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The question is not about what you look at, but what you see
- Henry David Thoreau

To all my loves,






ABSTRACT

Primary immunodeficiencies are inherited disorders of the immune system, with an
estimated prevalence of 1:500 in the USA. Yet, a majority of the patients are still
undiagnosed. Most patients with a diagnosis come in contact with the healthcare due to
complications caused by the immunological defects. In many cases, it is crucial that the
patients receive treatment before their health is seriously compromised. There is
therefore a great need for more efficient ways of identifying the patients. As a lack of
serum IgA is included in the phenotype of many of the defects, a population-based
screening for IgA deficiency would identify patients with various forms of primary
immunodeficiencies. The main benefit of such screening would be the early detection
of the disorders followed by appropriate treatment, to decrease the risk of severe
infections. We investigated the possibility of a screening for primary
immunodeficiencies based on the use of serum microarrays, a high-throughput platform
suitable for large-scale analysis of dried blood spot samples collected from newborns.

Serum samples from adult individuals with known levels of serum IgA were used to
investigate the potential of serum microarrays in detection of serum IgA. A high level
of correlation was observed throughout the material, compared to a conventional
method (paper I).

The serum microarrays were then used to establish the prevalence of IgA deficiency in
serum samples of Swedish children at the age of four and the IgA was correlated to
various health outcomes that are associated to allergy and infections. The prevalence of
IgA deficiency was found to be 1:173, as compared to 1:600 in the adult population.
IgA deficient children seem to have an increased risk of pseudocroup and parentally
reported food hypersensitivity during childhood (paper II).

As the screening should be based on the use of dried blood spots samples, collected
within days after birth, the suitability of serum microarrays in analysis of these samples
was evaluated in paper III. The levels of complement protein C3 were measured in
samples from a C3 deficient patients and controls. The levels of C3 in the control group
was significantly higher than in the Swedish C3 deficient patient sample, indicating that
serum microarrays are suitable for identification of C3 deficiency using the dried blood
spot samples.

The next step in our evaluation was to increase the sensitivity of the serum
microarrays/DBSS approach (paper IV). The C2 protein was used, which is less
abundant in newborns than C3. None of the tested anti-C2 antibodies was suitable for
discrimination between patients and controls using serum microarrays. However, when
using ELISA, the levels of C2 in DBSS eluates of C2 deficient patients were
significantly lower than in control samples. Thus, the C2 deficiency is present already
at birth.

In paper V, serum IgA levels were determined in dried blood spot samples from
patients with various forms of primary immunodeficiencies. Only patients born to
mothers with selective IgA deficiency lacked IgA at birth. In the remaining patients, the
IgA levels were comparable to those of the controls. The results suggest that the serum
IgA detected in newborns is to some extent of maternal origin. Thus, a neonatal
screening for primary immunodeficiencies based on the determination of IgA levels is
not possible due o the presence of maternal IgA in the samples.



LIST OF PUBLICATIONS

L

IL

III.

IV.

Serum microarrays for large scale screening of protein levels.

Janzi M., Odling J., Pan-Hammarstrém Q., Sundberg M., Lundeberg J.,
Uhlén M., Hammarstrom L., Nilsson P.

Mol Cell Proteomics. 2005, 4(12):1942-7.

Selective IgA deficiency in early life: Association to infections and allergic
diseases during childhood.

Janzi M., Kull L, Sjoberg R., Wan J., Melén E., Bayat N., Ostblom E., Pan-
Hammarstrom Q., Nilsson P., Hammarstrom L.

Clin Immunol. 2009, Jun 19. [Epub ahead of print]

Screening for C3 deficiency in newborns using microarrays.

Janzi M., Sjoberg R., Wan J., Fischler B., von Dobeln U., Isaac L., Nilsson P.,
Hammarstrom L.

PLoS One. 2009, 4(4):e5321.

Screening for C2 deficiency in newborns.
Janzi M., von Dobeln U., Jonsson G., Hammarstrom L.
Manuscript.

Evaluation of lack of IgA as a diagnostic marker for primary
immunodeficiency disorders using Guthrie card eluates.

Janzi M., Pan-Hammarstrom Q., von Dobeln U., Nordvall L., Fasth A.,
Hammarstrom L.

Manuscript.



CONTENTS

1

INtrOdUCHION. ...ttt 1
1.1  primary immunodeficiency diSOrders ...........ccocceverervieneeneneeniennnn 1
1.2 The method: Serum miCrOAITAYS .......ccceeverreeruereerieneeieseerieeeeneeeenene 2
1.3 The samples: Dried blood spot samples............cccereevieneeneneenienene 3
1.4 The common denominator: Immunoglobulin A............c.ccceeveienenne. 3
1.4.1 Immunoglobulin A .......ccccooiiiiiiiiieee 3
1.4.2  Selective IgA defiCiency ......cccoevveeieriecienieienieieseeeeeene 4
1.4.3 IgA deficiency as a common denominator in PIDs............... 4
1.5 Theread thread .........ccccociiririiinininenee e 5
1.5.1 Evaluation of the serum miCroarrays........c..cceceeceerercvenernnn 5
1.5.2 Application of serum microarrays to clinical samples.......... 5
1.5.3 Evaluation of serum microarrays for the analysis of C3
levels in dried blood spot samples ...........ccceeeeevenercrenneennenn 5
1.5.4 Evaluation of serum microarrays for the analysis of C2
levels in dried blood spot samples ...........ccceeeeevenercrenneennenn 7
1.5.5 Lack of IgA as a diagnostic marker for humoral primary
IMMUNOAETICIENCIES ...ttt 8
AT Lttt sttt sttt sttt st ettt 9
2.1 General QM .. .co.eouerieieieieieeeeeee s 9
2.2 SPECIIC ALMIS ..uvntinrinienieietcteteeeetee ettt 9
Patients and methods ...........cceviiiiiiniii e 10
3.1 PAUENES .ottt 10
3.2 General overview of the serum microarrays used for serum and
DBSS analysis ..c..covevueierieieieieieretereteeeeeee et 11
3.3 Optimization of serum microarrays for analysis of IgA levels in
SEIUM SAMPIES...vviiuietieiieiieiterieete ettt ettt ete st sbeebe b eaeens 12
3.4 Evaluation of elution procedure from original dbss ............c.c..c...... 13
3.5 Elution of proteins from original dbss ..........ccccevervieniniieneniienennen. 13
3.6  Preparation of simulated dbss from a brazilian c3 deficient serum
sample and CONLIOLS ........ovueriiririieriiiienteeeee e 14
3.7 Determination of IgA, C3 and igG levels in serum samples and
DBSS by Serum miCroarrays .........cceceeeverueeruereeseeneeseeseenseseenseseenne 14
3.8 Determination of IgA, igG, C3, and C2 levels in serum samples
and DBSS by ELISA ..ot 15
3.9 Total protein content in dDSS ........ccceevvereerieririieneeiereeie e 16
3.10  Definition of allergy- and infections-associated health
outcomes in Children ..........ccceceviriiiiiininini e 16
3.11  Data analysis of SErum miCroarrays.........ccecuerververeerreesrersuenennnens 17
3.12  Statistical ANALYSES ......evveeverreeierieeierieeiesie ettt 17
RESUILS ..t 18
A1 Paper Lo s 18
42 Paper IL...c.cooiiiiiee s 18
4.3 Paper HL....cooooiieieeeeeee e 18
4.4 PaPET IV .o 19

A5 PAPET V.ot 19



O o0 3 O\

Discussion and future perspeCtives.........eeeevereeereereerieneenieneeneeseeneeseene 20
5.1 The potential of serum microarrays in large scale screening of

Protein IEVEIS....c.eouiiiiiiieieieee e 20
5.2 The use of dbss in neonatal pid SCrEENINg .........ccceevvereerrereerveneeensn. 22
5.3  The need of high-throughput diagnostic tools for PID -examples

Of NEW APPrOACKES .....eevieiieiieieieeeeecee e 23
5.4 Prevalence of sIgAD in Swedish children and its association to

allergic diseases and INfECtiONS ..........ccceeeevveeeeniieeenieeieeeeee e 24
5.5  TFULUIE PEISPECIIVES ...cuveeuieneieiteiieiteieetesie ettt sttt 26
CONCIUSIONS ...ttt 27
Popular Science SUMMATY...........coeeieririeririienieieneete et 28
ACKNOWIEAZEMENLS .....ecvvieeieiieiieiieieeeeiese ettt et 30

