 110 children. This group size will allow us to study a larger
cohort of children with Down syndrome longitudinally. This cohort is a small
fraction of the total Down syndrome population, and the way parents were selected
is not random, having the consequence that bias may show up. We will carefully
address potential bias, in particular by comparing all our outcomes with research
data available on children with Down syndrome. A second restriction is that the size
of the cohort may limit the possibilities of subgroup analyses. A final restriction
is the uncertainty about the amount of missing data, as increasing numbers of
missing data reduce power. It is conceivable that specific differences between
children with Down syndrome and controls cannot be detected.
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Table1. Annual questionnaire regarding background, daily activities and medical history of participating

child with Down syndrome.
General questions
Child with Down syndrome
Father/mother

History of allergy, asthma and/
or eczema?

Siblings

History of allergy, asthma and/
or eczema?

Does anyone smoke (almost) daily
within the house?

Daily activities
Divide the 14 half-days present in

each week between the following
activities

If attending regular education,
what grade is your child in?

Medical history

Compared to other children with
the same age, the frequency of
being ill is:

Date of birth
Date of birth

Yes

Number of older siblings

Number of younger siblings

Yes

Yes

Home

Child day care

Playgroup (age 2-4y)
Primary school (age 6-12y)
Secondary school

Work placement
Other
Lower Equal

Gender

No

Grandparents/family/host
family

Special needs day care
Pre-school kindergarten (age 4-5y)
Special primary school

Special secondary school
Working

Higher

Does your child have a history of any of the following illnesses, complaints or medication usage?

Congenital heart disease

If yes, please specify

If yes, was surgery performed?
Hypothyroid disease

If yes, diagnosed at what age?
Diabetes mellitus

If yes, diagnosed at what age?

Congenital malformations of the
gastrointestinal tract

If yes, please specify:

Celiac disease

If yes, diagnosed at what age?
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Yes

VSD ASD AVSD

Yes
Yes

Yes

Yes

Duodenal
atresia

Oesophageal
atresia

Yes

No

Tetralogy of ~ Other Unknown

Fallot

No

Imperforate  Other Unknown

anus

No



Table 1. Continued
Impaired hearing

If yes, diagnosed at what
age?

Chronic snoring,

If yes, present since what
age?

Breathing with open mouth

If yes, present since what
age?

Frequently suffering from
serious colds

If complaints used to be
present, until what age?

Wheezing

If complaints used to be
present, until what age?

Eye disorders
If yes, please specify:

Leukaemia

If yes, diagnosed at what
age?

Antibiotic use for
respiratory tract/ENT*
infections in the past year

Hospital admission for RSV
infection <2 years

ENT-surgery
If yes, please specify:
Daily antibiotic prophylaxis

Inhaled corticoid for
coughing, mucus and/or
wheezing

*ENT Ear-nose-throat

Yes

Yes

Yes

Yes

Yes

Yes

Cataract Glaucoma

Yes

0-5 times

Yes

Yes
Tympanic tubes
Yes
Yes

Yes, but did in the past

Yes, but did in the past

Amblyopia Wears
glasses

6-10 times

Adenoidectomy
Yes, but did in the past
Yes, but did in the past

No

No

No
Strabismus ~ Other

No

more than 10 times

No

No
Tonsillectomy
No
No

First, baseline characteristics of the study population will be presented in

a descriptive manner using percentages. Second, mixed model analysis will be

performed at the end of the study. This model allows analyzing data from repeated

measurements as well as proper handling of missing data. Also, effect of age as well

as time (including seasonal effects) can be taken into account. Early termination

of study participation by request of the parents or by >4 weeks missing data prior

to the endpoint will be marked as lost to follow-up, and dealt with accordingly.
Analysis will be performed using IBM SPSS Statistics.
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Table 2. Weekly questionnaire regarding medical symptoms in the past week.

Did your child have had any No Yes
symptoms in the past week?
If yes;*
Did you visit a doctor with ~ No Yes, general practitioner
your child? Yes, paediatrician Yes, ENT-specialist”
Yes, other doctor
Did your child receive Yes
antibiotic treatment?
Which symptoms were Earache Running ear Sore throat
present? Stuffy nose Runny nose Headache
Hoarse voice Coughing/mucus  Shortness of breath
Was the temperature No Yes Did not take a temperature
higher than 38.5°C (fever)?
Did your child stay athome No Yes Not applicable
from school?
Did your child stay athome No Yes Not applicable
from work placement?
Did your child stay athome No Yes Not applicable
from work?
Did you or your partner No Yes Not applicable

stay at home from work?

* The additional questions are only shown after the first question is answered “yes”.
* ENT Ear-nose-throat

Handling and storage of data

Datawill be handled and stored according tolegal and privacy guidelines. Parents
will enter data concerning their child in a central web-based database. Security is
guaranteed with login names, login codes and encrypted data transfer. The data of
all subjects will be coded and this coding will not be retraceable to the individual
patient. First, parents are not asked to enter the name of their child or exact address.
Second, the email address of the parents will be blinded, stored encrypted and not
accessible to the researchers of this study. Access to the database will be granted
to the principal investigator and local investigator. Data will be stored for 15 years.

DISCUSSION

Although respiratory tract and ENT diseases are frequently encountered in the
care for children with Down syndrome, little is known about their epidemiology.
We have designed a prospective web-based study, which allows us to describe the
incidence of respiratory symptoms, as well as their relation to comorbidity, age and
season. This information can help to evaluate the effect of future treatment options.
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To our knowledge this is the first prospective study in patients with Down
syndrome on epidemiological data of respiratory symptoms. Earlier studies were
often based on retrospective chart reviews, which excludes complaints for which
no medical attention was sought by the parents.5”* Also, there have been many
studies based on a single questionnaire where parents were asked if complaints
were present in the past year(s), which leads to recall bias.» 62 Other authors have
therefore used both chart review and retrospective questionnaires to minimize
the effect of recall bias.#® Some studies are based on hospital admission/discharge
records or mortality records only, and all outpatient symptoms are missed.® > We
expect our study to give more insight in respiratory symptoms in children with
Down syndrome, which may help Down syndrome specialists to improve health
care for this group.
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ABSTRACT

Objective

Parents and health professionals believe that recurrent respiratory tract
infections (RRTI) have a large impact on children with Down syndrome. We
studied the relation between parent reported RRTI on development, behavior,
and health related quality of life (HRQoL) in 8-year-old children with Down
syndrome.

Method

During a 3-year period, 325 children with Down syndrome were recruited
for inclusion in this observational study. Parents were asked to fill in the Child
Behavior CheckList and TNO-AZL Children’s Quality of Life Parent Form.
A psychological assistant administrated the McCarthy Scales of Children’s
Abilities. The children were divided into a group with presence of RRTI
(RRTI*) and a group without RRTI (RRTT), on the basis of parental report.
Linear regression analyses were performed to assess the effect of RRTI, while
correcting for the influence of confounders.

Results

Compared to RRTT children (n=176), RRTI* children (n=149, 46%) showed
decreased mental and motor development (mean developmental age 3.67 vs.
4.08 years), more behavioral problems and lower scores on most HRQoL scales
(p<0.05). Moreover, school enrollment is less favorable in RRTI* children.

Conclusion

In 8-year-olds with Down syndrome, the children with parent reported
RRTI show more delayed development, more behavioural problems, and lower
HRQoL compared to the children without RRTI. Although this association does
not prove a causal relationship, further studies should focus on this, because
RRTI are potentially preventable.

Key messages

Children with Down syndrome are known to be at increased risk of recurrent
respiratory tract infections. In 8 year old children with Down syndrome,
parental report of recurrent respiratory infections was associated with more
delayed development, increased risk of behavioral problems and lower HRQoL.



INTRODUCTION

Down syndrome is one of the most common genetic causes of intellectual
disability in children. In The Netherlands, the prevalence is approximately 1 in 714
live born infants.» > Facial dysmorphic features, hypotonia, and congenital heart
defects (CHD) are variably present in newborns with Down syndrome. Also, Down
syndrome is associated with celiac disease, thyroid disease, diabetes mellitus, and
hematological malignancies.

Respiratory complications are common in children with Down syndrome.
The risk of anatomic abnormalities, respiratory syncytial virus infection and viral
induced wheezingisincreased.?> Recurrentlung and/or airway infections (recurrent
respiratory tract infections; RRTI) are frequently encountered in children with
Down syndrome. Parents often report delayed development due to these RRTI. Up
to now, this has been studied only once in toddlers: motor development was delayed
0.88 months in 2-year-old children with Down syndrome suffering from recurrent
lung or airway disease, however mental development was not affected.®

In this study, we measure the association between RRTI, based on parental
report, and development, behavior, and health related quality of life (HRQoL) in
8-year-old children with Down syndrome.

METHODS

Study population

All members of the Dutch Down syndrome Foundation having a child with
Down syndrome turning 8 years of age between January 2000 and January 2003
were invited to participate in this study. If parents agreed to participation, they
returned their written informed consent to the researchers. Parents were then
contacted to plan a home visit for psychological testing, and a set of questionnaires
was sent to them.

Social and medical baclground

A questionnaire asked for information on social background and demographic
variables concerning family situation, breastfeeding (>1 month after birth), and
attendance to childcare and school. The level of parental education was used as
indicator for socioeconomic status. The medical history of the child was evaluated
by routine questions. We asked parents “Does your child suffer from chronic airway
infections (i.e., often severe common cold or bronchitis)” and “Was your child
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diagnosed with asthma?“ to evaluate respiratory complaints. Response categories
for both questions were “yes” or “no”. Based on the response to the first question,
children were divided into children with RRTI (RRTI*) and children without RRTI
(RRTI). In the same way, the presence of frequently encountered diseases in Down
syndrome, such as CHD, gastrointestinal disease, thyroid dysfunction, diabetes
mellitus, impaired hearing and/or eye disease was noted.

Developmental skills

The Dutch version of the McCarthy Scales of Children’s Abilities (MSCA) for
children aged 2.5 to 8.5 years was used to measure general developmental skills’.
An experienced and trained psychological assistant performed this test as soon
as possible after the eighth birthday of the child. The MSCA contains 18 subtests,
which are grouped into verbal, perceptual, quantitative, memory, and motor skills.
In addition, a general cognitive scale and the developmental age of the child can be
determined as well with the MSCA.

Emotional and behavioral functioning

The presence of emotional and behavioral problems was determined by the
Dutch version of the Child Behavior Checklist (CBCL).? This test was created for
children aged 4 to 12 years and contains a total of 118 items on the following 9 scales:
withdrawn, somatic complaints, anxious/depressed, social problems, thought
problems, attention problems, delinquent behavior, aggressive behavior and sexual
problems. The scales of withdrawn, somatic complaints and anxious/depressed are
combined for assessing internalizing problems as a separate score. The score for
externalizing problems is comprised by the scales of delinquent and aggressive
behavior.

We chose the CBCL because we wanted to compare the presence of behavioral
problems in children with Down syndrome to healthy Dutch children, for
which reference data is available. Besides, the manual and data on validity of
the Developmental Behavior Checklist - specifically designed for children with
developmental problems - were not yet available in The Netherlands at the time of
writing of the study-proposal.

Health related quality of life

The TNO-AZL Children’s Quality of Life Parent Form (TACQOL-PF) questionnaire
for children aged 5 to 15 years was used to determine the HRQoL.? The 57 items
are grouped in physical complaints, gross motor skills, autonomy, cognitive
functioning, social functioning, positive emotions, and negative emotions. With
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this questionnaire parents indicated health status problems in their child and also
reported negative emotions expressed by the child to these problems.

Statistical analysis

To determine differences between the group of children with parent-reported
RRTI and the group without RRTI (RRTI* and RRTT, respectively), we performed
chi-square tests for all variables mentioned in “Social and medical background*. Age
was compared between both groups by an independent t-test. Linear regression
analyses were performed to assess the association between RRTI and each of the
three outcome variables separately: MSCA, CBCL, and TACQOL-PF. Gender, level of
parental education, presence of siblings, childcare attendance, being breastfed and
morbidity (CHD, diagnosis of asthma, gastrointestinal disease, eye disease, impaired
hearing, and thyroid dysfunction) were used as confounders. The effect sizes were
computed as Cohen’s f*, which is the effect size index for multiple regression (see
for formula Cohen, 1988, p. 410). If f* equals 0.01 for a variable, it means that this
variable uniquely accounts for 1% of the variance in the outcome variable (expressed
as a proportion of the unexplained variance). When comparing the effect sizes for
different outcome variables, f* is more appropriate than R*-change, because the latter
depends on the total variance accounted for. For interpretation of relevant effect
sizes we used the following reference values: small effect (0.01< f* <0.10), moderate
effect (0.10< f* <0.33), and large effect (f* >0.33).° In addition, to determine whether
the effects for gender, CHD, and impaired hearing on the outcome variables were
equal for both groups of RRTI, the influence of interaction terms were assessed by
hierarchical regression analyses. For this purpose, cross-products were computed
between RRTI (plus or minus) and, respectively, gender, CHD, and impaired hearing.
These cross-products were added as an extra step to the regression equation (which
included all main effects). Although asthma was significantly more reported in
RRTTI, this subgroup was too small for further analysis.

Power analysis showed at least 137 patients per group were needed to detect a
3-month difference in developmental delay (power 80%, alpha 0.05). All analyses
were performed by SPSS for Windows 17.0; statistical significance was defined as a
two-sided p<o0.05.

RESULTS

Patient characteristics and confounding factors
The data on patient characteristics and potential confounding factors are
presented in Table 1. In total, 531 children with Down syndrome aged 8 years
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Table 1. Patient characteristics and additional morbidity of 8-year-old Down syndrome population in
relation to parent-reported presence of recurrent respiratory tract infections (RRTI).

Chi
RRTI+ RRTI- Total square
test
n (%) n (%) n (%) p-value
Male 85 (57) 84 (48) 169 (51) NS
Female 64 (43) 92 (52) 156 (49)
Age at inclusion® 8.14(7.8-8.8) + 0.14 8.15(7.8-9.1) + 0.16 8.14 (7.8-9.1) + 0.15
(mean, range, and SD in years)
Ever attended regular 99 (30) 142 (44) 241 (74) 0.003
education
Regular education attendance 65 (20) 92 (28) 156 (48) NS
at inclusion
Preschool 21 (32)° 1 (12) 31 (20) 0.018
(normally age 4-5 years)
First grade 33 (51) 62 (67) 95 (61) 0.010
(normally age 6 years)
Second grade 11 (17)® 19 (21) 30 (19) NS
(normally age 7 years)
Level of parental education
Primary or secondary 24 (7) 31 (10) 55 (17) NS
education
Higher secondary education 55 (17) 63 (19) 18 (36) NS
University education 70 (22) 82 (25) 152 (47) NS
Being breastfed (>1 month) 57 (18) 60 (18) 117 (36) NS
Siblings 140 (43) 170 (52) 310 (95) NS
Childcare (age <4 years) 142 (44) 160 (49) 302 (93) NS
Additional morbidity ©
Congenital heart disease 73 (49) 64 (36) 137 (42) 0.022
Diagnosis of asthma 28 (19) 6 (3) 34 (10) <0.001
Gastrointestinal disease 26 (17) 19 (1) 45 (14) NS
Eye disease 77 (52) 81 (46) 158 (49) NS
Impaired hearing 66 (44) 32 (18) 98 (30) <0.001
Thyroid dysfunction 19 (13) 20 (1) 39 (12) NS
Diabetes mellitus 1 (<1) 2 (1) 3 (1) NS
Other morbidity, e (29) 38 (22) 81 (25) NS

not specified

RRTI+: children with respiratory tract infections. RRTI-: children without respiratory tract infections.
NS: not significant.  There was no significant difference in age between both groups determined by a
t-test. " Percentage out of all children attending regular education. Parental reported morbidity.

62



were invited to participate; which holds 78% of all estimated living 680 children
of this birth cohort in The Netherlands (based on an 84% survival rate).* A total of
380 parents (72%) agreed to enroll and 337 children provided data for this study
(response rate: 63%). Based on the estimated incidence of Down syndrome, our study
group represents approximately 48% of all children with Down syndrome in this
age-cohort in The Netherlands.»>* In our study, the prevalence of CHD, impaired
hearing, eye disease, a diagnosis of asthma and thyroid disease is in accordance with
population-based studies in Down syndrome."3" Not all data could be collected for
each patient because of practical problems to plan a home visit for psychological
testing at the age of 8 years and/or incomplete returned questionnaires.

The presence or absence of RRTI is reported by parents for 325 (96% of 337)
children; in 149 of these children RRTI are present (RRTI*-group) and in 176 children
RRTI are absent (RRTI-group). There is no difference between the RRTIT and RRTI*
children in proportion of males (p=0.09) or mean age (Table 1). The mean age for
both subgroups is 8 years and 2 months. The educational career is different between
both groups: RRTI* children with Down syndrome are less likely to primarily start
with regular education. Also, the level of education of RRTI* children with Down
syndrome who do attend a regular school is significantly lower. The educational
level of girls is higher compared to boys, as described earlier.* This being the case in
RRTI* as well as in RRTT children.

The prevalence of CHD, a diagnosis of asthma, and impaired hearing are
significantly increased in the RRTI* group. We found no significant differences in
other potential confounding factors between RRTI* and RRTT children (Table 1).

Developmental status, behavioral problems and HRQoL

Development of the children, measured by the MSCA was administrated in 270
children (80% of 337); the results are presented in Table 2. Mean scale scores on
all domains of the MSCA were significantly lower in RRTI* children versus RRTI-
children. Small effect sizes were found (Cohen’s f>-range: 0.03-0.04). Moreover, in
RRTI* children the mean developmental age was 3 years and 8 months, compared to
4 years and 1 month in RRTT children. Thus, the difference in mean developmental
age was 5 months. Results of hierarchical regression analysis for developmental
age are presented in Table 3. In Step 1, the effect of social economic status, childcare
attendance, being breastfed and the presence of siblings was found to be negligible
(all not significant), whereas male gender has significantly lower developmental
age than female gender, adjusted for the effect of the other variables (Step 2). The
results of Step 4 showed a significant effect of RRTI on developmental age, adjusted
for the effect of all other variables in the model. Furthermore the effect of RRTI
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Table 2. Results of multiple regression analyses for scales scores of the McCarthy Scales of Children’s
Abilities (MSCA) of 8-year-old Down syndrome children with and without parent-reported recurrent
respiratory tract infections (RRTI).

88 %
RRTI+ RRTI- §3 g
5% ty
g8 &
Total (n=130) Total (n=140) B f2
Male (n=75) Male (n=69)
Female (n=55) Female (n=71)
Verbal 33.06 (19.13)° 40.68 (16.18) -7.33** 0.04
29.64 (19.96) 37.09 (1572)
37.47 (17.18) 44.11 (16.08)
Perceptual- 26.76 (16.58) 32.34 (14.90) -5.67°*  0.03
performance 21.80 (15.84) 28.83 (14.87)
33.33(15.43) 35.93 (14.20)
Quantitative 9.44 (6.80) 12.22 (6.57) -2.61°% 0.04
7.86 (6.46) 10.46 (6.75)
11.44 (6.75) 13.93 (5.99)
Memory 10.74 (7:77) 13.94 (7.37) 312" 0.04
9.27 (7.69) 1177 (6.31
12.64 (7.53) 16.10 (7.77)
Motor 23.23 (12.57) 27.67 (11.78) -4.63**  0.04
20.03 (12.64) 24.99 (11.51)
27.47 (11.32) 30.25 (11.62)
General 69.30 (40.25) 85.24 (34.43) -15.59"*  0.04
cognitive score 59.36 (40.22) 76.35 (33.60)
82.29 (36.84) 94.00 (33.42)
Developmental 3y 8m (10.91) 4y1m(9.58) -4.05"*  0.04
age (SDin 3y6m(10.53) 3y10m (9.08)
months) 3y11m (10.66) 4y3m(9.30)

Lower scores indicate more impaired development. RRTI": children with recurrent respiratory tract
infections. RRTI: children without recurrent respiratory tract infections. * § = unstandardized regression
coefficient of the effect of RRTI, correcting for the effect of socioeconomic status, childcare attendance,
being breastfed (>1 month), siblings, gender, congenital heart defect, diagnosis of asthma, gastrointestinal
disease, eye disease, impaired hearing, and thyroid dysfunction. ® Effect size (f*): small effect (0.01-0.10),
moderate effect (0.10-0.33), large effect (>0.33). < Mean scores are presented with standard deviation
between brackets. * p<0.05, ** p<0.01, *** p<0.001.

is larger than all separate forms of morbidity (Step 3). No interaction effects are
present between RRTI and CHD, gender, or impaired hearing,

In total, 317 (94%) CBCL questionnaires were completed (Table 4). The results
showed increased behavioral problems in RRTI* children on the scales of withdrawn,
somatic complaints, social problems, thought problems, and attention problems,
corrected for the effect of the confounders. Effect sizes were small (Cohen’s f>-range:
0.01-0.03). Although mean scores for both internalizing and externalizing problems
were significantly increased in RRTI* compared to RRTT children, only the effect
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Table 3. Hierarchical regression analysis of developmental age obtained by the McCarthy Scales of
Children’s Abilities (MSCA) in 8-year-old Down syndrome children (n=270).

AR? p Bstep p Btotal p
Step 1 0.006
Socioeconomic status 0.01 0.23
Childcare 116 1.51
Being breastfed (>1 month) 1.65 1.32
Siblings -0.03 -2.66
Step 2 0.084 ¥
Male gender -6.15 o -5.90
Step 3 0.038
Congenital heart disease -2.66 * -2.17
Diagnosis of asthma -2.20 -1.09
Gastrointestinal disease 273 -2.47
Eye disease 0.27 0.41
Impaired hearing 0.87 1.98
Thyroid disease -2.25 -2.61
Step 4 0.031 o
Presence of RRTI -4.05 * -4.05 o

3 = unstandardized regression coefficient; p step is the beta for this variable when it was first entered into
the equation; p total is the beta for the variable in the final model including all steps. Negative § means
lower developmental age due to this variable.

* p<0.05, ** p<0.01, ¥ p<0.001, RRTIL: recurrent respiratory tract infections

size for internalizing problems is relevant (Cohen’s f* 0.03). There was no main
effect or interaction effect present for gender, CHD, and impaired hearing on any of
the determined variables (data not shown).

The TACQOL-PF was completed for 323 (96%) children (Table 5). We found a
decreased HRQoL in RRTI* children in 4 of the 7 subscales: the scores for physical
wellbeing, motor skills, autonomy, and social functioning were decreased as
compared to RRTI children, corrected for the effect of the confounders (p<o.01).
Effect sizes were small (Cohen’s f>range 0.02-0.03). Mean scores for boys and girls
were equal, and no interaction between RRTI and gender or CHD was present (data
not shown). A significant interaction effect was found of impaired hearing by RRTI
for the scales social problems and negative emotions (p-values respectively 0.05 and
0.02). This interaction effect implied that the effect of having RRTI was - for these
two subscales - more pronounced in children with impaired hearing, resulting in
alower HRQoL.
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Table 4. Results of multiple regression analyses for the Child Behavior Checklist (CBCL) test scores of
8-year-old Down syndrome children with and without recurrent respiratory tract infections (RRTI).

RRTI* (n=145) RRTI (n=172) Regression Effect size (f?)
coefficient (B)?
Withdrawn 3.17 (2.91)° 2.02 (2.30) 1.01°% 0.03
Somatic complaints 1.68 (2.20) 1.06 (1.60) 0.42 0.01
Anxious/depressed 0.93 (1.34) 0.85 (1.49) 0.06 0.00
Social problems 4.86 (2.10) 3.98 (2.11) 0.05* 0.01
Thought problems 1.48 (1.87) 0.94 (1.43) 0.58** 0.02
Attention problems 7.34 (3.08) 5.81(3.07) 1.07** 0.03
Delinquent behavior 1.61(1.58) 1.34 (1.53) 0.23 0.00
Aggressive behavior 8.06 (5.73) 6.62 (5.64) 1.06 0.01
Sexual problems 0.34 (0.83) 0.38 (0.84) -0.07 0.00
Total score 34.59 (17.77) 26.25 (17.58) 6.40** 0.03
Internalizing problems® 572 (4.85) 3.87 (4.15) 1.49** 0.03
Externalizing problems* 9.67 (6.84) 7.95 (6.81) 1.29 0.01

3 = unstandardized regression coefficient of the effect of RRTI, correcting for the effect of socioeconomic
status, childcare attendance, being breastfed (>1 month), siblings, gender, congenital heart defect,
diagnosis of asthma, gastrointestinal disease, eye disease, impaired hearing, and thyroid dysfunction.
® Mean scores are presented with standard deviation between brackets. < Combined from the subscales
withdrawn, somatic complaints and anxious/depressed. ¢ Combined from the subscales delinquent and
aggressive behavior.

Higher scores represent increased behavioral problems. RRTI": children with respiratory tract infections.
RRTI: children without respiratory tract infections.

* p<0.05, ** p<0.01, *** p<o.001. Effect size (f2): small effect (0.01-0.10), moderate effect (0.10-0.33), large
effect (>0.33).

Table 5. Results of multiple regression analyses for the TACQOL-PF test scores of Down syndrome
children with and without parent-reported recurrent respiratory tract infections (RRTI).

