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Abstract

Understanding the immune system and how it is influenced by the genome are
key steps for unraveling the genetic basis of immunological regulation and
dysregulation. Advances in genetic tools and sequencing strategies potentially allow us
to identify novel disease-causing mutations in poorly understood diseases such as
hyper-1gE syndrome (HIES). HIES is a primary immune deficiency characterized by
eczema, recurrent skin and lung infection, and greatly increased serum levels of IgE.
HIES has been linked to a Mendelian inheritance of mutations in STAT3, DOCKS8 and
TYK2, however, most cases do not have a known genetic cause. In this study we worked
on a family which manifested two cases of HIES in children of consanguineous parents.
The patients of this study were diagnosed with HIES, yet no mutation in STATS3,
DOCKS8 orTYK2 were found. Resorting to whole-exome sequencing we found a rare
coding SNP in CARD11, which was considered the best candidate to explain the
patient’s phenotype due to the similarities to the Card11-deficient mouse phenotype
(atopic dermatitis, increased serum levels of IgE and Th2-driven immune response).
Based on this we hypothesized that this SNP was causing HIES in the patients, however
our results rule out CARD11 as the causable gene for the clinical phenotype. The
immune phenotyping of one of the patient revealed a decrease in Th2 cells, Ty and
naive CD4" T cells, and an increase in memory CD4" and CD8" T cells. Together, these
results suggest a novel category of HIES, in genetic and immunologic basis. Additional
research to identify the disease causation in this family may contribute for the better

understanding of IgE production and IgE-mediated diseases.
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Resumo

Compreender o sistema imunolédgico e como € influenciado pelo genoma séo
processos fundamentais para desvendar a base genética da regulacdo e desregulacdo
imunolégica. Os avancos das ferramentas genéticas e estratégias de sequenciacao
potenciam a identificacdo de mutacGes causadoras de doencas mal compreendidas como
a sindrome de hiper-Ige (HIES). HIES é uma imunodeficiéncia primaria cujas
caracteristicas incluem eczema, infec¢cdes pulmonares recorrentes e niveis séricos de
IgE extremamente elevados. HIES tem sido associada a heranga mendeliana de
mutacdes em STAT3, DOCKS8 e TYK2, no entanto, a maior parte dos casos ndo tem
causa genética conhecida. Neste estudo, trabalhamos uma familia com dois casos de
HIES. Os pacientes deste estudo, filhos de pais consanguineos, foram diagnosticados
com HIES, no entanto nenhuma mutacéo foi encontrada em STAT3, DOCKS8 ou TYK2.
Recorrendo a “whole-exome sequencing” encontrou-se um SNP codificante raro em
CARD11. Este SNP foi considerado o melhor candidato para explicar o fendtipo do
paciente, devido as semelhancas com o fendtipo murino de deficiéncia em Cardll
(dermatite atdpica, aumento dos niveis séricos de IgE e resposta imune mediada por
células Th2). Com base nisto, a hip6tese de que este SNP era a causa de HIES nos
doentes foi formulada. Contudo, os nossos resultados excluem CARD11 de ser o gene
causador do fendtipo clinico. A elaboracdo do perfil imunolégico de um dos paciente
revelou uma diminuigdo de células Th2, Tregs € células T CD4" naive, e um aumento nas
células CD4" em CD8" de memoria. Em suma, estes resultados sugerem que a HIES
apresentada pelos pacientes pertence a uma nova categoria, quer de foro genético, quer
de foro imunolégico. Pesquisa adicional € necessaria para identificar a causa da doenca
nesta familia e pode contribuir para uma melhor compreensdo da producéo de IgE e de
doencas mediadas por IgE.
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1 Introduction

Exploring the influence that the genetic background exerts over the immune
system is fundamental for the understanding of its regulation and dysregulation. Hyper-
IgE syndrome (HIES) is a rare primary immune deficiency, and although the genetic
basis for many cases of familiar HIES has been explained with the identification of
Mendelian mutations in STAT3, DOCK8 and TYK2, most HIES cases remain
unexplained, with unknown genetic origin. Advances in genetic tools, notably the
blueprint of the human genome created through the human genome project and the
advent of next-generation sequencing increases our ability to identify novel mutations
that make up the “genetic dark matter” of unexplained HIES. Using whole exome
sequencing technology is possible to investigate candidate genes associated to a
particular disease by studying the likely affected pathways, culminating in the

identification of therapeutic molecular targets.

1.1 Immune system overview

1.1.1 Immune system differentiation

The immune system is responsible for the protection of the body from infectious
organisms, a function which necessitates the distinction between “self” and “non-self”.
Immune reactions are mediated by immune cells, or leukocytes, that develop from
hematopoietic precursor cells in the bone marrow '. The first stage in hematopoietic
differentiation commits the self-renewing hematopoietic stem cells into one of the two
major branches — the myeloid precursor or lymphoid precursor. The myeloid precursor
gives rise to both non-leukocytes (red blood cells and platelets) and a large range of
myeloid leukocytes, including granulocytes (basophils, eosinophils and neutrophils),
mast cells, monocytes and most macrophages and dendritic cells *. In turn, the lymphoid
precursor is the progenitor cell for NK cells, T cells, B cells and also dendritic cells and
macrophages *. All leukocytes differentiate in the bone marrow, with the exception of T

cells, which require the migration of the lymphocyte precursor to the thymus .

1.1.2 Innate immunity
Immune mechanisms may be divided into two main lines of action, innate

immunity and adaptive immunity, which have fundamentally different mechanisms for



identifying non-self and yet act in complementary manners. The first line of defense
pathogens encounter is barrier immunity which involves the action of mechanical,
chemical and physiological barriers. Pathogens that evade barrier immunity encounter
the innate immune system, which acts non-specifically against pathogens through the
activation of the cells of the innate immune system 2. Among the later are phagocytes,
basophils, eosinophils, mast cells, dendritic cells and NK cells 2. The innate immune
system acts through a selection of pattern recognition receptors which may be expressed
on the cellular surface and intracellularly or secreted into the blood and tissue fluids 2.
Among the intracellular receptors there are the protein kinase PKR and the
OAS/RNaseL pathway, which activate when bound to viral dsRNA. The first blocks
protein synthesis, both viral and cellular, promotes the expression of antiviral type-1 IFN
genes and induces the apoptosis of infected cells. The second cleaves both viral and
cellular RNAs, which, like PKR, blocks protein synthesis and promotes the apoptosis of
infected cells 2.

In addition to PKR and OAS/RNaseL, the family of nucleotide-binding
oligomerization domain receptors (NOD) is also involved in intracellular pattern
recognition 2. The pathogen recognition receptors from this family are called NOD-like
receptors (NLRs). NLRs can be classified into two subgroups, NLRC, which contains a
Card domain, and NLRP, which contain a Pyrin domain . NOD1 and NOD2 proteins
belong to the NLRC group and are an important piece in pathogen recognition, specially
the recognition of peptidoglycan moieties and activation of immune responses . Upon
recognition, NLR signals the recruitment of cooperating proteins, which lead to the
interaction of the CARD domain with CARD-containing kinase RIPK2 and culminates
in the activation and translocation of NF-«kB to the nucleus, which in turn promote the
expression of proinflammatory genes °.

Another key family of pattern recognition receptors expressed on cells from the
innate immune system are the Toll-like receptors (TLRs). These proteins are expressed
in the cell membrane and in subcellular organelles and recognize specific pathogen
components and induce the expression of costimulatory molecules *°. Ten different
TLRs have been identified in humans and thirteen in mice; TLR1-9 are conserved
between the two species while TLR10 is expressed only in humans °. TLR can be
grouped in 5 subfamilies, TLR3, TLR4, TLR5, the TLR2 family (TLR1, TLR2, TLR6
and TLR10) and the TLR9 family (TLR7, TLR8 and TLR9) *. Each TLR differs from
the others in its ligand specificity and expression patterns % For instance, TLR4



recognizes LPS from gram-negative bacteria and mannan in fungus, while TLR2
recognizes peptidoglycan in gram-positive bacteria and TLR9 recognizes bacterial and
viral DNA. The activation of the innate immune response, via the recognition of the
pathogen molecular patterns, initiates effector mechanisms that can induce an adaptive
immune response. This process is primarily driven by the uptake and presentation of
antigens by antigen-presenting cells (APCs), and the secretion of proinflammatory

cytokines and chemokines, which activate, attract and drive the differentiation of T cells
2,6

1.1.3 Adaptive immunity

The activation of the adaptive immune response depends on two events, the
recognition of a specific antigen and the generation of the immune response against it.
The function of the adaptive immune system requires the generation of numerous
antigen receptor specificities by somatic mechanisms of gene rearrangements and
receptor diversification . Both B cells and T cells undergo a maturation phase where
the series of genes that encode the cell’s antigen-binding receptor undergoes random
rearrangements, generating a large diversity of specific antigen-binding receptors ’. The
assembly of functional immunoglobulin genes depends on genetic recombination and
DNA modification mechanisms. It occurs during B cell differentiation, within the bone
marrow and germinal centers, and involves the rearrangement of variable-region and
promotes the generation of specific antibodies against a wide spectrum of potential

819 ( Figure 1) ®**. During this process individual heavy-chain variable (Vy),

antigens
diversity (D) and joining (Ju) gene segments randomly combine with imprecise joints to
generate a Vu(D)Jy cassette that encodes for a specific Vi domain "°. A similar process
occurs with the light-chain, with the resulting recombined heavy and light chains
forming the unique immunoglobulin produced by each B cell. T cells undergo a similar
process to generate the T cell receptor (TCR), but using a different gene set.

The production of unique immunoglobulins and TRCs gives rise to an array of
semi-random receptors clonally distributed on T and B cells with the potential to
recognize almost any antigenic structure that might be associated with infectious
pathogens °. In contrast to the innate immune system, which relies on the recognition of
conserved molecular patterns expressed on pathogens, the adaptive immune system
recognizes specific antigens without any requirement of evolutionary conservation. In

the case of B cells, antigens can be recognized with no further requirements, but in the



case of T cells, antigen recognition requires the expression of antigens presented by
major histocompatibility complex (MHC) molecules °. The activation of the adaptive
Immune response is initiated at the moment of infection and takes over when the innate
defenses are not enough to stop the infection *2. The adaptive immune system is capable
of recognizing and eliminating specific pathogens and displays particular
characteristics: (1) antigenic specificity; (2) diversity; (3) immunologic memory; and (4)
self/non-self recognition .