RETEIENCES ...ttt ettt e e e e e s aa e et e e e s s e s s saaaaeees 33



LIST OF ABBREVIATIONS

A-T
C2

C3
CVID
DBSS
ELISA
HIGM
HLA

MHC
PBS
PIDs
SCID
sIgAD
TRECs
XLA

Ataxia-telangiectasia

Second component of complement
Third component of complement
Common variable immunodeficiency
Dried blood spot samples
Enzyme-linked immunosorbent assay
Hyper IgM syndrome

Human leukocyte antigen
Immunoglobulin

Major histocompatibility complex
Phosphate buffered saline

Primary immunodeficiency disorders
Severe combined immunodeficiency
Selective IgA deficiency

T-cell receptor excision circles
X-linked agammaglobulinemia






1 INTRODUCTION
1.1 PRIMARY IMMUNODEFICIENCY DISORDERS

Primary immunodeficiency disorders (PIDs) comprise a group of inherited defects of
the immune system, characterized by an increased risk of infections and in many cases,
susceptibility to autoimmunity. PIDs affect components of both the innate and adaptive
immunity, including B cells, T cells, complement proteins, macrophages, dendritic
cells, NK cells and neutrophilsl. Since Bruton described the first patient with
hypogammagobulinemia in 1952 2, more than 150 different forms of PIDs have been
described. Vetrie et al identified the gene associated with Brutons agammaglobulinemia
(X-linked agammaglobulinemia) already in 1993, and to date, more than 120 genes
have been identified'. New forms of PIDs are constantly being described.

Approximately 50% of all known PIDs are associated with B cell defects resulting in
inadequate production of antigen-specific antibodies’. Example of antibody defects is
selective IgA deficiency (sIgAD), common variable immunodeficiency (CVID) and X-
linked agammaglobulinemia (XLA), which is the most severe form of antibody defects.
20% of the PIDs are combined B-cell and T-cell immunodeficiencies’. The most
serious form is the severe combined immunodeficiency (SCID), where survival beyond
the first year of life is rare in the patient is left untreated. Approximately 50% of all
SCID cases are linked to the X chromosome. 10% of the PIDs result from defects in T-
cell maturation or function, for example DiGeorge syndrome, while 18% result from
defective phagocytes. Example of the latter is chronic granulomatous disease and the
leukocyte adhesion defect®. Complement deficiencies occur less frequently than other
PIDs and the most common defect is the C2 deficiency.

The estimated prevalence of PIDs in the USA is 1:500’, thus affecting approximately
600 000 individuals. In Sweden, the true prevalence of PIDs is still unknown, as the
few population-based studies that have been reported focus on specific defects. We do
however know that the prevalence of sIgAD alone is 1:600° in Sweden. Based on these
prevalence numbers, this specific defect alone would affect 15 000 individuals. To date,
the central registry of patients with known PIDs in Sweden includes approximately 700
individuals, comprising less than 5% of all cases. For other defects, such as the second
component of complement (C2) deficiency, the estimated prevalence is approximately
1:20 000 in Western European white populations’, yielding a total of 450 cases of C2
deficiency in Sweden. 40 cases of C2 deficiency have been identified in Sweden
between 1977 and 200210, indicating that less than 10% are identified. Most of the PIDs
patients come in contact with the health care due to complications caused by the
specific defects. The main reason for the late recognition by the health care
practitioners 1s their lack of familiarity with the PIDs. Thus, there is a great need for
more reliable ways of identifying the patients, one of which could be to screen the
population for the underlying defects of the immune system. The benefit of such
screening is the early detection of PID, before serious infections have compromised the
patient’s health. However, no general, rapid, cost-effective screening method is
available today.



To identify a larger portion of PID patients during their first year of life, a screening
should preferably be based on the use of a single analytical platform testing one, or a
few, common denominators. The method of choice should also be suitable for high-
throughput analysis and not require any additional sample collection.

1.2 THE METHOD: SERUM MICROARRAYS

The diagnostic methods used for detection of PIDs today are relatively demanding in
terms of labour and time, and are thus not suitable for high-throughput analysis. In
contrast, the microarray technology enables fast and cost-effective testing of thousands
of samples simultaneously. The development of DNA microarrays enabled a global,
large-scale analysis of whole genomes and had an enormous impact on the field of
functional genomics. The DNA microarray technique is now relatively mature in terms
of available instrumentation for production and analysis, the availability of commercial
premade microarrays, robust experimental protocols, and the tools for data analysis.
However, DNA microarrays tell us only about the genes themselves and provide little
information regarding the functions of the proteins they encode. The protein microarray
format was therefore developed to suit global protein analysis where great potential can
be envisioned. The possibility of using microarrays for large-scale, parallel
measurement is perfectly suited for studies on protein profiles and functions in health
and disease.

The principle of highly sensitive “microspots” containing small amounts of capture
molecules, accurately detecting low concentrations of analytes were already described
20 years ago'"'%. The protein microarray applications can generally be divided into
functional protein arrays and protein profiling arrays. Functional protein arrays are used
to screen large numbers of full-length functional proteins or protein domains for
biochemical activity and interaction of proteins with other proteins, lipids, nucleic acids
and small molecules. The strength of the functional protein arrays lies in the ability to,
in a single experiment, rapidly screen large numbers of protein simultaneously. This
enables determination of whole protein interaction networks or determination of all
substrates for a specific enzyme13.

The primary purpose of protein profiling arrays is to simultaneously quantify the levels
of specific proteins present in a sample. This approach has been used for antibody
specificity profiling'!, detection of circulating antibodies in clinical specimens' ",
measurements of binding specificity of protein expression libraries'®"” and protein
profiling in cancer tissues® .

As a PID screening would be based on the measurement of one or a few analytes,
protein profiling arrays are the preferable choice for such a screening.

The protein profiling arrays can be further divided into two different types; forward
phase arrays and reverse phase arrays. In the forward phase format, a bait molecule,
most often an antibody, is immobilized on a membrane, thus forming a grid of
microspots. As many different bait molecules are printed on a substrate, each microspot
will contain one kind of bait molecule. This way, one test sample, containing several
analytes of interest, is analyzed per array, using many different bait molecules



simultaneously. The captured proteins are then detected by a second, tagged molecule
or by direct labeling. **. In contrast, in the reverse phase format, the analytes are
immobilized directly on the substrate and each spot represents one test sample
containing multiple analytes. Thousands of samples are analyzed simultaneously for a
given analyte, using very small amounts of each sample. As reverse phase arrays do not
demand labeling of the analyte and do not utilize the sandwich setup using two
different antibodies, the risk of experimental variability is decreased™.

In this work, we have chosen to name our particular approach serum microarrays, to
distinct it from other forms of protein microarrays.

1.3 THE SAMPLES: DRIED BLOOD SPOT SAMPLES

Neonatal screening programs for metabolic disorders were introduced in several
countries during the 60’s. The screening is based on the analysis of dried blood spot
samples (DBSS), collected 48 hours after birth, and is now a well-established part of
the neonatal healthcare system. The screening of all newborns was introduced in
Sweden in 1965, and since 1975 all tested samples are stored in a national biobank. The
screening includes phenylketonuria, galactosemia, congenital hypothyroidism,
congenital adrenal hyperplasia and biotinidase deficiency; metabolic disorders
requiring early treatment to prevent severe injuries. 100 000 children are born in
Sweden each year and approximately 50 suffer from one of the five disorders.

There has been a growing interest in the use of the DBSS in large population-based
biomarker studies. The study of Tsunami Aftermath and Recovery being the largest to
date with 35 000 DBSS collected™. In addition, the DBSS have been used in multiplex
analysis of inflammatory markers®’ as well as in the previously mentioned SCID
screening launched by the Jeffrey Modell Foundation and the State of Wisconsin.

The use of DBSS in a screening for PIDs solves two major issues related to the young
age of the participants and the need for early diagnosis. The first issue concerns the
problem of collecting new blood samples. An additional blood sampling of the
newborns is not ethically defendable and would require tremendous resources in terms
of money, personnel and logistics. The use of the already existing DBSS passes round
those problems and greatly reduces the overall cost of such a screening. The second
issue concerns the need of early diagnosis and subsequent treatment of patients with
severe PIDs. Early introduction of adequate treatment is required for prevention of fatal
infections. As only a small part of each DBSS is used for the existing screening, the rest
of the sample constitutes an invaluable resource of biological material, suitable for use
in a high-throughput application.