RRTI* (n=148) RRTI (n=175) Regression Effect size (f?)
coefficient (B)?
Physical wellbeing 26.43 (3.94)° 27.95 (2.88) -1.02%* 0.02
Motor skills 26.96 (4.40) 28.59 (3.32) -1.35%* 0.03
Autonomy 25.42 (3.99) 26.99 (3.06) -1.33% 0.03
Cognitive functioning 22.71(3.60) 22.80 (3.50) 0.07 0.00
Social functioning 27.43 (3.74) 28.95 (3.21) -1.19%* 0.03
Positive emotions 14.91 (1.87) 15.18 (1.42) -0.17 0.00
Negative emotions 11.50 (1.98) 11.90 (1.99) -0.27 0.00

23 = unstandardized regression coefficient of the effect of RRTI, correcting for the effect of socioeconomic
status, childcare attendance, being breastfed (>1 month), siblings, gender, congenital heart defect,
diagnosis of asthma, gastrointestinal disease, eye disease, impaired hearing, and thyroid dysfunction.
® Mean scores are presented with standard deviation between brackets. Higher scores represent better
health related quality of life. RRTI": children with recurrent respiratory tract infections. RRTI: children
without recurrent respiratory tract infections. * p<0.05, ** p<0.01, *** p<o.oo1. Effect size (f*): small effect
(0.01-0.10), moderate effect (0.10-0.33), large effect (>0.33).
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DISCUSSION

We show that parent-reported RRTI is significantly associated with impaired
mental and motor development, behavioral problems, and decreased HRQoL in
children with Down syndrome. The mean developmental age of children with
Down syndrome in the group with RRTT is 3 years and 8 months. This is 5 months
lower compared to the group without RRTI. Hierarchical regression analysis shows
that 3.1% of the developmental age is exclusively associated with the presence of
RRTL This is more than the association of CHD with developmental age (2.2%), only
gender is more associated (5.9%). Also, behavioral problems and decreased HRQoL
are more common in RRTI* children. Furthermore, school enrollment was less
favorable in RRTI+ children.

Since RRTI are often accompanied by impaired hearing, specifically verbal
skills could be more influenced compared to perceptual-performance, quantitative,
memory and motor development in RRTI* children with Down syndrome. In our
sample, impaired hearing was indeed more common in RRTI* compared to RRTI
children (44% vs. 18%, p<0.001). However, RRTI* children had lower scores on all
developmental scales, with equal effect sizes (f*=0.03-0.04), and no interaction
between RRTI and impaired hearing was observed. So, although hearing loss is
a common problem in RRTI* children with Down syndrome, other domains of
development are equally decreased compared to the development of verbal skills.
In other words, hearing loss does not lead to selective decrease of verbal skills nor
does it enhance developmental delay of RRTI* children, and so does not seem to be
a confounder that explains both RRTI and increased developmental delay.

Although RRTI* children have decreased scores on mental development in the
MSCA-test, the TACQOL cognitive functioning subscore is equal in both groups.
This means that decreased levels of mental development do not lead to a decreased
HRQoL subscore related to cognitive functioning. An explanation for this may be
that RRTI* children are, according to the results of our study, more likely to attend
lower levels of education; maybe they fit in better with their classmates, resulting in
a better HRQoL subscore related to cognitive functioning in these children.

The parents more often reported the diagnosis of ‘asthma’ in the RRTI* children.
Although wheezing is a common feature in young children with Down syndrome,*
the overall incidence of asthma in adults and children with Down syndrome is
decreased compared to the general population.® * 7% Therefore, it is doubtful
whether these children really suffer from asthma. Additionally, in Down syndrome
total and specific IgE-values are decreased compared to controls, and there is no
increased prevalence of positive skin prick tests.*?* Therefore, the symptoms
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of wheezing and dyspnea in young children with Down syndrome are probably
caused by mucosal swelling in constitutionally smaller airways during respiratory
tract infections, and not attributable to asthma. Since the subgroup of children with
Down syndrome with parent-reported ‘asthma’ was small, no separate effect sizes
could be determined.

Strengths of this study include the large sample size and the consistency of the
age level of all children (all studied at 8 years). Also, independent test assistants
administrated the psychological tests. However, parental report is used to classify
the presence or absence of recurrent airway infections, which is a methodological
limitation of our study. In this way 46% of the children were classified with RRTI,
which is a comparable proportion to a recent national health survey where parents
reported 38% of children with Down syndrome aged 6-10 years as having had a head
or chest cold in the previous two weeks.* Also, our data are in accordance with
earlier studies regarding the overall incidence of CHD,"* and the co-occurrence
of hearing impairment in RRTI* children with Down syndrome, which were also
based on parental report in our study.

For a first exploration of the association between RRTI and development,
behavioral problems and HRQoL of children with Down syndrome parent-reported
RRTI may suffice to attract attention to the potential importance of this frequently
encountered problem. However, further research is needed using medical records
and physician-based diagnosis to determine a stricter and probably more validly
defined group of children as suffering from RRTI.

Many variables that influence development, behavior, and HRQoL - like
gender and CHD - cannot be changed, where RRTI potentially can. Therefore, it
is important to investigate whether the observed association is based on a causal
relationship. If so, better prevention of RRTI might lead to improved functioning in
these children. Several causes for RRTI in Down syndrome have been proposed, such
as hypotonia and (micro)aspiration. Other causes include anatomical abnormalities
and different physiology of the respiratory tract including ear, nose, and throat.
More frequent (chronic) ear disease, rhinorrhea, sinusitis, and obstructive sleep
apnea have all been described in Down syndrome and are related to impaired
hearing.® The co-occurrence of RRTI and impaired hearing in Down syndrome has
been described before,* and is confirmed by our data. This study also shows that
the negative effects of the association between RRTI and the HRQoL scales social
problems and negative emotions is increased if these children also have impaired
hearing. Probably, impaired hearing influences verbal skills, attention, and social
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functioning negatively. Therefore, periodic surveillance and active treatment by an
ENT-specialist could be important for children with Down syndrome.

Although CHD is a potential risk factor for hospitalization during respiratory
tract infections in children with Down syndrome,* 2 it has not been described as a
cause for RRTI in earlier studies. In this study, CHD is significantly more common
in the RRTI* children, but there is no significant effect of CHD on development,
behavior, and HRQoL additional to the effect of RRTI.

Impairment of the immune system in Down syndrome has been described, and
hasbeen related to an increased infection rate.”* Most studies involve development
and function of T-lymphocytes.*” B-lymphocytopenia and decreased response to
unconjugated pneumococcal vaccinations are related to RRTI in patients without
Down syndrome and have been described in Down syndrome as well.>»3° The level
of impairment of the humoral immune system and its contribution to RRTIin Down
syndrome has not been fully elucidated; more research on this topic is needed.

There are limited studies on pathogens of respiratory tract infections in Down
syndrome. Present studies mainly report uncommon pathogens or more extreme
course of disease More insight in causative pathogens may lead to specific
preventive interventions, i.e. prophylactic antibiotics or additional immunizations.

Conclusion

Parent-reported RRTI in children with Down syndrome are associated with
more impaired development, behavioral problems and HRQoL. Therefore, further
studies should focus on the question whether this is a causal relationship. If so,
better prevention of RRTI in children with Down syndrome might stimulate
development, prevent behavioral problems, improve HRQoL and enable better
school enrollment.
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ABSTRACT

Down syndrome is the most frequent cause of mental retardation in man.
Immunological changes in Down syndrome have already been observed since
the 1970s. The neurological system appears to be aging precociously, with
early occurrence of Alzheimer disease; until now, the observed immunological
differences have been interpreted in the same context. Looking back at past
and present results of immunological studies in children with Down syndrome
in relation to the clinical consequences they suffer we conclude that it is more
likely that the immune system in Down syndrome is intrinsically deficient
from the very beginning.
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Introduction

Down syndrome, or trisomy 21, is the most frequent genetic cause of mental
retardation in man; the incidence is approximately 1in 750 live births.! Consequently,
doctors frequently see patients with Down syndrome and encounter their complex
medical problems. Individuals with Down syndrome are invariably cognitively
impaired, although the severity is highly variable. Characteristic facial features
and hypotonia are present in almost all. Around 50% suffer from congenital cardiac
anomalies. Congenital cataract, abnormalities of the gastro-intestinal tract and
orthopaedic, eye and ear problems occur with increased frequency as compared
to individuals without Down syndrome. Histopathologic studies show a small and
hypocellular brain, and, by the fourth decade, characteristic features of Alzheimer
disease.”3

Autoimmune phenomena such as acquired hypothyroidism, celiac disease and
diabetes mellitus occur in higher frequency compared to subjects without Down
syndrome. Leukaemia is estimated to be 15-20 times more frequent in Down
syndrome.*’ Despite advancesin treatment, infections - especially pneumonia - and
leukaemia are still major causes of morbidity and mortality in Down syndrome.’*
The increased frequency of haematological malignancies, autoimmune diseases,
and infections in Down syndrome, and the observed high frequency of hepatitis
B surface antigen (HBsAg) carriers, has already led to the hypothesis that Down
syndrome is associated with abnormalities of the immune system in the 1970’s.43
Indeed, many differences between the immune system of individuals with and
without Down syndrome have been found throughout the years, and several
hypotheses have been formulated which could have consequences for everyday
clinical care in Down syndrome, if true (findings relevant for everyday clinical care
are summarized in Table 1).

Higher rates of infections, malignancies, and autoimmune phenomena
are normally seen in elderly individuals,”* and Down syndrome is therefore
hypothesized to be a form of abnormal precocious aging in various articles.?*

NK-cells and innate immunity

The supposedly higher percentages of natural killer (NK) cells found in Down
syndrome seems to support this theory of precocious aging,** as high percentages
of NK-cells are normally seen with aging. However, these studies have been
performed in small groups of Down syndrome individuals with single and double
colour flowcytometric staining techniques that could not yet differentiate between
NK-cells (CD3) and NK-marker-bearing T-lymphocytes (CD3*). Our recent study
on lymphocyte subpopulations in Down syndrome shows lower absolute numbers
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Table 1. Overview of differences relevant to everyday clinical care found between the immune systems
of individuals with and without Down syndrome since the 1970's.

Lymphocyte subpopulations Reference
CD3CDi16and/or56* NK-cells Decreased (abs) %
CD19* B-lymphocytes Decreased (abs; %) 2425
CD3* T-lymphocytes Decreased/normal (abs) %
CD3*CD4" helper-T-lymphocytes Decreased (abs; %) %
CD3*CD8" cytotoxic T-lymphocytes Decreased/normal (abs) %
CD4'CD45RA* cells Decreased (%) 37,38
Thi1/Th2 ratio Increased 69
CD4/CD8 ratio Inverted ratio 2
TCR-af* T-lymphocytes Decreased (%) 7
CD8*CD57* cells Increased (%) 2
Immunoglobulins

IgG Increased >6yr 15,28,30
IgM Decreased >6yr 15,28
IgA Increased >6yr/normal 15,30
IgG1 Increased/normal 3070
1gG2 Decreased/normal 3070
1gG3 Increased/normal 3070
1gG4 Decreased/normal 3070
Response to vaccination

Pneumococcal polysaccharide vaccine  Decreased/normal 28,54
Tetanus vaccine Decreased 7
Pertussis vaccine (acellular) Decreased 58
Hepatitis B vaccine Decreased/normal 52,5760
Hepatitis A vaccine Normal 5
Influenza vaccine Decreased 7
Polio vaccine (oral) Decreased 2

Abs = absolute counts; CD = cluster of differentiation; Ig = immunoglobulin; NK = natural killer; TCR =
T-cell-receptor; Th = helper-T-lymphocyte; yr = years; % = relative counts

of CD3CDi6and/or56* NK-cells in all age groups.® Populations with different
“NK-activity” have been described in the 1980’s, capable of low, intermediate, and
high cytotoxicity against the NK-sensitive tumour cell line K562, respectively.2®*’
Several authors describe a significant increase of cells possessing the low
“NK-activity” phenotype in Down syndrome, associated with a significant decrease
of cells with the intermediate and high “NK-activity” phenotype.?** With longevity,
however, NK-cells with well-preserved cytotoxic function increase.®
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Thymus and T-lymphocytes

The thymus is smaller in subjects with Down syndrome, even in newborns, and
has an abnormal structure.’® 2253032 This suggests that T-lymphocytes are the core
of the problem in Down syndrome, however, children with congenital heart disease
who require cardiac surgery with (partial) thymectomy show rapid and permanent
changes in T-lymphocyte numbers,’* 3¢ but - unlike in Down syndrome - their
frequency of infections and autoimmune diseases is not increased.’ The thymus
in Down syndrome shows a decreased proportion of phenotypically mature
thymocytes expressing high levels of the ap-form of the T-cell-receptor (TCR-af)
and associated CD3-molecule,* and overexpression of TNF-a and IFN-y cytokines.”
The overexpression of these cytokines suggests a disregulation in cytokine
production in Down syndrome and may provide an explanation for the abnormal
thymic anatomy and thymocyte maturation.?” An increased percentage of peripheral
T-lymphocytes expressing the alternative yd-form of the T-cell receptor (TCR-y3)
has been reported,® 37 as well as a lower percentage of CD4*CD45RA* ‘naive’ cells
- they are considered to represent cells that have recently emigrated from the
thymus - and a higher percentage of CD29* ‘memory’ cells.?® 3 T-cell-receptor
excision circle (TREC) counts are used to estimate recent thymic emigrants (V(D)]
recombination events excise intervening stretches of DNA).¥ A significantly lower
number of TREC* peripheral blood cells is found in children with Down syndrome
in comparison with healthy control children.?+° These findings could be interpreted
as early senescence of the immune system,* 3® because naive helper and cytotoxic
T-lymphocytes 24 as well as TREC* peripheral blood cells +* decrease with aging,
while central and effector memory helper-T-lymphocytes and effector memory
and terminally differentiated cytotoxic T-lymphocytes increase.” We have recently
demonstrated a T-lymphocytopenia in all age groups, however, not just in older
children with Down syndrome, that concerns CD4* helper- as well as CD8* cytotoxic
T-lymphocytes with absence of the tremendous expansion that is normally seen in
the first year of life, suggesting a deficient reaction to antigenic stimulation. 44
Absolute numbers of T-lymphocyte populations gradually approach those of
normal children over time,* but it is doubtful whether these cells have normal
phenotype and function, having shown a lack of the antigen-driven expansion in
earlier years. Functional abnormalities of T-lymphocytes that have been described
support this: the in vitro proliferative response to phytohemagglutinin (PHA), is
markedly below normal in infants as well as adults with Down syndrome.’ 164547
In addition, bacterial and viral antigen-induced in vitro interleukin-2 (IL-2)
production is markedly reduced, although PHA-stimulated IL-2 production is not
impaired.* 4 An interesting hypothesis is that overexpression of the cell adhesion
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molecules LFA-1 and DSCAM - located on chromosome 21 - causes higher affinity
between cells leading to abnormal maturation and function,* 4 but in most genetic
studies in trisomy 21 an overall 150% increase of gene expression is not seen; the
genetic overexpression is often specific for a particular organ.>® Enhanced cell death
by apoptosis could also play a role, as transgenic copper-zinc superoxide dismutase
mice (in humans located on chromosome 21) show enhanced apoptosis.*

B-lymphocytes and antibody production

A considerable hypergammaglobulinemia of IgG and IgA after the age of five,
with high levels of IgG1 and IgG3 and low levels of IgG2 and IgG4, is described
in Down syndrome,’s3%52 with IgM levels decreasing in adolescence. IgD levels are
high.5* Antibody responses to rabbit erythrocytes and Escherichia coli antigens
are low,?® as are the responses to vaccine antigens such as influenza A, oral polio,
acellular pertussis, tetanus and polysaccharide pneumococcal vaccines#* The
frequency of hepatitis B virus carriers is much higher among Down syndrome
children compared to age-matched controls, however, normal responses to hepatitis
A and B vaccinations are seen, although specific IgG-subclasses can vary:s® ¢
Autoantibodies against human thyroglobulin and gliadin are observed more often
in children with Down syndrome,> 3% as are high titres against casein and beta-
lactoglobulin.’s®

Somewhat paradoxically, we have recently found a profound B-lymphocytopenia
in Down syndrome, with absence of the normal enormous expansion in the first
year of life.s This has been described before,* 2% 663 but has not attracted much
attention so far. Recent observations even show a significant decrease of B
lymphocytes (CD19*) in fetuses with Down syndrome.® These abnormalities can
either be due to an intrinsic B-lymphocyte defect, or to the consequence of deficient
helper-T-lymphocyte function causing inadequate control of B-lymphocyte
activation and proliferation. The combination of profound B-lymhocytopenia and
hypergammaglobulinemia suggests the latter, with the possibility that antibody
responses may be oligoclonal and/or inadequate in Down syndrome. We have
not found any mono- or oligoclonal M-proteins in 88 Down syndrome children,
however (unpublished data). Also, in comparison, patients with DiGeorge syndrome
(DGS; 22qu1-deletion) show a congenital thymic hypoplasia with a variable degree
of T-lymphocyte deficiency in 80% of cases.” % Like in Down syndrome, TREC*
cell counts are decreased in the periphery, and T-lymphocytes gradually approach
normal numbers over time.? But - unlike in Down syndrome - B-lymphocytopenia
is not seen in DGS.*"
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Helper-T-lymphocyte type 1 cells (Th1) produce cytokines such as IFN-y, IL-2,
and TNF-$ which stimulate cytotoxic T-lymphocyte (Tc) responses and IgGi
and IgG3 production, whereas helper-T-lymphocyte type 2 cells (Th2) produce
cytokines such as IL-4, IL-5, IL-6, and IL-10 which stimulate antibody responses by
B-lymphocytes and the formation of IgG2 and IgG4. In comparison to individuals
with mental retardation (no Down syndrome) and healthy controls, adults with
Down syndrome have significantly higher percentages of IFN-y-producing CD4*
and CD8* cells and a higher Th1/Tha2 ratio.* This fits the increased levels of IgG1
and IgG3 and decreased levels of IgG2 and IgG4 in Down syndrome, and supports
disturbed helper-T-lymphocyte function.:*”

Clinical presentation in relation to immunodeficiency

The clinical presentation of children with Down syndrome - seen in relation
to possible immunodeficiency ™ - is dominated by recurrent ear-nose-throat
(ENT) and airway infections in their early years, followed by an increasing
frequency of autoimmune diseases and lymphoproliferation thereafter. The
recurrent ENT and airway infections could fit antibody deficiency, although the
macroglossia, hypotonia, and altered anatomy of the upper airways will also play
an important role in these infants. The tendency towards autoimmune diseases and
lymphoproliferation on the other hand primarily points to immunodisregulation.
Partial reduction in the number and function of T-lymphocytes can disturb the
tolerogenic balance, generating a combination of immunodeficiency and immune
disregulation.”” Down syndrome children as a group fit the picture of primary
immunodeficiency but with apparent individual differences. The relation between
the abnormality of immunological values in individual children with Down
syndrome and the clinical complications has unfortunately not been extensively
studied so far.

Conclusion

All in all, it is much more likely that the immune system in Down syndrome is
intrinsically deficient from the very beginning, and not simply another victim of
a generalised process of precocious aging. It is not yet clear, but at least possible
that - besides the apparent thymus and T-lymphocyte abnormalities in Down
syndrome - B-lymphocytes are also intrinsically different.

Further studies are needed to resolve the underlying mechanisms of this
immunodeficiency, and to assess the implications thereof for everyday clinical care.
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ABSTRACT

Down syndrome is known for increased incidence of respiratory infections
and autoimmune diseases, indicating impaired immunity. Until now,
medical attention has been mainly focused on T-lymphocytes. Therefore, we
determined B-lymphocyte subpopulations in 95 children with Down syndrome
compared to 33 healthy age-matched controls. Serum immunoglobulin
levels of children with Down syndrome were compared to 962 children
with recurrent infections but without Down syndrome. The results were
combined with clinical data. Transitional and naive B-lymphocytes are
profoundly decreased in Down syndrome. This could be caused by an intrinsic
B-lymphocyte defect resulting in (partial) failure of B-lymphocyte generation,
decreased antigen-induced proliferation and/or increased apoptosis, or by
decreased proliferation due to deficient T-lymphocyte help, or a combination
of these. The decreased CD27*, CD21"¢" and CD23* cells are reminiscent of
Common Variable Immunodeficiency and suggestive of disturbed peripheral
B-lymphocyte maturation. Immunoglobulin levels in patients with Down
syndrome are abnormal - as has been described before - and different from
children with recurrent infections but without Down syndrome. We conclude
that the humoral immune system is abnormal in Down syndrome, but could
not find a relation between B-lymphocyte subset counts, immunoglobulin
levels and clinical features of the children with Down syndrome in our cohort,
nor could we answer the question whether lymphocytes in Down syndrome
are truly intrinsically deficient, or could all findings be explained by deficient
T-lymphocyte help.
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INTRODUCTION

Down syndrome is associated with recurrent - mainly respiratory -
infections, > decreased responses to vaccination,’® a higher frequency of hepatitis
B surface antigen carriers® and autoimmune diseases like celiac disease and
hypothyroidism.9* These features are suggestive of immunodeficiency. Until
now, medical attention has been mainly focused on the thymic alterations and
decreased absolute numbers of T-lymphocytes in peripheral blood.”» 3 We recently
showed that a striking B-lymphocytopenia is present from the very beginning
in patients with Down syndrome.* This B-lymphocytopenia could either be
due to an intrinsic B-lymphocyte defect, to deficient T-lymphocyte help, or a
combination of these. An intrinsic B-lymphocyte defect could be due to (partial)
failure of B-lymphocyte generation, decreased antigen-induced proliferation
and/or increased apoptosis. Deficient T-lymphocyte-help could lead to disturbed
B-lymphocyte activation and proliferation. Despite the B-lymphocytopenia, a
considerable hypergammaglobulinemia of immunoglobulin (Ig) A and IgG after
the age of five, with high levels of IgG1 and IgG3 and low levels of IgG2 and IgG4,
are described.>'

This combination of profound B-lymhocytopenia and hypergammaglobulinemia
favors a disturbance in T-lymphocyte help, with the possibility that
immunoglobulins are oligoclonal in Down syndrome, and specific T-cell-dependent
antibody responses inadequate. The latter has indeed been described.>'s However,
the T-cell-independent antibody response to pneumococcal polysaccharide antigen
is also decreased in Down syndrome,* suggesting an intrinsic B-lymphocyte defect
is present as well. We studied B-lymphocyte subpopulations in relation to relevant
clinical features in 95 children with Down syndrome, to further unravel this
question.

METHODS

Study population

From 95 non-institutionalized children with Down syndrome (49 males; see
Figure 1) either visiting the Jeroen Bosch Hospital, s-Hertogenbosch, or the Rijnstate
Hospital, Arnhem, The Netherlands, an extra 3ml of EDTA and 7ml of blood without
additive was drawn during routine follow-up of thyroid function after parental
informed consent. All children were otherwise healthy at the time of sampling.
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Standard flowcytometric protocol (n=95)

Increased infection rate, celiac disease
and/or hypothyroidism? (n=91)

]

IgG, IgG subclasses, IgA, IgM and
M-proteins (n=88)

Extended flowcytometric protocol (n=55)

Signs of asthma and/or allergic disease
(n=55)

l

Total IgE
(n=44)

‘—‘—1

Inhaled allergens | g ¢,
(n=1)

Food allergens
(n=24) (n=4)

Figure 1. Patient flow diagram. Flow diagram showing group size of Down Syndrome patients in
relation to assessed variables.
Leftover EDTA blood from 33 healthy age-matched controls who underwent
venipuncture for e.g. pre-operative screening for minor surgery was used as control.
We retrospectively collected the titers of serum IgG, IgA and IgM that were
determined for diagnostic purposes in 962 patients without Down syndrome
suffering from recurrent infections (<21 years) between January 2006 and July 2008
in the Jeroen Bosch Hospital, ‘s-Hertogenbosch, and the Bernhoven Hospital, Oss/
Veghel, The Netherlands. In 285/962 patients IgG-subclasses were also determined.
The study was approved by the local Medical Ethics Committees of both
hospitals.

Immunophenotyping

Three-color flowcytometric immunophenotyping was performed to determine
B-lymphocyte subpopulations in both Down syndrome and age-matched controls
using the lysed whole-blood method. FITC, phycoerythrin (PE), and PE-cyanin 5
(PE-Cys) conjugated antibodies were used with the following antigen specificity:
CD3 (PE-Cys; Immunotech, Marseille, France), CD5 (FITC; Becton Dickinson (BD),
San Jose, CA, USA), CD1o (FITC; BD), CD16/CDs56 (FITC; BD), CD14 (PE; BD), CD15
(FITC; IQProducts, Groningen, The Netherlands), CD19 (PE-Cys; Immunotech),
CD2o (PE; BD), CD21 (PE; BD), CD23 (PE; BD), CD27 (FITC; BD), CD38 (PE; BD), CD45
(PE-Cys; Immunotech), k (PE; Dako, Carpinteria, CA, USA), and X (PE; Dako). In all
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children T-lymphocytes (CD3*), B-lymphocytes (CD19%), natural killer (NK) cells
(CD16and/orCD56°CD3) and CD21 and CD5 expression on CD19* B-lymphocytes
were determined. An extended protocol was used in the last 55 included children.
In this group CD10, k and A expression, CD27 and CD20 expression, CD27 and CD38
expression, and CD27 and CD23 expression on CD19* B-lymphocytes were analyzed
as well.