For an effective immune response two types of cells need to be present:
lymphocytes (B cells and T cells) and APCs ”. The TCR expressed by T cells can only
recognize foreign peptides when they are bound to molecules from the MHC . This
means that antigens must be displayed on the surface of the body’s own cells, such as
APCs, B cells and infected, damaged, or tumorous cells *2. Antigen-presenting cells
phagocytose and display antigenic peptides bound to MHC molecules to T cells, which
become activated after recognizing this complex. MHC has two main classes, MHC
class I and MHC class |1, which are solely recognized by CD8 T cells and CD4 T cells,
respectively. CD4 T cells secrete many cytokines that activate other cells, such as B
cells, CD8 T cells and macrophages . CD8 T cells have the main role of screening and
eliminating altered cells (tumor cells, virus infected cells) by resorting to their cytotoxic
characteristics . CD4 T cells may be divided into effector/helper T cells (including Thi,
Th2 and Thl7) and regulatory T cells. As mentioned above, phagocytic cells are
involved in activating the adaptive immune response, nevertheless the inverse is also
true. Various factors produced during the adaptive immune response can enhance the
activity of phagocytes ’

While T cells only recognize antigens when they are presented with MHC
molecules, B cells are able to do so on antigens alone ’. B lymphocytes or B cells are
adapted to recognize soluble antigens through their receptor, which is a membrane-
bound form of immunoglobulin "*2. After recognition, they internalize the antigen,
process it and display the peptide fragments together with MHC class Il *2. The
peptide:MCH class 1l complex is recognized by antigen-specific CD4 T cells *2. As a
result of the interaction between the CD4 T cell and B cell, the T cell secretes cytokines
that influence B cell differentiation into memory B cells, which gain a longer life span
and keep the receptor, or effector B cells (plasma cells), which lose the membrane-
bound form of immunoglobulin but produce a secretory form of the protein with the

same specificity, known as antibody ’. The large diversity of immunoglobulin



sequences produced during B cell differentiation is expanded by interaction with
activated T cells in the process known as somatic hypermutation. Somatic
hypermutation is central to provide a structural substrate for the positive selection of

in the affinity maturation process *.

higher affinity mutants to specific antigens *
During this stage there is a massive accumulation of point mutations in the region
between the immunoglobulin promoter and the intronic immunoglobulin enhancer of

the V genes of the heavy and light chain.
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Figure 1 — Representation of the immunoglobulin heavy-chain gene rearrangement *°. The
assembly of V, D and J,; gene segments by somatic recombination, the somatic hypermutation of the V
gene and Class-switch recombination towards different immunoglobulin isotype contribute for the highly
variable pool of functional immunoglobulins.

Initially all B cells express IgM and IgD, but upon appropriate stimuli they are
able to switch antibody isotype while maintaining their antigen specificity **3. B cells
can potentially produce five types of immunoglobulins: IgM, IgG, IgA, IgD and IgE,

although individual B cells will only produce one secretory form at a time.



Overall, immunoglobulins have the ability to recognize antigens and to invoke
responses, but each isotype has a different functional property ’. This variability of
functions results from interactions between heavy-chain constant regions and other
serum proteins or cell-membrane receptors ’. This ability to alter the isotype of the
antibody is gained during a process called class switch recombination (CSR), which is
the last stage for the assembly of functional immunoglobulins. CSR alters irreversibly
the Cy cassettes of the immunoglobulin isotypes and gives rise to different heavy

chains®.

1.1.4 Immune dysregulation

The role of the immune system is to defend the organism against pathogens,
while preserving tolerance to its own tissues *. The mechanisms involved in ensuring
self-tolerance include clonal deletion, anergy, ignorance, exhaustion, regulatory T cells
(Tregs), and cytokine deviation 14 Despite the critical role of the immune system in
protecting the body against infection, in some cases the complex immunological
interactions that produce immunological tolerance towards self and innocuous non-self
fail in their protective role. When this occurs, the immune system can develop
exacerbated reactions to innocuous antigens or direct immune reactions against self-
antigens, leading to allergies and autoimmune diseases, respectively. These diseases of
immune dysregulation can be divided into two main groups: primary immune
dysregulations, which are congenital and are the result of mutations in immune-related
genes, and secondary immune dysregulations, which are acquired and are caused by
other diseases, environmental factors or medication 2. The focus of this work will be on
primary immune dysregulation that include elevated immunoglobulin E (IgE)
production, most importantly HIES.

1.2  Immunoglobulin E

IgE was the last immunoglobulin to be identified. Its identification was the
product of Kimishige and Teruko Ishizaka’s work in 1966 while studying the possibility
of a unique immunoglobulin, other than the ones known at the time, being associated
with the human reaginic antibody *°. IgE is composed of two identical heavy chains and
two identical light chains, covalently bound. As with other immunological isotypes,



both chains are comprised by a variable region, which dictates antigen-specificity and a
constant region, which dictates many of the functional aspects ***2. IgE can be found in
two forms: secretory IgE and membrane-bound IgE (mIgE)®. The difference between
the two forms is the addition of an extracellular membrane proximal domain, a
transmembrane sequence and a cytoplasmatic tail on the last constant domain of the
heavy chain of mIgE **%. mIgE is used for the activation of isotype-switched B cells,
with secretory IgE being the functional mediator.

IgE is produced by B cells and plasma cells in the mucosal-associated lymphoid
tissue, after which is rapidly removed from circulation and bound by IgE recepors %%,
IgE has two types of receptors, a low-affinity receptor (FceRIl or CD23) and a high-
affinity receptor (FceRI). FceRII is expressed by numerous immune cells. In B cells,
when IgE binds to this receptor, it facilitates the antigen uptake and promotes
presentation to T cells ® | increasing the secondary immune response®. Cross-linking of
this receptor and the antigen-serum IgE complex on B cells’ membrane, results in
suppression of IgE synthesis. However, sCD23 (the soluble form of FceRII) has been
shown to enhance IgE production. FCeRI and FCeRII bound to APCs and B cell’s
membrane, respectively, also contribute to antigen presentation to T cells. Antigen-IgE-
FCeRI/FCeRII complexes are transported from the cell surface, processed and presented
together with MHCII antigens ®.

These interactions mediate a homeostatic mechanism in the regulation of IgE
production 8%,

The main functional mediator of IgE is through the high-affinity receptor
(FCeRI). FCeRI is highly expressed by mast cells and basophils, which are the main
mediators of IgE function, although it is also expressed at a lower level by neutrophils,
monocytes, macrophages, dendritic cells, Langerhans cells, eosinophils and platelets .
Most of the IgE produced is bound to FCeRI on mast cells and basophils, where it is
inert until target antigen binds IgE and crosslinks the receptor complex °. Cross-linking
of the IgE complex on mast cells and basophils result in the degranulation of these cells
and the release of local inflammatory mediators, such as histamine, enzymes and

cytokines &°

. The release of these mediators is beneficial for parasite-specific
immunological response (one of the main function of IgE), and can play a role in
initiating humoral memory and anti-tumor immune responses %, However, when IgE-
mediated activation of basophils and mast cells is inappropriately triggered it can result

in atopic conditions.



Under physiological conditions, serum IgE is found in extremely low
concentrations, constituting only 0.05% of total immunoglobulin, making it the most
tightly regulated immunoglobulin isotype. The requirement of this tight regulation is
due to the numerous IgE-related diseases that can result from increased levels of IgE,
including allergic asthma, rhinitis, conjunctivitis, atopic eczema, and food and

respiratory allergies .

1.2.1 Mechanisms regulating the IgE response

CSR is highly regulated and it only takes place when specific signals are present.
These specific signals come from cytokines that bind to cell-surface receptors and
promote the activation of positively acting transcription factors on B cells 9%,
Depending on the cytokines, different transcription factors are activated, determining
which antibody isotype will be produced. For CSR towards IgE, I1L-4 and IL-13 are the
most important cytokines **3. As IL-4 and 1L-13 production is largely restricted to Th2
T cells, IgE production by B cells is critically dependent on Th2 differentiation and
effector function *#2>%

In newly activated B cells, signaling from IL-4 and IL-13 receptors synergizes
with signaling from CD40 (in response to CD40L engagement), leading to the
activation of transcription factors that interact with and activate the epsilon switch
promoter *3, namely Stat6 2?8, NF-xB %, Pax5 ¥, Pul *, C/EBP *, Ap1 * and E2A .
In addition, the expression of activation induced cytidine deaminase (AID) is induced
by downstream signaling of these transcription factors 3, aiding the DNA
rearrangement process for isotype switching ***. These molecular interactions are

represented in Figure 2.
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Figure 2 — Regulation of IgE CSR. Membrane signaling and molecular interactions that lead to the
negative or positive regulation of IgE CSR .

Studies in Stat6 KO mice raise the importance of STAT6 in the regulation of
CSR to IgE, since levels of IgE are reduced or undetectable in these mice 2",
Normally, STAT®6 is located in the cytoplasm as a dormant inactive transcription factor,
which is activated by phosphorylation after stimulation with I1L-4 and IL-13, leading to
its dimerization and subsequent migration to the nucleus. These observations suggest,
therefore, that STATS is the master regulator of CSR to IgE 2. In order to regulate the
action of this activators of transcription, transcription factor compete for the same
binding sites, namely STAT6 competing with Bcl6 and E2A, with 1d2, making the CSR
event dependent on the balance of transcription factor inputs . Studies on Bclé KO
mice show an increase in IgE production after IL-4 stimulation, accompanied by a lack
of germinal centers, and the presence of multi-organ inflammation and IgE* B cells *
As mentioned before, Stat6 KO mice have a reduction or complete absence of IgE.
Double KO mice for Bcl6 and Stat6 have the same phenotype as Bcl6 single KO but
with no population of IgE* B cells *. This demonstrates that Bcl6 modulates Stat6

function and consequently, the regulation of IgE immune response *
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Similar to the effect of Bcl6 loss, in studies with 1d2 KO mice observe an
increase in CSR to IgE and IgE positive B cells. Additionally, these mice lack lymph
nodes and Payer’s patches and show a large reduction in NK cells *. ID2 inhibits E2A
interaction with E1 and E2 boxes of the GL & promoter and therefore IgE CSR, in
response to TGF-B1 *. Apart from Bcl6 and TGF-B, acting through 1D2, other factors
contribute to the regulation of IgE class switching **. Among them are CD45 %3
SOCS ¥, CTLA4 “°, BCR *, IFN-y ** and CD23 ***,

In addition to the complex regulation of isotype switching to IgE (which limits
the number of B cells that can become IgE-secreting), IgE is also tightly regulated at
multiple downstream stages. At the gene expression level, the process of alternative
polyadenylation restricts mIgE expression, which results in a lower rate of matured
MRNA production and diminished stability and in turn lower mlgE- based BCR
representation and death of IgE producing cells . Additionally, serum IgE has a short
half-life and, after production, is rapidly bound by the high-affinity FceRI on the surface
of effector cells (where it acquires a long half-life time) 2. As a result of these multiple
processes negatively regulating IgE immune responses, the generation of IgE is slow

and limited %,

1.3 Hyper-IgE Syndrome

Elevated levels of serum IgE are commonly associated with allergies and parasitic
infections, but other pathologic conditions are also characterized with high levels of IgE
in the serum. Of these, the primary immune deficiencies are of particular importance
due to the severity of disease. Primary immune deficiencies that can include elevated
IgE production include, Olmsted syndrome®®, ADA deficiency*®, Wiskott- Aldrich
syndrome, ALPS-I11, DiGeorge syndrome, IPEX, Omenn syndrome, Ichthyosis vulgaris,
Netherton disease, ZAP-70 deficiency and HIES ®?>*"“ which is the focus of this
work.