1.4 THE COMMON DENOMINATOR: IMMUNOGLOBULIN A
1.4.1 Immunoglobulin A

Immunoglobulin A (IgA) is the second most abundant serum immunoglobulin after
IgG and the main immunoglobulin in human secretions - tears, saliva, colostrum,



mucus. Secretory IgA is important for the neutralization of viruses, binding of toxins,
agglutination of bacteria, prevention of bacterial binding to epithelial cells, and
prevention of entry of food antigens into the circulation. In contrast, the role of serum
IgA is less clear. It has been shown that monocytes and granulocytes express receptors
binding the Fc portion of IgA and that this binding might activate the phagocytosis of
bacteria and fungi’®. One possible role of serum IgA is suggested to be to remove

foreign antigens by the phagocytic system without inducing inflammation®’.

1.4.2 Selective IgA deficiency

sIgAD is the most common primary immunodeficiency in Sweden with an estimated
prevalence of 1:600°. The prevalence varies between different ethnic groups and ranges
from 1:328 in American blood donors™ to 1:18 550 in Japanese blood donors®'. The
current definition, established by the Pan-American Group for Immunodeficiency and
the European Society for Immunodeficiencies, defines sIgAD as serum IgA levels
below 0.07 mg/ml with normal IgM and IgG levels in individuals of 4 years of age or
older’ (www.esid.org). As children younger than 4 years of age have a poorly
developed IgA secretory system, it is difficult to establish a correct diagnosis.

sIgAD is a mild form of PID and most patients are asymptomatic. Nevertheless, one
third of the adult patients suffer from recurrent infections of the upper respiratory tract,
gastrointestinal disorders, autoimmune disorders, and possibly allergic diseases™ .
The infections are often viral and clinically mild to moderate, while bacterial infections
are relatively uncommon®>. The gastrointestinal diseases include giardiasis, nodular
lymphoid hyperplasia, celiac disease, and inflammatory bowel diseases such as
ulcerative colitis and Crohn's disease. Autoimmune disorders are also frequently seen
in sIgAD patients and include rheumatoid arthritis, systemic lupus erythematosus,
haemolytic anaemia, thyroiditis, diabetes type I, pernicious anaemia, dermatomyositis,
chronic active hepatitis, Addison's disease, Sjogren's syndrome, and idiopathic
thrombocytopenic purpura28’35. As sIgAD can be transferred between individuals
through bone marrow transplantation, the disorder is regarded to be caused by a defect
at the stem cell level’®. Moreover, bone marrow transplantation from a normal donor to
an IgA deficient recipient resulted in normal serum IgA levels in the recipient’’.

1.4.3 IgA deficiency as a common denominator in PIDs

Humoral primary immunodeficiencies account for more than 50% of all known forms
of PIDs" and sIgAD is the most common form of PID in Caucasians. The low or absent
serum IgA levels are also included in the phenotype of a vast majority of PIDs and can
theoretically be used as a common denominator for neonatal PID screening.

Normal levels of serum IgA can be readily detected today by using conventional
routine methods, such as enzyme-linked immunosorbent assay (ELISA) and
nephelometry. These methods are however not suitable for the high-throughput design
that is required for a national screening. When combining the commercially available
and broadly used antibodies for detection of IgA and the reverse phase arrays, a
platform may be created that meets the demands of cost- and labour-effectivity
required. The IgA-based screening may serve as the first step in an investigation aiming



at identifying patients with specific immune defects that require early treatment.
Further investigation would be needed to distinguish these patients from the patients
with sIgAD, as the disorder, in most cases, does not require any specific treatment.

The serum microarray/DBSS approach may theoretically also be used for identification
of individuals with defects in other parts of the immune system, such as the
complement system. Complement deficiencies are often characterized by a lack of
specific complement proteins, thus, by using antibodies directed against the proteins of
interest, the same platform can be used to identify these individuals at birth.

1.5 THE READ THREAD
1.5.1 Evaluation of the serum microarrays

A basic requirement that needed to be fulfilled before any form of IgA-based screening
can be evaluated, was to readily detect serum IgA after immobilizing serum samples
directly on a substrate. It was also necessary to asses the specificity and sensitivity of
the commercially available anti-IgA antibodies. Therefore, in study I, serum samples
from adult individuals with known levels of serum IgA were used to investigate the
potential of serum microarrays in detection of serum IgA. The reason for choosing
adult serum samples was the relative abundance of serum IgA, thus enabling proper
evaluation of the method and the anti-IgA antibodies used. The serum IgA levels in the
included samples ranged from <0.05 to 4.9 mg/ml. The suitability of the serum
microarrays was evaluated by correlation to the clinically measured serum IgA levels.

1.5.2 Application of serum microarrays to clinical samples

Very few studies have been conducted on the prevalence of IgA deficiency in children
and adolescents. IgA levels are very low in newborns and increase steadily throughout
the childhood until reaching adult levels during adolescents. In newborns, the serum
IgA levels are <0.05 mg/ml, while the normal adult levels range from 0.9 to 4.5 mg/ml
(reference values at the Laboratory of Clinical Immunology, Karolinska Hospital,
Stockholm). Thus, although the prevalence of sIgAD in adults, primarily blood donors,
has been extensively studied®, the numbers cannot be automatically extrapolated to
children and adolescents.

In study II, the serum microarrays were used to establish the prevalence of IgA
deficiency in Swedish children at the age of four. The reported prevalence numbers in
studies on healthy children®*° range from 1:90 in the Netherlands®® to 1:2095 in
Tunisia®. The IgA levels from serum microarrays were correlated to IgA levels
obtained by sandwich ELISA. The IgA deficiency in Swedish children was also
correlated to various health outcomes that are associated to allergy and infections.

1.5.3 Evaluation of serum microarrays for the analysis of C3 levels in
dried blood spot samples

As a neonatal screening would require efficient elution of proteins from the DBSS as
well as a reliable analysis, the focus of study III was the evaluation of elution



procedures and of the suitability of serum microarrays in analysis of DBSS. For
evaluation purposes, a protein suitable for analysis should be as abundant in the blood
of newborns as serum IgA is in adults. As the serum IgA levels in newborns are 1000
times lower than in adults, IgA is not a proper protein for evaluation of the method.

Figure 1. The complement system. The classical pathway is activated by binding of Clq to
antibody-antigen complexes which results in the formation of the classical C3 convertase C4b2a.
Activation of the lectin pathway by mannan-binding lectin or ficolins results in an identical
classical C3 convertase. The alternative pathway is activated on pathogen surfaces that promote
spontaneous hydrolysis of native C3, resulting in binding of factor B, generating the alternative
pathway C3 convertase C3bBb. Recruitment of C3b molecules leads to formation of C5 convertase
and initiation of the lytic pathway. Sequential assembly of C5b to C9 results in the formation of the
membrane attack complex.

The third component of complement (C3) is the most abundant protein of the
complement system, with a concentration of approximately 1 mg/ml in both adults and
newborns®', making it a suitable protein for the evaluation of the method. C3 plays an
important role in the clearing of infections as it is involved in cytolysis, increased
vasopermeability, opsonization, clearance of immune complexes and facilitation of B
cell proliferation and differentiation. The component C3 plays an important role in all
three activation pathways (figure 1) and is required for the formation of C3- and C5-
convertases, both essential for the full activation of the complement system. Individuals
lacking C3 are therefore highly susceptible to recurrent systemic bacterial infections



and frequently suffer from immune complex-related disorders, such as
glomerulonephritis and systemic lupus erythematosus®”. All patients reported to date
have low (<0.07 mg/ml) or undetectable C3 levels. The deficiency is caused by
mutations in the C3 gene, resulting in absence/markedly reduced levels, or dysfunction
of the protein®. To date, 23 families (31 individuals) have been identified®>>*® and ten
different, unique mutations, have been found in the C3 encoding gene’’**. Patients
lacking C3 often develop life-threatening infections during the first year of life. Current
complement analysis in clinical practice is restricted to cases where a patient's health
status is brought to attention, often due to severe infections. Thus, an early diagnosis of
complement deficiency may decrease the risk of acquiring severe infections during
childhood by using prophylactic treatment.

1.5.4 Evaluation of serum microarrays for the analysis of C2 levels in
dried blood spot samples

The next step in our evaluation was to increase the sensitivity of the serum
microarrays/DBSS approach. For this, another target protein was required in study IV,
one that is less abundant in the blood from newborns than C3.