Aliquots were incubated for 15 minutes at room temperature in the dark with
different combinations of optimally titrated antibodies. Only in samples which
were incubated with anti-k or anti-A antibodies the aliquots were washed three
times with 0.5% bovine serum albumin (BSA)/phosphate-buffered saline (PBS) prior
to incubation. Erythrocytes were lysed using FACSLysing solution (BD) according
to the manufacturer’s protocol. The remaining cells were washed twice with BSA/
PBS and analyzed by flow cytometry after calibration with the SPHERO CaliFlow
kit (Spherotech, Libertyville, IL, USA) as recommended by the European Society for
Clinical Cell Analysis.” A FACScan or FACSCalibur flow cytometer (BD) was used
in combination with CellQuest or CellQuest Pro software (BD). The lymphocyte-
gate was checked with a CD15/CD14/CD45 triple labeling and considered correct
if less than 5% contamination was present. T-lymphocytes and NK-cells were used
to check whether the lymphosum’ (B+T+NK) equaled 100+5%. Absolute leukocyte
counts were determined with a Sysmex SE-9500 hematology analyzer (Sysmex,
Kobe, Japan). Absolute numbers of B-lymphocyte subpopulations were calculated
by multiplying the absolute leukocyte count (x109/1) by the relative total lymphocyte
size (%) and relative size of the lymphocyte subpopulation (%).

Immunoglobulins

For 88/95 DS children serum IgG, IgGi, IgG2, I1gG3, IgG4, IgA, and IgM were
studied; in 7 children serum was not available. IgG, IgA and IgM were determined
by kinetic nephelometry (Beckman Coulter Array 360, Beckman Coulter, Fullerton,
CA, USA); IgG-subclasses were assessed by kinetic nephelometry using a human
IgG-subclass nephelometry kit (Sanquin Reagents, The Netherlands).

Qualitative M-proteins were assessed by serum electrophoresis on alkaline
buffered (pH 9.2) agarose gels by a Hydrasys system (Sebia, GA, USA). In cases
of uncertainty, additional serum electrophoresis using immunofixation with
monovalent antiserum was performed.

IgE was measured in 44 of the 55 children included in the extended protocol
using a sandwich chemiluminescent immunoassay (Immulite 2500, DPC/Siemens,
IL, USA); the volume of serum available was insufficient in 11 children. Specific IgE
testing (Immulite 2500) of food and inhaled allergens was performed in 28 and 25
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children, respectively. When insufficient serum was available, we tested for food
allergens only for children aged <2 years and inhaled allergens only for children
aged >2 years. The Fp5 food allergen panel (DPC/Siemens) contained egg white,
cow’s milk, codfish, soya, peanut and wheat allergen. The AlaTOP inhaled allergen
panel (DPC/Siemens), contained house mite (Dermatophagoides pteronyssimus),
cat dander epithelium, dog dander, Bermuda grass, timothy grass, Penicillium
notatum, Alternaria tenuis, birch, Japanese cedar, common ragweed (Ambrosia
artemisiifolia), English plantain and Parietaria officinalis allergen. To interpret the
IgE results we used our laboratory cut-off values of <50 U/ml for children aged <10
years, and <90 U/ml for children aged >10 years and adults.

Review of medical files

The medical files of 91/95 children with Down syndrome were reviewed
retrospectively; 4 files were unavailable. The 91 children were divided into four
groups: 1) no increased infection rate, 2) increased infection rate (age at inclusion
<8 years), 3) increased infection rate (age at inclusion >8 years), and 4) increased
infection rate until, but not after, the age of 8 years. The presence of celiac disease
or autoimmune hypothyroidism was noted. Additionally, the 55 patients of the
extended protocol were also divided into positive or negative for symptoms of
asthma and/or allergic disease (recurrent cough, persistent wheeze, admission on a
pediatric ward for asthma exacerbation, clinical response to bronchodilators and/or
inhalation corticosteroids, clinical signs of allergic disease).

Statistical analysis

An analysis of variance (completely randomized two-factorial design; p<0.05)
was applied to the data. For this analysis, we excluded those age groups for which
the number of age-matched controls was too low. The two fixed factors in the
analysis of variance were age (three age groups: 2-5 years, 5-10 years, and 10-16 years)
and the difference between Down syndrome and age-matched controls. Levene's
test for equality of error variances was used, results are mentioned in the text only
when p<o0.05. The one sample t-test (p<0.05) was used to compare the Ig values of
children with Down syndrome and children without Down syndrome suffering
from recurrent infections with the mean of age-matched reference values and each
other.® All analyses were performed with SPSS 16.0 for Windows.
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RESULTS

B-lymphocyte subpopulations

The absolute and relative numbers of CD19* B-lymphocyte subpopulations
with results of statistical analysis can be found in Table 1, clinically relevant data
are presented in Table 2. We did not find a relation between any of the determined
B-lymphocyte subpopulations and the incidence of infections or of allergic
complaints and/or asthma in these children with Down syndrome. The values for
CD19* B-lymphocytes were reported before:* the CD19* B-lymphocyte count is
decreased significantly in all age groups in Down syndrome as compared to age-
matched controls, the enormous expansion which is found in healthy children
in the first years of life is lacking.* The effect of age on the CD19* B-lymphocyte
count is significantly different between Down syndrome and age-matched controls
(interaction for absolute values; Table 1), so this finding is highly significant. The /A
ratio is slightly increased in older DS children. CD5* as well as CD5 B-lymphocytes
follow the pattern of total CD19* B-lymphocytes in DS children. There is no evident
increase of “immature” B-lymphocytes in DS: CD10* and CD20" B-lymphocytes do
not clearly differ between Down syndrome and age-matched controls.

CD27CD38%m naive B-lymphocytes and CD27CD38" transitional B-lymphocytes
follow the pattern of total CD19* B-lymphocytes in DS as well. Unfortunately,
we cannot differentiate between CD27°CD38%™IgD* marginal zone and
CD27°CD38%™[gD" memory B-lymphocytes, because the expression of IgD was
not determined. Absolute and relative numbers of total CD27* B-lymphocytes are
decreased in Down syndrome as compared to age-matched controls; the absolute
numbers show a slight increase during the CD19* B-lymphocyte expansion in the
first years of life, which is less prominent in Down syndrome than in age-matched
controls. The CD27*CD38"* plasma cell population is small in peripheral blood,
but - unexpectedly - not different between Down syndrome and age-matched
controls. The relative and absolute numbers of B-lymphocytes with high expression
of CD21 (CD21"") are significantly decreased in DS children; the absolute numbers
decline with age, but more so in age-matched controls than in children with Down
syndrome due to a higher initial peak in the former. The same holds true for CD23.
The relative expression of CD23 within the CD19* B-lymphocyte population shows
a far wider range in Down syndrome than in age-matched controls.

Immunoglobulins
The serum levels of IgG, IgG1, IgG2, IgG3, IgG4, IgA, and IgM found in the
children with Down syndrome and in children without Down syndrome but with
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Table 1. Absolute and relative numbers of B-lymphocyte subpopulations in Down syndrome children
compared to age matched controls.

9 - 15 months 15 - 24 months 2 - 5 years

Total CD19* DS 0.46 0.33 0.28
B-lymphocytes (0.19-1.14) (0.16-0.76) (0.13-0.55)
18 14 13
(9-26) n=11 (8-24) n=38 (6-24) n=16
AMC 147 0.91 0.75
(0.33-0.96)
20 33 23
n=1 n=1 (18-34) n=10
CD19*CD5* DS 0.22 0.14 0.08
(0.06-0.88) (0.04-0.30) (0.04-0.29)
49 37 30
(31-74) n=11 (23-55) n=8 (20-76) n=16
AMC 0.64 0.40 0.26
(0.08-0.55)
43 43 36
n=1 n=1 (15-59) n=9
CD19*CD10* DS 0.02 0.01 0.02
(0.01-0.07) (0.01-0.06) (0.00-0.07)
0.5 0.4 0.5
(0.223)  n=7 (0.23.4) n=6 (0.1-3.5) n=7
AMC 0.03 0.03 0.01
(0.00-0.02)
0.4 0.9 0.3
n=1 n=1 (0.1-0.6) n=10
CD19*CD20 DS 0.00 0.00 0.00
(0.00-0.00) (0.00-0.01) (0.00-0.01)
5 6 5
(1-8) n=8 (3-18) n=6 (112) n=7
AMC 0.00 0.00 0.00
(0.00-0.01)
2 2 2
n=1 n=1 (1-4) n=10
CD19*CD21 DS 0.04 0.03 0.03
(0.01-0.08) (0.01-0.06) (0.01-0.10)
7 5 9
(1-16) n=1 (3-26) n=8 (4-22) n=16
AMC 0.04 0.00 0.05
(0.01-0.08)
3 0 6
n=1 n=1 (2-10) n=9
CD19*CD21°" DS 0.09 0.07 0.03
(0.03-0.19) (0.04-0.17) (0.02-0.09)
22 20 14
(6-41) n=1 (10-29) n=8 (6-24) n=16
AMC 0.22 0.06 0.06
(0.01-0.08)
15 6 8
n=1 n=1 (3-18) n=9
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5 - 10 years

0.19
(0.06-0.45)
9

(5-22)
0.45
(0.32-0.66)
17

(12-21)
0.06
(0.01-0.15)
29

(9-46)
0.13
(0.1-0.22)
29

(21-38)
0.01
(0.00-0.02)
0.2
(0.04-1.4)
0.01
(0.00-0.04)
0.3
(0.09-1.6)
0.00
(0.00-0.01)
4

(2-20)
0.00
(0.00-0.00)
2

(1-3)
0.02
(0.00-0.17)
11

(2-39)
0.02
(0.00-0.04)
3

(1-8)
0.03
(0.01-0.09)
15

(5-28)
0.04
(0.02-0.06)
6

(2-12)

n=38

n=8

n=38

n=8

n=38

n=38

n=8

10 - 16 years

0.11
(0.05-0.58)
8

(4-20)
0.32
(0.19-0.60)
16

(11-21)
0.03
(0.02-0.22)
27

(16-47)
0.08
(0.02-0.28)
24

(7-46)
0.00
(0.00-0.02)
0.1
(0.06-1.1)
0.01
(0.00-0.02)
0.3
(0.03-07)
0.00
(0.00-0.00)
3

(1-9)

0.00
(0.00-0.01)
1

(0-8)
0.01
(0.00-0.05)
9

(4-20)
0.01
(0.00-0.02)
2

(1-4)

0.01
(0.00-0.07)
14

(4-20)
0.02
(0.00-0.05)
6

(510)

n=19

n=11

n=19

n=11

n=13

n=11

n=13

n=11

n=19

n=11

n=19

n=11

>16 years

0.11

(0.04-0.12)

6

(3-7) n=3
0.26
(0.23-0.29)

14

(10-17) n=2
0.02
(0.01-0.02)

21

(19-24) n=3
0.05
(0.04-0.06)

20

(13-27) n=2
0.01
(0.00-0.01)

0.3

(0.04-0.5) n=2
0.01

(0.00-0.01)

0.3

(0.2-0.4) n=2
0.00
(0.00-0.00)

2

(2-2) n=2
0.00
(0.00-0.00)

4

(3-5) n=2
0.00
(0.00-0.02)

6

(3-14) n=3
0.02
(0.01-0.02)

5

(5-5) n=2
0.01
(0.01-0.02)

13

(10-17) n=3
0.03
(0.02-0.03)

9

(7-10) n=2

DS vs AMC* Age effect for Interaction DS

P<0.001

p<0.001

p<0.001

NS

NS

NS

NS

P<0.001

NS

P<0.001

p=0.05

p<0.001

DS + AMC**
p<0.001

p<0.001

P<0.001

p=0.007

p=0.003

NS

NS

NS

P<0.001

NS

p<0.001

NS

and AMCYt
p=0.001

NS

p=0.003

NS

p=0.031

Pp=0.048

NS

NS

NS

NS

NS

NS
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Table 1. (Continued)

CD19*CD21"ih DS
AMC

CD19*CD23* DS
AMC

CD19"CD27* DS
AMC

CD19*CD27CD38"™ DS

AMC

CD19*CD27CD38* DS

AMC

CD19*CD27*CD38** DS

AMC

96

9 - 15 months

0.25

(0.15-0.98)

69

(48-93) n=11
1.22

82

0.36
(0.08-0.56)

66

(28-80) n=8
1.38

92

0.04
(0.03-0.06)

1.2

(0.9-2.3) n=8
0.06

0.9

0.35
(0.15-079)

64
(41-85) n=8

1.07

73

0.13
(0.04-0.24)

27

(7-49) n=38
0.33

22

0.02
(0.00-0.03)

3
(0-7) n=8

0.01

0.4

15 - 24 months

0.25
(0.09-0.65)

70

(52-86) n=38
0.87

94

n=1
0.23
(0.07-0.53)

73
(26-88)  n=6

0.60
64

0.04
(0.03-0.06)

1.5

(L0-2.2)  n=6
0.08

27

0.17
(0.08-0.56)

63

(48-82) n=6
0.58

63

0.06
(0.03-0.09)

17

(8-36) n=6
0.23

25

0.02
(0.00-0.03)

5

(2-15) n=6
0.01

2 - 5 years

0.22
(0.11-0.43)
77
(62-84)
0.68
(0.25-0.76)
86

(72-95
0.24
(0.08-0.37)
61

(47-98)
0.62
(0.29-0.93)
82
(66-98)
0.05
(0.02-0.08)
1.9
(1.0-2.6)
0.12
(0.05-0.18)
39
(1.9-6.1)
0.25
(0.08-0.37)
66
(60-71)
0.50
(0.18-0.56)
57

(47-67)
0.06
(0.02-0.08)
15

(7-21)
0.10
(0.05-0.31)
18

(7-36)
0.01
(0.00-0.03)
3

(1-8)

0.01
(0.01-0.02)
1

(1-4)

n=16

n=10

n=10

n=10

n=10

n=7

n=10



5 - 10 years

0.14
(0.04-0.33)
73
(42-86)
0.42
(0.34-0.62)
90
(82-93)
0.10
(0.04-0.26)
54
(35-87)
0.38
(0.27-0.60)
82

(65-94)
0.03
(0.01-0.06)
1.6
(0.6-3.4)
0.08
(0.05-0.11)
2.9
(17-4.2)
0.10
(0.04-0.25)
58
(49-80)
0.31
(0.24-0.42)
66

(59-78)
0.02
(0.01-0.10)
13

(5-30)
0.05
(0.02-0.15)
12

(5-22)
0.01
(0.00-0.03)
3

(117)

0.01
(0.00-0.01)
1

(0-3)

n=38

n=8

n=19

n=19

n=8

10 - 16 years

0.09
(0.03-0.48)
77
(60-92)
0.30
(0.15-0.56)
01

(88-95)
0.08
(0.03-0.32)
75
(39-94)
0.27
(0.15-0.52)
85
(62-93)
0.01
(0.00-0.07)
1.0
(0.2-2.6)
0.04
(0.01-0.15)
17
(0.8-5.0)
0.07
(0.03-0.44)
67
(55-82)
0.22
(0.14-0.43)
71

(59-77)
0.01
(0.00-0.05)
8

(5-25)
0.04
(0.01-0.09)
12

(3-21)
0.00
(0.00-0.01)
2

(0-8)
0.00
(0.00-0.01)
1

(0-)

n=19

n=11

n=13

n=11

n=13

n=11

n=13

n=11

n=13

n=11

>16 years

0.08
(0.03-0.10)
81

(69-88) n=3
0.23
(0.21-0.25)
86

(85-88) n=2
0.06
(0.02-0.09)
73

(63-83) n=2
0.20
(0.16-0.24)
75

(68-81)  n=2
0.01
(0.01-0.01)
0.6
(0.4-0.8) n=2
0.05
(0.04-0.06)
2.6
(2.5-2.7) n=2
0.06
(0.02-0.09)
70

(57-82) n=2
0.20
(0.18-0.22)
72

(68-77) n=2
0.01
(0.00-0.01)
7

(5-9) n=2
0.04
(0.04-0.04)
14

(12-16) n=2
0.00
(0.00-0.00)
o

(0-1) n=2
0.01
(0.00-0.01)
2

(1-4) n=2

DS vs AMC* Age effect for Interaction DS

p<0.001

p<0.001

p<0.001

p<0.001

P<0.001

P<0.001

P<0.001

NS

P<0.001

NS

NS

p=0.005

DS + AMC**
p<0.001

NS

P<0.001

NS

P<0.001

P<0.001

P<0.001

p=0.001

p<0.001

p=0.031

P<0.001

NS

and AMCY
P=0.006

NS

p=0.017

NS

p=0.041

NS

NS

p=0.014

NS

NS

NS

NS
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Table 1. (Continued)
9 - 15 months

CD19*CD27*CD38"™ DS 0.02
(0.01-0.03)

3
(2-7) n=38
AMC 0.07

5

CD1g*x* DS 0.32
(0.16-0.38)
59
(57-64) n=6
AMC 0.85

58

CD19"A* DS 0.19
(0.11-0.25)

39
(33-42) n=6
AMC 0.55

39

K*/A* ratio DS 1.5

(1.4-2.0) n=6
AMC 1.5

n=1

15 - 24 months

0.01

(0.01-0.02)

5

(2-7) n=6
0.06

7

n=1
0.18
(0.15-0.37)
57
(54-60) n=4
0.49

56

0.13
(0.09-0.25)

40

(37-41) n=4
0.41

46

n=1
1.4
(1.4-1.6) n=4
1.2

n=1

2 - 5 years

0.03
(0.01-0.04)
6

(4-10)
0.13
(0.01-0.20)
17

(1-22)
0.23
(0.06-0.31)
60
(50-66)
0.44
(0.19-0.55)
57

(51-62)
0.12
(0.06-0.24)
39
(36-45)
0.37
(0.12-0.43)
45

(33-52)
1.5
(1.1-1.8)
1.2
(1.0-1.9)

n=10

n=7

n=9

Grey shaded areas: absolute numbers of B-lymphocyte subpopulations (10° cells/l), blank background:
relative numbers (%); AMC = age-matched control children; DS = Down syndrome children; NS = not
significant; * Analysis of variance, 2 to 16 years, DS versus AMC children. ** Analysis of variance, DS and
AMC children together (2 to 16 years), effect of age. t Analysis of variance, interaction effect between DS

and AMC children aged 2-16 years.

Table 2. Clinical features.

9-15 15-24 2-5 5-10
months months years years

(n=11) (n=4)

No increased infection rate (all n=5

ages)

Increased - mainly respiratory D=6 n=4
- infection rate (age at inclusion

<8 years)

Increased - mainly respiratory
- infection rate until, but not
after, the age of 8 years

Increased - mainly respiratory
- infection rate (age at inclusion

>8 years)
Celiac disease o/ur* 1/4
Auto-immune hypothyroidism 0/11 1/4

98

(n=16) (n=38)
n=6 n=5

n=10 n=20

n=6
n=7
/16 2/38
0/16  1/38

10-16 >16  Total
years years (n=91)
(n=19) (n=3)
n=1 n=2 n=19
n=40
n=12 n=0 n=18
n=6 n=1 n=14
119 o/3  5/91
1/19 0/3 3/91



5 — 10 years

0.01
(0.00-0.03)
7

(2-12)
0.07
(0.04-0.10)
14

(11-20)
0.10
(0.03-0.21)
62
(51-68)
0.23
(0.18-0.39)
56
(50-64)
0.06
(0.02-0.14)
36
(29-48)
0.20
(0.16-0.24)
44
(38-50)
17
(1.2-2.1)

1.3
(1.1-1.6)

Asthma
Allergy

Total IgE elevated
Specific IgE inhaled allergens of

present

n=19

n=8

n=17

n=8

n=17

n=8

10 - 16 years

0.01

(0.00-0.03)

6

(117) n=13

0.03

(0.01-0.16)

10

(5-28) n=11

0.07

(0.04-0.41)

63

(58-72) n=10

0.18

(0.10-0.35)

58

(54-65) n=11

0.04

(0.02-0.17)

36

(31-42) n=10

0.13

(0.08-0.25)

42

(31-45) n=1

17

(L4-2.3 n=10

1.4

(1.2-2.1) n=11
9-15
months
(n=8)
4/8**
1/8
0/6

Specific IgE food allergens

present

2

0/3

>16 years
0.01

(0.00-0.01)

9

(5-12) n=2
0.02

(0.01-0.03)

8

(5-11) n=2
0.05
(0.02-0.07)

62

(58-67) n=2
0.15

(0.13-0.16)

55

(55-55) n=2
0.03

(0.01-0.05)

38

(35-42) n=2
0.11

(0.09-0.12)

44

(42-46) n=2
1.6

(1.6-17) n=2
13

(1.2-1.3) n=2
15-24 2-5
months years
(n=6)  (n=7)
36" ol7
1/6 o/7
1/3 1/5
o/o 0/3
0/2 0/4

DS vs
AMC*
P<0.001

p<0.001

p<0.001

p=0.001

P<0.001

p<0.001

P<0.001

5-10
years
(n=19)
3/19
0/19

2/17

0/12

0/12

Age effect for Interaction DS

DS + AMC**  and AMCt
P<0.001 p=0.018

NS NS

P<0.001 NS

NS NS

P<0.001 P=0.04

NS NS

NS NS

10-16 >16 Total
years years (n=55)
(n=13) (n=2)

0/13 0/2 10/55
0/13 0/2 2/55
2/12 o/1 6/44
o/7 o/1 0/25
0/6 o/1 0/28

*0/11 means 0 out of 11 patients tested, etc. **It is doubtful whether these children will continue to have
the diagnosis of asthma in later years.*
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Figure 2. Immunoglobulin values in Down syndrome compared to reference values and children
suffering from recurrent infections. Values of IgG (A), IgA (B), IgM (C), IgG1 (D), IgG2 (E), IgG3
(F), and IgG4 (G) obtained in 88 DS children are shown as black dots. X-axis age in months; Y-axis
immunoglobulin levels (g/l). The grey areas represent the values between the p2.5 and p97.5 of the
determined immunoglobulin levels per age group in patients suffering from recurrent infections. Age
matched reference values (p2.5 and p97.5) are shown as a black line.”®*

100



increased infection rates (see Materials & Methods) in comparison to age-matched
reference values are shown in Figure 2. In Down syndrome, mean IgG and IgG1 are
already higher than the age-matched reference values from the ages of 2 and 3 years
onwards, respectively (one-sample t-test; p<0,05). Mean IgA and IgG3 are normally
distributed, but mean IgM and IgGz are lower in children with Down syndrome in
all age groups. IgG4 values are consistently very low in Down syndrome. Mean Ig
serum levels in the children without Down syndrome but with increased infection
rates are similar to Down syndrome for IgA and IgG2, but mean IgG is higher in
children with Down syndrome in some of the older age groups, and mean IgG1
and IgG3 are higher in Down syndrome from the ages of 3 and 2 years onwards,
respectively. Mean IgM and IgG4 are lower in Down syndrome than in the children
without Down syndrome but with increased infection rates in the older age groups.
We did not find any mono- or oligoclonal M-proteins in the 88 children with Down
syndrome tested. IgE is increased in 6 of the 44 children with Down syndrome
tested; 5 show high relative percentages of CD23* B-lymphocytes which are within
the range of the age-matched controls (one with asthma; data not shown). Specific
IgE testing of food and inhaled allergens is negative in all children tested.

DISCUSSION

The profound B-lymphocytopenia in children with Down syndrome, with
decreased transitional and naive B-lymphocytes as compared to age-matched
controls, is the most striking result of our study. There are no indications for release
of unusual numbers of “immature” B-lymphocytes from the bone marrow (CD10*,
CD20), the cells show the normal phenotype of the transitional and naive stages of
peripheral B-lymphocyte development.®* As stated before, this could be caused by
decreased B-lymphocyte proliferation due to a disturbance in T-lymphocyte help,
an intrinsic B-lymphocyte defect, or a combination of these.

Interestingly, the distribution of B-lymphocyte subpopulations is reminiscent
of the situation found in common variable immunodeficiency (CVID) patients:
CD27* cells, CD21"s" cells and CD23* cells are decreased in absolute and relative
numbers in the children with Down syndrome.?? These findings are suggestive of
an intrinsic defect in B-lymphocyte maturation in the periphery.

CD21 is the complement type 2 receptor; it has a role in the response to
polysaccharide antigens like pneumococcal capsular elements. These antigens
form a complex with CD21 on B-lymphocytes causing a T-cell-independent
response. The lower response to unconjugated pneumococcal vaccination and the
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increased rate of respiratory infections in Down syndrome could be related to this
decreased expression of CD21. Interestingly, a subgroup of CVID patients with
relatively increased CD21°" B-lymphocytes are more likely to develop splenomegaly,
auto-immune diseases and lower respiratory tract infections;* the latter two are
frequently found in Down syndrome as well.

CD23 is the low-affinity IgE-receptor (FceRII), it is a ligand of CD21. Together,
they stimulate B-lymphocyte proliferation and differentiation.” CD23-expression is
increased just before the class-switch from IgM to IgG, IgA or IgE.”” Besides, CD23
is involved in both positive and negative feedback-loops for IgE-homeostasis.””
Interestingly, both asthma incidence (RR 0.4, 95% CI 0.2-0.6) and IgE-levels are
decreased in Down syndrome,? which is consistent with our findings. Our results
suggest that increased IgE production is associated with a higher level of CD23
expression in children with Down syndrome.