HIES, originally named Job’s syndrome after the biblical prophet said to suffer
from severe dermatitis with “cold” abscesses, was first defined in 1966 4951 Latter, the
syndrome was redefined after the detection of extremely elevated levels of serum IgE
and other cutaneous manifestations and respiratory infections, and was included in the

49-51

group of primary immunodeficiency diseases . HIES is a complex immune

pathology with diverse clinical manifestations and genetic heterogeneity !, based on



11

which two forms of this syndrome can be recognized, Autosomal Dominant HIES (AD-
HIES), caused by mutations in signal transducer and activator of transcription 3
(STAT3), and Autosomal Recessive HIES (AR-HIES), caused by dedicator of
cytokinesis 8 (DOCKS8) and tyrosine kinase 2 (TYK2) mutations. Many cases of HIES
syndrome defined by clinical presentation remain without genetic diagnosis, suggesting

the involvement of alternative, as yet unknown, genes.

1.3.1 Symptomatology

Both AD-HIES and AR-HIES are characterized by a classic clinical triad,
including recurrent staphylococcal “cold” abscesses, afebrile airway infections and high
levels of serum IgE (>10.000 1U/mL) “®. However each form of HIES has a panoply of

other physiological signs, which are described below.

1.3.1.1 AD-HIES

AD-HIES is a multisystem disease, which encompasses both immunologic and
distinctly non-immunologic abnormalities. Non-immunologic characteristics include,
defects in facial features, such as rough porous skin, asymmetric face, prominent shin
and forehead, increased interalar distance and arched palate, delayed exfoliation of
primary teeth, and abnormal development and bad quality of permanent teeth >,
musculoskeletal complications, such as degeneration of joint tissue at young ages and
fragile bones, ophthalmologic problems, cranial malformation and vascular
complications, comprising aneurysms, lacunar infarctions and hypertension 2.
Resembling several other primary immune pathologies, AD-HIES patients have a
higher susceptibility to develop Hodgkin’s and non-Hodgkin’s lymphoma, leukemia,
and vulva, liver and lung cancers *°°"*,

Immunologic manifestations start at or soon after birth, with a newborn rash
consisting of eosinophilic pustules mostly localized on the face and scalp “**°. In most
patients these rashes progress to an eczematoid rash, and recurrent boils caused by
Staphylococcus aureus infections appear in early childhood*®. In these patients S.
aureus skin abscesses are atypical given that cardinal features of inflammation, i.e. heat,
erythema and soreness, are absent, so they are referred to as “cold” abscesses **°°.
Fungal infections of the skin are also common in HIES patients, namely mucocutaneous

50,51,53

candidiasis, histoplasmosis and Crytococcus neoformans . By contrast, viral

infections with herpes simplex virus are not frequent >*.
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In addition to the cutaneous manifestations, airway infections are also common.
Similarly to skin infections, sinopulmonary infections are mostly due to S. aureus and
less frequently Haemophilus influenza and Streptococcus pneumonia “*°**%, During S.
aureus pulmonary infections purulent sputum is present but there is often a lack of
systemic signs of inflammation “°. Recurrent pneumonias are typically complicated by
lung abscesses, bronchiectasis, pneumatocoeles and bronchopleural fistules. The
damage in the bronchopulmonary parenchyma and the impaired remodeling of the lung
tissue predisposes to colonization by opportunistic infections, such as Pseudomonas
aeruginosa, Aspergillus  fumigatus, Pneumocystis jiroveci, Mycobacterium
intercellulare and Nocardia “***.

The major cause of death in these patients results from these opportunistic
infections, namely Pseudomonas aeruginosa and Aspergillus fumigatus **, and invasion
of blood vessels by mold infections, which lead to life-threatening hemoptysis and/or

disseminate to extrapulmonary sites of infections *°

1.3.1.2 AR-HIES

The main difference between AD-HIES and AR-HIES, in terms of multisystem
symptomatology, is that the latter does not show signs of skeletal, dental or facial
abnormalities **3, However various cases can present with neurological symptoms
secondary to infections and vasculitis “*°*3. Facial paralysis, hemiplegia, ischemic
infraction, and subarachnoid hemorrhages are common neurologic affectations and
contribute to high mortality in AR-HIES .

As in AD-HIES, elevated IgE levels in the serum, eczema, recurrent bacterial
skin infections, mucocutaneous candidiasis and pneumonias, in this case without
formation of pneumatocoele, portray typical symptomatology in AR-HIES “°.
Particularly in AR-HIES, patients often suffer from recurrent otitis media, mastoiditis,
sinusitis and bronchitis with bronchiectasis and autoimmune hemolytic anemia and
cytopenias might occur *°°°%  AR-HIES patients differ from AD-HIES in their
propensity to develop severe atopy, anaphylaxis and asthma *°°*% Also, AR-HIES
patients have defects in humoral immunity *°.

In addition to skin bacterial infections, AR-HIES patients also have chronic skin
viral infections which are restricted to this form of the disease and are mainly caused by
herpes simplex virus, human papillomavirus, molluscum contagiosum virus and
varicella-zoster virus ***°. Respiratory infections are also typical to AR-HIES and are

caused by H. influenza, S. pneumonia, P. jiroveci, Histoplasma capsulum, S. aureus and
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Legionella pneumophila, and by respiratory adenovirus and syncytial virus “°*°. As
such, it is perhaps not surprising that sepsis is a major cause of death at early age *°.
Patients suffering from AR-HIES have a higher predisposition for early onset of
malignancies, usually related to cutaneous viral infections, which is another major cause
of death **. Such malignancies include squamous cell carcinoma, microcystic adnexal

carcinoma, and several lymphomas *°.

1.3.2 Etiology

1.3.2.1 AD-HIES - Immunological implication of the disruption of signaling

mechanisms due to STAT3 mutations

AD-HIES is caused by mutations in STAT3. STAT3 plays an important role in a
great number of signaling pathways in diverse tissues >°. Abnormalities in the regulation
of these pathways due to dominant negative mutations in STAT3 are reflected in the
systemic complications that HIES patients present apart from the immunologic defects.

In the immune system, STAT3 plays a role in transduction signals from
numerous cytokines, which control the expression of pro-inflammatory and anti-
inflammatory proteins *>. Among these are IL-6, IL-10, 1L-21, IL-22, IL-23 %, IL-11,
IL-17, leukemia inhibitor factor, oncostatin M, cardiotrophin-1, cardiotrophin-like
cytokine, ciliary neurotrophic factor °2. The net effect of defective signaling through this
set of cytokines in AD-HIES is a defect in Thl and Th17 differentiation and skewing
towards Th2 differenciation >*. AD-HIES patients also reveal diminished memory T-cell
populations, decreased delayed-type hypersensibility response, impaired response of
lymphoid cells to antigenic and allo-antigenic stimulation ** and defective neutrophil
granulocyte chemotaxis, as seen by Hill et al in 1974 *’. Each of these immunological
phenotypes contributes to a subset of clinical phenotypes.

The defect in Th17 differentiation in AD-HIES is likely the key defect causing
increased susceptibility to bacterial and fungal infections. Th17 cells absent in AD-
HIES patients due to defective induction of the master transcription factor ROR- yt *®%°.
Th17 cells are critical for fighting infections of organisms such as C. albicans and S.
aureus, as they are the primary source of IL-17 during an infection 2. IL-17 initiates
downstream pro-inflammatory signaling cascades, resulting in the expression of 1L-8,
IL-6 and G-CSF in non-immune cells, activation of neutrophils through regulation of G-
CSF and its receptor, expression of acute phase proteins and molecules with
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antimicrobial activity, like lipocalin2 and C-reactive protein, and B-defensins and
mucins, respectively ®, which correlate with the persistent infections with C. albicans
and S. aureus in AD-HIES patients. Additionally, I1L-17 induces expression of the
chemokine CCL20 that has chemotactic activity and recruits T cells and DCs to
inflamed skin and mucosa, perhaps explaining the tissue-specificity of many AD-HIES
infections.

In addition to the defect in Th1/Th17 immunity, a strong Th2 response is the
hallmark of STAT3 deficiency. Increased numbers of Th2 cells, particularly in the
absence of Thl-produced IL-12 and IFNy (which limit Th2 activation) favor the
production of IL-4 and IL-13 cytokines. As described above, these cytokines strongly
influence the isotype switching of B cells into the IgE-producing lineage, which is then
responsible for the increased serum IgE levels and the resulting atopic diseases .

CD4" Treqs are responsible for the maintenance of peripheral tolerance. They
suppress effector T cell preventing exacerbated immune responses and autoimmunity.
Under normal circumstances, exposure to allergens induces the production of IL-10, by
local non-immune cells, which is detected by DCs that signal in favor of an allergen-
specific tolerance, generating the formation of iTegs %2 Defects in STAT3 leads to a
defect in IL-10 signaling which impairs the generation of tolerogenic DCs and

formation of iTye, °* %,

1.3.2.2 AR-HIES - Immunological consequences of the disruption of
signaling mechanisms due to DOCK8 mutations

AR-HIES can be caused by mutations in DOCKS8. Lymphopenia is an important
characteristic of DOCKS8-deficiency and reflects the immunodeficiency observed in
AR-HIES. Lymphopenia due to DOCK8 mutation especially affects CD4" T cells %,
but CD8" T cells (naive and memory) ¢, NK cells ® and B cells * are also frequently
decreased. DOCKS8 has a prominent role in T-cell activation, since the proliferative
capability of both CD4 and CD8 T cell populations is diminished in DOCKS8-deficient
patients ®°. For example, in a study of 11 patients with DOCK8-deficiency it was
observed that most of the patients had low cell counts for total T cells, CD4 T cells,
CD8 T cells, low absolute numbers of Tgs but normal proportions, mild to moderate
eosiniophilia, high levels of serum IgE and normal numbers of neutrophils and
monocytes °°. Some patients also had low numbers of NK cells and B cells .
Additionally, they tested the proliferation of CD8™ T cells from activated PBMCs after
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stimulation with IL-2 and observed that this population did not expand well . The low
counts of CD8 T cells and their impaired capability to proliferate may explain the
incidence of human papillomavirus-related cancer in three of the patients ® and the
general susceptibility of AR-HIES patients to viral infections (a phenotype not observed
in AD-HIES).