C2 is important for the function of antibody-mediated phagocytosis and bactericidal
activity®, as cleavage of C2 leads to the formation of a C4b2a enzyme complex, the C3
convertase of the classical and the lectin pathway of the complement system® (figure
1). The normal concentration of serum C2 level is approximately 26 pug/ml® and is
reached one month after birth®. In cord samples from newborns, the mean serum C2
levels are 87% of those of healthy adults®. C2 deficiency is one of the most common
inherited complement component deficiencies in the Western world, with an estimated
prevalence of 1:20 000 in European descendants’. In contrast, no C2 deficient
individuals were found among 145 640 Japanese blood donors”. The C2 encoding
gene is located between the genes coding HLA-B and complement factor B’'. The most
common type I C2 deficiency is characterized by lack of C2 synthesis, usually caused
by a homozygous 28-bp deletion in exon six in the C2 gene of the MHC haplotype
[HLA-B18, S042, DRB1*15]. Type II C2 deficiency is associated with some
uncommon haplotypes and is caused by a selective block of C2 secretion'®’?.

Although many of the C2 deficient patients are asymptomatic, the disorder is often
associated with systemic lupus erythematosus and other autoimmune disorders®. The
incidence of invasive infection has been described to vary between 22-57%""*. A
majority of these infections are caused by encapsulated bacteria such as S. pneumoniae,
N. meningitides and H. influenzae®>™"°. The treatment usually consists of prophylactic
antibiotics treatment or vaccination against encapsulated bacteria and specific treatment
of any associated disorders.



1.5.5 Lack of IgA as a diagnostic marker for humoral primary
immunodeficiencies

In the last step, the focus of study V was to evaluate the potential of use of DBSS for
determination of serum IgA levels in newborns and identification of patients with
various forms of humoral primary immunodeficiencies.

Several studies have demonstrated the presence of IgA in the cord blood as well as the
presence of B cells in the fetal tissues’”’® and the cord blood”***. These fetal B cells are
regarded to be the source of the fetal IgA found in cord blood’®. Therefore, the IgA
detected in the blood of neonates should theoretically be of fetal origin and thus
suitable as a reliable marker for the serum IgA status of the child.



2 AIM
2.1 GENERAL AIM

The aim of the investigations has been to develop a high-throughput method for
detection of PIDs in newborns using DBSS.

2.2 SPECIFIC AIMS

1. Evaluation of serum microarrays as a suitable high-throughput platform for
determination of serum protein levels in thousands of samples simultaneously.

2. Evaluation of serum microarrays as a suitable high-throughput platform for
identification of individuals with IgA deficiency using serum samples,
determination of prevalence of IgA deficiency in Swedish children and association
of IgA deficiency in Swedish children to allergy- and infection-related health
outcomes.

3. Evaluation of serum microarrays as a suitable platform for identification of
patients with PIDs involving high abundance serum proteins using DBSS.

4. Evaluation of serum microarrays as a suitable platform for identification of
patients with PIDs involving low abundance serum proteins using DBSS.

5. Evaluation of DBSS as suitable source of biological material for determination
of serum IgA levels in newborns and identification of patients with primary
immunodeficiency disorders.



3 PATIENTS AND METHODS

Details concerning all the different methods used can be found in the papers, I-V.

3.1 PATIENTS

In study I, 2009 serum samples with known IgA concentrations (determined using
nephelometry at the department of Clinical Immunology, Karolinska Hospital,
Huddinge, Sweden), were included. The samples had been referred from patients with a
history of increased susceptibility to infections. 1191 samples had normal IgA levels
(0.7-3.65 mg/ml), 153 had increased IgA levels, and 665 had low IgA levels including
99 IgA-deficient samples (<0.05 mg/ml).

For study II, serum samples from 2 423 4-year-old children were included. The
children participated in a prospective study (the Children, Allergy, Milieu, Stockholm,
Epidemiological survey [BAMSE]) in a predefined area of Stockholm. In addition,
serum samples collected at the 8-year follow-up from the individuals lacking IgA at
4 years of age were tested using sandwich ELISA (n = 10).

In study III, serum samples from an adult Swedish C3 deficient patient™ and twelve
individuals with normal C3 levels were collected at the department of Clinical
Chemistry, KUS Huddinge, Sweden. A serum sample from an adult Brazilian C3
deficient patient™ was collected at Laboratory of Complement, Department of
Immunology, Institute of Biomedical Sciences, University of Sdo Paulo, Sao Paulo,
Brazil and lyophilized. Before use, this C3 deficient serum was reconstituted in 100 pl
of 1X phosphate buffered saline (PBS). In addition, neonatal DBSS from the Swedish
C3 deficient patient (collected in 1985), 13 controls collected 1983—1998 and 256
freshly collected controls (2 dots, each 3 mm in diameter, corresponding to
approximately 3 ul plasma in total) were obtained from the Center for Inherited
Metabolic Diseases, Karolinska University Hospital Huddinge, Sweden.

In study IV, ten serum samples from C2 deficient patients and four serum samples from
partially C2 deficient patients (heterozygous for a 28-bp deletion in exon six in the C2
gene) were collected at the Institute of Laboratory Medicine, Section of Microbiology,
Immunology, University Hospital of Lund, Sweden. 21 serum samples from C2
sufficient controls were collected at the Division of Clinical Immunology, Karolinska
Institutet, KUS Huddinge, Sweden. Four original DBSS from C2 deficient individuals
(collected 1979-1988) and freshly collected DBSS (2 dots) from 100 controls were
obtained from the Center for Inherited Metabolic Diseases, Karolinska University
Hospital Huddinge, Sweden.

In study V, 115 DBSS were obtained from the Center for Inherited Metabolic Diseases,
Karolinska University Hospital, Stockholm, Sweden (2 dots). The samples were
divided into three groups depending on origin: Individuals with sufficient IgA levels
when tested later in life (adult serum IgA levels of 0.5 mg/ml or more) (group I, n=51),
patients with PIDs impairing humoral immunity, born to healthy mothers or mothers
with sIgAD (group II, n=44), and individuals with normal adult serum IgA levels, born
to IgA deficient mothers (group III, n=20). Group II includes 26 patients with sIgAD,
11 with severe combined immunodeficiency (RAG-1 deficient n=3, X-linked SCID
(gamma chain gene mutation) n=3, Jak3 deficient n=1, 4 unknown), 3 with the hyper
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IgM syndrome (HIGM) (CD40L mutations), and 4 with ataxia-telangiectasia (A-T). All
PID patients in group II lack serum IgA at present or at time of preparation for
hematopoietic stem cell transplantation (4-29 years of age).

3.2 GENERAL OVERVIEW OF THE SERUM MICROARRAYS USED FOR
SERUM AND DBSS ANALYSIS

The serum microarrays were used in paper I-IV. Although with different target proteins
and changes in procedure, depending on the aim of each study, the principle for the
serum microarrays is the same (figure 2).

Figure 2. Schematics of serum
microarrays (reverse phase protein
microarrays). The bound serum is
probed with antibodies for
detection of antigens present in the
sample. Detection is accomplished
by a secondary antibody.

The first step of the procedure is the immobilization of the serum samples on a
substrate, in our case, epoxy slides. The printing generates microspots, each microspot
representing one serum sample. Usually, each serum sample is printed in replicates on
each slide, thus being represented by several microspots. The serum samples are printed
onto the slides using a printing robot (figure 3).

Figure 3. Printing robot Nano-plotter 2.0, Gesim, used for printing of all samples included in paper
II-IV. The robot deposits approximately 0.4 nl/drop.
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One slide can contain approximately 10 000 microspots, all of which are analyzed
simultaneously. In the next step, the analyte of interest needs to be targeted using
antibodies. The antibodies are added to the whole slide at the same time, and will bind
to all microspots containing the analyte of interest. A consequence of this is that
microspots lacking the analyte will not bind any of the primary antibodies.
Subsequently, the slides are incubated with a secondary antibody that is directed
against the primary antibody. The secondary antibody will thus bind only to microspots
where the analyte of interest is present. As the secondary antibody is fluorescently
labeled, a signal will appear in the microspots that contain the analyte (figure 4). The
slides are then scanned for the intensity of the fluorescent emission from the bound
labeled secondary antibodies (figure 5). The created files can then be used in an image
analysis software to obtain the signal intensities for each microspot present on the slide.

Figure 4. Visualization of the
fluorescence intensities of the
/ serum array with 3 x 2000
spotted serum samples. The

enlarged area corresponds to
~500 patient samples.