The serum Ig values in children with Down syndrome - with or without
recurrent infections - and children without Down syndrome but with recurrent
infections are both abnormal, but differ from each other. Decreased IgGz is a well-
known abnormality in children with recurrent infections; this coincides with the
findings in Down syndrome. However, the increased IgG, IgG1, and IgG3, and
decreased IgM and IgG4 are only found in the children with Down syndrome.

In conclusion, we found that humoral immunity is disturbed in children with
Down syndrome. We could not differentiate between an intrinsic B-lymphocyte
defect and disturbed T-lymphocyte help as the most important cause based on our
present data. This question remains unanswered, and further studies are needed to
solve it.
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ABSTRACT

Background

Patients with Down syndrome carry immunological defects, as evidenced
by the increased risks for autoimmune diseases, hematological malignancies
and respiratory tract infections. Moreover, the low numbers of circulating
B cells suggest impaired humoral immunity.

Objective
We sought to study how the immunodeficiency in Down syndrome results
from immunological defects in the B-cell compartment.

Methods

We studied the blood B-cell subset composition, replication history, somatic
hypermutation status and class switch recombination in 17 children with Down
syndrome. Germinal center and plasma cells were studied in tonsils from 4
additional children with Down syndrome.

Results

Blood transitional B-cell numbers were normal, but naive mature and
memory B-cell numbers were reduced despite slightly increased serum BAFF
levels. Germinal centers and plasma cells in tonsil appeared normal, as were
serum Ig levels. CD27*IgD*IgM"* “natural effector” B cells showed reduced
proliferation and somatic hypermutation levels, while these were normal in
CD27'IgD memory B cells. Furthermore, IgM* and IgA*, but not IgG*, memory
B cells showed impaired molecular signs for antigen selection. The B-cell
pattern was highly similar to that of common variable immunodeficiency
patients with a defect in B-cell activation and proliferation.

Conclusion

Children with Down syndrome seem capable of normal germinal center and
plasma cell formation. Still, blood memory B-cell numbers were reduced and
showed impaired molecular maturation of IgA and IgM, which are important
for mucosal immunity. The observed molecular defects in circulating IgA and
IgM B-cell memory could reflect impaired local responses, which underlie the
increased susceptibility to respiratory tract infections of patients with Down
syndrome.
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INTRODUCTION

Down syndrome is the most common genetic cause of developmental delay in
humans and is associated with health issues that include hypotonia, congenital
heart disease and gastro-intestinal malformations. Furthermore, high incidences of
recurrentrespiratory tractinfections, hematological malignancies and autoimmune
diseases are reported,’3 which suggest an immune defect. Indeed, laboratory studies
have demonstrated abnormalities in the blood B- and T-cell compartments, as well
as decreased IgM, IgG2 and IgG4 levels and poor Ig responses to vaccines.*5

Upon antigen stimulation, naive mature B cells differentiate into memory B
and plasma cells. Activated B cells induce somatic hypermutations (SHMs) in the
variable regions of their Ig heavy and light chains. The mutated Ig molecules are
subsequently selected for antigen-affinity. In addition, the B cells can induce class-
switch recombination to change the IgH isotype region from IgM into IgG, IgA or
IgE. Based on their IgH isotype and expression of CD27, six memory B-cell subsets
can be identified in blood that have been derived from three distinct pathways
(Figure 1A).5

Some of the clinical and immunological features found in Down syndrome
resemble common variable immunodeficiency (CVID). CVID is a primary
immunodeficiency, characterized by sinopulmonary infections and idiopathic
hypogammaglobulinemia.” CVID has a heterogeneous pathophysiology, which
can be visualized by flowcytometric analysis of the blood B-cell compartment.?
In addition to memory B-cell defects, a subset of CVID patients carry increased
CD21""CD38 B cells. These CD21"" B cells are mostly naive, express highly
autoreactive antibodies, are more prone to die by apoptosis and display functional
anergy.’

To study how the immunodeficiency in children with Down syndrome results
from immunological defects in the B-cell compartment, we performed detailed
cellular and molecular analysis of their B lymphocytes. The results were compared
with age-matched healthy controls and the previously described CVID subgroups.?

METHODS

Patients

Clinical data, blood samples and tonsils were collected from children with
Down syndrome after written informed consent was obtained from their parents.
In addition, we collected blood from healthy age-matched controls and tonsils from
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Figure 1. Composition of the blood B-cell compartment in children with Down syndrome. A, Model
for B-cell maturation. B and C, Flow cytometric gating strategy to determine the described B-cell
subsets in a representative control (B) and a patient with Down syndrome (C). D, Absolute numbers of
B-cell subsets. E, Frequencies of CD21°"CD38" B cells. F, BAFF serum levels. Panels D-F include Down
syndrome patients (P1, P4-P8, P11-P17). Statistical analysis with Mann-Whitney test: ns, not significant; *,
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p<.05; *%, p<.01; **%, p<.001; , P<.000L

Table 1. PCR primers and UPL FAM-labeled hydrolysis probes for gene expression analysis

gene forward primer (5*- 3) position  reverse primer (5™-3') position UPL
(exon) (exon) probe
#
AID 2 ACTCTGGACACCACTATGGACA 1 GCGGACATTTTTGAATTGGT 2 69
PRDM1 ACGTGTGGGTACGACCTTG 1 CTGCCAATCCCTGAAACCT 2 67
IRF4 GTTCCTGAGGGAGCCAAAA 3 GGTGGCTCATGGACATCTG 4 65
XBP1 GGAGTTAAGACAGCGCTTGG 3 CACTGGCCTCACTTCATTCC 4 37

UPL, universal probe library (Assay Design Center; Roche)
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otherwise healthy children undergoing tonsillectomy for medical reasons. This
study was performed according to the Declaration of Helsinki and the guidelines
of the Medical Ethics Committees employed by the Jeroen Bosch Hospital and the
Erasmus MC.

Flow cytometric analysis of lymphocytes in blood and tonsil

Absolute counts of blood T, B and natural killer cells were obtained with
a diagnostic lyse-no-wash protocol. Furthermore, 8-color flow cytometric
immunophenotyping was performed as described before to detect transitional,
naive mature, CD21%, 6 memory B-cell subsets and plasma cells on a 3-laser FACS
LSRII (BD Biosciences; Figure 1B and C).* Germinal center B cells (CD19*CD38*IgD)
and plasma cells in tonsil (CD38") were defined as previously described.®

Transitional, naive mature, natural effector and CD27*IgD" memory B cells were
high-speed cell sorted to >95% purity on a FACSAria I (BD Biosciences) as described
before.

Histology and immunohistochemistry of tonsils

The tonsil specimens were fixed in formalin, embedded in paraffin, and stained
with hematoxylin and eosin. Immunohistochemistry was performed according
to standard procedures involving monoclonal antibodies against CD3 (SP7), CD21
(2G9, both Thermo Scientific), CD20o (L26), CD138 (MIi5, both DAKO) and PD1
(NAT105, Abcam).

Quantification of BAFF serum levels
BAFF serum levels were measured by ELISA and analyzed in duplicate according
to the manufacturer’s instructions (R&D Systems).

Invitro plasma cell differentiation of purified B cells from tonsils

Resting B cells from tonsils were purified and cultured with combinations of
anti-IgM F(ab’)2, anti-CD40, CpG ODN2006 and IL-21 as described earlier.* Cells
were harvested after a 6-day culture for TagMan-based quantitative RT-PCR on a
StepOnePlus (Applied Biosystems). Target gene expression levels were determined
with intron-spanning primes and fluorogenic probes (Table 1), corrected for ABL
expression levels and expressed as fold difference from uncultured naive cells.”” All
quantitative RT-PCR reactions were performed in duplicate.
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Molecular analysis of replication history and Ig gene
rearrangements

DNA was isolated from each sorted subset for analysis of the replication history
with the Kappa-deleting Recombination Excision Circles (KREC) assay and the Igk
restriction enzyme hot-spot mutation assay (IgkREHMA) as described previously."

IGA and IGG transcripts were amplified and cloned from cDNA prepared from
mononuclear cells, using IGHV3 and IGHV4 leader primers and consensus Co or Cy
reverse primers.®'> In addition, IGHV3/4-IGH] rearrangements were amplified from
DNA of sorted natural effector B cells. Sequences were generated on an ABIPRISM
3130XL and analyzed with the IMGT (http://imgt.cines.fr/), JoinSolver (http://
joinsolver.niaid.nih.gov) and BASELINe programs (http://selection.medyale.edu/
baseline/).+

Statistics

Statistical analyses were performed using the Mann-Whitney test (SPSS version
18.0), or y2 test as indicated in Figure legends. A P-value <0.05 was considered
statistically significant.

RESULTS

Clinical and basic immunological characterization

Blood samples were obtained from 17 patients (6 male), aged 7-17 years, at
their routine annual visit to the outpatient clinic for Down syndrome. Tonsils
were obtained from 4 children (3 male, 3-5 years old) with karyotype confirmed
diagnosis of Down syndrome following scheduled tonsillectomy. Basic clinical and
immunological information of these patients is shown in Table 2. Patients were
selected on the absence of malignancies and serious respiratory tract infections that
required admission to a pediatric intensive care unit. Ear, nose and throat (ENT)-
problems, viral induced wheezing and autoimmune mediated hypothyroidism
were common, as expected.

Circulating T and NK cells were in the low-normal range, whereas B-cell
numbers were below the 5% percentile of the normal range in 10/17 patients (Table 2).
The distribution of Ig serum levels was altered as previously described in Down
syndrome.*5* Thus, the clinical and basicimmunological parameters of the patients
in our study population were in line with previous studies and representative for
children with Down syndrome." 520
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Composition of the blood B-cell compartment in children with Down
syndrome

To study the nature of reduced total B-cell numbers, we performed detailed
flowcytometric analysis in 13 Down syndrome patients and compared these with
43 age-matched healthy controls (Figure 1B, C and D). The children with Down
syndrome had normal numbers of CD27IgM*IgD*CD24"e"CD38"e" transitional
B cells, whereas CD27IgM*IgD*CD24%mCD38%™ naive mature B cells were
significantly decreased (Figure 1D). Since soluble BAFF is a critical survival factor
for mature B cells,” we quantified serum BAFF levels. These were slightly increased
in Down syndrome, rather than declined, as compared with age-matched controls
(Figure 1F). This indicates that serum BAFF levels are not limiting and might even
be increased as a result of reduced usage by the low numbers of mature B cells.

Of the 6 memory B-cell subsets, CD271gD IgM* ‘IgM-only’ B cells were normally
present, but both natural effector B cells and CD27'1gG*, CD27'IgA*, CD271gG*
and CD271gA class-switched memory B-cell numbers were significantly lower in
Down syndrome patients than in healthy controls. In contrast, circulating plasma
cell numbers were increased in Down syndrome patients. Together with normal to
high levels of serum IgG and IgA (Tables 2 and 3), this indicates that Ig responses
can take place in patients with Down syndrome, but these patients seem defective
in generation and/or maintenance of T-cell dependent and T-cell independent
memory B cells.

Of the 13 Down syndrome patients, 10 had natural effector and/or CD27'IgDr
memory B-cell numbers that were below the 5% percentile of the normal range of
age-matched controls (Table 4). These 10 patients could be assigned to one of the
previously identified B-cell patterns in CVID patients: 4 patients displayed pattern 2
(defectin early B-cell maturation or survival; 2 patients with pattern 3 (defect in B-cell
activation and proliferation); 4 patients with pattern 4 (defect in germinal center
function). The other 3 patients showed a normal B-cell composition (pattern 5).2
There was no association between age and type of B-cell pattern. The average B-cell
subset composition of Down syndrome patients was most similar to CVID pattern 3
(CVID-3; Figure 1D) with the exception of the additional reduction in CD27IgA*
B cells and the normal numbers of IgM-only B cells and circulating plasma cells.

Interestingly, CD21°*CD38"" B cells were increased in all patients with Down
syndrome, irrespective of age (Figure 1E). This clearly contrasted the CVID-3 group,
which showed mostly normal frequencies of CD21°" B cells.® Thus, patients with
Down syndrome seem to carry defects in B-cell activation, similar to CVID-3, but
their B-cell phenotype is unique, especially with regards to circulating plasma cells
and CD21v B cells.
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<+ Table 2. Clinical and basic immunological characteristics of patients with Down syndrome

None of the children were ever admitted to a Pediatric Intensive Care Unit due to serious respiratory
tract infections or showed signs of celiac disease, diabetes mellitus, hematological malignancies, asthma
or allergy. * History of use of inhaled B2-adrenergic receptor agonists and/or corticoids. + Hypothyroid
disease for which thyroid hormone replacement therapy was started and anti-TPO values were increased
(>25U/L). f Patients with normal thyroid function but increased anti-TPO values (>25U/L). Values of
lymphocyte subsets and immunoglobulin levels below and above age related normal values are marked
in bold and italic font, respectively. For normal values of immunoglobulin levels see Table 3. For normal
values of lymphocyte subsets see Comans-Bitter et al.°

Table 3. Normal values of serum immunoglobulin levels
Age group IgA(g/L) IgM(g/L) IgG(g/l) IgGi(g/l) IgGa(g/l) IgG3(g/l) IgG4 (g/L)
7-12 year 0.3-2.0 0.5-2.0 6.0-12.3 3.8-10.0 0.9-5.0 0.15-1.5 0.03-2.1
>12 year 0.7-4.0 0.4-2.3 7.0-16.0 3.8-10.0 0.9-5.0 0.15-1.5 0.03-2.1

Data represent 5 and 95 percentiles and are obtained from De Vries et al.’®

Table 4. Absolute numbers of blood B-cell subsets and designation to CVID patterns

Patient age total Transitional Naive  Natural CD27'IgD plasma CVID
B cells mature effector memory cells pattern®
(yr)  (cells/pl) (cells/pl) (cells/pl) (cells/ul) (cells/ul)  (cells/pl)
P1 7 296 45.6 206.5 18.0 12.7 3.5 4
Pq 7 310 437 167.8 337 251 303 5
P5 8 153 217 103.4 6.9 9.5 8.4 2
P6 8 219 33.5 1427 10.5 14.2 10.3 3
P7 9 87 8.7 52.7 12.5 5.5 1.2 2
P8 10 126 12.9 87.6 77 5.1 8.8 2
Pu 1 406 61.3 309.9 13.8 4.5 6.9 4
P12 14 120 4.9 90.6 4.2 7.8 8.4 3
P13 15 40 2.9 21.1 2.9 5.5 2.6 2
P14 17 68 1.6 34.9 12.0 10.8 6.4 4
P15 17 167 57 115.7 20.1 16.2 7.9 5
P16 17 60 3.9 100.4 10.2 22.4 2.4 5
P17 17 68 4.9 39.8 10.1 5.0 1.9 4
controls
(5-95 percentiles) 5-10 11-77 111-486 15-88 13-100 1-15 -
controls 11-16 4-108 87-390 7-90 10-76 0.5-20 -
(5-95 percentiles)
controls >16 3-50 57-447 9-88 13-122 1-23 -
(5-95 percentiles)

Subnormal values are shown in bold font. Increased numbers are shown in italics.

* Definition of CVID subgroups: 2, Decreased naive mature, natural effector and CD27*IgD memory; 3,
normal naive mature, decreased natural effector and CD27'IgD" memory; 4, normal naive mature and
natural effector, decreased CD27'IgD; 5, normal numbers of all indicated B-cell subsets.®
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Figure 2. Germinal center composition and plasma cell maturation. A, Tonsil sections of a representative
patient with Down syndrome. B, Frequencies of CD38*IgD" germinal center B cells and C, CD38" plasma
cells D, Gene expression levels in naive B cells following 6-day stimulation, expressed as fold difference
from uncultured naive cells. Statistical analysis with the Mann-Whitney test.

Germinal center formation and plasma cell maturation

To study whether the defects in blood memory B cells resulted from impaired
immune responses, we analyzed tonsils of children with Down syndrome. The
tonsil sections were unremarkable and demonstrated a normal make-up of the
lymphoid tissue with variable numbers of well-proportioned secondary lymph
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follicles (Figure 2A, B and C). The germinal centers harbored light zones and dark
zones containing proliferating B cell blasts, as well as networks of CD21* follicular
dendritic cells and PD-1* follicular helper T cells.

Total plasma cell frequencies were slightly increased (Figure 2C), and in each
tonsil, subsets expressing of IgM, IgA or IgG were found (not shown). To study
B-cell activation and plasma cell differentiation, naive B cells obtained from tonsils
were stimulated with anti-IgM and IL-21 in combination with anti-CD4o0 or CpG to
mimic T-cell help and T-cell independent TLR signaling respectively. B cells from
children with Down syndrome normally upregulated AID gene expression levels.
Anti-CD40 stimulation resulted in normal upregulation of IRF4 and XBP1, while
PRDM1 transcription was lower than in controls. CpG induced more transcription
of all three genes in controls, but not in Down syndrome patients (Figure 2D). Thus,
naive B cells in patients with Down syndrome can induce plasma cell differentiation,
although this may be slightly less efficient than controls, especially following T-cell
independent stimuli.

Distinct phenotypic alterations in IgM*, IgA* and IgG* memory
Bcells

To further study defects in B-cell memory, we first analyzed expression of typical
memory markers on B-cell subsets of the patients. Naive mature B cells from Down
syndrome patients seemed normal with low expression of CD80, CD95 and TACI
(Figure 3). In contrast to CD27'IgG* memory B cells, natural effector and CD27'IgA*
memory B cells showed impaired upregulation of CD8o. All three memory subsets
show increased upregulation of CD95. TACI was higher on natural effector B cells of
Down syndrome patients than of controls, but it was normally upregulated on IgG
and IgA memory B cells. These phenotypic profiles demonstrate that IgM memory,
represented by natural effector B cells, is mostly affected in Down syndrome
patients, while IgA and IgG are less affected.

Molecular analysis of antigen-driven B-cell maturation in Down
syndrome and CVID-3

In addition to phenotypic analysis of memory B-cell subsets, we performed
molecular analysis of their replication history, somatic hypermutations and Ig
class-switch profiles. Transitional B cells of Down syndrome patients, CVID-3 and
controls showed no proliferation or SHM (Figure 4A and B), confirming their status
of recent bone marrow emigrants.”® Naive mature B cells of Down syndrome and
CVID-3 patients showed homeostatic proliferation of 1-2 cell divisions in absence of
SHM, which was also not significantly different from the healthy controls.
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Figure 3. Abnormal immunophenotypes of memory B-cell subsets of Down syndrome patients.
Expression levels of A, CD8o (L307.4), B, CDg5 (DX2) and C, TACI (goat polyclonal) on naive mature,
natural effector, CD27IgA* and CD27IgG* memory B cells. MFI, median fluorescence intensity. Data
shown from 4 patients with Down syndrome (P7, P13, P16, P17) and 4 healthy controls.

Natural effector B cells of Down syndrome and CVID-3 patients showed
proliferation in conjunction with SHM. Still, these levels were significantly lower
than healthy controls. Proliferation of CD27*IgD" B cells of Down syndrome and
CVID-3 patients was similar to controls, but these cells showed reduced frequencies
of mutated IGKV3-20 alleles in patients with Down syndrome. IgA and IgG subclass
analysis of rearranged IGH transcripts of Down syndrome patients revealed no
difference in usage as compared to healthy controls. The normal use of IGHM-
downstream IgG2, IgG4 and IgA2 indicates that Ig class switching to downstream
constant regions was not impaired (Figure 5). The effects on proliferation, SHM and
class switching were not age-related. Thus, antigen-dependent B-cell maturation is
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clearly impaired in patients with Down syndrome, especially in natural effector B
cells.

Targeting of somatic hypermutations

More detailed mutation analysis in IGHV genes showed decreased SHM
frequencies in natural effector B cells (Figure 4C). In contrast to the [gkREHMA
assay, SHM frequencies were normal in IgA and IgG memory B cells (Figure 4C),
and no differences were seen in SHM frequencies for the various IgA and IgG
subclasses (Figure 5B and C).

To study whether the SHM processes were induced normally in memory B
cells of Down patients, we analyzed targeting of mutations to sequence motifs.*
Natural effector B cells of Down patients had significantly decreased targeting
of the RGYW DNA motifs (R = purine, Y = pyrimidine, and W = A or T) that are
direct targets of Activation-Induced Cytidine Deaminase (AID) (Table 5). IgA and
IgG transcripts showed normal RGYW targeting. Furthermore, natural effector and
Ig-class switched memory B cells showed normal transition/transversion ratios,
as well as normal WA/TW targeting. Thus, memory B cells of Down syndrome
patients showed normal repair of AID-induced lesions, and the only defect appears
to be reduced AID activity in natural effector B cells.

Molecular analysis of Ig selection processes

In healthy individuals, the use of inherently autoreactive IGHV4-34 genes
and long complementarity determining regions in IGH (IGH-CDR3) are counter-
selected in memory B cells and therefore less frequent than in naive B cells.® %
Natural effector B cells of controls and Down syndrome patients showed smaller
IGH-CDR3 than naive mature B cells of healthy controls (Figure 6A). However,
we did not observe decreased use of IGHV4-34 in natural effector B cells of either
controls or Down syndrome patients (Figure 6B). IGH-CDR3 sizes and IGHV4-34
use were decreased in IgA and IgG transcripts of both controls and patients as
compared with naive mature B cells (Figure 6). Still, the median IGH-CDR3 size of
IgA transcripts in Down syndrome patients was significantly larger than in controls.
Furthermore, the use of IGHV4-34 was slightly, but not significantly increased
in IgA and IgG transcripts of patients with Down syndrome as compared with
controls. Thus, despite minor differences with healthy controls, natural effector and
Ig class switched memory B cells of patients with Down syndrome showed normal
molecular signs of Ig repertoire selection.

Both controls and Down syndrome patients revealed increased replacement/
silent mutation (R/S) ratios in regions as compared to FR in (Table 5 and Figure 7).
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Figure 5. IGHV mutation frequencies of distinct IgA and IgG subclass transcripts. A, Distribution of IgA
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center of each plot. No significant differences in subclass usage. The frequency of mutated nucleotides
in IGHV genes are shown for the two IgA subclasses (B) and IgG subclasses (C). Each dot represents a
transcript from a healthy control (light grey) or a patient with Down syndrome (dark grey), with red lines
indicating the median value for each category. The total number of analyzed transcripts is shown in
brackets. 27-45 sequences from 4 patients (P1, P9-11) and 18-52 sequences from 4 controls were obtained
for IgA and IgG transcripts.

However, the increased R/S ratios in CDR vs FR do not necessarily reflect selection
processes, because the codon usage in CDR differs from FRin their nature to be more
susceptible to replacement mutations.*** Therefore, we analyzed the IGH sequences
with the BASELINe program that determines whether the mutation patterns
differed from what can be expected from random targeting.* Similar to previous
observations, we found positive selection for CDR and negative selection for FR in
natural effector, IgA and IgG memory B cells in healthy controls (Figure 4D; dotted
lines). The differences between selection in CDR and FR were highly significant. In
contrast, natural effector B cells of Down syndrome patients did not show positive
selection of replacement mutations in CDR. While IgA and IgG transcripts of Down
syndrome patients showed significant selection for replacement mutations in CDR,
the selection strength of IgA was significantly lower than in healthy controls. Thus,
in addition to the phenotypic profiles, natural effector and IgA memory B cells
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memory B cells.

(A) IGH-CDR3 size distributions. Black lines represent median values; the dashed line represents
median value for centroblasts (n=67). Analysis with student’s t-test. “p<0.05. (B-D) IGHV4 gene usage
in natural effector (B), IgA (C) and IgG (D) memory B cells of Down syndrome patients. The arrows
indicate IGHV4-34 gene usage. The total numbers of analyzed transcripts are shown in brackets. Panel
A-D include 23-28 sequences from 4 patients (P1, P8, P11 and P12) and 10-18 from 6 controls for natural
effector B cells, and 27-45 sequences from 4 patients (P1, P9-11) and 18-52 sequences from 4 controls for

IgA and IgG transcripts.