In a recent study, Lambe et al. (2011), Dock8-deficient mice were used to assess
the immunological characteristics of DOCKS8 deficiency in humans . In this study, the
authors report that mice and humans reveal lymphopenia, mostly due to decreases in the
number of naive T cells. Furthermore, a reduction of IFNy- and TNFa-producing cells
and a higher proportion of IL-4-secreting cells were observed under Thl and Th2
polarizing conditions, respectively ®. Additionally, Dock8-deficient mice, although able
to produce a normal primary immune response to viral immunization, had a significant
reduction in the memory response due to decreased survival of CD8" T cells.

To further understand the role of DOCKS8 in CD8" T cells Randal et al.(2011)
analyzed both mice and patients with Dock8/DOCKS8 deficiency °’. In this study the
authors detected a highly significant loss of naive cells, along with a smaller but still
significant decrease in memory cells within the CD8" T cells compartment.
Additionally, most of the CD8" T cells of the patients had a phenotype
(CD45RA'CCR7") associated with cellular exhaustion or replicative senescence and
were unresponsive to CD3/CD28 stimulation. The authors demonstrate that the defect in
memory CD8 T cell persistence, observed not only in this study , involved the failure
in recruitment of LFA-1 to the CD8 T cell synapse with DCs. Antiviral defense is
dependent on a fully functional population of CD8 T cells "° suggesting that these
studies reporting a defect in memory and naive CD8 T cells may explain the chronic

1 Defective

persistence of the viral infections in the DOCKS8-deficient patients
cytotoxicity of NK cells may also contribute to impaired viral clearance ®8. The
difficulty in controlling viral infections of the skin, and not systemically, is a typical
characteristic of AR-HIES patients with DOCK8 mutations and it may suggest

T or a defective

additional defects in local antiviral immunity within the skin
chemotactic signaling which prevents an adequate migration of lymphocytes towards
the skin, during infections "°.

In B cells, DOCKS is required for the formation of the immunological synapse
by recruiting ICAM-1 and, especially in GC B cells, to promote survival and selection

during the affinity-maturation phase of GC response *>. DOCK8 mutations damage this
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process affecting the longevity and affinity maturation of T cell-dependent antibody
responses and the antigen-recognition due to the malformation of the immunological
synapse .

The role DOCKS8 plays in cytoskeletal organization, it may be the reason
patients with deficiencies in this protein show impaired T-cell activation and effector
responses *°. Additionally, the maintenance of memory Th17 appears to be affected in
DOCKS8-deficient subjects ®. The deficiency in Thl7 may also reflect a more
widespread derangement of Th-cell differentiation ®.

1.3.2.3 AR-HIES - Immunological consequences of the disruption of
signaling mechanisms due to TYK2 mutations

Unlike STAT3 and DOCKS8, TYK2 has not been described as having non-
immunologic functions. In the study by Minegishi, et al. (2006) which reports the
identification of TKY2 as the genetic foundation in a patient clinically diagnosed with
HIES, systemic affectations are not described ",

In addition to mutations in DOCK8, AR-HIES can also be caused by loss-of-
function mutations in TYK2. In TYK2-deficient patients, the response to type 1 IFN, IL-
6, IL-10, IL-12 and IL-23 are impaired, a defect which can be reversed by restoring a

2 2% The functional role of TYK2 is less well understood

functional copy of TYK
than STAT3 or DOCKS, as Tyk2 KO mouse do not show the same phenotype, impeding
the use as a model "> Nevertheless, TYK2 mutant cells show defective STAT4
activation and hence imped Th1 differentiation ™. By contrast, Th2 differentiation is
dramatically enhanced %, and thus, as in STAT3 and DOCKS patients, the hyper-IgE
production in TYK2 patients is likely driven by excessive IL-4 and IL-13 secretion by
Th2 cells.

Similarly to defects in STATS3, deficiencies in TYK2 compromise IL-10

impairing the formation of DCs and iTegs 2

and leading to a defective regulation of
Th2 cells by Tregs, Which in turn promote the emergence of the atopic phenotype ,

typical of these patients.



1.3.2.4 Diagnosis of HIES

The diagnosis of HIES is given to a patient using a scoring strategy, in which

17

several typical parameters present in the patient are scored and summed. When the score

is 60 or greater the patient is given the definitive diagnosis of HIES . The parameters

used to score HIES were defined by Grimbacher, et a

. 76

and are described Table 1.

Table 1 — Scoring system of the clinical features of HIES patients.

o Peints o, 1 2 3 4 5 6 7 8 10
Clinical Findings
Highest serum-IgE 200- 501-
200 1001-2000 2000
level (IU/ml) < 500 1000 g
Skin abscesses None 1-2 3-4 >4
P . .
neumoma-(eplsodes None 1 2 3 >3
over time)
Parenchymal lun,
y . ung Absent Bronchiectasis Pneumatocele
anomalies
Retained primary None 1 2 3 >3
teeth
Scoliosis (maximum <10° 10-14° 15-20° 520°
curvature)
Fractures with minor None 12
trauma
Highest eosinophil 700-
<700 >800
count (cell/pL) 800
Mildl
Characteristic face Absent ildly Present
present
Midline anomaly Absent Present
New born rash Absent Present
Eczema (worst stage)  Absent Mild Moderate Severe
Upper respiratory
. . 1-2 3 4-6 >6
infections (per year)
Candidiasis None Oral  Fingernails Systemic
Other serious
. . None Severe
infections
Fatal infection Absent Present
Hyperextensibility Absent Present
Lymphoma Absent present
Increased nasal width <1SD 12 >2
SD SD
High palate Absent Present
. 2-5 <1
Young-age correction >5
years year

Adapted from Grimbacher, et a

. 76



18

1.3.3 Treatments

A cure for HIES, either in the autosomal dominant or autosomal recessive form
has not been found yet, so therapeutic strategies focus on the prevention and
management of infections >°3. Common therapies to both forms of the disease include
prophylactic antibiotic treatment against staphylococcus, to reduce skin abscesses and
pneumonias *3. High doses of intravenous antibiotics for a prolonged time are required
to eliminate infectious agents at regular intervals. In addition to systemic antibiotic
treatment, the use of antibacterial, moisturizing creams and topical steroids are
recommended 3. Taking bleach baths and swimming in chlorinated pools has been
found to decrease colonization by S. aureus *°. For the treatment of mucocutaneous
candidiasis, oral triazole antifungals is preferred >. Lung abscesses may need surgical
intervention, which carries high risks .

Cyclosporine A and intravenous Ig infusion therapy (IVIG) have been used
successfully *. IVIG may influence the IgE levels due to an increase in Ig catabolism or
IgE neutralization via an anti-idiotype network >3. As integrity of antibody formation,
especially against encapsulated organisms, appears to be impaired in HIES, the use of
IVIG is reasonable to consider to prevent infections as well >,

Additional treatments are advised based on the subtype of HIES. Specifically for
AD-HIES aggressive treatment of pneumonias is applied to prevent parenchymal lung
damage and bronchoscopy is performed to isolate the causative pathogen and remove
pus *.

By contrast, in AR-HIES, hematopoietic stem cell transplantations, although not
a standard care, can function as definitive treatments. However, they must be used with
caution due to the normal risks associated with transplantation as well as an increased

risk of viral infections which are already difficult to control after transplantation *°.

1.3.4 Genetics

STAT3, DOCKS8 and TYK2 have been identified as genes in which mutations can
drive HIES. However, it is likely that mutations in other genes are also able to cause
HIES, as multiple other genes have been associated with IgE regulation in both humans
and mice (Table 2). These additional genes fall in several main classes: i) Mendelian
mutations that cause elevated IgE in patients in diseases not considered HIES due to
additional clinical presentations (eg. FLG'""® and FOXP3%): ii) genes with

polymorphisms associated with elevated IgE in genome-wide association studies
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(GWAS) of patients, but with no Mendelian mutations identified (eg. RAD50 " and
HLA-DRB1 ®); and iii) and gene where Mendelian mutations have been identified to
cause HIES-like diseases in mice, but where no human mutations have yet been
identified (e.g. Card11) 8

Table 2 — Genes associated with IgE production.

c

K=l

8

g
ADA Hu Mendelian | % FLG Hu/Mu | Mendelian |7 | RAD50 Hu GWAS ™
Card11 Mu Mendelian |7 | FOXP3 Hu Mendelian | % RAG1 Hu Mendelian | *°
CASP10/ . 25 HLA- 80 RAG2/ . 25
Caspl0 Hu/Mu | Mendelian DRB1 Hu GWAS Rag? Hu/Mu | Mendelian
Chl Mu Polygenic | % Icos Mu Polygenic | ® RMRP Hu Mendelian |~
CCL11 Hu Polygenic | % 1d2 Mu Mendelian | * SPINK5 Hu Mendelian |~
CCL26 Hu Polygenic ® IFNyR Hu Polygenic ® SPP1 Hu Polygenic ®
Ccr3 Mu Polygenic ® IL-13 Hu Polygenic ® STAT3 Hu Mendelian | %%
CD14 Hu Polygenic ® 11-21 Mu Mendelian |~ STAT6 Hu GWAS %
CD23 Mu Polygenic * IL-2R Hu Polygenic ® Tcra Mu Polygenic ®
CD274 Hu Polygenic |¥  [IL-4 Hu Polygenic |* | TNF Hu Polygenic |~
CD28 Hu Polygenic | ¥ IL-4R Hu Polygenic ® TNFSF18 | Hu Polygenic o
CD40 Hu Polygenic | %¢ |IL-7RA | Hu Mendelian |*  |TNFSF4 | Hu Polygenic |
CD80 Hu Polygenic | ¥ Lat Mu Polygenic ® TRPV3 Hu Mendelian | *
CD86 Hu Polygenic | & Lcp2 Mu Polygenic |~ TYK2 Hu Mendelian | %%
CTLA4 Hu Polygenic |°  |LILRA4 | Hu Polygenic  |* [vTCNL Hu Polygenic |
DCRLEIC |Hu Mendelian | |Ms4A2 | Hu Polygenic |® | wAS/Was | HuMu | Mendelian |*
DOCK8 | Hu Mendelian | *® | NOD1 Hu Polygenic |~ [wip Mu Polygenic |~
Fas Mu Mendelian |2® |PAFAH | Hu Polygenic | * %’2;‘778/ HuMu | Mendelian | *
FCERIA |Hu GWAS % [PHF11 | Hu Polygenic | *

Genes are represented on their abbreviated form. Hu/Mu indicates genes identified in humans/mice,
respectively. Ref. is the reference where the association with elevated levels of IgE is described

1.4 CARD11

CARD11, caspase recruitment domain family member 11, is also known as
BIMP3 or CARMAL. CARD11 is a long gene with near 380kb of length and 25 exons,
which code for a 4kb transcript and a protein with 1154 amino acids. It has 4 known
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splicing variants, 3 of which are protein coding. CARD11 is a scaffolding protein that
belongs to the membrane-associated guanylate kinase (MAGUK) family. CARMAL is
expressed only in the immune system and mediates downstream events of TCR and
BCR signaling leading to the activation of NF-«xB. Activation occurs via the
destabilization of the inhibitory conformation of CARD11, producing the activated
conformation. Activated CARD11 then recruits Bcl10 and MALT1 to the lipid rafts
forming the CARD11-Bcl10-MALT1 (CBM) complex. This complex in turn activates
IxB kinase (IKK), which phosphorylates IkB allowing the release of NF-«xB. Finally,
released NF-xB enters the nucleus, where it promotes the transcription of various genes,

mediating the transcriptional effect of the CARD11 (Figure 3) %.