3.3 OPTIMIZATION OF SERUM MICROARRAYS FOR ANALYSIS OF IGA
LEVELS IN SERUM SAMPLES

As reverse phase protein microarrays had not been previously used for analysis of
serum IgA levels by direct printing of serum, study I started with an optimization of the
printing procedure. The system was initially optimized using three different serum
samples with known IgA concentrations of 0.07, 0.20, and 1.04 mg/m respectively. The
three samples were diluted in 10-fold steps 1:10-1:1,000,000 in 1x PBS and arrayed
onto 25 X 75-mm SuperEpoxy slides (Arraylt, Telechem) using an eight-pin and ring
GMS 427 arrayer (Affymetrix). Twelve identical blocks were printed on each slide with
each block containing all three samples in all dilutions. By using a 16-well adhesive
silicone mask (Schleicher & Schuell BioSciences), the primary antibody (rabbit anti-
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human IgA; DAKO; 4.6 mg/ml) was added to the slide in a dilution series (1:5,000,
1:10,000, 1:20,000, 1:40,000, 1:60,000, and 1:100,000). The labeled secondary
antibody (Alexa Fluor 555 goat anti-rabbit IgG; Molecular Probes; 2 mg/ml) was
diluted in the same manner and added to the slides (one concentration per slide). The
slides were scanned in a G2565BA array scanner (Agilent).

Figure 5. The array scanner
G2565BA, Agilent, used for
scanning all the samples included
in paper I-IV.

3.4 EVALUATION OF ELUTION PROCEDURE FROM ORIGINAL DBSS

In study V, an evaluation of the elution procedures was performed using freshly
collected blood, containing 1.5 mg/ml IgA. The blood was used to create several DBSS
that were then eluted under various conditions (temperature and time of elution). Serum
IgA levels were then determined by sandwich ELISA (as described below). The ratio
between the IgA levels obtained after elution and the actual level of 1.5 mg/ml was then
calculated. All DBSS in study II-V were subsequently eluted for one week at 4°C.

3.5 ELUTION OF PROTEINS FROM ORIGINAL DBSS

Elution of proteins from DBSS was performed in studies III-V.

Each DBSS is approximately 3 mm and contains approximately 1.5 ul plasma. One
DBSS spot is approximately one fifth of one whole DBSS sample. Each whole DBSS
sample contains approximately 15 upl of whole blood, which corresponds to
approximately 7-8 ul of plasma. Therefore, as one fifth of the total plasma volume in
the whole DBSS is approximately 1.5 pl, this corresponds to one DBSS spot with 3mm
in diameter.

In study III and IV, the two DBSS spots per individual, containing approximately 3 ul
of plasma in total, were soaked one week at 4°C in PBS to a final dilution of 1:50.
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3.6 PREPARATION OF SIMULATED DBSS FROM A BRAZILIAN C3
DEFICIENT SERUM SAMPLE AND CONTROLS

In study III, simulated DBSS were prepared from the Brazilian serum sample, as no
fresh blood or original DBSS were available. Twenty five ul of the blood cells from the
adult Swedish C3D patient were added to 25 ul of the Brazilian serum sample. A
volume of 25 ul (corresponding to ~ 13 ul of plasma) of the mixed sample was then
transferred onto filter paper. The filter paper was diluted 1:50 in PBS with 0.5%
Tween20 and soaked for one week at 4°C. The Swedish C3D serum sample and 0.9%
NaCl, mixed with 25 ul of blood cells from the Swedish C3D patient, were used as
negative controls and 9 serum samples with normal levels of C3 as positive controls.

3.7 DETERMINATION OF IGA, C3 AND IGG LEVELS IN SERUM
SAMPLES AND DBSS BY SERUM MICROARRAYS

Serum microarrays were used for protein determination in studies I-IV.

Determination of IgA levels in serum samples using serum microarrays was performed
in study I and II. Serum samples were diluted 1:10, the primary antibodies (rabbit anti-
human IgA; DAKO) was diluted 1:100 000 to a final concentration of 46 ng/ml, and the
labeled secondary antibodies (Alexa Fluor 555 goat anti-rabbit IgG; Molecular Probes)
was diluted 1:60 000 to a final concentration of 33 ng/ml.

In study III, serum microarrays were used for determination of C3 levels in serum
samples. After evaluation of signal intensities, the samples were diluted 1:100, the
primary antibodies (rabbit anti-human C3c; DAKO, Denmark) were diluted 1:100 000
to a final concentration of 115 ng/ml, followed by the labeled secondary antibodies
(Alexa Fluor 555 conjugated goat anti-rabbit IgG; Molecular Probes, USA) diluted
1:60 000 to a final concentration of 33 ng/ml. The samples were printed using GMS
427 arrayer (Affymetrix) in study I and Nano-plotter 2.0 (Gesim) in study II-IV.

The DBSS in study III were, similarily to the serum samples, diluted to 1:100 prior to
serum microarray analysis. The primary antibodies (rabbit anti-human C3c; DAKO,
Denmark) were diluted 1:500 to a final concentration of 2.3 ug/ml. The labeled
secondary antibodies (Alexa Fluor 555 conjugated goat anti-rabbit IgG; Molecular
Probes, USA) were diluted 1:2 000 to a final concentration of 1 pg/ml.

In some DBSS in study III, serum IgG levels were determined using serum
microarrays. The primary antibodies (rabbit anti-human IgG; DAKO, Denmark) were
diluted 1:100 000 to a final concentration of 83 ng/ml and the labeled secondary
antibodies (Alexa Fluor 555 conjugated goat anti-rabbit IgG; Molecular Probes, USA)
were diluted 1:60 000 to a final concentration of 33 ng/ml.

In study IV, six different anti-human C2 antibodies were evaluated for determination of
C2 levels using microarrays: polyclonal rabbit anti-human C2 (4.9 mg/ml; a gift from
professor L. Truedsson, Institute of Laboratory Medicine, Section of Microbiology,
Immunology, University Hospital of Lund), a polyclonal sheep anti-human C2 (10
mg/ml; The Binding Site, UK), a polyclonal goat anti-human C2 (> 20 mg/ml; Quidel,
USA), a monoclonal mouse anti-human C2 HYB 050-04 (I mg/ml; Antibodyshop,
Denmark), a monoclonal mouse anti-human C2 HYB 050-05 (1 mg/ml; Antibodyshop,
Denmark), a monoclonal mouse anti-human C2 HYB 050-08 (1 mg/ml; Antibodyshop,
Denmark).
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All six antibodies were tested using a dilution of 1:5000. Subsequently, secondary
antibodies were added at a final concentration of 400 ng/ml (1:5000) (one per slide):
Alexa Fluor 555 conjugated goat anti-rabbit IgG antibodies (Molecular Probes, USA),
Alexa Fluor 555 conjugated goat anti-sheep IgG antibodies (Molecular Probes, USA),
Alexa Fluor 555 conjugated goat anti-mouse IgG antibodies (Molecular Probes, USA),
Alexa Fluor 555 conjugated rabbit anti-goat IgG antibodies (Molecular Probes, USA).

3.8 DETERMINATION OF IGA, IGG, C3, AND C2 LEVELS IN SERUM
SAMPLES AND DBSS BY ELISA

ELISA was used for determination of protein levels in study II-V.

Serum IgA levels were determined by sandwich ELISA in study II, using rabbit anti-
human IgA antibodies (DAKO, Denmark) at a final concentration of 1.2 mmg/ml and
alkaline phosphatase-conjugated rabbit anti-human serum IgA antibodies (Jackson
ImmunoResearch Laboratories, USA) at a final concentration of 0.6 mmg/ml. All
samples were titrated against a six-fold serially diluted standard. p-Nitrophenyl
phosphate (Sigma-Aldrich, USA) was added and the absorbance (405 nm) was read
on a Vmax microplate reader (Molecular Devices, USA). A mean concentration was
obtained for each sample using Deltasoft JV 1.8 (Biometallics Inc, USA).

In study II, the IgG levels of some individuals were determined by sandwich ELISA.
Polyclonal rabbit anti-human IgG antibodies (DAKO, Denmark) and alkaline
phosphatase-conjugated polyclonal rabbit anti-human IgG antibodies (DAKO,
Denmark) were added at a final concentration of 0.6 mmg/ml and 1.1 mmg/ml
respectively. The same protocol as for determination of serum IgA was followed.