123




‘syduosuer) H37 pue y3] 103 s[o1U0d ¥ wro1y saduanbas ¢6-g1 pue (I-64 ‘1) syuaied
¥ wo1j saouanbas Sb-L7 pue ‘s[[ad g 10192]J [EINIRU 10] S[OIIUOD 9 WIOIJ Q1-0T PUE (21 PUR 114 ‘8d ‘1) sluaned ¥ wio1j saduanbas gz-Ez apniput -y S[aUB{ 's19)Je1q Ul
umoys a1e s)dLsuen pazATeue Jo SIaqUINU [e10) 31 ], 'U0I3a1 SUTUTULI)SP A11TRIUSUIS]AWI0D $310UP (D PUE UOTISI YIOMIUTRIJ S3]0UP Y] "(U013AI £ 1) JO UOPOD
1se]) YOI 01 (duanbas 1awrtid Suimor[o] uopod 1s11j) oz woij Juniels uonisod poe ourtwe yoea Je suoneInw juaurade[da jo A>uanbaig oy syuasaidai req yoeq -QysLy)
QWOIpUAS UMO( YIM sjuaried pue (3j3]) S[OIIUOD W] (D) S[[d g Atowawr .H3] pue () s[e2 g Arowawr ,y3] (V) S[[22 g 10309JJd [EINIEU 10] PAUIULIDIOP 1B SAUT
AHDI PaSuelIeal ur suoneInu Jusurade[dal Jo uonnqrsi(q s19sqns [[93-g AIowaw ur sauad AHOT paSuelreal ur suorenur Juauwade|dal jo uonnquisiq L amdig

(sp1oe oulwe ui) uonisod (sp1e oulwe ul) uonisod

3383 NS e 335388s: .

S}

nsqns

=
54

(s1d1dsuey [e303 JO %) uonN
=3
<+
(s3dusue1y €30} JO %) UoMNSNS

09 09
—_— —_— f —_— —_—
€44 T§ad 744 L4as [:E} 08 €44 T§ad facE] L¥as [RE] 08
(£¥L=U) awoipuks umoq (Sz1=u) sjoiu0d Ayyjeay paydjew-abe )
v (sp1e ourwe ui) uoiyisod v v (sp1e oulwe ui) uoiyisod v
0 0 .
£ 5
- L
0§ { _ — 0z 3
H 2
g g
or & or =
E F
2 2
—— — —— ——1 3
€44 4a dd L4as (L] 09 & €44 4a dd L4as 144 09 <
(51 L=u) dwoipuAs umoqg (€11=u) sjoiu0d Ayyjeay paydjew-abe q
Y (sp1e ourwe ui) uoiisod v v (sp1e oulwe ul) uonisod v
25533 — . 2533588 o
" 0 .
5 &
oL E oLE
o g
S ]
0z 2 0z %
Y Y
0 § oe §
g g
or 3 or 2
=5 ST N -5 e
€44 4a dd L4as (L] 0s & €44 4a dd L4as (L] 0s £
(£01=U) dwoipuks umoq (16=U) s|013u0d Ay3jeay paydjew-abe

<

124



showed defects in molecular maturation, whereas IgG memory B cells appeared
normal.

DISCUSSION

Through cellular and molecular analysis of the B-cell compartment, we showed
specific defects in B-cell memory in patients with Down syndrome. CD27* memory
B cells were reduced in number and displayed impaired proliferation and antibody
maturation. The B-cell pattern was reminiscent of a subgroup of CVID patients
with a potential defect in B-cell activation (CVID pattern 3).® Still, in contrast to
CVID, patients with Down syndrome had normal germinal centers, high numbers
of plasma cells and normal Ig serum levels. Thus, in addition to their anatomical
and physiological abnormalities of the respiratory tract, Down syndrome patients
carry B-cell memory defects that may contribute to the increased frequency of
respiratory tract infections.

Our detailed analysis of the blood B-cell compartment in patients with Down
syndrome revealed a decrease in naive mature B cells. This decrease can be the
result of reduced output from bone marrow, reduced homeostatic proliferation
or impaired survival. Patients with multisystem DNA-repair disorders such
as Nijmegen Breakage Syndrome or Ataxia Telangiectasia display a humoral
immunodeficiency with reduced B-cell output due to impaired DNA repair during
V(D)J recombination in bone marrow.?*% This is reflected by reduced transitional
B cells and increased homeostatic proliferation of naive mature B cells, reminiscent
of CVID pattern 1.8 However, none of our Down syndrome patients showed this
B-cell pattern. It is therefore less likely that their reduced B-cell compartment is the
result of impaired bone marrow output.

Homeostatic proliferation of naive mature B cells in Down syndrome seemed
normal with ~2 cell cycles in absence of SHM. This leaves impaired survival as the
most likely cause of the reduced naive B-cell compartment. This is supported by
previous studies that showed increased apoptosis of B cells in patients with Down
syndrome.3»3 However, we found that the critical cytokine for naive B-cell survival,
BAFF, was slightly increased in serum of patients. Unfortunately, we were unable
to study BAFF-R expression on B cells. Low BAFF-R expression could contribute to
the observed decreased survival. B-cell survival is also dependent on macrophage
migration-inhibitory factor (MIF) produced by bone marrow-resident dendritic
cells.>* Circulating dendritic cells are decreased in patients with Down syndrome,*
which could be associated with impaired production of MIF and underlie the
reduced naive B-cell numbers in Down syndrome.
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On top of decreased naive mature B-cell numbers, circulating CD27* memory
B cells were also reduced in patients with Down syndrome. Both natural effector
and IgD" memory B-cell subsets showed increased expression levels of the FAS
receptor (CD9s), which is also known as the death receptor that induced apoptosis.*
Increased CDos5 expression levels can tip the balance between BCR-induced
survival and CDg5-induced cell death, thereby negatively affecting memory B-cell
numbers.’”3#

In addition to more CDg5 expression, natural effector B cells showed impaired
proliferation and SHM levels, and defective selection for replacement mutations
in CDR. Thus, on top of a potential survival defect, Down syndrome patients are
defective in generation of IgM* B-cell memory. Since IgM responses are important
for clearing blood borne pathogens,® this defect could underlie the increased
susceptibility of patients with Down syndrome to blood borne infections.*° Children
with genetic defects in myeloid differentiation primary response gene 88 (MyD88),
TIR domain-containing adaptor protein (TIRAP) and interleukin 1 receptor-
associated kinase 4 (IRAK4) Toll-like receptor signaling experience invasive bacterial
infections.# Recently, MyD88-TIRAP-IRAK4-dependent signaling was found to
be critical for generation of homeostasis of natural effector B cells.** However,
the natural effector B cells in these immunodeficient children carry normal SHM
frequencies.# Thus, patients with Down syndrome might have a TLR signaling
defect that could contribute to the observed deficiency in natural effector B cells in
patients with Down syndrome, but it is unlikely that this is the single cause.

A specific subset of neutrophils was recently shown to support splenic marginal
zone B-cell responses.® Since neutrophil abnormalities have been described in
Down syndrome,* 4 it is possible that these contribute to our observed defects
in circulating natural effector B cells. Because these B-helper neutrophils do not
circulate in blood, this would require further study of spleen tissue, which we were
unable to obtain.

In addition to natural effector B cells, IgA and IgG memory B cells were reduced
in patients with Down syndrome. Despite normal SHM levels, IgA transcripts
showed impaired molecular selection. Although serum IgA and IgM levels were
found normal, these defects might impair local mucosal immunity considering
their role in the respiratory and intestinal tract. Despite reduced numbers, IgG
B-cell memory seemed quite normal in phenotype and molecular maturation in the
patients that we studied. This fits in with the generally mildly affected responses
to vaccinations in patients with Down syndrome.#### These features might at least
partly explain why patients in this age range (7-17 years) are less susceptible to
recurrent respiratory tract infections than very young children of <5 years old.> 5
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We identified increased CD21°% B-cell numbers in patients with Down
syndrome. Since these cells are also increased in autoimmune diseases as well
as CVID patients with autoimmune phenomena,® % this could be related to the
increased risk for autoimmune disease in Down syndrome. However, we did not
observe increased IGHV4-34 usage or long IGH-CDR3 in memory B cells of our
patients, indicating that not all autoimmunity selection checkpoints are affected in
B cells of Down syndrome patients.*

Most of the Down syndrome patients we studied showed abnormalities in their
blood B-cell compartment that fitted with one of the previously published CVID
patterns.® Despite the memory B-cell defects, germinal centers, plasma cells and
serum Ig levels were normal in Down syndrome patients. Because defects in Ig
levels are the hallmark of CVID, Down syndrome patients do not meet the CVID
criteria. Still, the reduced memory B cell numbers in Down syndrome patients
were suggestive of a defect in B-cell activation and proliferation (CVID pattern 3).
Together with the impaired molecular maturation of IgM and IgA memory, these
defects in B-cell memory might have implications for subsequent encounters with
the same pathogen and hence the susceptibility to recurrent infections. Thus, our
study indicates that analysis of immune-competence in Down syndrome patients
should include analysis of (mucosal) IgA and IgM responses.
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ABSTRACT

Down syndrome resembles immunodeficiency with increased infections,
auto-immune diseases and haematological malignancies. Until now,
immunological studies in Down syndrome mainly focused on T-lymphocytes.
We recently described a profound B-lymphocytopenia in children with Down
syndrome. Thiscouldbecausedbyincreased apoptosis. Therefore,wedetermined
expression of flowcytometric markers for apoptosis (Annexin-V and propidium
iodide) on peripheral lymphocytes in 72 children with Down syndrome and 32
age-matched controls. Within the total lymphocyte compartment, apoptosis
was more pronounced in Down syndrome; it increased with age. Moreover,
apoptosis was highest within the B-lymphocyte compartment which may be a
contributing factor to the B-lymphocytopenia found in Down syndrome.
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INTRODUCTION

Down syndrome, or trisomy 21, is associated with increased, mainly respiratory,
infections, auto-immune diseases and haematological malignancies, suggesting
impaired immunity. Indeed, many alterations of the cellular and humoral immune
system have been found in patients with Down syndrome.! Whereas the function
and number of T-lymphocytes have been the focus of immunological studies in
Down syndrome for many years, we recently showed that children with Down
syndrome also have a striking B-lymphocytopenia which is more profound than
the decreased number of T-lymphocytes.2

Since apoptosis plays an important role in lymphocyte homeostasis, we studied
the expression of flowcytometric apoptosis markers on peripheral lymphocytes
and lymphocyte subpopulations in a large cohort of children with Down syndrome.

METHODS

Study population

After parental informed consent, an extra 3ml of EDTA blood was drawn
during routine follow-up of thyroid function in 72 otherwise healthy children with
Down syndrome at the Jeroen Bosch Hospital, ‘s-Hertogenbosch, and the Rijnstate
Hospital, Arnhem, the Netherlands. Leftover EDTA blood of 32 healthy age-matched
controls who underwent a regular venipuncture for pre-operative screening served
as control. The Medical Ethics Commitees of both hospitals approved the study.

Immunophenotyping

Within 6 hours after sample collection, three-color flowcytometric
immunophenotyping was performed on a FACSCan or FACSCalibur flow cytometer
(BD) to determine relative lymphocyte subpopulations of CD3* T-lymphocytes,
CD3*CD4" helper T- (Th-) lymphocytes, CD3*CD8" cytotoxic T-(Tc-) lymphocytes,
CD19* B-lymphocytes and CDi6and/orCD56*CD3 NK-cells in both children
with Down syndrome and age-matched controls children as described earlier. +
Annexin-V fluoresceine-isothiocyanate (AV; FITC, Becton Dickinson Pharmingen
(BD), San Jose, CA, USA) and propidium iodide (PI; Sigma-Aldrich, St. Louis, USA)
staining took place after mononuclear cell separation on a Ficoll density gradient
(Amersham Biosciences, Uppsala, Sweden). The stages of apoptosis were determined
within the lymphogate and defined as AV/PI viable cells, AV*/PT early apoptotic
cells, AV*/PI* late apoptotic cells and AV/PI* dead cells.
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Isolated mononuclear cells were resuspended in 10% bovine serum albumin/
Rosewell Park Memorial Institute (RPMI) medium to a concentration of
0.25x10° cells/L and cultured for 16 hours in an incubator (37°C, 5% CO,). After
culture, the sample was divided in several aliquots. The first aliquot was used
for flowcytometric analysis of AV/PI. For the AV/PI staining, unlabeled cells
resuspended in AV-buffer were stained with AV-FITC and PI. The other aliquots were
used for determining lymphocyte subpopulations. Within these subpopulations
AV-expression was measured. Labeled cells were washed with PBS, resuspended
in AV-binding buffer (2-8°C; BD) and incubated with AV (FITC or PE; BD) for 15
minutes in ice water for this purpose. After AV-staining, the cells were washed with
AV-binding buffer and immediately analyzed. Due to the small sample sizes we
were not able to perform all tests for each patient.

Statistics

The independent-samples t-test (p<0.05) was used to compare the results
between Down syndrome and age-matched controls and assess differences between
clinical features. Comparison of values at t=0 and t=16 hours was performed using
the paired-samples t-test. Bi-variate correlation between age and expression of
AV and PI was assessed using Pearson’s correlation coefficients. All analyses were
performed with SPSS 17.0 for Mac OS X.

RESULTS

The absolute numbers of total lymphocytes as well as T- and B-lymphocytes,
are decreased in children with Down syndrome compared to age-matched controls
(p=0.001, p=0.013 and p<0.001, respectively), as described earlier (Table 1).>5 At t=0
(Down syndrome n=58 and age-matched controls n=28) the percentage of viable
lymphocytes in children with Down syndrome is decreased (p<0.001) and the
percentage of early and late apoptotic cells is increased (p<0.001) compared to age-
matched controls (Figure 1). The distribution of AV/PI-staining is similar in all ages
in age-matched controls, whereas in children with Down syndrome the percentage
of viable lymphocytes decreases with increasing age at t=0 (r=-0.388, p=0.003). Also,
the percentages of early apoptotic and dead lymphocytes correlate positively with
increasing age at t=0 (r=0.268, p=0.04 and r=0.335, p=0.01, respectively). For age-
matched controls, there is a significant correlation between the absolute number of
lymphocytes and the percentage of viable cells at T=0 (r=0.499, p=0.007). Compared
to t=0, both Down syndrome and age-matched controls (Down syndrome n=53 and
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Figure 1. Stages of apoptosis in Down syndrome and age matched controls at inclusion (t=0; Down
syndrome n=58 and age-matched controls n=28) and after 16 hours of culture (t=16; Down syndrome
n=53 and age-matched controls n=26) divided in AV-/PI- viable cells (white), AV+/PI- early apoptotic cells
(light grey), AV+/PI+ late apoptotic cells (dark grey) and AV-/PI+ dead cells (black).

501
45 1
401
351
301
251

¥% * FHX
20
15
10+
e s
0 T T T .
T Th Tc B NK

Figure 2. Relative expression of Annexin V (AV) on lymphocytes after 16 hours of culture in Down
syndrome (black bars) and age-matched controls (grey bars) divided in T-lymphocytes (T), helper
T-lymphocytes (Th), cytotoxic T-lymphocytes (Tc), B-lymphocytes (B) and NK-cells (NK) (Down
syndrome: n=55, 57, 58, 42, 53 and age-matched controls: n=26). Results of independent t-tests between
Down syndrome and age-matched controls are presented: * p<0.05, ** p<0.01, *** p<0.001. The error bars
represent the 95% confidence interval.

*AK *% *

age-matched controls n=26) show a similar decreased percentage of viable cells and
increased percentage of late apoptotic and dead lymphocytes at t=16.

The percentage of apoptotic cells (AV*) within the T- and B-lymphocyte and
NK-cell subpopulations at t=16 is increased in children with Down syndrome
compared to age-matched controls (p<0.001, p=0.011 and p<0.001, respectively;
Figure 2). In both Down syndrome and age-matched controls, the percentage of AV*
cells is highest within the B-lymphocyte subpopulation. In Down syndrome, the
percentage of apoptotic AV cells is higher in cytotoxic T-lymphocytes than in helper-
T-lymphocytes, whereas in age-matched controls the opposite results are found.
There was no correlation between absolute numbers of lymphocyte subsets and AV
expression at T=16. Between t=0 and t=16, the relative number of B-lymphocytes
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Figure 3. Relative distribution of T-lymphocytes (light grey), B-lymphocytes (black) and NK-cells in
Down syndrome and age-matched controls at inclusion (t=0) and after 16 hours (t=16). Between t=0
and t=16 the relative number of B-lymphocytes decreases and the relative number of T-lymphocytes
increases (p<0.001) in Down syndrome and age-matched controls. Only in age-matched controls, the
percentage of NK-cells also decreased significantly between t=0 and t=16 (p=0.011).

decreases and the relative number of T-lymphocytes increases (p<0.001) in Down
syndrome and age-matched controls. Only in age-matched controls, the percentage
of NK-cells also decreased significantly between t=0 and t=16 (p=0.011; Figure 3).
Moreover, an increasing CD4/CD8 ratio is found in Down syndrome (t=0: 1.33, t=16:
1.80, p<0.001) as well as age-matched controls (t=0: 1.82, t=16: 2.39, p<0.001).

DISCUSSION

We found increased circulating apoptotic lymphocytes in children with Down
syndrome in comparison to age-matched controls. Likewise, Antonucci et al.
published increased apoptosis of peripheral blood cells in Down syndrome in 1997;
this was evaluated by electron microscopy, in situ nick translation, and agarose gel
electrophoresis.® Since then, flow cytometric techniques have been introduced.
With these, Elsayed et al. also found increased relative numbers of early apoptotic T-
and B-lymphocytes in 17 children with Down syndrome (aged 4 months - 14 years),
and Corsi et al. described increased early apoptosis of T-lymphocytes in Down
syndrome.® Bloemers et al. reported normal fractions of apoptotic naive CD4* and
CD8* T-lymphocytes in children with Down syndrome,® which suggests that the
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presence of apoptosis may be different between specific circulating T-lymphocyte
subpopulations.

In contrast to Elsayed et al. we collected data from a large group of children with
Down syndrome, which allowed us to determine the effect of age. We found that with
increasing age, less circulating viable lymphocytes are present in Down syndrome.
In both Down syndrome and age-matched controls, highest rates of apoptosis were
found in B-lymphocytes. At last, we determined markers of apoptosis at two time-
points. In Down syndrome, apoptosis was most increased at the beginning of the
experiment (t=0), reflecting in vivo apoptosis. The difference of apoptosis between
both time-points is caused by in vitro apoptosis, which is equal in Down syndrome
and age-matched controls. Therefore, it is suggestive that the increased apoptosis in
Down syndrome is more caused by increased induction of apoptosis rather than an
increased susceptibility to apoptosis.

Thus, Down syndrome is not only associated with an absolute lymphocytopenia,
which has been described earlier; but also with a larger fraction of circulating
apoptotic lymphocytes. The cause of the increased rate of lymphocyte apoptosis
in Down syndrome is unclear. However, it may be a contributing factor to the
profound B-lymphocytopenia in Down syndrome, but further studies are needed
to elucidate this.
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ABSTRACT

The rate of abnormal results in neonatal screening programs for SCID
and XLA, related to the T- and B-lymphocytopenia in newborns with Down
syndrome, depends on the cut off ranges used and might be reduced by
implementation of second-tier tests.
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TO THE EDITOR

Neonatal screening programs for severe combined immunodeficiency (SCID)
and X-linked agammaglobulinemia (XLA) have recently been established based on
molecular quantitation of the levels of T-cell receptor excision circles (TRECs) for
SCID and kappa-deleting recombination excision circles (KRECs) for XLA in dried
blood spot samples (DBSS) obtained from regular Guthrie cards."* This technique
features a remarkable sensitivity for the identification of newborns characterized
by severe T- and/or B-lymphocytopenia at birth. However, after testing a second
punch from the primary Guthrie card (‘re-test rate’), ~1 in 500 samples require a
second Guthrie card (‘re-run rate’), which suggests that diseases or conditions
other than SCID or XLA yield abnormal test results in the combined TREC/KREC
assay.? For example, it has previously been shown that immaturity of the immune
system in preterm neonates, as well as inflammatory conditions (e.g. sepsis and
lymphocyte extravasation), and 22qi1 deletion syndromes (velocardiofacial and
DiGeorge syndrome, OMIM 192430 and 188400, respectively) have negative impact
on target-disease recall rates.?

Throughout life, patients with Down syndrome (trisomy 21; OMIM 190685)
have decreased numbers of T- and B-lymphocytes,>® and are thus likely to have
lower TREC and KREC copy numbers. Clinicians identify the vast majority of these
newborns by clinical examination, yet this information is often not made available
to the screening lab. Given a Down syndrome birth rate of about 1 in 600-900
newborns, we hypothesized that this condition may thus contribute to the overall
re-run rate of the TREC/KREC assay. Given that there is no cohort data available on
the copy numbers of TRECs and KRECs in Guthrie cards from children diagnosed
with Down syndrome, we studied original stored DBSS of children with Down
syndrome and compared them to healthy newborns. Moreover, we developed a
second-tier test for Down syndrome and 22q11 deletion syndromes to streamline
the workflow of abnormal TREC/KREC results in newborn screening laboratories.
Depending on local legislation and screening logistics, this contribution may be
useful to improve screening efficiency, speed, as well as notification of the parents.

This study was approved by the Medical Ethical Committee “METOPP”
employed by the Jeroen Bosch Hospital. Following parental consent, we collected
3.2 mm punches from the original stored Guthrie cards of 82 Dutch children with
Down syndrome, prepared ~3-5 days after birth. The DBSS had been stored at room
temperature for 6 to 68 (median 46) months.
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Freshly collected Guthrie cards from 1119 anonymized healthy Swedish children
and 5 children with 22q11 deletion syndromes, as well as 110 Dutch storage-time
matched samples had been collected, which served as controls and were partly
published earlier.* 3 DNA extraction from DBSS and quantitative triplex real-time
gPCR for TRECs, KRECs and f-actin (ACTB) was performed on a ViiA7 real-time
PCR system (Applied Biosystems) as previously described.? The qPCR procedure
was optimized based on custom reagents provided by Affymetrix (Santa Clara, CA,
USA). Amplification of ACTB was used to assess the success of DNA extraction from
the Guthrie cards and to standardize TREC and KREC copy numbers. The TREC and
KREC copy numbers measured in DBSS from 28 children with Down syndrome
and 41 storage-time matched controls were normalized on the average of 1700
ACTB copies, as calculated from the other patient samples. Abnormal TREC/KREC
screening results were defined as <15 TRECs/uL and <10 KRECs/puL of dried blood
based on cut off values reported previously. According to current prospective trials
in Germany and Sweden additional cut off values were applied (<8 TRECs/pL and
<6 KRECs/pL). The re-run rate would decrease from ~1 in 500 to ~1 in 1500 when
the lower cut-off values are used. All abnormal results for TREC and/or KREC copy
numbers were confirmed by retesting of a second punch from the original card or
from a second Guthrie card, when available.

In order to potentially improve the diagnostic workflow of abnormally tested
samples, we applied a second triplex real-time qPCR reaction using the original DNA
eluates from the Guthrie cards in order to assess markers located on chromosomes
19 (PTBP1 gene), 21 (KCNE1 gene) and 22 (TBX1 gene). The real-time qPCR reactions
were performed in a final volume of 20 pUL containing 2x VeriQuest Probe qPCR
Master Mix (Affymetrix), 8uM of primers and 3uM of probes as further specified in
Table 1. Real-time qPCR conditions were adapted from those previously described
to allow simultaneous execution of the triplex TREC-KREC-ACTB and the PTBP1-
KCNE1-TBX1 assays in one test plate.2 The relative allelic marker gene expression on
chromosomes 21 (KCNE1) and 22 (TBX1) was calculated based on the assumption of
two allelic copies of the PTBP1 gene on chromosome 19. Thus, patients with Down
syndrome would be expected to carry more than two KCNE1 copies, while patients
with 22qu deletion syndromes are characterized by hemizygous deletions of the
TBX1 gene region.

All DBSS from children with Down syndrome generally presented with lower
levels of TRECs and KRECs compared to healthy newborns and storage-time
matched controls (median 25.5 vs 222.2 and 76.8 TRECs/pL, p<0.0001 and median
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Table 1. Primer and probe sequences used for the trisomy 21/ 22q11 deletions second-tier RT-qPCR assay

Marker gene Oligonucleotide sequences 5°-3" Primer direction / MGB

(Chromosome location) probe reporter

PTBP1 GTTCCCGTAACTGAAACATCAATG Forward

(19p13.3) AAGGAACCTGAGGATGCTGTGT Reverse
CAGGCTCAGCTGGT NED

KCNE1 GGGATTCTTCGGCTTCTTCAC Forward

(21q22.12) CGTTGAATGGGTCGTTCGA Reverse
CATGCTGAGCTACATCCGCTCCAAGA  VIC

TBX1 GATGAGGCCAAATGACTCGATT Forward

(22q11.29) CACCTCTTGCATGCACACTTG Reverse
AGGTTTCAGAGCCCAAG 6-FAM

17.9 vs 109.5 and 45.2 KRECs/pL, p<0.0001, both assessed by Mann-Whitney test;
Figure 1A). As suspected, the values of KRECs and TRECs in stored cards are slightly
lower compared to fresh cards. The gestational age did not influence the TREC and
KREC results in Down syndrome DBSS (data not shown). The overall trend towards
lower TREC and KREC copy numbers in newborns with Down syndrome indicates
that the choice of suitable cut off values for SCID and XLA critically influences the
re-test, as well as the re-run rate of the TREC-KREC assay.

Although the diagnosis of Down syndrome is increasingly being suspected
prenatally or shortly after birth, genetic confirmation is commonly not available
to the screening lab at the time the Guthrie cards are collected. Moreover, 22q11
deletion syndrome will generally not be suspected at birth. The application of
a second-tier test strategy to exclude newborns with Down syndrome or 22qu
deletion syndromes might therefore be a useful approach to sharpen the screening
workflow for SCID and XLA before a follow-up card is ordered or a patient is called
in for examination as all patients in this study would have been identified correctly
(Figure 1B).