M APC

(Bel0)
CixBa) —
B e
== COD

< l Cytokines
IKK Complex Survival factors
Degradation
of IkBa / R~

Transcription

Figure 3 — CARD11 signaling in T cells ®. Interaction of CD28 and TCR with APC molecules induces
the activation of PKCO, which phosphorylates CARD11 (CARMA1L). CARD11 recruits Bcl10 and
MALT1 complex and activates TRAF6 later on, which promotes the ubiquitination and activation of the
IKK complex. In turn, the functional IKK complex activates NF-kB, which migrates into the nucleus and
promotes the transcription of several genes ®.

Studies using Card11 knockout mice show that the intact function of Card1l is
required for the differentiation of NK cells, the differentiation and activation of B cells
and the activation of T cells °. The key role of Card11 in T cell activation lies in signal

transduction of TCR/CD28 stimuli for activation. However additional roles also exist
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for Card11 in Th2 cells, Th17 cells and Tygs. For Th2 cells, Card11 is required for the
induction of Th2 master transcription factors GATA3 and JunB (which promote the
differentiation of Th2 cells), and also the production of key effector molecules IL-4 and
IL-10 *. Mice overexpressing Cardll have a Th2-cell mediated inflammatory
phenotype .

In the particular case of Th1l7 cells, Card1l is not only necessary for their
differentiation but also for modifying the chromatin context of Th17 effector genes to
allow transcription ®*. In the case of Tregs, decreased expression of Card11 compromises
the formation of Tygs, Which are found to a lesser extend in the periphery and in the
thymus compared to wild-type mice ®. This contrasts with what is observed in Card11-
knockout mice, in which the presence of Ty is abolished 8,

In humans, CARD11-deficiency has been associated with immune deficiency.
Reports in consanguineous families describe CARD11 homozygous loss-of-function
mutations resulting in a decrease in NF-kB activation and combined immune
deficiencies “>%. This phenotype mirror loss-of-function mutation in Card11 in mice %,
however, partial loss-of-function mutation in Card11l in mice have a more complex
phenotype, combining immune deficiency with elevated levels of IgE and Th2 cell-
associated inflammation %29 These results suggest that hypomorphic alleles of
CARD11 may be associated with combined immunodeficiency and hyper-IgE in

humans, however, such patients have not yet been described.
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2 Hypothesis and aims
A Belgian family was identified with two individuals diagnosed with atypical
HIES. Prior to the initiation of this project, the known Mendelian HIES genes (DOCKS,
STAT3 and TYK2) were tested and no mutations associated with this disease were
found. The hypothesis of the current project is that HIES in this family is a Mendelian
inherited disorder caused by mutations in novel HIES genes.
In order to investigate this hypothesis we aim to:
1. Examine the clinical and immunological phenotype of Patient 2 to identify
putative mechanistic pathways of disease development
2. ldentify candidate genes for disease causation by cross-referencing all-exome
sequencing data of Patient 1 to the known literature on IgE regulation in humans
and mice
3. Test candidate genes for a role in HIES causation by the investigation of

inheritance pattern and functional testing.
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3 Methodology

3.1 Peripheral Blood Mononuclear Cell (PBMC) isolation

The study was approved by the Ethics Committee of UZ Leuven and written
informed consent was obtained from the patients, parents and siblings. Blood was drawn
from each donor only after informed consent had been given. All healthy controls used
were clinically disease-free, were matched for sex and age to all the family members
and also gave informed consent. The patients are a female born in 2010 and a male born
in 2007 which were included in the study when they were 1 and 3 years old,
respectively. The patients are born from consanguineous, healthy parents (the mother
was 34 years old and the father was 49 years old) and siblings to two healthy children,
one girl with 7 years of age and one boy with 9 months (analysis was done on samples
collected from the patients and family members when they were included in the study
except when referred otherwise).

Blood from patients, family members and controls was collected in the pediatric
ward at Gasthuisberg, UZ Leuven using heparin tubes. Approximately 25mL of blood
was collected from each individual. Aliquots of whole blood and plasma were prepared
and kept at -80° C. The remainder of the collected blood was subject to a density-
gradient centrifugation using MP Biomedicals LSM* Lymphocyte Separation Medium
(Fisher Scientific, Hampton, New Hampshire, U.S.A.) in order to separate different
components of the blood. Blood was placed directly above the LSM in a proportion of
2:1 (two parts of blood: one part of LSM) and centrifuged at 400g for 25 minutes at
18°C with no break or acceleration. PBMCs were collected from the interphase located
directly above the LSM. PBMCs were counted using the cell counter Countess (Life
Technologies, Carlsbad, California, U.S.A.) and divided in aliquots of approximately 40
million cells and stored at -80° C in freezing medium (90%FBS+10%DMSO) and
approximately 2 million cells in ImL TRIzol® Reagent (Life Technologies, Carlsbad,
California, U.S.A.).

3.2 DNA and RNA extraction

Genomic DNA was extracted from one vial of whole blood using the QlAamp
DNA Blood Midi Kit (Qiagen, Venlo, Netherlands) using the following procedure.
1.8mL of whole blood was added to Protease solution, mixed in Buffer AL and

incubated at 70°C for 10 minutes to lyse the cells. After cell lysis, absolute ethanol was
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added to promote the binding of the DNA to the column. The mixture was then added to
the column and centrifuged at 3000rpm for 3 minutes. The filtrate was discarded and a
washing step was performed adding Buffer AW1 to the column and centrifuging at
5000rpm for 1 minute. Filtrate was discarded and a second washing was performed by
adding Buffer AW2 to the column and centrifuging at 5000rpm for 2 minutes.
Collection tube with filtrate was discarded and column was placed in a new collection
tube. Elution was performed by adding Buffer AE to the column, incubating for 5
minutes and centrifuging at 5000rpm for 2 minutes.

From samples stored in TRIzol DNA and RNA was extracted. Chloroform was
added to the TRIzol, incubated 10 minutes at room temperature (RT) and centrifuged at
13000rpm for 15 minutes at 4°C. As a result of this step 3 phases became evident: an
upper phase containing the RNA, an interphase with DNA, and an organic phase. The
upper phase with the RNA was carefully removed. The organic phase and interphase
were kept for DNA extraction. The DNA extraction was performed by adding absolute
ethanol to the organic phase and centrifuging at 2000xg for 5 minutes at 4°C to obtain a
DNA pellet. The pellet was then washed twice with a solution of 0.1M of sodium citrate
with 10% ethanol and at each wash, an incubation for 30 minutes at RT and a
centrifugation at 2000xg for 5 minutes at 4°C was performed. The pellet was then
washed in 75% ethanol centrifuged at 2000xg for 5 minutes at 4°C, ethanol was
discarded and the pellet air dried. The pellet was then dissolved in DNase-free water.

In order to obtain RNA with higher quality both TRIzol and Allprep DNA/RNA
Mini Kit (Qiagen) were used in the same procedure as follows. To the upper phase one
part of 70% ethanol was added and the mixture was placed in the RNeasy mini column
and centrifuged at 10000rpm for 15 minutes. Flow-through was discarded and Buffer
Rw1 was added to the column and centrifuged for 15 minutes at 200000rpm for the first
washing step. The flow though was discarded and a second washing step was performed
with Buffer RPE using the same centrifugation settings as in the previous washing.
Flow-through was discarded and a final washing step was done with the Buffer RPE and
centrifuged for 2 minutes at 10000rpm. The flow-through was discarded and a dry
centrifugation was done for 1 minute a full-speed to remove ethanol residues. The
column was then placed in a new tube and the RNA eluted in RNase-free water by
incubating for 3 minutes at RT and centrifuging for 1 minute at 20000rpm.

RNA and DNA concentrations were quantified using the Nanodrop 2000
(Thermo Scientific, Waltham, Massachusetts, U.S.A.).
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3.3 Genetic analysis

Full exome sequencing of Patient 1 was performed on 10 pg of DNA by the
Beijing Genomics Institute (BGI)-Hong Kong. The sequencing was performed using the
Illumina Hiseq2000 platform (Illumina, California, U.S.A.), on a library of enriched
exome-fragments as previously described®™. Three micrograms of purified genomic
DNA were randomly fragmented by ultrasonoscope (Covaris, Massachusetts, USA) to
generate 150~200bp fragments. The shotgun library was subsequently hybridized to
Agilent  SureSelect Human All  Exon v2 kit (44 Mb) (Agilent
Technologies,California,USA) for exome enrichment and subjected to rounds of
amplification before quality check with 2100 Bioanalyzer (Agilent Technologies) and
quantification by quantitative RT-PCR with StepOnePlus Real-Time PCR System (Life
Technologies, California, USA). The quantified library was analyzed by an Illumina
Hiseq2000 platform (lllumina, California, USA) with 90bp paired-end reads. Adaptor-
containing reads and low quality reads (defined as reads containing 50% or more bases
with a quality value <5) were discarded for quality control. High quality reads were
aligned to the human reference genome (hg19) with SOAPaligner (version 2.21)%.
Duplicated reads and reads with alignment length < 75bp were excluded from SNP
calling. SOAPsnp (version 1.05) ¥ was used to generate genotypes. For SNP quality
control, low quality SNPs that meet one of four following criterions were filtered out:
(i) Genotype quality < 20; (ii) sequencing depth < 4; (iii) estimated copy number is > 2;
(iv) distance from the adjacent SNPs < 5bp. Small Indel detection was performed using
the UnifiedGenotyper tool from GATK (version v1.0.4705) *® after all the high quality
reads were aligned to the human reference genome using BWA (version 0.5.9-r16) .
Detected variants were filtered to remove those which were non-exonic, synonymous or
non-rare (allele frequency greater than 0.5% in dbSNP, 1000 Genomes, HapMap or
YH).