In study III, levels of C3 were determined in serum samples using sandwich ELISA.
Polyclonal rabbit anti-human C3c antibodies (DAKO, Denmark) at a final
concentration of 3.8 pg/ml were used as primary antibodies and horseradish
peroxidase-conjugated polyclonal goat anti-human C3c antibodies (Nordic
Immunological Laboratories, the Netherlands) at a final concentration of 3.3ug/ml
were used as secondary antibodies. The absorbance was read at 450 nm on a Vmax
microplate reader (Molecular Devices, USA). The DBSS used in study III were tested
for C3 levels using the same procedure as the serum samples. The same dilutions of
samples and antibodies were applied.

In study IV, six different anti-human C2 antibodies were evaluated for determination
of C2 levels using ELISA: polyclonal rabbit anti-human C2 (4.9 mg/ml; a gift from
professor L. Truedsson, Institute of Laboratory Medicine, Section of Microbiology,
Immunology, University Hospital of Lund), a polyclonal sheep anti-human C2 (10
mg/ml; The Binding Site, UK), a polyclonal goat anti-human C2 (> 20 mg/ml;
Quidel, USA), a monoclonal mouse anti-human C2 HYB 050-04 (1 mg/ml;
Antibodyshop, Denmark), a monoclonal mouse anti-human C2 HYB 050-05 (1
mg/ml; Antibodyshop, Denmark), a monoclonal mouse anti-human C2 HYB 050-08
(1 mg/ml; Antibodyshop, Denmark). All antibodies were tested on C2 sufficient
serum samples and a C2 deficient negative control. All antibodies were tested as
primary antibody (1:3 000) and as secondary antibodies (1:1 000). Subsequently,
alkaline phosphatase-conjugated antibodies diluted 1:1000, directed against the
respective secondary antibodies: alkaline phosphatase-conjugated donkey anti-sheep
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IgG antibodies (Binding Site, UK), alkaline phosphatase-conjugated sheep anti-rabbit
IgG antibodies (Sigma-Aldrich, USA), alkaline phosphatase-conjugated rabbit anti-
mouse IgG (DakoCytomation, Denmark) or alkaline phosphatase-conjugated rabbit
anti-goat IgG (Sigma-Aldrich, USA) were added. p-Nitrophenyl phosphate (Sigma-
Aldrich, USA) was added and the absorbance was read on a Vmax microplate reader
(Molecular Devices, USA).

After the evaluation in study IV, the C2 levels were determined in serum samples and
DBSS by ELISA using polyclonal rabbit anti-human C2 antibodies (a gift from
professor L. Truedsson, Institute of Laboratory Medicine, Section of Microbiology,
Immunology, University Hospital of Lund, Sweden) added at a concentration of 1.6
mmg/ml (1:3000), sheep anti-human C2 antibodies (The Binding Site, UK) added at a
concentration of 1 mmg/ml (1:1000), followed by alkaline phosphatase-conjugated
donkey anti-sheep IgG antibodies (Binding Site, UK) diluted 1:1000.

In study V, IgA levels were determined in DBSS using the same primary and
secondary antibodies as described for study II. Samples with non-detectable IgA
levels were considered deficient. Subsequently, total serum IgG levels were
determined in individuals with undetectable IgA levels at birth using sandwich
ELISA. The same protocol as for study II was followed.

For study II-V, a mean concentration was obtained for each sample using Deltasoft
JV 1.8 (Biometallics Inc, USA).

3.9 TOTAL PROTEIN CONTENT IN DBSS

In study III, an assessment of the protein composition was made in DBSS showing
low levels of C3 and controls, using a SDS-polyacrylamide gradient gel (NuPAGE 4-
12% Bis-Tris pre cast gel, Invitrogen, USA). MultiMark rainbow molecular weight
marker (Invitrogen, USA) was used as a standard and the gel was stained with
Coomassie Brilliant Blue.

3.10 DEFINITION OF ALLERGY- AND INFECTIONS-ASSOCIATED
HEALTH OUTCOMES IN CHILDREN

In study II, allergy- and infection-associated health outcomes were correlated to IgA
deficiency in young children. Data on parental allergy and various exposures were
collected using a questionnaire when the children were 2 months old in average. At 1,
2, 4 and 8 years of age, the questionnaires focused on the children's allergic symptoms
and possible confounding factors. Data on environmental factors including maternal
age, maternal smoking habits, breast-feeding and parental allergies were collected from
parent-answered questionnaires when the children were on average 2 months old.
Questions regarding symptoms related to allergic diseases and infections in their
children were answered by the parents at years 1, 2, 4 and 8. Pseudocroup, pneumonia,
bronchitis and respiratory syncytial virus infection were parent reported and defined as
doctor's diagnosis during the 12 months prior to answering the questionnaire. Parentally
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reported pseudocroup is defined as a sudden spasm of the larynx that occurs in children
and is marked by difficult breathing with prolonged noisy inspiration, normally caused
by viral infection. Parentally reported asthma at years 1 and 2 was defined as at least 3
episodes of wheezing in combination with treatment with inhaled steroids or signs of
hyperactivity®. At 4 and 8 years of age the definition included at least 4 episodes of
wheezing in the last 12 months or at least 1 episode of wheezing combined with inhaled
steroids treatment™. Parentally reported eczema was defined as dry skin and itchy rash
continuously for at least 2 weeks in the previous 12 months with a typical distribution
(face, outer limbs, folds of elbows/wrists, behind the knees, or fronts of ankles) and/or
doctor's diagnosis®’. Parentally reported wheeze was defined as at least 1 episode of
wheezing in the last 12 months. Sensitization to inhalant allergens was defined as
positive Phadiatop® (IgE-antibody levels > 0.35 kU /1) against cat, dog, horse, birch,
timothy, mugwort, Dermatophagoides pteronyssinus, or Cladosporium species.
Sensitization to food allergens was defined as positive fx5° (IgE-antibody
levels > 0.3 kUA/l) against cow's milk, hen's egg, codfish, soybean, peanut or wheat.
Parentally reported food hypersensitivity was defined as parentally reported symptoms
(wheeze, itchy eyes and/or running nose, facial oedema, urticaria, eczema or
vomiting/diarrhoea) related to ingestion of a certain food™.

3.11 DATA ANALYSIS OF SERUM MICROARRAYS

All slides were scanned by the G2565BA array scanner (Agilent, USA) and the image
analysis in study I-IV was performed using GenePixPro 5.1 (Axon Instruments) with
non-circular feature alignment. In study I, the median intensities were used to scale
the array intensities versus the IgA concentrations previously measured by
nephelometry. A scaling factor was calculated individually for each replicated set of
samples as the ratio between the median of the array intensities with the median of the
concentrations. In study II, the median intensity of each spot was averaged based on
replicates and the correlation between the microarrays and ELISA was calculated
using R console (www.r-project.org).

3.12 STATISTICAL ANALYSES

In study II, the y* test was used for determination of differences in the distribution of
selected characteristics and association with selected health outcomes among children
with respect to their serum IgA levels, p <0.05 was regarded as significant. The
analysis were performed for children with IgA deficiency (<0.07 mg/ml), partial IgA
deficiency (0.07-0.49 mg/ml) and normal IgA levels (>0.5 mg/ml). The statistical
analyses were performed using Stata 9.0 (College Station, TX, USA).

In study III and IV, the calculations were performed by Microsoft Excel. In study V,
the statistical analyses were performed using XLSTAT.
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4 RESULTS
41 PAPERI

There is a great need for comprehensive proteomic analysis of large patient cohorts of
plasma and serum samples to identify biomarkers of human diseases. In this paper, we
describe a new antibody-based proteomic approach involving a reverse array format
where serum samples are spotted on a microarray. This enables all samples to be
screened for their content of a certain serum protein in a single experiment using target-
recognizing antibodies and fluorescently labeled secondary antibodies. The procedure is
illustrated with the analysis of the IgA levels in 2009 spotted serum samples, and the
data are compared with clinical routine measurements. We could show that the present
limit of detection in spotted complex serum is below 1 pg/ml, well below the IgA levels
defining sIgAD. For the clinical samples, the median coefficient of viariation was 15%
and only 10% for the samples with IgA concentrations above the deficiency range,
indicating a satisfying robustness comparable to other methods. A high level of
correlation was observed throughout the material.