These results fit in with other immunological features of patients with Down
syndrome consistent with immunodeficiency, and offers new evidence that
B-lymphocytes in Down syndrome also feature an intrinsic defect since KRECs
are already abnormally low at birth. Starting in the 1970s, research on the immune
system in Down syndrome has been performed with emphasis on the development
of T-lymphocytes.® The thymus of children with Down syndrome is smaller and
shows structural abnormalities, and low absolute numbers of T-lymphocytes have
been frequently reported.®” In addition, TRECs are decreased in children with
Down syndrome, resembling decreased thymic output.® Only during the past few
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Figure 1. A. TREC and KREC copy numbers in dried blood spots samples (DBSS) from newborns with
Down syndrome, storage-time matched controls and healthy newborns. Lines represent different
applicable cut off values.> B. Relative expression of chromosome 21 and 22q11 marker genes in DBSS from
healthy newborns, children with Down syndrome and children with 22q11 deletion syndrome. *** Mann-
Whitney test p<0.001; **** paired t-test p<0.0001.

years, a stronger focus has been put on B-lymphocytes. The absolute number of
B-lymphocytes is decreased in patients with Down syndrome and decreased
expression of CD21, CD23 and CD27 on B-lymphocytes is reminiscent of common
variable immunodeficiency® Immunization responses to several protein and
polysaccharide antigens is abnormal,® without an increase of adverse effects in
live-attenuated vaccines, as seen in patients with SCID.® Our data show that these
findings are probably not exclusively caused by a disturbed T-B interaction due to
insufficient T-cell help, as has been suggested until now.

Newborns with Down syndrome present with T- and B-lymphocytopenia.

Accordingly, these patients with Down syndrome may lead to re-testing and
initiation of follow-up processes in neonatal TREC/KREC screening programs for
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severe primary immunodeficiencies; the magnitude of this problem depends on the

chosen cut offs.
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GENERAL DISCUSSION

Down syndrome is a heterogeneous condition that is characterized by
developmental delay and increased incidences of numerous medical problems.
In The Netherlands, it is advised that children with Down syndrome are treated
by specialized health care workers who use an evidence based medical guideline.!
Children as well as adults suffer from recurrent respiratory tract infections that
cause high morbidity as well as mortality. Therefore, the studies in this thesis
investigated how respiratory tract infections influence the lives of children with
Down syndrome and focussed on defects in humoral immunity as a potential cause
for their increased susceptibility to these infections.

Respiratory symptoms in Down syndrome

KiDS diary study

Respiratory tract infections are the main reason for doctor visits and for
hospitalizations in children with Down syndrome.>s To gain more insight in the
respiratory symptoms that parents observe in their children, we have designed the
prospective KiDS diary study that is currently ongoing (Chapter 2).

This study design is different from other studies because we include respiratory
symptoms, not medical diagnoses. Because many symptoms do not require a visit
to the doctor, our study will provide a better estimate of the incidence of respiratory
symptoms throughout the year in children with Down syndrome. Additionally, we
will be able to determine the difference in incidence and severity in the various age
groups, and we can study how these symptoms will evolve in the course of 2 years
of follow-up. Potential influence of co-morbidity can be assessed in the statistical
analysis. At last, it will provide insight on the impact of these symptoms on school
attendance and parental absence from work. These data are useful to support
studies on preventive and therapeutic modalities.

Wheezing

Wheezing is defined as a high-pitched lung sound produced by expiratory
airflow through narrowed airways. It is a common symptom in pre-school children.
Approximately 50% of all children will develop at least one episode of wheezing
before the age of 6 years.® Although many different causes can underlie wheezing,
viral-induced wheezing and asthma are most common in childhood.” It is desirable
to distinguish viral-induced wheezing and ‘true’ asthma as different treatment
and follow-up strategies are needed. For example, in children that have wheezing
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related to asthma, inhaled and systemic corticosteroids are effective treatment
options, whereas their effect is limited in children with viral-induced wheezing. %
Moreover, in asthma symptoms are more likely to persist into adulthood, whereas
viral-induced wheezing generally subsides with increasing age.” Unfortunately, the
distinction between viral induced wheezing and asthma is difficult to make.*® First,
both diseases present in an identical manner and have identical findings at physical
examination. Second, pre-school children are not able to perform spirometry, which
is required for a diagnosis of asthma.

In our studies (Chapters 5, 6 and 7), we have observed that many children with
Down syndrome have recurrent wheezing for which inhaled bronchodilators as well
as inhaled corticosteroid drugs are prescribed. However, none of the children used
these drugs after the age of 8 years. Current literature shows a lower prevalence
of asthma and allergic diseases (i.e. conjunctivitis, rhinitis) in Down syndrome
compared to individuals without Down syndrome.*® Thus, it is more likely that
viral induced wheezing is the underlying cause of wheezing in children with Down
syndrome. The presence of wheezing over time will be studied in the KiDS diary
study (Chapter 2). We believe this will provide more information on the incidence
and how these symptoms evolve over time. This may lead to support for parents
and treating physicians to limit the use of inhaled corticosteroid drugs in Down
syndrome. Especially since inhaled corticosteroid drug have an immunosuppressive
effect on the mucosal immunity in the lungs,”* children with Down syndrome
might become even more susceptible to respiratory tract infections when using
these drugs.

The impact of respiratory symptoms on daily life

Development and behavioural status

The impact of medical complications in Down syndrome is generally determined
based on severe adverse events such as hospitalization, admission to an Intensive
Care Unit and mortality. Outcome measures that give more insight in the impact
of medical complications on daily life are also important. This can be performed by
assessing development and behaviour, including practical and social skills, and also
quality of life. Focus on these parameters allows further improvement of everyday
life for individuals with Down syndrome.

Many parents report that the respiratory tract infections negatively affect the
developmental status of their child. In Chapter 3 we confirmed this in a large
cohort of 8-year-old children with Down syndrome. Moreover, we found that parent
reported recurrent respiratory tract infections have a negative impact on the child’s

154



behaviour. They show more attention and internalizing problems, such as being
withdrawn. The question remains how development and behaviour in childhood
relates to the level of independence they will achieve as adults. Recently, Van
Gameren-Oosterom et al. have performed a follow-up study in the same cohort we
have described in Chapter 3.2 The authors determined to what extent the children
in their adolescent years (aged 16 to 19 years) were able to perform practical and
social skills, such as cooking, taking a bus or making a telephone call. It would be
very interesting to correlate development and behaviour at the age of 8 years to the
level of functioning in adulthood. This proposed study would answer the question
whether recurrent respiratory tract infections in children with Down syndrome
result in less practical and social skills when they grow up.

The current paradigm is that academic and social skills in children with Down
syndrome improve when they attend regular education.?» 2 However, it could be
that these outcomes are more related to the level of intellectual disability as this
highly affects regular school placement and attainment of academic skills.?»*# Thus,
in future studies on adolescents, the influence of attending regular education on
practical and social skills should be determined and taken into account when the
effect of recurrent respiratory tract infections is studied, especially because these
infections are associated with more children attending special education.

Health Related Quality of Life

In our study we have shown that Health Related Quality of Life (HRQoL) in
children with Down syndrome is negatively affected by the presence of recurrent
respiratory tract infections. Unfortunately, there is no HRQoL assessment tool that
is specifically designed and validated for children or adults with Down syndrome.
The currently used questionnaire contains questions regarding activities that are
related to development, such as reading and writing. Some other questions focus
on the child’s behaviour, which is often affected in Down syndrome.? Since children
with Down syndrome are compared to normative data, they have scores very much
outside of the reference values for the subscales of gross motor skills, autonomy,
cognitive functioning and social functioning, which makes interpretation difficult.”
We therefore believe that there is a need to develop specific questionnaires to assess
HRQoL in individuals with Down syndrome. These should include questions that
take the effect of development and behaviour into account.

It has become clear that respiratory tract infections have a negative impact
on development, behaviour and HRQoL of young children with Down syndrome.
However, further studies are needed to determine if these effects persists
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throughout adolescence. If so, this would further stress the importance of more
effective preventive and treatment modalities of respiratory tract infections in
children with Down syndrome.

Humoral immunity in Down syndrome

Naive B-cell numbers

Children with Down syndrome suffer from increased incidences of respiratory
infections, auto-immunity and haematological malignancies that suggest impaired
immunity. We have studied the composition and function of the B-cell compartment
in Down syndrome (Figure 1). In accordance with previous studies,*®*” we found
that children with Down syndrome have decreased blood B-cell numbers that are
more profound than the decrease of T cells (Chapters 5 and 6). As discussed in
Chapter 6, impaired bone marrow output and impaired homeostatic proliferation
were excluded as potential causes of low naive B-cell numbers. This leaves decreased
survival as the most likely cause. Because naive B cells depend on B-cell activating
factor (BAFF) for their survival,®3° we studied serum BAFF levels in patients with
Down syndrome and showed that these were slightly increased (Chapter 6). Thus,
serum BAFF is no limiting factor for B-cell survival. In Chapter 7 we studied
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Figure 1. Characteristics of the peripheral B-cell compartment in Down syndrome.

Patients with Down syndrome have normal numbers of transitional B cells but decreased naive mature
B cells, without increased homeostatic proliferation. The germinal center composition is normal but
affinity maturation is impaired in IgA memory. Generation of IgG memory is normal. However, the
absolute number of memory B cells is decreased. Natural effector B cells show decreased proliferation,
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whether apoptosis was altered in Down syndrome and negatively affects the size
of the B-cell compartment. In this study we demonstrated that apoptosis of B cells
was increased in children with Down syndrome. We therefore conclude that this
is probably the most important contributor to low blood B-cell numbers in Down
syndrome.

Multiple intra- and extracellular mechanisms regulate apoptosis of B cells.
Extracellular signals can induce apoptosis by interacting with CDg5 (FAS). Therefore,
we have studied CDos5 expression and showed that this was normal in naive
mature B cells. This suggests that this pathway is not responsible for the increased
apoptosis. We therefore hypothesize that mitochondria may result in increased
apoptosis in Down syndrome. In each living cell, mitochondria are responsible
for energy supply. Moreover, they determine cell fate upon cellular stress, such as
DNA damage and hypoxia.* It is known that mitochondrial morphology as well as
function is impaired in Down syndrome.* This results in increased oxidative stress
and subsequent down-regulation of energy metabolism.>* In addition, it is known
that susceptibility of mitochondria to damaging agents is increased in Down
syndrome, but their effect on B cells was not studied.’ 3 Therefore, future studies
could include analysis of mitochondrial function and their relation to apoptosis in
B cells. It would be important to investigate how the mitochondria react upon B-cell
activation since this will increase the metabolic need.

B-cell antigen receptor repertoire

Patients with Down syndrome have a restricted B-cell repertoire, as a result of
low B-cellnumbers. However, the question remains whether the repertoire is further
restricted by impaired V(D)] recombination. Multiple diseases have impaired V(D)]
recombination. For example, Nijmegen Breakage Syndrome (NBS) and Ataxia
Telangectasia (AT) are autosomal recessive diseases that result from inherited
genetic defectsin the NBN and ATM genes, respectively. The encoded proteins are part
of the DNA damage response, which is activated during V(D)J recombination when
double-stranded DNA breaks are induced. These patients not only have decreased
bone marrow output, but also have a restricted B-cell repertoire.>3 In Down
syndrome, Morawiec et al. have demonstrated that peripheral blood lymphocytes
are prone to DNA damage in conjunction with impaired DNA repair.3” Therefore, it
cannot be excluded that the B-cell repertoire in Down syndrome is further restricted
as a consequence of impaired DNA repair. We believe that repertoire analysis by
next generation sequencing would be interesting to investigate. IGH sequences can
be obtained from multiple independent PCR reactions. Subsequently, the number
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of coincidences, meaning the same sequences in independent PCR reactions, can be
used as a measure for repertoire restriction.s®

Antibody response and generation of B-cell memory

The clinical phenotype of Down syndrome is suggestive for impaired adaptive
immunity. Because patients have normal serum Ig values and mildly affected
vaccination responses, there defects do not correspond to well-defined antibody
deficiencies. However, in Chapter 6 we found impaired generation of B-cell
memory. We showed decreased memory B-cell numbers, that might be the result of
upregulated CDo5 expression as demonstrated. Moreover, we showed that affinity
maturation was impaired in IgM and IgA memory, but not IgG memory.

Patients with Down syndrome seem to have normal T-cell dependent
co-stimulatory signalling. Genetic mutations that affect CD40-CD40L and ICOS-
ICOSL signalling as well as AID result in class switch disorders. These patients
have abnormal germinal center configurations and lack serum IgG.* In our study
we have demonstrated that patients with Down syndrome have normal germinal
centers with normal presence of follicular helper T cells. Moreover, serum IgG
levels and affinity maturation of IgG was normal (Chapter 6).

The identified defects in IgM memory B cells, might suggest impaired signalling
from T-cell independent co-stimulation. In the absence of T-cell help, secondary
activation signals come from BCR crosslinking or pattern recognition receptors,
which include Toll-like receptors (TLR). TLR signalling is mainly depending on the
MyD88-TIRAP-IRAK4 pathway that has been found to be critical for natural effector
homeostasis.*> However, impairment of this pathway does not result in decreased
somatic hypermutations that was found in Down syndrome.* Therefore, this
pathway may be altered but cannot explain all findings in natural effector B cells.

Mutations in the transmembrane activator and CAML interactor (TACI) are
associated with CVID and autoimmunity by impairing the central B-cell tolerance
checkpoint as well as B-cell activation through TLR7 and TLR9.# In Down
syndrome, the expression of TACI was increased rather than decreased in natural
effector B cells (Chapter 6). Unfortunately, it is unknown what mechanisms drive
the upregulation of TACI in health and disease.

Thus, T-cell independent co-stimulation might be affected in Down syndrome.
However, the results do not fit in with known abnormalities of these signalling
pathways. In order to understand how B-cell activation might be altered in Down
syndrome, it is first required that the co-stimulatory signals in T-cell independent
reactions are studied.
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Especially young children with Down syndrome are subject to recurrent
respiratory tract infections. This does fit in with the impaired generation of B-cell
memory. However, it can be hypothesized that immune responses improve during
life, perhaps due to repetitive exposure. For this reason, it would be interesting to
study antibody responses in younger children with Down syndrome (<4 years of
age) during infections and upon immunization. Because alterations of the B-cell
compartment were found in affinity maturation of IgM and IgA memory, it is
important to include specific IgM and IgA antibodies. It would be most useful to
focus on the immunizations that are part of the national vaccination program,
such as the pneumococcal vaccine as the children might benefit from the results
themselves. In case a decreased response is found to immunization for this
respiratory pathogen, it might results in extra immunizations to boost the immune
response.

Despite normal serum IgA levels, patients with Down syndrome have defects
in generation of IgA memory. It can therefore be suggested that this result in
functional IgA deficiency. And indeed, the clinical phenotype of patients with
Down syndrome shows similarities when compared to patients with selective IgA
deficiency. These patients also have higher numbers of respiratory tract infections
as well as autoimmune diseases.* * However, in contrast to selective IgA deficiency
there are fewer individuals with Down syndrome that have allergic disease.” To
further understand whether clinical features in Down syndrome are related to IgA
dysfunction, affinity of specific IgA antibodies should be studied.

Clinical implications of this thesis and future perspectives

Respiratory tract infections

Many variables contribute to the increased susceptibility to respiratory
tract infections in Down syndrome. To this date, it is unknown to what extent
the immune system of Down syndrome plays a role in increasing the risk for
respiratory tract infections. In this thesis we describe multiple alterations in
humoral immunity. Unfortunately, we were unable to correlate our findings to
the presence of infections in our patients (Chapters 5 and 6). This is probably due
to multicausality of respiratory tract infections in Down syndrome. In order to
determine the influence of humoral immunity on respiratory tract infections in
Down syndrome a longitudinal study is needed that correlates blood analysis to
clinical disease.

We have demonstrated the impact of recurrent respiratory tract infections
on development, behaviour and HRQoL in children with Down syndrome. These
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findings support clinicians to evaluate children who suffer from recurrentinfections
and determine whether treatable causes for recurrent infections are present.
As mentioned earlier, it has to be determined whether the impact of infections
remains as children grow up. Future studies could include preventive as well as
therapeutic modalities. Preventive measures might include prophylactic antibiotics
or additional vaccinations. The use of palivizumab decreases disease severity in
RSV-infection,* % but it remains a question whether it also limits wheezing in
Down syndrome as it does in prematurity.#’ In addition, earlier surgical treatments
by ear, nose and throat (ENT) specialists might be a therapeutic intervention that is
worthwhile to study.

Auto-immune diseases

Patients with Down syndrome are more likely to develop autoimmune diseases
that especially include hypothyroidism, celiac disease and type 1 diabetes mellitus.
These diseases have in common that they are associated with the production of
specific autoantibodies. Moreover, in patients without Down syndrome who
received B-cell depletion therapy (i.e. rituximab) for other reasons, clinical
improvement of their autoimmune diseases and decreased autoantibody production
was observed.#*52 This demonstrates the important role of B cells in these diseases.

In Chapters 5 and 6 we have described the existence of an increased population
of CD21" B cells, which is present in other autoimmune diseases as well, such as
rheumatoid arthritis, Sjogren syndrome, systemic lupus erythematosus and a CVID
subpopulation with autoimmunity5% Functional analysis of this subset in other
diseases has shown that these cells are unresponsive to antigen stimulation and are
more prone to apoptosis.®® Unfortunately, little is known regarding their origin and
role in autoimmune diseases. To give more insight in their origin, future studies
could perform transcript analysis to determine whether these cells are derived from
naive B cells or memory B cells that have undergone somatic hypermutation and
class switch recombination.

Neonatal screening

The decreased numbers of B and T cells in Down syndrome result in a
higher false-positive test result in neonatal screening on SCID and X-linked
agammaglobulinemia (XLA) (Chapter 8). If current cut-off values were used,
approximately 25% of children would have been classified as having a positive test
result for SCID or XLA. However, in a recent large population study the number of
children with Down syndrome with a false-positive SCID screening was very low
(~0.005%).® In addition, we showed lower TREC and KREC values in stored Guthrie
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cards from controls as compared to those obtained in fresh cards. It is therefore
hypothesized that DNA extraction efficiency has to be taken into account when test
results from older Guthrie cards are analysed. This can be studied by including an
extra RQ-PCR reaction to determine the amount of a control gene (i.e. ALB, ACTB).

At this moment it is uncertain how decreased B and T cells at birth relate to
diseaselaterinlife. For example, a retrospective study in patients with 22q11 deletion
showed that a lower TREC count at birth was associated with more viral infections
in the first years of life.®® Thus, it would be interesting to perform a follow-up study
to correlate the level of morbidity experienced in the first years of life to B and T cell
counts in neonates with Down syndrome.

Final remarlcs

Every year approximately 250 children with Down syndrome are born in The
Netherlands. Moreover, due to the increased survival in Down syndrome, the total
population has increased to ~12,000 individuals. Because these children and adults
have higher medical needs, it remains important that healthcare further improves
to limit healthcare costs and increase quality of life by focussing on prevention and
early detection of complications.

In this thesis we have described how recurrent respiratory tract infections
have their impact on children with Down syndrome. Furthermore, we have shown
that humoral immunity is impaired in these patients, this especially affects T-cell
independent responses. This might - at least partly - be responsible for the
increased susceptibility for respiratory infections.

We suggest that future studies on the humoral immune system in Down
syndrome include studies of the IgM, IgA and IgG immune response in vitro upon
stimulation and during infections and after immunization, especially in young
children. Furthermore, the prevention and treatment of these infections have to
be studied, including their effect on HRQoL as determined in a Down syndrome-
specific manner.

161




REFERENCES

10.

11.

12.

13.

14.

15.

162

Borstlap R, van Gameren-Oosterom HBM, Lincke C, Weijerman ME, van Wieringen H, van Wouwe
JP. An update of the multidisciplinary guideline for the medical treatment of children with Down
syndrome [Een update van de multidisciplinaire richtlijn voor de medische begeleiding van kinderen
met Downsyndroom)]. 2011.

Tenenbaum A, Hanna RN, Averbuch D, Wexler ID, Chavkin M, Merrick J. Hospitalization of children
with down syndrome. Front Public Health 2014; 2:22.

Fitzgerald P, Leonard H, Pikora TJ, Bourke J, Hammond G. Hospital admissions in children with
down syndrome: experience of a population-based cohort followed from birth. PLoS One 2013;
8:e70401.

Jama-Alol KA, Moore HC, Jacoby P, Bower C, Lehmann D. Morbidity due to acute lower respiratory
infection in children with birth defects: a total population-based linked data study. BMC Pediatr
2014; 14:80.

Greenbaum AH, Chen J, Reed C, Beavers S, Callahan D, Christensen D, et al. Hospitalizations for
severe lower respiratory tract infections. Pediatrics 2014; 134:546-54.

Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ. Asthma and wheezing in
the first six years of life. The Group Health Medical Associates. N Engl ] Med 1995; 332:133-8.
Henderson J, Granell R, Heron J, Sherriff A, Simpson A, Woodcock A, et al. Associations of wheezing
phenotypes in the first 6 years of life with atopy, lung function and airway responsiveness in mid-
childhood. Thorax 2008; 63:974-80.

Brand PL, Caudri D, Eber E, Gaillard EA, Garcia-Marcos L, Hedlin G, et al. Classification and
pharmacological treatment of preschool wheezing: changes since 2008. Eur Respir ] 2014; 43:1172-7.
Brand PL, Baraldi E, Bisgaard H, Boner AL, Castro-Rodriguez JA, Custovic A, et al. Definition,
assessment and treatment of wheezing disorders in preschool children: an evidence-based approach.
Eur Respir ] 2008; 32:1096-110.

Krawiec M, Strzelak A, Krenke K, Modelska-Wozniak I, Jaworska ], Kulus M. Fluticasone or
Montelukast in Preschool Wheeze: A Randomized Controlled Trial. Clin Pediatr (Phila) 2014.
Panickar J, Lakhanpaul M, Lambert PC, Kenia P, Stephenson T, Smyth A, et al. Oral prednisolone for
preschool children with acute virus-induced wheezing. N Engl ] Med 2009; 360:329-38.

Jartti T, Lehtinen P, Vanto T, Vuorinen T, Hartiala J, Hiekkanen H, et al. Efficacy of prednisolone in
children hospitalized for recurrent wheezing, Pediatr Allergy Immunol 2007; 18:326-34.

Vuillermin P, South M, Robertson C. Parent-initiated oral corticosteroid therapy for intermittent
wheezing illnesses in children. Cochrane Database Syst Rev 2006:CD005311.

Forni GL, Rasore-Quartino A, Acutis MS, Strigini P. Incidence of bronchial asthma in Down
syndrome. ] Pediatr 1990; 116:487-8.

Goldacre MJ, Wotton CJ, Seagroatt V, Yeates D. Cancers and immune related diseases associated with

Down’s syndrome: a record linkage study. Arch Dis Child 2004; 89:1014-7.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Mannan SE, Yousef E, Hossain J. Prevalence of positive skin prick test results in children with Down
syndrome: a case-control study. Ann Allergy Asthma Immunol 2009; 102:205-9.

Langhoff E, Ladefoged ], Dickmeiss E. The immunosuppressive potency of various steroids on
peripheral blood lymphocytes, T cells, NK and K cells. Int ] Immunopharmacol 1985; 7:483-9.
RudigerJJ, Gencay M, Yang JQ, Bihl M, Tamm M, Roth M. Fast beneficial systemic anti-inflammatory
effects of inhaled budesonide and formoterol on circulating lymphocytes in asthma. Respirology
2013; 18:840-7.

O'Sullivan S, Cormican L, Burke CM, Poulter LW. Fluticasone induces T cell apoptosis in the
bronchial wall of mild to moderate asthmatics. Thorax 2004; 59:657-61.

Melis M, Siena L, Pace E, Gjomarkaj M, Profita M, Pirazzoli A, et al. Fluticasone induces apoptosis in
peripheral T-lymphocytes: a comparison between asthmatic and normal subjects. Eur Respir ] 2002;
19:257-66.

Van Gameren-Oosterom HB, Fekkes M, Reijneveld SA, Oudesluys-Murphy AM, Verkerk PH, Van
Wouwe JP, et al. Practical and social skills of 16-19-year-olds with Down syndrome: independence
still far away. Res Dev Disabil 2013; 34:4599-607.

De Graaf G, van Hove G, Haveman M. More academics in regular schools? The effect of regular
versus special school placement on academic skills in Dutch primary school students with Down
syndrome. J Intellect Disabil Res 2013; 57:21-38.

Turner S, Alborz A, Gayle V. Predictors of academic attainments of young people with Down’s
syndrome. J Intellect Disabil Res 2008; 52:380-92.

Van Wouwe JP, van Gameren-Oosterom HB, Verkerk PH, van Dommelen P, Fekkes M. Mainstream
and special school attendance among a Dutch cohort of children with Down Syndrome. PLoS One
2014; 9:€91737.

Van Gameren-Oosterom HB, Fekkes M, Buitendijk SE, Mohangoo AD, Bruil J, Van Wouwe JP.
Development, problem behavior, and quality of life in a population based sample of eight-year-old
children with Down syndrome. PLoS One 2011; 6:€21879.

De Hingh YC, van der Vossen PW, Gemen EF, Mulder AB, Hop WC, Brus F, et al. Intrinsic
abnormalities of lymphocyte counts in children with down syndrome. J Pediatr 2005; 147:744-7.
Cossarizza A, Ortolani C, Forti E, Montagnani G, Paganelli R, Zannotti M, et al. Age-related expansion
of functionally inefficient cells with markers of natural killer activity in Down’s syndrome. Blood
1991; 77:1263-70.