Large sample SNP typing was performed in collaboration with Professor Dieter
Lambrechts, KU Leuven, using Sequenom technology. 100ng/uL of genomic DNA with
a A260/280 superior to 1.85 were analyzed in a blinded manner using IPLEX
technology on a MALDI-TOF based MassARRAY Compact Analyzer (Sequenom Inc.,
California, U.S.A.) as previously described *.

Alternative detection of the presence/absence of mutations was performed via
Sanger Sequencing, using gDNA prepared as per section 3.23.2. Specific primers (Table
4) were designed, using Primer3Plus software '°, for the CARD11 variants and
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reactions were run using GoTaq® Flexi DNA Polymerase (Promega, Fitchburg,
Wisconsin, U.S.A.) and specific reverse and forward primers (IDT). Per reaction was
used 1x Green GoTaq® Flexi Buffer, ImM MgCI2, 0,2mM dNTP (Thermo Scientific),
0,4mM PrimerMix, 1,25U GoTag® DNA Polymerase, water and ~100ng of cDNA or
gDNA to a final volume of 25ul. The reaction was performed in T100™ Thermal
Cycler (Bio-Rad, Hercules, California, U.S.A.) with an initial denaturation at 95°C for 2
minutes, 35 cycles of denaturation at 95°C for 20 seconds, annealing at 57°C for 30
seconds and extension at 72°C for 50 seconds or 1 minute, for cDNA and gDNA
respectively, and a final extension at 72°C for 5 minutes. Amplification was detected via
running the reaction samples on a 2% agarose gel. The remaining PCR product was
treated with USB® EX0SAP-IT® PCR Product Cleanup (Affymetrix®, Santa Clara,
California, U.S.A.) accordingly to the manufacturer’s instructions. The PCR product and
the specific reverse primer used in the PCR reaction were then sent for Sanger
sequencing by the VIB Genetic Service Facility, University of Antwerp or Laboratory
of the Government Chemist Genomics, Berlin, Germany.

The prediction of alterations on the protein structure and function caused by the

mutation was performed using the bioinformatic tools Polyphen-2 v2.2.2 1% and SIFT
103

3.4 Gene expression analysis

Following mRNA purification from patients and healthy family members
(section 3.2), mRNA was converted to complementary DNA (cDNA) using the
SuperScritp®IIl First-Strand Synthesis SuperMix and both oligo(dT) and random-
hexamers, as such: 1pl of oligo(dT), 1ul of random-hexamers, 1ul of annealing buffer,
up to 5ug of total RNA and RNase/DNase-free water for a total volume of 8ul. This
mix was incubated at 65°C for 5 minutes and then immediately placed on ice. 10ul of
2x First-strand reaction mix and 2ul SuperScript®III/RNaseOUT™ Enzyme mix were
added and incubated 10 minutes at 25°C, followed by 50 minutes at 50°C and finally 5
minutes at85°C. To measure the relative levels of gene expression in the cDNA
samples, Power SYBR® Green PCR Master Mix was used in the following conditions:
a total volume of 10ul per reaction containing as final concentration 1x Power SYBR®
Green PCR Master Mix, 100 nM of forward and reverse primers (Table 4) and 5ng of
cDNA. The PCR reaction was run on StepOnePlus™ Real-Time PCR Systems and
StepOne Software v2.1 (Applied Biosystems) using the following program:
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e PCR amplification: 10 minutes at 95° C, 50 cycles of 15 seconds at 95° C and 1
minute at 60° C
e Melting curve: 15 seconds at 95° C, 1 minute at 60° C and 15 seconds at 95° C
Primer combinations were tested using the GoTag® Flexi DNA Polymerase
(Promega) and gel electrophoresis. After gPCR was performed the molecular weight of
the amplicons was confirmed by gel electrophoresis.
Relative gene expression of CARD11 and IL-4 was normalized to the average of
expression of B-actin, GAPDH and HPRT. Expression of CARD11 and IL-4 in the
patients was compared to the expression in healthy individuals. Specific primers were

used for each housekeeping gene (Table 4).

3.5 Cloning-based allele-specific expression assay

Genomic DNA and cDNA of both patients and healthy family members were
prepared as per sections 3.2 and 3.4. The target sequence surrounding the CARD11 SNP
was amplified from cDNA and gDNA of the patients and healthy family members using
PCR and specific primers (Table 4). The PCR was prepared as per section 3.3. The PCR
product from the cDNA had a molecular weight of 506bp, while the PCR product
generated from gDNA was 698bp.

Following the generation of PCR products, the band with the correct size was
excised from a 2% agarose gel and purified using the MinElute® Gel Extraction Kit
(Qiagen) following the manufacturer’s instructions. Following purification, the
amplicon was cloned into the pCR®2.1-TOPO® Vector (Invitrogen). For the cloning
reaction the TOPO®TA Cloning® Kit pCR®2.1-TOPO® Vector (Invitrogen) was used
accordingly to the manufacturer’s instructions mixing 1pl of Salt Solution, 1ul of
pCR®2.1-TOPO® Vector, 2ul of purified PCR product and 2ul of water, and incubated
30 minutes at 22.5°C. The vector was then transfected to One Shot® TOP10 Competent
Cells (Invitrogen). The transfected bacteria were then plated in Lysogenic Broth (LB)
agar plates supplemented with ampicillin and incubated over night at 37°C.

At least 60 colonies from each sample were used for the allele-specific
quantification. As the colonies being added as template in the PCR, back up plates were
made. To test for transfection with an amplicon-containing vector, a PCR was prepared
with the same components as the PCR before the cloning except that the 1x Colorless

GoTag® Flexi Buffer was used instead of the 1x Green GoTaq® Flexi Buffer and using
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a single colony as template for each reaction. The reaction was performed with an initial
denaturation at 94°C for 10, 35 cycles of denaturation at 94°C for 2 minutes, annealing
at 57°C for 1 minute and extension at 72°C for 1 minute, and a final extension at 72°C
for 5 minutes. The presence of the insert was confirmed by running the PCR product in
a TBE gel with 2% agarose (GeneMate).

After confirming that the colonies incorporated the insert, each colony was
genotyped using a SNP Genotyping Assay (Applied Biosystems, Foster City,
California, U.S.A.). The assay was prepared using 1x TagMan® Universal PCR, 0.5x
Assay Mix, water and 1pl of PCR product to a total volume of 5ul. The conditions used
for the reaction were an initial step of 10 minutes at 95° C and 35 cycles of denaturation
for 15 seconds at 92° C and annealing/extension for 1 minute at 60° C. The real time
PCR was run in an optical 96-well reaction plate using a 7300 Real Time PCR System
and the 7300 System SDS software (Applied Biosystems). The Assay Mix was supplied
as 40x and contained a set of PCR primers specific for the sequence and two TagMan®
MGB probes, one specific for each allele. The common allele was labeled with VIC®

and the variant allele was labeled with FAMT™,

3.6 Flow cytometry

PBMCs of Patient 2 (at the age of 6) and 36 age-matched (2-16 years old)
healthy controls were isolated as described in 3.1 and were stained with anti-human
antibodies, as listed on Table 3. For surface staining, cells were blocked for 20 minutes
with blocking buffer, stained for 35 or 45 minutes (depending on the staining set) and
fixed for 30 or 20 minutes on ice (depending on the staining set). Between each step two
washing steps were done using FACS wash buffer and centrifuged at 400xg for 5
minutes at 4°C. For intracellular staining, the same procedure as surface staining was
done, but after fixation the cells were washed with 1x Permeabilization Buffer
(eBioscience) and stained for 45 minutes. For cytokine staining, T cells were stimulated
ex vivo for 5 hours in 96-well round-bottom plates with 50ng/ml PMA (Phorbol 12-
myristate 13-acetate, Sigma) and 500ng/ml ionomycin (Sigma) in the presence of
GolgiStop (BD Biosciences) After stimulation, cells were blocked for 20 minutes, fixed
for another 20 minutes, washed with permeabilization buffer and stained for 45 minutes
(detailed protocols of the staining in annex). The data was acquired on the flow
cytometer BD FACSCantoll (BD Biosciences) and the analysis preformed on the

software FlowJo (Tree star).



Table 3 — Fluorescent-antibodies used for staining PBMCs.
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Antibody Clone Supplier
CD123 PE-Cyanine7 6H6 eBioscience
CD14 eFluor® 450 61D3 eBioscience
CD19 APC-eFluor® 780 HIB19 eBioscience
CD19 eFluor® 450 HIB19 eBioscience
CD197 (CCR7) PE 3D12 eBioscience
CD24 PE eBioSN3(SN3 A5-2H10) eBioscience
CD25 APC-eFluor® 780 BC96 eBioscience
CD27 PE-Cyanine7 0323 eBioscience
CD3FITC SK7 eBioscience
CD31 (PECAM-1) PerCP-eFluor® 710 WM-59 eBioscience
CD38 APC HIT2 eBioscience
CD4 APC-eFluor® 780 RPA-T4 eBioscience
CD4 eFluor® 450 RPA-T4 eBioscience
CD45RAFITC HI100 eBioscience
CD45RA PE-Cyanine7 HI100 eBioscience
CD56 (NCAM) APC MEM188 eBioscience
CD62L (L-Selectin) APC-eFluor® 780 DREG-56 eBioscience
CD8a APC RPA-T8 eBioscience
CD8a PE-Cyanine? RPA-T8 eBioscience
CXCR5 PE 19G 2B R&D
FOXP3 Alexa Fluor® 647 206D BioLegend/Imtec
y6TCR FITC B1.1 eBioscience
HLA-DR APC-eFluor® 780 LN3 eBioscience
IFN gamma eFluor® 450 4S.B3 eBioscience
IgD Brilliant Violet(Pacific Blue) 1A6-2 BD

IgE FITC 1ge21 eBioscience
IgM PerCP/Cy5.5 MHM-88 BioLegend/Imtec
IL-17AFITC eBio64DEC17 eBioscience
IL-2 PerCP-eFluor® 710 MQ1-17H12 eBioscience
IL-4 PE 8D4-8 eBioscience
IL-7Ra (CD127) PerCP-Cyanine5.5 eBioRDR5 eBioscience

Antibodies are listed with antigen target (all human), fluorochrome label, the hybridoma clone and the

supplier.
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3.7 Activation of B cells transfected with viral vectors containing different
mutations in CARD11

Activation potential of B cells was measured via the expression of CD25 in
primary mouse B cells genetically altered to express different CARD11 mutations in
collaboration with Dr. Keisuke Horikawa from the Australian National University.
Retroviral vectors were constructed in order to express three different variations of
CARD11: wildtype (WT), unmodulated (unm; L298Q)%!, Mut10 (L232LI) *** and
Mut18 (analogous to the human D1152N). WT and mutated Card11, were cloned into
pMXs-IRES-GFP vector, transfected into Phoenix ecotropic packing cells and retroviral
particles collected, as previously described .