4.2 PAPERII

Serum microarrays enable simultaneous analysis of thousands of samples and are
suitable for high-throughput analysis. This platform generally generates semi-
quantitative data but is not perfectly suited for absolute measurements. However, it is
highly applicable to initial screening procedures for relative measurements of medium
and highly abundant proteins in complex samples. The two methods were used
simultaneously to investigate whether the IgAD samples identified by traditional
ELISA were also identified by the serum microarrays. 14 children with IgAD were
identified using ELISA, giving a prevalence one in 173. The fluorescent signals in the
IgAD group when using serum microarrays (mean signal strength of 1600) were
significantly lower (p < 0.01) than in the remaining sample set. Serum microarrays
are therefore suitable for identification of IgA deficient patients. For association of
IgA deficiency in Swedish children with allergy- and infection-related health
outcomes, we found a significantly increased risk of parentally reported pseudocroup
at year 1 and pseudocroup at 1 and/or 2 years of age compared to non-deficient
children. For allergic diseases, IgAD children were found to have a significantly
increased risk of parentally reported food hypersensitivity at 4 years of age. At
8 years of age there was a tendency to increased risk for food hypersensitivity
(p =0.05). The health outcomes did not differ significantly between children with
partial IgA deficiency (0.07-0.49 mg/ml) and those with normal serum IgA levels.

4.3 PAPERII

DBSS from newborns are widely used in neonatal screening for selected metabolic
diseases and diagnostic possibilities for additional disorders are continuously being
evaluated. In this study, we investigated whether patients with C3 deficiency can be
identified by the analysis of DBSS eluates using reverse phase serum microarrays. No
C3 was detected in the DBSS eluate from the Swedish patient using serum microarrays.
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In the control group, C3 was readily detected in all samples, with a correlation between
the two methods of 0.49. The mean C3 level of the 13 stored controls was significantly
lower than the mean level of the freshly collected controls. The levels of C3 in the
control group was significantly higher than in the Swedish C3 deficient patient sample,
indicating that serum mciroarrays are suitable for identification of C3 deficiency using
DBSS eluates. Similar to the original DBSS of the Swedish patient, no C3 was detected
in the Brazilian DBSS or negative controls, while all positive controls had detectable
levels of C3, using serum microarrays. Six control DBSS showed consistently low
intensities on serum microarrays but normal C3 levels on ELISA. A number of low
molecular weight bands were noted in these samples, suggesting degradation of serum
proteins. No such bands were seen in the eluates from the C3 deficient patient or the
normal-intensity controls, suggesting that C3 is one of the degraded proteins in these
six low-intensity samples.

4.4 PAPERIV

In this study, we investigated if DBSS collected at birth can be used for identification
of subjects with C2D. C2 is found at much lower levels in newborns than C3. The
criss-cross evaluation of six different anti-C2 antibodies for sandwich ELISA showed
that the polyclonal rabbit anti-human C2 antibodies were the only antibodies suitable
for coating. The polyclonal sheep anti-human C2 and polyclonal goat anti-human C2
were suitable as secondary antibodies. The evaluation of antibodies for serum
microarrays showed that none of the tested antibodies are suitable for analysis; due to
lack of distinction between patient and control samples.

Patient serum samples and controls were tested for C2 levels using sandwich ELISA.
No C2 was detected in the sera of the deficient patients. In contrast, detectable levels
were seen in all control samples and samples from partially deficient patients. The
DBSS from C2 deficient patients and controls were also tested using sandwich ELISA.
The levels of C2 in DBSS eluates of C2 deficient patients were significantly lower than
in control samples.

4.5 PAPERYV

Primary immunodeficiency disorders are caused by inherited defects of the immune
system. There is a great need for a rapid and cost-effective neonatal screening to
diagnose affected children early in life, thus improving the clinical outcome of the most
severe forms of primary immunodeficiency disorders. Serum IgA were readily detected
in all DBSS eluates in control group. In 16 of 44 PID patients, no IgA was detected at
birth. In the remaining 28, the IgA levels were comparable to those of the controls. All
16 PID patients lacking IgA at birth are diagnosed with sIgAD and are born to sIgAD
mothers. Ten sIgAD patients had detectable serum IgA levels at birth and all ten were
born to IgA sufficient mothers. Among 20 children with normal IgA levels at follow up
(1-16 years), born to sIgAD mothers, 10 lacked serum IgA at birth.
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5 DISCUSSION AND FUTURE PERSPECTIVES
5.1 THE POTENTIAL OF SERUM MICROARRAYS IN LARGE SCALE
SCREENING OF PROTEIN LEVELS

Today, a majority of PID patients are not diagnosed until brought to attention due to
recurrent and/or severe infections. A majority of the individuals would benefit from
prophylactic treatment with antibiotics and/or immunoglobulins or in more severe
cases, hematopoietic stem cell transplantation. Children with more severe forms of
PIDs, such as SCID and HIGM, risk a fatal outcome if left undiagnosed or diagnosed
late, as many of them acquire severe, life-threatening infections during the first year(s)
of life. One of the reasons why a majority of individuals are left undiagnosed is the lack
of high-throughput methods for analysis. The potential of a reverse phase protein
microarray system with spotted serum samples is huge, as there is an urgent need for
sensitive and robust methods for large scale screening of protein levels in serum.
During this project, we investigated the possibility of using serum microarrays for
detection and semi-quantification of specific serum proteins associated with certain
forms of PIDs.

We believe that an effective screening that identifies a majority of PID patients should
involve the use of a single analytical platform. Therefore, a common denominator in a
majority of individuals with PID needs to be identified. As IgA deficiency is included
not only in the phenotype of most antibody deficiencies, but also in a majority of other
forms of severe primary immunodeficiencies, determination of serum IgA levels could
potentially serve as a basis for such a screening. It should, however, be noted that in
some forms of SCID such as ADA deficiency, RAG1/2 defects and complete DiGeorge
syndrome, a substantial part of the patients do not exhibit IgA deficiency during the
first year of life. Therefore, these patients will not be identified using the proposed
approach. It should also be emphasized that although the screening will result in
identification of patients with selective IgA deficiency, these patients are not included
in the target group for this screening as selective IgA deficiency is a mild form of PID.
Thus the screening would constitute a first step in the evaluation of the patients,
followed by in-depth analysis to identify the specific defect.

In paper I, we could show that serum IgA can be readily detected in 6 000 microspots
on one single array slide and the capacity for simultaneous analysis of a very large
number of serum samples in an array format can be extended beyond those 6000
microspots to at least double the amount. This means that an even further optimized
system has the potential to allow large scale screening of huge clinical sample
collections.

One of the limiting parameters in serum microarrays is the theoretical sensitivity,
originating from the small number of molecules transferred to the arrays during
printing. Only 0.4 nl of a complex sample is transferred to a slide per microspot. Thus
since only a fraction of the proteins present are available for detection, it is inherent in
the technology that low-abundant proteins will be difficult to detect without proper
signal amplification. With the present setup, the limit of detection for C3 in serum is
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approximately 500 ng/ml, and 1 pg/ml for serum IgA. The sensitivity of the arrays
could be increased by using undiluted or concentrated samples or with higher
concentrations of primary and secondary antibodies. Yet other approaches may include
the use of sera depleted of albumin, IgG, and other highly abundant serum proteins,
thus the sensitivity would potentially increase at least one magnitude. The main issue
would then be to develop an automated and robust sample preparation procedure.
Alternative detection systems such as those based on thin film planar Waveguides89 and
various signal amplification procedures would also increase the sensitivity of the serum
microarrays. The printing of the microspots results in immobilization of the serum
samples. When immobilizing complex samples, a relevant concern is always that of all
proteins being kept constant compared to in solution. One approach is then to use
epoxide, which can bind proteins covalently in several different ways, utilizing both
primary amines and hydroxyl- and thiol-based attachment. This general binding will
reduce the risk of bias when binding proteins. Although further tests are needed to
determine the proportion between bound and applied proteins, we found no
indications in our studies that it would pose a problem in our analyses. Also if the
immobilization efficiency is equal for all the samples, it will possible to handle it by
proper data normalization.

The overall median coefficient of variation of the serum microarrays for detection of
serum IgA in serum samples was 15% and only 10% for the samples above the
deficiency range. This indicates a satisfying robustness comparable to other methods as
the average coefficient of variation for nephelometry is 5-10% and antibody-based
immunoassays in general have an average coefficient of variation of 10-15%.
Nephelometry is a routine fluid phase immunoprecipitation technique currently used for
quantification of serum proteins. The samples with the highest deviation between the
concentrations determined by nephelometry and the array results have in general either
a very low concentration or a significantly higher variation between replicates. There
are no obvious reasons for the high variation and thereby high deviation for some
samples. Further investigations are needed to clarify whether the compositions of those
samples deviate from the average. To determine concentrations in subsequent studies
where the concentrations are unknown, there will be a need to establish proper standard
curves and also to introduce a quality filtering based on variance.