Kreuzaler M, Rauch M, Salzer U, Birmelin J, Rizzi M, Grimbacher B, et al. Soluble BAFF levels
inversely correlate with peripheral B cell numbers and the expression of BAFF receptors. ] Immunol
2012;188:497-503.

Schiemann B, Gommerman JL, Vora K, Cachero TG, Shulga-Morskaya S, Dobles M, et al. An essential
role for BAFF in the normal development of B cells through a BCMA-independent pathway. Science

2001; 293:2111-4.

163




30.

31

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

43.

44.

164

Warnatz K, Salzer U, Rizzi M, Fischer B, Gutenberger S, Bohm J, et al. B-cell activating factor receptor
deficiency is associated with an adult-onset antibody deficiency syndrome in humans. Proc Natl
Acad Sci U S A 2009; 106:13945-50.

Green DR, Galluzzi L, Kroemer G. Cell biology. Metabolic control of cell death. Science 2014;
345:1250256.

Helguera P, Seiglie ], Rodriguez J, Hanna M, Helguera G, Busciglio J. Adaptive downregulation of
mitochondrial function in down syndrome. Cell Metab 2013; 17:132-40.

Roat E, Prada N, Ferraresi R, Giovenzana C, Nasi M, Troiano L, et al. Mitochondrial alterations and
tendency to apoptosis in peripheral blood cells from children with Down syndrome. FEBS Lett 2007;
581:521-5.

Dogliotti G, Galliera E, Dozio E, Vianello E, Villa RE, Licastro F, et al. Okadaic acid induces apoptosis
in Down syndrome fibroblasts. Toxicol In Vitro 2010; 24:815-21.

Driessen GJ, Ijspeert H, Weemaes CM, Haraldsson A, Trip M, Warris A, et al. Antibody deficiency
in patients with ataxia telangiectasia is caused by disturbed B- and T-cell homeostasis and reduced
immune repertoire diversity. ] Allergy Clin Immunol 2013; 131:1367-75 €9.

Van der Burg M, Pac M, Berkowska MA, Goryluk-Kozakiewicz B, Wakulinska A, Dembowska-
Baginska B, et al. Loss of juxtaposition of RAG-induced immunoglobulin DNA ends is implicated in
the precursor B-cell differentiation defect in NBS patients. Blood 2010; 115:4770-7.

Morawiec Z, Janik K, Kowalski M, Stetkiewicz T, Szaflik ], Morawiec-Bajda A, et al. DNA damage and
repair in children with Down'’s syndrome. Mutat Res 2008; 637:118-23.

Boyd SD, Marshall EL, Merker JD, Maniar JM, Zhang LN, Sahaf B, et al. Measurement and clinical
monitoring of human lymphocyte clonality by massively parallel VD] pyrosequencing. Sci Transl
Med 2009; 1:12ra23.

Van Zelm MC, Bartol SJ, Driessen GJ, Mascart F, Reisli I, Franco JL, et al. Human CD19 and CD40L
deficiencies impair antibody selection and differentially affect somatic hypermutation. J Allergy
Clin Immunol 2014; 134:135-44 €7.

Weller S, Bonnet M, Delagreverie H, Israel L, Chrabieh M, Marodi L, et al. IgM+IgD+CD27+ B cells
are markedly reduced in IRAK-4-, MyD88-, and TIRAP- but not UNC-93B-deficient patients. Blood
2012;120:4992-5001.

Von Bernuth H, Picard C, Puel A, Casanova JL. Experimental and natural infections in MyD88- and
IRAK-4-deficient mice and humans. Eur ] Immunol 2012; 42:3126-35.

Romberg N, Chamberlain N, Saadoun D, Gentile M, Kinnunen T, Ng YS, et al. CVID-associated TACI
mutations affect autoreactive B cell selection and activation. J Clin Invest 2013; 123:4283-93.
Jorgensen GH, Gardulf A, Sigurdsson MI, Sigurdardottir ST, Thorsteinsdottir I, Gudmundsson S,
et al. Clinical symptoms in adults with selective IgA deficiency: a case-control study. ] Clin Immunol
2013; 33:742-7.

Jorgensen GH, Thorsteinsdottir I, Gudmundsson S, Hammarstrom L, Ludviksson BR. Familial

aggregation of IgAD and autoimmunity. Clin Immunol 2009; 131:233-9.



45.

46.

47.

48.

49.

50.

5l

52.

53

54.

55.

56.

57

58.

59.

Yi H, Lanctot KL, Bont L, Bloemers BL, Weijerman M, Broers C, et al. Respiratory syncytial virus
prophylaxis in Down syndrome: a prospective cohort study. Pediatrics 2014; 133:1031-7.

Paes B, Mitchell I, Yi H, Li A, Lanctot KL, Investigators C. Hospitalization for respiratory syncytial
virus illness in Down syndrome following prophylaxis with palivizumab. Pediatr Infect Dis J 2014;
33:€29-33.

Yoshihara S, Kusuda S, Mochizuki H, Okada K, Nishima S, Simoes EA. Effect of palivizumab
prophylaxis on subsequent recurrent wheezing in preterm infants. Pediatrics 2013; 132:811-8.
Nikiphorou E, Hall FC. First report of improvement of coeliac disease in a patient with Sjogren’s
syndrome treated with rituximab. Rheumatology (Oxford) 2014.

Palazzo C, Nicaise-Roland P, Palazzo E. Rituximab: an effective treatment for rheumatologic and
digestive symptoms of celiac disease? Joint Bone Spine 2012; 79:422-3.

Raterman HG, Simsek S, Lems WE, Meesters EW, Dijkmans BA, Nurmohamed MT. Rituximab and
thyroid function. Arch Intern Med 2009; 169:1073-4.

Pescovitz MD, Greenbaum CJ, Bundy B, Becker DJ, Gitelman SE, Goland R, et al. B-lymphocyte
depletion with rituximab and beta-cell function: two-year results. Diabetes Care 2014; 37:453-9.
Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker DJ, Gitelman SE, Goland R, et al.
Rituximab, B-lymphocyte depletion, and preservation of beta-cell function. N Engl ] Med 2009;
361:2143-52.

Rakhmanov M, Gutenberger S, Keller B, Schlesier M, Peter HH, Warnatz K. CD21low B cells in
common variable immunodeficiency do not show defects in receptor editing, but resemble tissue-
like memory B cells. Blood 2010; 116:3682-3.

Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G, et al. Circulating CD21low
B cells in common variable immunodeficiency resemble tissue homing, innate-like B cells. Proc Natl
Acad Sci U S A 2009; 106:13451-6.

Wehr C, Eibel H, Masilamani M, Illges H, Schlesier M, Peter HH, et al. A new CD21low B cell
population in the peripheral blood of patients with SLE. Clin Immunol 2004; 113:161-71.

Isnardi I, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic I, et al. Complement receptor 2/CD21-
human naive B cells contain mostly autoreactive unresponsive clones. Blood 2010; 115:5026-36.
Saadoun D, Terrier B, Bannock J, Vazquez T, Massad C, Kang I, et al. Expansion of autoreactive
unresponsive CD21-/low B cells in Sjogren’s syndrome-associated lymphoproliferation. Arthritis
Rheum 2013; 65:1085-96.

Kwan A, Abraham RS, Currier R, Brower A, Andruszewski K, Abbott JK, et al. Newborn screening
for severe combined immunodeficiency in 11 screening programs in the United States. JAMA 2014;
312:729-38.

Lingman Framme J, Borte S, von Dobeln U, Hammarstrom L, Oskarsdottir S. Retrospective analysis
of TREC based newborn screening results and clinical phenotypes in infants with the 22q11 deletion

syndrome. J Clin Immunol 2014; 34:514-9.

165







Chapter 10

Summary
Nederlandse samenvatting



168



SUMMARY

Down syndrome is the most common cause of developmental delay in humans.
In The Netherlands, each year approximately 250 children with Down syndrome
are born. Individuals with Down syndrome suffer from increased incidences of
respiratory tract infections, autoimmune disease and haematological malignancies.
This triad is reminiscent of immunodeficiencies and has led to the hypothesis of
an altered immune system in Down syndrome. The high incidence of respiratory
tract infections is an important clinical problem and is suggestive of an immune
defect. Therefore, the work described in this thesis was focused on the nature of
these respiratory tract infections and dissection of adaptive immunity, especially
regarding humoral immunity.

The increased incidence of respiratory tract infections is a well-known clinical
problem in children with Down syndrome. However, little is known about the
perception of the parents of the nature and frequency of respiratory symptoms such
as a runny nose, coughing and shortness of breath. We therefore designed the ‘KiDS
diary study’ (Chapter 2). This study is currently running in The Netherlands, and
participating parents receive a weekly online questionnaire to report whether their
child has been ill and suffers from specific respiratory symptoms. Moreover, we can
analyse the impact of these symptoms on daily activities (i.e. school attendance)
and medical history of the child and his/her family.

Both parents and doctors empirically report that cognitive and motor
development temporarily declines when children with Down syndrome suffer
from a respiratory tract infection. In Chapter 3 we have studied this in a large
cohort of 8-year-old children with Down syndrome. We analyzed developmental
status, behaviour and Health-Related Quality of Life (HRQoL). Moreover, parents
were asked whether their child suffered from recurrent or serious respiratory tract
infections. The mean developmental age of 8-year-old children who suffered from
recurrent respiratory tract infections was 3 years and 8 months, as compared to 4
years and 1 month in children who did not. Hierarchical regression analysis showed
that the presence of parent-reported recurrent respiratory tract infections has a
higher impact on developmental age than other morbidities such as congenital
heart disease and thyroid disease. Moreover, we showed that behaviour and HRQoL
was negatively influenced by the presence of recurrent respiratory tract infections.
For future studies, it would be important to determine whether these infections
result in decreased practical and social skills in adolescence. If so, this would
further stress the importance of research on the prevention as well as treatment of
respiratory tract infections in children with Down syndrome.
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Since the 1970s, Down syndrome has been the focus of immunological studies.
In Chapter 4, we present an overview of this work and challenge the paradigm
that the alterations of the immune system in Down syndrome are the result of
precocious aging. We hypothesize that immunity is intrinsically altered in Down
syndrome. Furthermore, we demonstrate that the profound decrease of absolute
B cell numbers has received little attention. Therefore, we studied naive B cells,
memory B cells and plasma cell differentiation and immunoglobulin production in
children with Down syndrome in Chapters 5 and 6.

In Chapter 5, we showed that children with Down syndrome have a distinct
pattern of serum immunoglobulin levels. Total IgG is increased, IgA is normal and
IgM is decreased compared to controls. Furthermore IgG1 and IgG3 are increased
and IgG2 and IgG4 are decreased. We found that this pattern was not identical to
patients without Down syndrome who are suffering from recurrent infections. The
high levels of IgG were in line with high frequencies of plasma cells in blood and
tonsil (Chapter 6). Moreover, naive B cells from children with Down syndrome
readily differentiated into plasma cells upon in vitro stimulation.

As described before, we found decreased numbers of total B cells in the blood
in children with Down syndrome as compared to controls. Transitional B cells
were normal in number, but naive B cells were decreased despite slightly increased
serum BAFF levels. Except for IgM-only memory B cells, all memory subsets were
decreased in Down syndrome.

We demonstrated that naive B cells are decreased in Down syndrome.
Considering the normal numbers of recent bone marrow emigrants, i.e. transitional
B cells, this was most likely not caused by impaired bone marrow output (Chapter 6).
Furthermore, homeostatic proliferation of naive mature B cells was normal. Thus,
we concluded that impaired survival was most likely the cause of reduction in
circulating naive B cells. This was confirmed in Chapter 7, where we demonstrated
that T, B and NK cells of children with Down syndrome showed increased apoptosis
compared to controls.

During an antigen response, B cells proliferate and undergo affinity maturation
through somatic hypermutation and selection of B cells carrying antibodies with
high affinity to antigen. IgM+IgD+ memory (‘natural effector’) B cells showed a
decreased replication history and low levels of somatic hypermutation. Proliferation
and somatic hypermutation levels appeared normal in IgA and IgG class-switched
memory B cells. Still, IgA memory B cells showed impaired selection for replacement
mutations in the antigen-binding region. Thus, IgM and IgA memory was found to
be impaired in children with Down syndrome.
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In Chapter 8, we describe how the newborn screening for Severe Combined
Immunodeficiency (SCID) and X-linked agammaglobulinemia (XLA) is affected
by Down syndrome. Patients with SCID have decreased T-cells with or without
low B-cell numbers. In XLA, patients suffer from agammaglobulinemia as a
result of absent B cells. These patients suffer from serious infections that cause
high morbidity and in case of SCID, mortality as well. It has been established that
early diagnosis improves prognosis significantly. Therefore, a newborn screening
assay has been developed based on assessment of T-cell receptor excision circles
(TRECs) and kappa-deleting recombination excision circles (KRECs) in dried blood
spots. TRECs and KRECs are stable excision circles that are formed during V(D)J
recombination in T and B cells, respectively. Real-time quantitative PCR (RQ-PCR)
analysis can be used to determine the number of TRECs and KRECs as a measure for
blood T- and B-cell numbers. Because children with Down syndrome have decreased
T and B cells caused by impaired survival, we hypothesized that this might result
in false-positive screening results. Therefore, we performed the screening assay on
neonatal dried blood spots of a large cohort of children with Down syndrome and
confirmed lower TREC and KREC numbers in these children. However, the chosen
cut-off values determine how many children with Down syndrome would have
been designated “positive” by the screening for SCID/XLA.

Thus, in contrast to known immunodeficiencies, children with Down syndrome
do not have a defect in plasma cell differentiation and antibody production.
Rather, defective B-cell memory seems to underlie the increased frequency of
respiratory tract infections. In our studies, we did not find a correlation between
the alterations of the B-cell compartment and the clinical features of children with
Down syndrome. Future research should therefore include long-term longitudinal
follow-up of young children with Down syndrome to determine to what extent the
composition and function of naive and memory B cells relates to the infections
experienced by these children.
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Figuur 1. Aanbidding van Christus (The adoration of the Christ child; circa 1515).
A. Schilderij van Jan Joest van Kalkar (geboren circa 1450-1460, overleden in 1519 in Haarlem). B. Meerdere
individuen hebben kenmerken van Downsyndroom waaronder een platte neusbrug, opvallende
huidplooi ter hoogte van de binnenste ooghoeken (epicanthus plooi) en kleine omhoogstaande neus.
Gedrukt volgens de richtlijn van het “Open Access for Scholarly Content (OASC)” programma van The Metropolitan
Museum of Art, New York, Verenigde Staten.
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Downsyndroom

Jaarlijks worden in Nederland ongeveer 250 kinderen geboren met
Downsyndroom. Dit syndroom is daarmee de meest voorkomende oorzaak van
ontwikkelingsachterstand bij mensen en wordt veroorzaakt door de aanwezigheid
van een extra - derde - chromosoom 21 (trisomie 21). De diagnose wordt meestal
tijdens de zwangerschap of vlak na de geboorte gesteld. Pasgeboren kinderen met
Downsyndroom hebben een lage spierspanning in het hele lichaam (hypotonie).
Daarnaast hebben ze vaak een kenmerkend gelaat met onder andere een platte
neusbrug, opvallende huidplooien aan de binnenzijde van het oog (epicanthusplooi),
een vergrote tong en kleine oren (Figuur 1). Kinderen met Downsyndroom hebben
daarnaast ook vaker last van aangeboren afwijkingen. Zo heeft ongeveer de helft van
de kinderen een hartafwijking en hebben ze ook een grotere kans op aangeboren
afwijkingen van het maag-darm-stelsel. Deze afwijkingen kunnen zo ernstig zijn
dat chirurgisch ingrijpen noodzakelijk is.

In de eerste levensjaren wordt zichtbaar dat kinderen met Downsyndroom zich
trager ontwikkelen, bijvoorbeeld omdat ze later beginnen met lopen en praten. De
ontwikkeling verschilt per kind en is daarom moeilijk te voorspellen. Kinderen en
volwassenen met Downsyndroom kunnen in hun verdere leven te maken krijgen
met diverse gezondheidsproblemen. Hiervan zijn luchtweginfecties één van de
belangrijkste.

Luchtweginfecties

Kinderen met Downsyndroom hebben in de eerste levensjaren vaker last
van luchtweginfecties. De ernst van deze infecties varieert van een eenvoudige
verkoudheid tot een ernstige longontsteking, waarvoor opname op een Intensive
Care voor kinderen noodzakelijk kan zijn. Er zijn verschillende oorzaken waarom
kinderen met Downsyndroom gevoeliger zijn voor het krijgen van luchtweginfecties
dan kinderen zonder Downsyndroom. Zo is de aanleg van de luchtwegen
anders, maar zijn ook de spieren minder sterk waardoor het voor kinderen met
Downsyndroom moeilijker is om diep door te ademen en te hoesten.

Het is niet bekend wat de perceptie van ouders is over hoe vaak kinderen
met Downsyndroom last hebben van luchtwegklachten. Daarom hebben wij
het onderzoek “KiDS Dagboekstudie” opgezet (Hoofdstuk 2). In dit onderzoek
ontvangen ouders van kinderen met Downsyndroom wekelijks een vragenlijst
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per e-mail. In deze vragenlijst wordt gevraagd of hun kind luchtwegklachten
heeft gehad zoals snotteren, hoesten en benauwdheid. Daarnaast krijgen ouders
jaarlijks een algemene vragenlijst waarin vragen worden gesteld met betrekking
tot de gezinssamenstelling, de dagbesteding en de algemene gezondheid van hun
kind. Op dit moment zijn er meer dan 100 ouders die tot medio 2015 meedoen
aan dit onderzoek. Wij hopen met dit onderzoek in kaart te brengen hoe vaak er
luchtwegklachten zijn en wat het effect daarvan is op het dagelijks functioneren
van deze kinderen en hun omgeving (school, werkverzuim ouders).

Ouders en artsen ervaren bij ziekte van een kind met Downsyndroom vaak een
terugval in de ontwikkeling. Daarom hebben wij bij een grote groep kinderen met
Downsyndroom met een kalenderleeftijd van 8 jaar onderzocht wat de gevolgen
zijn van terugkerende luchtweginfecties (Hoofdstuk 3). Bij deze kinderen werd
de ontwikkeling, het gedrag en de kwaliteit van leven in kaart gebracht. Hiernaast
werd aan ouders gevraagd of hun kind vaak of ernstig verkouden was. Op basis
van deze vraag werden twee groepen vastgesteld die met elkaar werden vergeleken.
In de groep kinderen die veel last heeft van verkoudheden was de gemiddelde
ontwikkelingsleeftijd 3 jaar en 8 maanden. Bij kinderen die minder last hadden van
deze verkoudheden bedroeg de gemiddelde ontwikkelingsleeftijd 4 jaar en 1 maand.
Hieruit blijkt dat de kinderen die veel last hebben van luchtweginfecties 5 maanden
verder achterlopen in hun mentale en fysieke ontwikkeling dan kinderen zonder
deze klachten. Bovendien liet ons onderzoek zien dat deze kinderen ook vaker last
hebben van gedragsproblemen en een lagere kwaliteit van leven ervaren.

Het is belangrijk om te onderzoeken of deze verschillen blijven bestaan als
deze kinderen ouder worden. Het zou namelijk kunnen zijn dat deze kinderen
door de frequente verkoudheden op latere leeftijd ook minder goed kunnen
functioneren. Als dit waar is, is dat een extra reden om meer onderzoek te doen naar
luchtweginfecties. Bijvoorbeeld door te kijken of deze infecties voorkomen kunnen
worden.

Het afweersysteem bij Downsyndroom

Naast luchtweginfecties hebben kinderen met Downsyndroom een grotere
kans op het ontwikkelen van bloedkanker (leukemie) en auto-immuunziekten. Bij
deze laatste groep ziekten richt het afweersysteem zich op onderdelen van het eigen
lichaam. De auto-immuun ziekten die bij Downsyndroom vaker voorkomen zijn
suikerziekte (diabetes mellitus type 1), glutenintolerantie (coeliakie) en te langzaam
werkende schildklier (hypothyreoidie).
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Een hogere frequentie van luchtweginfecties, leukemie en auto-immuunziekten
wordt ook vaker gezien bij patiénten met een afweerstoornis. Dit is de reden
dat onderzoek wordt gedaan naar het afweersysteem bij Downsyndroom. In
Hoofdstuk 4 wordt een overzicht gegeven van het onderzoek dat in het verleden
is verricht. Hieruit blijkt dat diverse onderdelen van het afweersysteem bij
Downsyndroom verminderd functioneren. Daarnaast concluderen wij dat er
relatief weinig aandacht is besteed aan een specifiek type afweercel: de B-cel. Deze
witte bloedcellen verzorgen de aanmaak van antistoffen en hebben hierdoor een
belangrijke functie in het afweersysteem. Daarom werden de B-cellen bij kinderen
met Downsyndroom bestudeerd in dit proefschrift.

Het afweersysteem

Het menselijk lichaam wordt door het afweersysteem beschermd tegen
ziekteverwekkers zoals bacterién en virussen. Om deze taak uit te kunnen voeren
bestaat het afweersysteem uit verschillende soorten afweercellen en afweerstoffen
die allen een specifieke functie hebben. Zodra een ziekteverwekker het lichaam
binnendringt zullen onderdelen van het aangeboren afweersysteem reageren. Deze
eerste reactie is snel, al binnen enkele uren, maar deze afweercellen reageren op
veel verschillende ziekteverwekkers en kunnen zich niet exclusief richten tegen
de betreffende bacterie of virus. T- en B-cellen kunnen zich wel specifiek richten
tegen een bacterie of virus, maar het duurt 5 tot 7 dagen voordat hun afweerreactie
op gang komt. Een dergelijke afweerreactie is effectiever omdat de antistoffen
die geproduceerd worden door B-cellen specifiek gericht zijn tegen de betrokken
ziekteverwekker.

B-cellen worden aangemaakt in het beenmerg (voorloper B-cel) waar ervoor
gezorgd wordt dat iedere B-cel uniek is door veranderingen in het DNA te
maken (Figuur 2). Iedere B-cel kan hierdoor één specifieke eigenschap van
ziekteverwekkers herkennen. Er zijn dus veel verschillende B-cellen nodig om
eigenschappen van alle soorten virussen en bacterién te herkennen. Nieuw-
aangemaakte B-cellen komen in het bloed als zij volledig gevormd zijn en een
eigenschap van ziekteverwekkers kunnen herkennen. Zodra ze in contact komen
met de specifieke eigenschap vindt een afweerreactie plaats in een lymfeklier.
Omdat iedere B-cel een andere eigenschap kan herkennen, zullen meer B-cellen
reageren bij dezelfde ziekteverwekker. Tijdens deze reactie wordt het DNA van
deze B-cellen iets aangepast. Dit doen ze met de hulp van T-cellen. Het doel is dat
ze hierdoor de ziekteverwekker nog beter kunnen herkennen. De B-cellen die de
ziekteverwekker het beste herkennen zullen geselecteerd worden om uit te rijpen
tot een geheugen B-cel en antistof-producerende plasmacel. De geheugen B-cellen
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Figuur 2. Afweerreactie van B-cellen.

B-cellen worden gemaakt in het beenmerg (voorloper B-cel) en komen in het bloed zodra ze volledig
werkzaam zijn (nieuw-aangemaakte B-cel). Zodra een B-cel een ziekteverwekker herkent, vindt een
afweerreactie plaats in een lymfeklier. Deze reactie wordt versterkt met hulp van T-cellen. Hierna worden
ze geheugen B-cellen en antistof-producerende plasmacellen. De geheugen B-cellen kunnen sneller
reageren als ze opnieuw dezelfde ziekteverwekker herkennen. De plasmacellen kunnen antistoffen
maken. Deze antistoffen kunnen aan de specifieke ziekteverwekker hechten waardoor de andere
onderdelen van het afweersysteem de ziekteverwekker kunnen herkennen en onschadelijk maken.

wachten in het bloed totdat ze opnieuw dezelfde ziekteverwekker herkennen.
Geheugencellen zijn geprogrammeerd om sneller te reageren. De antistoffen die
door plasmacellen worden aangemaakt kunnen zich via de bloed- en lymfebanen
over het hele lichaam verspreiden. Omdat ze aan de specifieke ziekteverwekker
hechten kunnen de andere onderdelen van het afweersysteem de ziekteverwekker
beter herkennen en onschadelijk maken.

B-cellen bij Downsyndroom

Er zijn verschillende ziektes bekend waarbij de B-cellen niet goed werken.
Patiénten met deze ziekten hebben - net zoals kinderen en volwassenen met
Downsyndroom - last van herhaalde luchtweginfecties, auto-immuunziekten
en vormen van kanker. In Hoofdstuk 5 hebben wij daarom gekeken naar de
samenstelling van de verschillende B-cellen bij Downsyndroom. Hierin laten wij
zien dat het totaal aantal B-cellen bij jonge en oudere kinderen verlaagd is. Daarnaast
hebben wij gekeken of de samenstelling van B-cellen anders is bij kinderen met
Downsyndroom die vaak luchtweginfecties hebben. Dat konden wij niet aantonen.