B cells from Ig™c"

transgenic mice were activated into proliferation with hen egg
lysozyme (HEL), in vivo, and transduced, in vitro, with the retrovirus containing the
constructs*®. The transduced B cells were then stimulated in vitro with LPS and

GFP+

expression of CD25 on transfected () cells was assessed by flow cytometry.

3.8 ELISA

The quantitative measurement of plasma cytokines IL-4 and IL-3 from the both
patients, five adult healthy controls (32-49 years old), eight children healthy (3-8 years
old) controls and one positive control (male lupus patient with 6 years old) was done
using the Human IL-4 Ready-Set-Go! ELISA Kit and the Human IL-13 Ready-Set-Go!
ELISA Kit (eBioscience). ELISA plates (provided with the kit) were coated with
capture antibody in 1xCoating Buffer and incubated overnight at 4°C. Wells were
blocked with Assay Diluent for 1 hour, samples and standards (diluted in Assay Diluent
in a 2-fold serial dilution starting with 200pg/mL, for the IL-4 ELISA Kkit, and starting
with 500pg/mL for the IL-13 ELISA Kkit) were added to the plate and incubated
overnight at 4°C. Detection antibody was diluted in Assay Diluent, added to the plate
and incubated for 1 hour at room temperature. After incubation Avidin-HRP diluted in
Assay Diluent was added to the plate and incubated for 30 minutes. Between each
previous step, one step of washing was done. Substrate solution was added to each well
and plate incubated for 15 minutes at RT. In the end of the incubation, Stop Solution
was added, the results were read using Eon™ Microplate Spectrophotometer in a
wavelength of 450nm (BioTek, Winnoski, Vermont, U.S.A) and data analyzed in the
Gen5™ 2.0 Data Analysis Software (BioTek). Using the standard’s serial dilutions, a
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logarithmic standard curve was constructed. The kits’ minimal detection level was
2pg/mL for the IL-4 ELISA kit and 4pg/mL for the IL-13 ELISA kit. The samples that
fell above these values were considered positive and the samples that fell below these

values were considered negative or with undetectable levels.

Reagents and Primers

FACS wash buffer:

Make in 20mM PBS:

100% FCS to a final concentration of 2%
200mM EDTA to a final concentration of 1mM
0.1% NaN3 to a final concentration of 0.01%

Blocking buffer:

Make in 20mM PBS:

100% FCS to a final concentration of 10%
0.1%NaN3 to a final concentration of 0.01%
NMS to a final concentration of 2%

2x 5 hours stimulation buffer:

Make in complete RPMI with 2% human antibody serum:
GolgiStop to a final concentration of 1:250
PMA (100pg/ml) to a final concentration of 50ng/ml

lonomycin (1ug/ml) to a final concentration of 500ng/ml

Complete RPMI with 2% human antibody serum:
Make in RPMI 1640 + L-glutamine (GIBCO):

100% heat inactivated human antibody serum to a final concentration of 2%

10K/10K Pen/Strep to a final concentration of 1%



LB medium/plates:
Make in 500mL of distilled H,O:
2.5¢g of Yeast substrate

59 of Tryptone

5¢ of NaCl

7,5g Agar-agar (plates)

500uL of 100pug/mL Ampicillin (plates)

5x TBE buffer:

Make in 1L of distilled H,O:
54g of Tris base

27.5¢g of Boric acid

20mL of 0.5M EDTA

Table 4 —Primer sequences

CARD11 (gDNA) ’-CGGCTGAAGGAGAAGGAGCTG-3’

>-GCCTGTCCCCAGCATTACATT-3’

CARDL1 (cDNA)

>-TCCGGGTGTGTGAGAAGAACATC-3’

>-GCGTTCTTTGCTCCCCTGTCTC-3”

gPCR CARD11 >-TTCCTGTCGGGTTTTGCATTTCC-3’

|l »] w»

>-GCAGGGTTGATATAGCGGCTGAG-3’

’-AAGGAAGGCTGGAAGAGTGC-3’

GAPDH >-AGAAGGCTGGGGCTCATTTG-3’

5’-GCATCAGCAGAGGGGGCAGA-3’

HPRT >-GTAGCCCTCTGTGTGCTCAAGG-3’

>-GGCTTATATCCAACACTTCGTGGGG-3’

5
5
5
B-actin 5’-CTGGGACGACATGGAGAAAA-3’
5
5
5

IL-4 ’-GGGCTGCGACTGTGCTC-3’

>-TCACAGGACAGGAATTCAAGCCCG-3’

34



4 Results

4.1 Diagnosis of atypical HIES in a Belgian family with Moroccan ethnicity

The patients of this study are the 3™ (P1; female) and 2" (P2; male) born
children from consanguineous, healthy parents. P1 and P2 have a healthy sister (S) and
brother (B). P1 and P2 were included in the study at the age of one and three years old,
respectively. P2 suffers from severe and progressive eczema on the face and body,
severe itching, recurrent skin bacterial infection caused by S. aureus, formation of
pustules and abscesses, recurrent respiratory infections by H. influenza with persistent
rhinitis, congested nose and viral wheezing. Laboratory analysis from P1 and P2 show
progressively increased levels of serum IgE. Although patient P1 was the first patient in
the studies due to sample availability, her phenotype is less severe that the one of patient
P2. Also, while patient P2 is under heavy medication of antibiotics (oral and dermal)
and inhaled steroids (to ameliorate the asthma-like phenotype), patient P2 only applies
dermic antibiotics to control eczema and sporadic infections. Additionally, clinical
laboratory analysis, performed by the hospital’s analysis laboratory, of P1 showed an
aberrant TNFa response after stimulation with LPS and Zymosan and decreased
lymphocytes. P2 also presented decreased levels of lymphocytes, increased CD8" T
cells and higher levels of IgA. Detailed immunological results from the laboratory

analysis are listed in Table 5.
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Table 5 — Immunological information provided by laboratory analysis from patient 1 and 2.

Patient 1 (born in 2010) Patient 2 (born in 2007)
Parameter
May 2011 Sept 2011 Dec 2011 Jan 2010 Feb 2010 Feb 2013
Total 2100 cells/pL 1300 cells/pL
lymphocytes (4000-10500) (2000-8000)
2012 cells/pL
CD8" cells
(300-1600)
316 IU/L 782 IU/L 1505 IU/L 1688 IU/L 3408 1U/L
Total IgE 747 IU/L (<91)
(<51) (<91) (<159) (<159) (<224)
1.55 g/L
1gA
(0.23-1.24)

Discrimination of immune related parameters which values were not between the age-matched upper and lower limits
(empty cells mean that the evaluation of the parameter fell in the normal age-matched limits).

4.2 Immunological profile

Immunologic analysis was performed on P2, since this was the oldest patient and
the phenotype was more accentuated than in P1l. To evaluate the immunologic
characteristics of the patient we used flow cytometry analysis on PBMC’s of the patient
and age-matched controls. From the comparison of patient’s immune populations with
the norm of the immune populations of the controls, we observed that the percentage of
total leukocytes was located at the high end of the normal range (Figure 4A), while
NKT cells were at the low end (Figure 4B). Non-B cell, non-T cell and non-monocytes
population were decreased by more than one standard deviation (SD) (Figure 4C), and
so were natural Killer cells (Figure 4D) and both myeloid and plasmacytoid dendritic
cells (Figure 4E,F).

Analysis of the lymphocyte population show normal frequencies of total
lymphocytes (Figure 5A) and T cells (Figure 5B). In the T cells compartment, CD4"
cells were more than one SD above the norm (Figure 5C), while CD8" cells (Figure
5D), double negative T (Figure 5E) cells and yo T cells (Figure 5F) were within the

normal range of the controls.
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Figure 4 — Most leukocyte subpopulations are altered in HIES patient P2. Flow cytometry data for
PBMC for patient P2 and age-matched controls (n=36). In the figure are represented the percentages of
(A) leukocytes among PMBCs, (B) NKT cell amongst CD3+ cells, (C) non-B, non-T and non-monocytes
cells from the total leukocytes, (D) NK cells among leukoytes and (E) mDCs and (G) pDCs amongst the

DC population.
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Figure 5 — Alteration in T cell population in HIES patient P2 is limited to an increase in CD4™ T
cells. Flow cytometry data for PBMC for patient P2 and age-matched controls (n=36). Percentage of (A)
lymphocytes among PMBCs, (B) T cells among lymphocytes, (C) CD4" T cells among lymphocytes, (D)
CD8" T cells among lymphocytes, (E) double negative T cells among lymphocytes and (F) y& T cells
among lymphocytes.
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Within the CD4" population, the naive subset was reduced by more than one SD
(Figure 6A), with a particular decrease in recent thymic emigrants (RTE) (Figure 6B,C).
Tregs Were sharply reduced with an observed value lower than all control samples
(Figure 6D). Among the antigen-experienced T cell subsets, central memory T cells
(TCM) were at the high end of the normal range (Figure 6E), effector memory T cells
(TEM) were increased by more than one SD (Figure 6F), and CD45Ra” TEM (TEMRA)
were unaffected (Figure 6G). Among CD8" subpopulation, naive cells (and RTE) were
at the lower end of the normal range (Figure 7A,B), while antigen-experienced cells
were greatly increased — TCM by more than 6 SD from the norm (Figure 7C) and TEM
by more than 1 SD (Figure 7D). As with CD4 T cells, CD8 TEMRA were unaffected
(Figure 7E). Together these results indicate a defect in CD4 T cells production and Treg
conversion, and elevated T cell activation, especially in the past (with the central
memory population increased to the greatest extent).