Compared to nephelometry and the radial immunodiffusion method used for low level
analysis, two techniques that are not well suited for large scale screening due to the cost
and work-load, the serum microarrays offer several major improvements. Only a few
microliters, depending on spotting equipment, of serum is adequate for hundreds of
microarrays, and each slide can then be used to screen thousands of samples for the
content of a specific serum protein. Furthermore the reagent cost is drastically reduced
because of the very large amount of samples analyzed simultaneously.

In study II, the serum microarrays were used to successfully identify 14 individuals
lacking serum IgA. The findings were confirmed by sandwich ELISA. Therefore, it
would be theoretically possible to screen thousands of samples and subsequently
quantify serum IgA levels in individuals with the lowest intensities obtained on serum
microarrays, using ELISA.
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5.2 THE USE OF DBSS IN NEONATAL PID SCREENING

The DBSS are normally collected within 72 hours after birth and can be stored for
many years. In study III, IV and V, we used such stored DBSS for determination of C3,
C2 and IgA levels. One concern when using old samples is that the long-time storage
might result in a degradation of the proteins. The patient DBSS used for study III had
been stored for 21 years and for study V for 2 to 28 years prior to analysis. Therefore,
to exclude that the lack of the target protein in the patient samples is due to degradation,
we included control DBSS that had been stored for an equal amount of time. When
analyzing the long-time stored DBSS controls in study III, we could detect C3 in all
samples, thus indicating that the lack of C3 in the patient DBSS is not a result of
protein degradation. The undetectable C3 levels in the freshly collected serum sample
from the C3 deficient patient also support this notion as well as the absence of low
molecular weight bands (indicating degradation) when running the SDS-PAGE.

In study IV, we could show that the levels of C2 are significantly lower in patient
samples than control samples when using sandwich ELISA. This indicates that the
DBSS might be suitable for identification of patients with C2 deficiency already at
birth. So far, we have, however, been unsuccessful in finding an anti-C2 antibody that
enables us to discriminate between patient samples and controls when using serum
microarrays. Only a handful of commercial anti-human C2 antibodies are available to
date. Three of the tested antibodies, all polyclonal, were suitable for sandwich ELISA
using the current protocol. In contrast, mone of the monoclonal antibodies showed
distinction between patients and controls, which might be due to low amount of serum
C2 in the samples combined with the antibodies binding one single epitope.
Furthermore, none of the tested antibodies could differentiate between patient and
control samples using the serum microarrays. It is not clear why some antibodies fail in
the microarray settings but it may depend on production method, storage buffers,
storage procedures or other factors.

In study III, higher concentrations of primary and secondary antibodies were required
for the serum microarray analysis of the DBSS than for the analysis of the serum
samples. As the composition of the DBSS eluates differs from that of the serum
samples in terms of total protein content and viscosity, these parameters may be
important for the piezo-electric printing procedure and might thus influence the amount
of the sample that is actually transferred to the slide.

A fundamental question that needs to be addressed before an IgA based assay can be
tested in newborns, is the origin of the serum IgA found in the DBSS. Studies have
shown the presence of B cells in fetal tissues’”’® as well as in the cord blood79'82, that
have been proposed to be the source of serum IgA found in the cord blood™. If the
serum IgA found in the cord blood would be only of fetal origin, a lack of detectable
IgA at birth would reflect the inability of the child to produce IgA. This would then
enable us to identify children with defective IgA production.

In study V, we found that 16 out of 44 PID patients lacked IgA at birth. All 16 are

today diagnosed with selective IgAD, thus all of the patients with severe forms of PIDs
had detectable serum IgA levels at birth. We found that only patients born to sIigAD
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mothers lacked IgA at birth, while patients born to mothers with normal IgA levels had
detectable amounts of IgA at birth. The lack of IgA in the fetal samples does not seem
to be caused by maternal anti-IgA antibodies, as no such association was seen in our
samples. Based on our findings, we propose that there is a hitherto not fully appreciated
transport/diffusion of IgA from mother to child during pregnancy. This notion is
supported by several previous studies suggesting a possible transfer of IgA across the
plalcentago'93 . Malek and colleagues91 investigated the transport of various proteins
across human placenta by comparing the concentrations in maternal and fetal blood. A
correlation was seen between fetal and maternal levels of serum IgA (0.66), suggesting
that diffusional transfer does take place. Gurevich and colleagues™ reported that
precursor endocrine cells of 4-7 weeks old embryos were weakly positive for IgA but
IgA-secreting lymphocytes did not appear until after 10-11 weeks of pregnancy, again
suggesting a transplacental transfer. Similarly, Ben-Hur and colleagues93 found that the
components of the placental barrier were positive for IgA in 3.5-8 weeks old embryos,
but lymphocytes were first seen after 9-11 weeks. These findings suggest that maternal
IgA might be transferred to the embryo during the early prenatal period. However, the
Am?2 allotype has been shown to be present in the cord blood of some children even
though the mother lacks this antigen, thus indicating a fetal origin of at least some of
the neonatal IgA9O.

A matter that needs to be discussed in the current setting is also the specificity of the
rabbit anti-human IgA antibodies that are used for detection of IgA in the DBSS
eluates. We believe that the perfect overlap of lack of IgA in PID babies and maternal
sIgAD validates the specificity of the anti-human IgA antibodies used. If the antibodies
would have bound unspecifically to any maternal or fetal anti-rabbit antibodies of
isotypes other than IgA, we would expect a more random distribution of our findings.

There is a possibility that the serum IgA detected in the present study might be due to
microbreaks in the maternofetal barrier, leading to low levels of IgA contamination.
However, 10 out of 20 IgA sufficient children born to sigAD mothers (group III) had
detectable serum IgA levels at birth, suggesting that both the mother and the fetus
contribute to the total serum IgA detected in neonatal blood. We thus conclude that a
screening for PIDs, based on serum IgA levels in neonatal blood is not possible, due to
a transplacental transfer of maternal IgA.

5.3 THE NEED OF HIGH-THROUGHPUT DIAGNOSTIC TOOLS FOR PID -
EXAMPLES OF NEW APPROACHES

As there is a great need for a high-throughput screening for PIDs, new approaches are
currently being developed. In a recent study by Ingvarsson et al, 2007, sandwich
antibody microarrays were used for multiplex analysis of eight complement proteins
(including C3) in unfractioned serum and plasma94, showing promising results for
protein profiling in complex samples. However, the inherent format of the sandwich
antibody arrays rules out the simultaneous screening of large numbers of samples that
is required for population screening.
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The most promising approach to date is a novel neonatal screening for SCID®>®° that

was presented in 2005. The suggested technique is based on quantitation of T-cell
receptor excision circles (TRECs) that are generated during the maturation of T cells”.
The known gene mutations result in a combined cellular and humoral
immunodeficiency and most SCID patients have no, or very few, T cells. Therefore,
only trace amounts of TRECs can be found in their blood. Recently, a study presented
further optimization of the method, by enhancing the yield of DNA extraction and
increasing the amplification efficiency, as well as showing a substantially lower rate of
false positives98. In 2004, SCID was found to meet the criteria for inclusion in newborn
screening. In January 2007, a pilot study aiming at developing a neonatal screening test
for SCID was launched as collaboration between the Jeffrey Modell Foundation and the
Wisconsin State Laboratory of Hygiene and Children's Hospital of Wisconsin and in
January 2008, SCID was added to the neonatal screening program in the state of
Wisconsin. It is anticipated that several additional states will join the pilot screening
program. Criteria include infants who are asymptomatic at birth, serious medical
consequences without treatment, availability of confirmatory tests and effective
treatment, and improved outcomes with early intervention.The limitation of this
approach is its dependence on lack of TRECs, thus focusing on a small part of patients
with PIDs.

5.4 PREVALENCE OF SIGAD IN SWEDISH CHILDREN AND ITS
ASSOCIATION TO ALLERGIC DISEASES AND INFECTIONS

In study II, we identified 14 sIgAD subjects among 2423 Swedish children, giving a
prevalence of 1:173. As the prevalence of sIgAD in the adult Swedish popula