In het bloed kan gemeten worden hoeveel antistoffen er zijn. Hierbij wordt een
onderscheid gemaakt tussen verschillende soorten antistoffen: IgG, IgA en IgM. Bij
kinderen met Downsyndroom zagen we dat de bloedwaarden van IgG hoog waren,
van IgA normaal en van IgM verlaagd. Daarnaast kan IgG onderverdeeld worden in
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IgG1, IgG2, IgG3 en IgG4. Bij Downsyndroom zijn IgG1 en IgG3 verhoogd en IgG2
en IgG4 verlaagd. De verschillen in de antistofwaarden bleken specifiek te zijn voor
Downsyndroom en hingen niet samen met het toegenomen aantal infecties. Toch
zijn de specifieke antistoffen die gemaakt worden na vaccinaties vrijwel normaal
bij Downsyndroom.

In Hoofdstuk 6 wordt dieper ingegaan op de afweerreactie van B-cellen. In
het beschreven onderzoek werd uitgebreider gekeken naar de aantallen van de
verschillende B-cellen in het bloed. Hierbij zagen we dat de aantallen nieuw-
aangemaakte B-cellen en geheugen B-cellen verlaagd zijn. Daarentegen waren
plasmacellen verhoogd in aantal.

Eenbelangrijk deel van de afweerreactie van B-cellen vindt plaats in lymfeklieren
en keelamandelen. Daarom hebben wij keelamandelen van kinderen met
Downsyndroom onderzocht met een microscoop; wij zagen een normale opbouw.
Daarnaast werd onderzocht hoe B-cellen van kinderen met Downsyndroom
uitrijpen tot plasmacellen. Hiervoor werden B-cellen in het laboratorium
gestimuleerd met stoffen die eigenschappen hebben van ziekteverwekkers én
stoffen die normaal door het lichaam aangemaakt worden om een afweerreactie te
stimuleren. Dit onderzoek liet zien dat de uitrijping van B-cellen naar plasmacellen
bij Downsyndroom normaal is.

In het bloed werden de geheugen B-cellen verder onderzocht. Zoals besproken
passen B-cellen hun eigenschappen aan zodat hun reactie tegen ziekteverwekkers
verbetert. Ons onderzoek heeft laten zien dat de specifieke geheugen B-cellen die
met name belangrijk zijn voor afweerreacties in het bloed en slijmvliezen van
darmen en luchtwegen dit minder goed kunnen. Het is mogelijk dat kinderen met
Downsyndroom om deze reden vaker ziek zijn.

Zoals werd besproken, zijn de nieuw-aangemaakte B-cellen verlaagd bij
Downsyndroom. Dit kan komen door verminderde aanmaak van B-cellen in
het beenmerg, onvoldoende celdeling of toegenomen celdood van B-cellen. In
Hoofdstuk 6 beschrijven wij dat de aanmaak vanuit het beenmerg en de celdeling
van deze nieuw-aangemaakte B-cellen normaal is. Het leek dus waarschijnlijk dat
B-cellen sneller doodgaan waardoor het aantal B-cellen afneemt. Dit konden wij
bevestigen in Hoofdstuk 7.

De onderzoeken die wij beschreven hebben in Hoofdstuklken 5, 6 en 7 laten
duidelijke afwijkingen zien in de uitrijping van B-cellen bij Downsyndroom. Echter,
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het was niet mogelijk om vast te stellen of deze afwijkingen ook daadwerkelijk
leiden tot meer luchtweginfecties.

Toepassing van onderzoeksresultaten

Afweerstoornissen zijn ziekten waarbij het afweersysteem niet goed
functioneert. Een aantal van deze ziekten wordt veroorzaakt doordat er geen T-cellen
en/of B-cellen aanwezig zijn. Deze kinderen worden ernstig ziek in het eerste
levensjaar. Het is daarom belangrijk dat de diagnose op zo vroeg mogelijk leeftijd
wordt gesteld. In een aantal landen is daarom de hielprikscreening bij pasgeborenen
aangepast om deze ziektes vroegtijdig op te sporen. Bij deze screening wordt op de
vijfde dag na de geboorte bloed afgenomen bij het kind en onderzocht op specifieke
bloedwaarden (TRECs en KRECs) die een maat zijn voor het aantal T- en B-cellen in
het bloed.

Omdat kinderen met Downsyndroom ook lagere aantallen T- en B-cellen
in hun bloed hebben, wilden wij vaststellen wat de invloed hiervan is op de
hielprikscreening voor deze ernstige afweerstoornissen (Hoofdstuk 8). Wij hebben
daarom hielprikkaartjes van kinderen met Downsyndroom onderzocht. Dit liet zien
dat het zeker mogelijk is dat deze screening onbedoeld afwijkend is bij kinderen
met Downsyndroom door een verlaging van hun T- en B-cellen.

Conclusie

Dit proefschrift laat zien dat luchtweginfecties een grote invloed hebben op
kinderen met Downsyndroom. Het is daarom belangrijk om vast te stellen of
deze gevolgen ook op volwassen leeftijd blijven bestaan. Dit is een belangrijke
reden om meer onderzoek te verrichten naar mogelijkheden om deze infecties te
voorkomen en te behandelen. Daarom hebben wij uitgebreid onderzoek uitgevoerd
naar B-cellen en antistoffen. B-cellen bij Downsyndroom laten inderdaad duidelijke
afwijkingen zien, wat kan bijdragen aan de verhoogde gevoeligheid voor het krijgen
van luchtweginfecties. Om vast te stellen hoe groot deze bijdrage is, is het nodig om
jonge kinderen met Downsyndroom langdurig te volgen. Alleen dan kan worden
vastgesteld hoe de afwijkingen in het afweersysteem precies samenhangen met het
aantal luchtweginfecties.
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DANKWOORD

Nu de afronding van het proefschrift nadert is het de hoogste tijd om mijn
dankwoord te schrijven. Terugkijkend op de afgelopen acht jaar zijn er veel mensen
geweest die een bijdrage hebben geleverd aan de totstandkoming van “mijn boekje”.
Graag wil ik dan ook mijn dank uitspreken naar hen.

Mijn bijzondere dank gaat uit naar alle kinderen en hun ouders die belangeloos
hebben meegewerkt aan de verschillende onderzoeken die onderdeel uitmaken van
dit proefschrift. Ik hoop dat dit onderzoek in de toekomst een bijdrage levert aan
betere zorg voor kinderen met het syndroom van Down.

Bij deze wil ik mijn promotoren, co-promotor en overige leden van de
promotiecommissie bedanken.

Prof. dr. E. de Vries, beste Esther, zonder jou zou dit proefschrift er nooit zijn
geweest. Tijdens mijn co-schap kindergeneeskunde in het Jeroen Bosch Ziekenhuis
heb je me enthousiast gemaakt voor immunologisch onderzoek bij het syndroom
van Down. Dit is de start geweest van een vruchtbare samenwerking. Door je
focus op klinische vraagstellingen zijn veel originele onderzoeksideeén ontstaan
welke we samen hebben kunnen verwezenlijken. Ik heb bewondering voor je
doorzettingsvermogen en je nooit aflatende kritische blik. Deze eigenschappen zijn
niet alleen waardevol geweest voor de inhoud van dit proefschrift, maar hebben ook
zeker bijgedragen aan je benoeming tot hoogleraar. Ik wens je veel succes toe bij de
invulling van deze leerstoel en de oratie die je binnenkort zal uitspreken. Dankjewel!

Prof. dr. JJ.M. van Dongen, beste Jacques, heel erg bedankt voor onze
samenwerking, Je betrokkenheid bij mij en mijn onderzoek heb ik zeer gewaardeerd.
Je opbouwende reacties en kritische vragen hebben een duidelijke invloed gehad op
het eindresultaat.

Dr. M.C. van Zelm, beste Menno, ik ben trots dat jij mijn co-promotor bent. Ik
ben je dankbaar voor je optimisme en kritische (biologische) vragen waarmee je
mij hebt weten te stimuleren om verder te gaan. Had ik maar een fractie van jouw
schrijftalent... Je hebt je rol als co-promotor glansrijk vervuld, dankjewel!

Prof. dr. H. Hooijkaas, prof. dr. A.J. van der Heijden en prof. dr. R. de Groot,
ik wil jullie danken voor de beoordeling van het manuscript en dat jullie zitting
willen nemen in de promotiecommissie. Beste Ronald, dankjewel voor onze goede
gesprekken en steun in de afgelopen jaren.

Prof. dr. H. Moll en dr. L. Bont, hartelijk dank dat jullie plaats willen nemen in
de Grote Commissie.
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Een groot deel van het onderzoek heeft plaatsgevonden in het Jeroen Bosch
Ziekenhuis. Nadat ik als ANIOS op de afdeling kindergeneeskunde heb gewerkt
voelde het iedere keer weer als thuiskomen als ik patiénten mocht includeren op de
polikliniek en dagbehandeling. Dankjewel!

Beste Eugenie, op het laboratorium Klinische chemie en hematologie heb je me
inhoudelijk en praktisch vaak geholpen. In het begin heb je me wegwijs gemaakt
in de flowcytometrie en me betrokken bij het B-cel project. Later hebben we samen
het apoptose-onderzoek uitgewerkt en heb je me vaak geholpen met praktische
problemen. Het blijft voor mij een raadsel hoe je zoveel details van de verschillende
onderzoeken kan onthouden! Ik wens je heel veel succes met je huidige projecten
en ik hoop dat dit op den duur zal leiden tot je eigen promotie.

Ik ben alle coauteurs dankbaar die ieder met hun eigen expertise en kritische
input hebben bijgedragen aan de diverse publicaties.

Prof. dr. Roeland van Hout, dankjewel voor je methodologische bijdrage aan het
onderzoeksprotocol van de KiDS dagboekstudie.

Ko en Helma, dankjewel dat jullie mij wilde betrekken bij het grote Down-
onderzoek van TNO. Beste Helma, je geduld om mij steeds weer uit te leggen hoe
de ingewikkelde statistiek in elkaar zat is bewonderingswaardig. Ik wens je veel
succes toe met je verdere opleiding tot kinderarts. Dr. Minne Fekkes en dr. Elise
Dusseldorp, dankjewel voor jullie bijdrage aan ons artikel.

Beste Benjamin, dankjewel voor al het werk dat je heb verzet op het laboratorium
in het kader van het Down-project. Beste Mirjam en Gertjan, dankjewel voor de
fijne samenwerking! De toevoeging van “jullie” CVID-patiénten heeft het artikel
een extra dimensie gegeven. Dr. Carel van Noesel, dank voor de beoordeling van de
tonsillen. Dr. Louis Boon, dank voor de antilichamen. Martijn Alles, Noortje Puts en
dr. Ronald Admiraal, dank voor jullie hulp bij het verzamelen van de tonsillen.

Dr. Jacqueline Leuvenink, bedankt voor je bijdrage aan het apoptose-onderzoek.

Dear Stephan, thank you very much for introducing me to the neonatal screening
assay for severe immunodeficiencies. It was a pleasure to work with you in the
laboratory in Leipzig. Prof. dr. Lennart Hammarstrom and dr. Ulrika von Déobeln,
thank you very much for your contribution during our project. Dr. Vinus Bok, Paul
van Zwieten, Anne-Marie van Wermeskerken, Adam Bolz, Felix Dikken, Wil Rijnvos
en Ed van Leer, dank dat jullie zoveel ouders benaderd hebben voor ons onderzoek.
Het RIVM ben ik dankbaar voor hun medewerking bij het hielprikonderzoek.

In het afgelopen jaar heb ik de mogelijkheid gehad mijn onderzoek af te ronden
op de afdeling Immunologie van het Erasmus MC. Benjamin, Britt, Diana, Halima,
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Jorn, Katharina, Magda en Marieke, door jullie heb ik mij vanaf het begin welkom
gevoeld op de afdeling en binnen de BCD-groep. Ingrid, bedankt voor je hulp op het
lab.

Vanuit de staf Kindergeneeskunde/Kinder-IC van het Radboudumc Amalia
Kinderziekenhuis heb ik veel steun gekregen om mijn opleiding en onderzoek met
elkaar te kunnen combineren. Dit draagt zeker bij aan de fantastische opleiding
Kindergeneeskunde van het Radboudumc!

Beste Jos, het vertrouwen dat jij hebt in jouw AIOS is groot en voor iedereen
merkbaar. Door jouw steun heb ik de mogelijkheid gehad om een deel van mijn
opleidingstijd te kunnen besteden aan de laatste loodjes van het onderzoek. Ook
gaf je mij de mogelijkheid om met de opleiding tot klinisch farmacoloog te starten.
Dank hiervoor!

Beste Janiélle, ik ben erg blij dat jij mijn mentor wilde zijn! Onze eerste
ontmoeting en onze gesprekken hebben me heel erg geholpen om een betere dokter
te kunnen worden. Veel succes als plaatsvervangend opleider, een rol die - wat mij
betreft - op jouw lijf geschreven is.

Ditis de plek waar ik de (oud) arts-assistenten kindergeneeskunde wil bedanken
voor hun grote bijdrage aan mijn fantastische opleidingstijd en de mogelijkheid om
successen en tegenslagen in het onderzoek (“het werkstuk”) te kunnen delen. Mede
door jullie ben ik (vrijwel) iedere dag met plezier naar mijn werk gegaan!

Alex, Bart, Bas, Gijs, Ilonka, Loes, Lydia, Marc, Martine, Mieke, Miel, Remco,
Roel, Sharon, Susan, Willemien, jullie vriendschap betekent heel veel voor me. Ook
al spreken ik jullie soms tijden niet, ik weet dat we er voor elkaar zijn. Hanneke,
dankjewel voor alle fijne gesprekken die wij gehad hebben.

Lieve Maaike, jouw rol in dit proefschrift is bijna niet te beschrijven. Door een
toevallig lot zijn wij allebei betrokken geraakt bij het Down onderzoek en dat heeft
niet alleen een gouden samenwerking opgeleverd maar bovenal een waardevolle
vriendschap. Het voelt goed om onze successen én tegenslagen met elkaar te
kunnen delen. Het was een grote eer je bij te mogen staan tijdens jouw promotie en
ik ben dan ook erg blij dat jij mijn paranimf bent.

Lieve Karin, we hebben een heel groot deel van onze opleidingen met elkaar
gedeeld (met hier en daar een zwangerschapsverlof aan jouw kant). Ik heb je leren
kennen als een duizendpoot die haar leven met passie leidt en voor iedereen klaar
staat. Onze vriendschap is heel waardevol voor mij en daarom doet het mij heel
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goed dat jij ook naast mij staat tijdens de promotie. Heel veel succes met alle nieuwe
projecten die op je pad gaan komen en ik hoop dat we snel die koffie in Central Park
kunnen drinken.

Pap en mam, je hebt geen keuze waar je wieg staat maar ik mag van geluk
spreken dat ik bij jullie ben opgegroeid. Jullie zijn er altijd voor me geweest en
hebben me gesteund in het bereiken van alle doelen.

Peter, we zijn op sommige vlakken heel verschillend maar soms ook z6 hetzelfde.
Ik ben je dankbaar dat je er altijd voor mij bent en wens je alle geluk samen met
Willemijn. Chris en Ria, dankjewel dat ik deel mag uitmaken van jullie gezin.

Last, maar zeker not least: Jeroen. Je steunt me bij alles wat ik onderneem, ook
al neemt dit menig weekend in beslag en gaan we hierdoor naar Toronto verhuizen.
Dankjewel, wat ben ik blij met jou in mijn leven!
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CURRICULUM VITAE

Ruud Verstegen werd op 12 april 1983 geboren in dorpje Zeeland (Noord-Brabant).
Op de boerderij van zijn ouders groeide hij op, samen met zijn broer Peter. Ruud
behaalde in 2001 zijn VWO diploma aan het Udens College waarna hij Geneeskunde
ging studeren aan de Universiteit Leiden. Deze studie vervolgde hij aan de Radboud
Universiteit Nijmegen waar hij in 2007 het artsexamen behaalde.

Het werd Ruud tijdens zijn studie snel duidelijk dat hij kinderarts wilde worden.
Hij heeft daarom nazijn studie op de Kinderafdeling van het Queen Elizabeth Central
Hospital in Blantyre, Malawi gewerkt. Hierna werkte hij als arts-assistent niet in
opleiding (ANIOS) in het Jeroen Bosch Ziekenhuis ('s-Hertogenbosch) en werd hij
aangenomen voor de opleiding tot kinderarts welke hij in januari 2009 startte in
het Canisius Wilhelmina Ziekenhuis te Nijmegen (opleider dr. B. Semmekrot). In
het Radboudumc te Nijmegen (opleider dr. JM.T Draaisma) heeft Ruud de opleiding
vervolgd vanaf juli 2010 en afgerond in september 2014.

Naast zijn opleiding tot kinderarts is Ruud in januari 2013 gestart met de
opleiding tot klinisch farmacoloog welke hij in het voorjaar van 2015 zal afronden
(opleiders dr. C. Kramers, prof. dr. D. Burger en dr. M. te Loo).

Het onderzoek dat beschreven wordt in dit proefschrift werd gestart tijdens het
senior coschap kindergeneeskunde in het Jeroen Bosch Ziekenhuis. Het vervolg
van het onderzoek werd uitgevoerd naast zijn klinische werkzaamheden. Hierbij
diende het Jeroen Bosch Ziekenhuis als thuisbasis en werden deelonderzoeken uit-
gevoerd op de afdeling Immunologie van het Erasmus MC (Rotterdam), bij TNO
Kwaliteit van Leven (Leiden) en bij het ImmunoDeficiencyCenter Leipzig (Leipzig,
Duitsland) in samenwerking met de afdeling Klinische immunologie van het
Karolinska Institutet (Stockholm, Zweden).

Ruud heeft het geluk zijn leven te mogen delen met zijn partner Jeroen. Zij
wonen samen in de havenstad Rotterdam en zullen in juli 2015 verhuizen naar
Toronto (Canada) waar Ruud de opleiding tot Kinderreumatoloog zal volgen in The
Hospital for Sick Children (SickKids).
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PhD PORTFOLIO

Name PhD student: ~ Ruud Verstegen

Departments:

Research school:

Paediatrics, Jeroen Bosch Hospital, ‘s-Hertogenbosch
Immunology, Erasmus MC, Rotterdam
Molecular Medicine

PhD period: January 2007 - January 2015

Promotors: prof. dr. JJ.M. van Dongen
prof. dr. E. de Vries

Copromotor: dr. M.C. van Zelm

PhD TRAINING

In depth courses at the Erasmus MC

2014
2014
2014

2014

Introductory course on Molecular Medicine

Advanced course on Immunology

Introductory course on Regulations and Organization for Clinical
Investigators (BROK: Basiscursus Regelgeving en Organisatie voor
Klinisch onderzoekers)

Introductory and advanced course on flowcytometry

Seminars and Worlkshops

2009 and 2013
2010
2013
2013

2014

2014

Young Investigators Day of the Paediatric Association Of The
Netherlands (NVK), Veldhoven, The Netherlands

Evidenced Based Medicine, Radboud University Medical Center
Time Management Training, Radboud University Medical Center
Symposium “Immunobiology of primary antibody deficiencies”,
Erasmus MC

6th Research Master Class of the European Society for Paediatric
Infectious Diseases (ESPID), Dublin, Ireland

Leiden FutureLab advanced course on Trial Design and Clinical
Trial Application

National conferences: oral presentations

November 2007

Annual meeting of the Paediatric Association Of The Netherlands
(NVK), Veldhoven, The Netherlands

Decreased expression of CD21 on B-lymphocytes in Down syndrome:
association with decreased pneumococcal antibody response?
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November 2008

November 2012

December 2012

November 2013

November 2013

Annual meeting of the Paediatric Association Of The Netherlands
(NVK), Veldhoven, The Netherlands

Decreased percentage of CD23+ B-lymphocytes in Down syndrome:
association with decreased antibody production?

Annual meeting of the Paediatric Association Of The Netherlands
(NVK), Veldhoven, The Netherlands

The impact of recurrent respiratory tract infections on development,
behaviour and health related quality of life in 8-year-old children with
Down syndrome

Dutch Working Group for Immunodeficiencies (WID), Utrecht,
The Netherlands

Peripheral development of B-lymphocytes in Down syndrome

Annual meeting of the Paediatric Association Of The Netherlands
(NVK), Veldhoven, The Netherlands

B-lymphocyte development in Down syndrome

Annual meeting of the Paediatric Association Of The Netherlands
(NVK), Veldhoven, The Netherlands

Newborn screening for Severe Combined Immunodeficiency (SCID) and
X-linked agammaglobulinemia (XLA): false-positive results caused by
Down syndrome

National conferences: poster presentation

March 2014

18th Molecular Medicine Day, Rotterdam, The Netherlands
Defective B-cell memory in patients with Down syndrome

International conferences: oral presentations

May 2014

32nd annual meeting of the European Society for Paediatric
Infectious Diseases (ESPID), Dublin, Ireland
Defective B-cell memory in patients with Down syndrome

International conferences: poster presentations

October 2008

June 2011
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13th biennial meeting of the European Society for
Immunodeficiencies (ESID), ‘s-Hertogenbosch, The Netherlands
Decreased CD21+ and CD23+ B-lymphocytes in Down syndrome children:
association with decreased antibody production?

29th annual meeting of the European Society for Paediatric
Infectious Diseases (ESPID), The Hague, The Netherlands

Impact of respiratory tract infections in children with Down syndrome



September 2011  Annual meeting of the European Society for Social Paediatrics and

October 2011

October 2012

June 2013

Committees
2010-2012

Memberships
2007-present
2009-present

2010-present

2010-present

Teaching
2009-present

2009-present

Child Health (ESSOP), Maastricht, The Netherlands

Prevention of recurrent respiratory tract infections in Down syndrome:
what could potentially be gained?

52nd annual meeting of the European Society for Paediatric
Research (ESPR), Newcastle, United Kingdom

Impact of respiratory tract infections on developmental skills in children
with Down syndrome

15th  biennial meeting of the European Society for
Immunodeficiencies (ESID), Florence, Italy

Patients with Down syndrome have defects in blood B-cell numbers,
replication history and somatic hypermutation that resemble a distinct
subset of common variable immunodeficiency

31th annual meeting of the European Society for Paediatric
Infectious Diseases (ESPID), Milan, Italy

Incidence of respiratory symptoms in children with Down syndrome:

feasibility of a web-based parent-reported prospective study

Research committee, Radboud University Medical Center -
Amalia Children’s Hospital

Member of the Paediatric Association Of The Netherlands (NVK)
Junior member of the European Society for Immunodeficiencies
(ESID)

Member of the Dutch Society for Paediatric Rheumatology
(NVKR)

Member of the Working Group for Paediatric Infectious Diseases
and Immunology (SPII) of the Paediatric Association Of The
Netherlands (NVK)

Supervision of medical students and interns, Radboud University
Medical Center - Amalia Children’s Hospital
13 lectures on infectious, autoimmune and autoinflammatory
diseases as well as immunodeficiencies, Radboud University
Medical Center - Amalia Children’s Hospital
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LIST OF ABBREVIATIONS

ACTB B-actin PE-Cys PE-cyanine 5
AID Activation-induced cytidine PI Propidium iodide
deaminase PID Primary immunodeficiency
ALL Acute lymphoblastic leukaemia RPMI Rosewell Park Memorial Institute
AMC Age-matched controls RQ-PCR Realtime quantitative polymerase
AML Acute myeloid leukaemia chain reaction
AT Ataxia Telangectasia RRTI Recurrent respiratory tract
AV Annexin-V infections
BAFF B cell-activating factor SCID Severe Combined
BAFFR BAFF receptor Immunodeficiency
BCR B-cell receptor SHM Somatic hypermutation
B-hCG f human chorionic gonadotrophin SPAD Specific antibody deficiency
BSA Bovine serum albumin TACI Transmembrane activator and
CBCL Child Behavior Checklist CAML interactor
CD Cluster of differentiation TACQOL TNO-AZL Children’s Quality of Life
CDR Complementarity-determining region Tc Cytotoxic T cell
CHD Congenital heart disease TCR T-cell receptor
CSR Class switch recombination TrH Follicular helper T cells
CVID Common Variable Immunodeficiency Th Helper T cell
Disorders TLR Toll-like receptor
DGS DiGeorge syndrome TMD Transient myeloproliferative
DS Down syndrome disorder
EDTA Ethylenediaminetetraacetic acid TPO Thyroid peroxidase
ENT Ear, nose and throat TREC T-cell receptor excision circle
ESID European Society for XLA X-linked agammaglobulinemia
Immunodeficiencies
EUROCAT  European Surveillance of Congenital
Anomalies
FITC Fluorescein isothiocyanate
FR Framework region
GALT Gut-associated lymphoid tissue
HIA Human leukocyte antigen
HRQoL Health Related Quality of Life
ICOS Inducible T-cell costimulator
Ig Immunoglobulin

IgkREHMA Igk restriction enzyme hot-spot
mutation assay

IL Interleukin

KREC Kappa-deleting recombination
excision circle

MDS Myelodysplastic syndrome

MHC Major histocompatibility complex

MIF Migration inhibitory factor

MLL Mixed lineage leukaemia (MLL)

MSCA McCarthy Scales of Children’s
Abilities

NBS Nijmegen Breakage Syndrome

NK Natural killer

PAPP-A Pregnancy-associated plasma
protein A

PBS Phosphate buffered saline

PD-1 Programmed cell-death protein 1

PE Phycoerythrin
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