Within the effector T cell population, flow cytometry data show a decrease of
more than 1 SD in Tfh cells (Figure 8A) and a normal population of IL-2 producing
CD4" T cells (Figure 8B) and Th1 cells (Figure 8C). Interestingly, Th2 cells, which are
responsible for the secretion of cytokines that promote IgE production, were decreased
by more than one SD (Figure 8D). Th17 cells were also reduced by one SD (Figure 8E).
This reduction of Th17 cells in the patient matches what has been described for STAT3-
derived HIES patients. Among the CD8 population, IFNy producing cells were reduced
by one SD (Figure 8F) and, as in CD4 population, IL-2 producing cells were within the
normal rage (Figure 8G).

Concerning the B cell populations, results show normal populations of total B
cells (Figure 9A), naive (Figure 9B), switched (Figure 9C), IgE-producing cells (Figure
9D) and memory B cells (Figure 9E), while immature B cells (Figure 9F) and

plasmablasts (Figure 9G) were decreased by more than one SD.
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4.2.1 Expression and secretion of IL-4 and IL-13 is not increased above healthy
levels in patient P1 and P2

Production of IL-4 and 1L-13 is the hallmark of a Th2-mediated response and is
required to promote IgE secretion. In order to quantify the expression and secretion of
IL-4 in the patients, qPCR and ELISA assays were performed. We measured IL-4
MRNA expression in the PBCMs of both sick and healthy members of the patients’
family and normalized it to B-actin, GAPDH and HPRT mRNA expression. Results
show no increase or decrease of IL-4 expression in the patients compared to the healthy
members of the family (Figure 10A). To measure the secretion of IL-4 we ran an ELISA
assay on the plasma of the patients against age-matched and adult healthy controls and a
systemic lupus erythematosus patient, which we used as a positive control. The results
corroborate the normal expression of IL-4, as levels of plasma IL-4 were below
detection levels (<2 pg/mL) for both patients and healthy controls and for the positive
control IL-4 levels were at 3,12pg/mL (Figure 10B). Additionally, ELISA assay to
detect levels of 1L-13 was also performed and results are similar to the ELISA for IL-4.
Levels of plasma IL-13 were below detection levels in the patients, in all the healthy
controls and the patient with lupus (data not shown). These results show that the activity

of Th2 cells is not increased.

A L B
5 1.5 4-
s
= 3 3
:
- 2- ..................................
o 0.59 =
g — 1_
e
(2]
E 0.0 T r 0-1—esger—mmmm Ak T
3 g &> &
" < Py
& € & é & &
& & 5 ] Rt
R > &
4] < [\)
o N <
S
N S

Figure 10 — Levels of expression and secretion of 1L-4 are normal in the patients. (A) gPCR and (B)
ELISA assay show that the expression and secretion levels of IL-4 are neither increased or decreased in
patients, compared to the controls. Dash line represents the detection limit of the assay (2 pg/mL).
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4.3 CARD11: the candidate gene

Whole exome sequencing (WES) of P1 was performed to search a possible
candidate gene to explain the patient’s phenotype. The exome analysis was performed
only in P1 since she developed the phenotype at a younger age than P2 and blood from
P2 was not available at the time. The assumption was made that the disease was caused
by Mendelian inheritance, due to the severity and early age of onset, the occurrence of
the disease in siblings and Mendelian inheritance of all explained HIES cases. Therefore
common polymorphisms were removed from the whole exome sequencing results of P1,
by filtering out intronic, synonymous or non-rare variants, i.e. hits with allelic frequency
greater that 0.5% in dbSNP, 1000 Genomes, HapMap or YH. The filtering resulted in
1663 identified variants in 1164 genes. 205 genes had more than one mutation, making
them potential compound heterozygotes. From the 1164 genes 5 were found to be
related to high levels of serum IgE, one of which is a compound heterozygous (Figure
11): CARD11, CBL, FLG, HLA-DRB1 and RAD50. From these 5 genes, we chose a
candidate taking in consideration the quality of the whole-exome sequencing read,
prediction of alterations on protein function and structure, frequency and phenotypic
similarities with previous studies (Table 6). Homozygous variants were also analyzed
but none was classified as a suitable candidate.

Mutations in FLG are known to cause a primary skin/hair disease, with hyper-
IgE only developing as a secondary effect. Additionally, the FLG locus was identified
as a region of low sequencing quality with multiple variants detected in healthy
individuals. The FLG mutation is therefore probably a false positive, and as the clinical
presentation did not fit, this candidate was discarded. HLA-DRB1 variants were
identified as influencing IgE levels in GWAS. However the HLA locus is the most
polymorphic locus in human, with most of the variability as yet undiscovered.
Furthermore, the mode of activity of HLA-DRB1 variation is known, as it alters the
presentation of various peptides, resulting in relatively subtle shifts in the efficacy of
responses towards infection. HLA-DRB1 mutations are therefore inconsistent with the
biology of HIES. GWAS identified RAD50 variants as being linked to IgE levels.
However, this gene contains a locus control region known to play an important role in
regulating Th2 cytokine gene transcription and is also located within the Th2-cytokine
locus and that several other candidate genes for atopy-related traits, such as increased
IgE levels, have been mapped in this region. Therefore, it is difficult to conclude, from

GWAS, whether the increased levels of IgE is a result of variations in RAD50 or in
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other genes from that region. Additionally, studies relating increased levels of IgE have
been done in a healthy population, from which IgE levels were available, or in asthmatic
patients. Because the phenotype of the subjects of GWAS did not match the phenotype
of our patient and the location of the RAD50 region includes also Th2-cytokine genes,
RAD50 was excluded from the candidate genes. CBL has been related to increased
levels of IgE in knock-out mice; however this was true only in SLP-76/Cbl double

knock-out mice. For that reason, CBL gene was disqualified as a candidate gene.

1663 rare
variants

Possible
compound
heterozygous
variants

Homozygous
variants

Heterozygous
variants

Genes relatec
to high levels
of IgE

Figure 11 — Overlap of whole exome sequencing (WES) hits with genes related to high levels of-IgE.
From the 1663 variation hits form WES we sorted the genes that had a single variation and the genes that
had two or more variants. We then crossed these genes with the list of HIES-related genes to find our
candidate genes.

We found CARD11 to be the best candidate gene due to multiple factors: i) the
sequencing was of high quality with depth of 149 and a read quality of 99, ii) the

variation was predicted to be damaging to the protein, iii) the variation is very rare in
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internal and public databases (in dbSNP, the variation rs147422861 has Minor Allele
Frequency of 0.002%), and iv) a mouse model with a similar phenotype has been
described which not only presents with hyper-IgE but is similar to the patients in the
development of dermatitis and the reduced number of Tyeg. The variation is located in
the end of the last exon in the 3454 where a cytosine(C) is substituted by a thymine(T)
(C3454T) and causes an amino acid change in position 1154 where aspartate (D) is
replaced by asparagine(N) (D1154N). This variation in located in the end of the GUK
domain of CARD11.

Table 6 — Characterization of candidate genes.

# of Type of Polyphen-2 | SIFT Ezelgmt'on E}r?r?tl::‘?]ca}( Previous
mutations mutation prediction prediction spliceman’ database® studies
Mice with:
Skin
. Possibly . . condition;
CARD11 | 1 Missense Good Damaging Damaging Unique Hyper-IgE;
Treg
deficiency
61% likely CBL/SLP-75
Lo the mutation . double KO
CBL 1 Splice site | Good is to disrupt Unique mice: Hyper-
splicing IgE
Benign Tolerated -
Possibly Mice with:
FLG 5 Missense Poor Damaging Tolerated Frequent Skin
Benign Tolerated condition;
Benign Tolerated Hyper-IgE
Good Benign Tolerated Unique
Genome
HLA- . Possibly . wide
DRB1 1 Missense Good Damaging Damaging Frequent association
study
Genome
. Possibly . . wide
RAD50 1 Missense Good Damaging Damaging Unique association
study

Read was considered good when for a heterozygous mutation allele ratio was around 50:50 and poor
when it skewed more than 10% from the 50:50 ratio.

2 http://fairbrother.biomed.brown.edu/spliceman/index.cgi

¥ Variants that were found once in the database are classified as unique, variants that were found less than
5 times are classified as rare and variant found more than 5 times are considered frequent

4.4 rsl47422861 is present in both patients and two healthy relatives
Following the identification of the CARD11 SNP rs147422861 we genotyped
the family and 370 healthy controls for the CARD11 SNP by Sequenom. The results
indicate that patient P1, patient P2 and the father (F) are heterozygous for the SNP,
whereas the mother (M) and the healthy sister (S) are homozygous for the normal allele.

The identification of the same SNP in patient P2 was suggestive of a role in the disease.



48

Results of the Sequenom on the brother (B) were not satisfactory, therefore the
genotype was confirmed by Sanger sequencing. The sequencing revealed that the
brother was heterozygous for the SNP (Figure 12A). These results show a low
incidence of the SNP in population, where from 376 analyzed samples only 4 were
found to possess the variation. While, constructing the family tree and genotyping each
member we observed that rs147422861 was passed from the father to the patients and
the healthy brother but not to the healthy sister (Figure 12B). While these results are not
consistent with a dominant positive inheritance pattern, we formally checked for a

dominant negative activity.

F M
CARD11 C/T CARD11 C/C
@ ﬁ é ’
CARD11 C/C CARD11 C/T CARD11 C/T CARD11 C/T

Figure 12 — Inheritance of the CARD11 variant. (A) CARD11 genotype confirmation of sample B.
Genotyping results for the SNP rs147422861 by Sanger sequencing show that B is heterozygous. Black
arrow indicates the site of the mutation. (B) Schematic representation of the direct family of the patients
with corresponding genotype for CARD11. Squares represent males, circles represent females, white
symbols represent healthy individuals and black symbols represent individuals with HIES. Progeny is
displayed from the oldest to the youngest (left to right).



49

4.5 Mutation D1154N (mutl8) does not affect the expression of CD25 in

murine B cells

In mice, mutations in Cardll that cause HIES are hypomorphic in nature.
Therefore, to generate a dominant inheritance pattern, the D1154N mutation in CARD11
would have to have a dominant negative function. To test this hypothesis, we studied
the effects that mutations in CARD11 might have in B cell activation, testing several
variations of the gene, separately or together. We generated three retroviral vectors to
carry one or two of the three variations. The variations were two known mutations, one
dominant positive (mut10) and one dominant negative (unm), and one with the mouse
analogue of the D1154N CARD11 mutation (mut18). Transformed mouse B cells were
stimulated in vitro with LPS, which promotes the activation of B cells and thus
expression of CD25. The vector containing the mutated or normal gene also expressed
green fluorescent protein (GFP), and therefore transformed B cells were identified using
the fluorescent protein. Expression of CD25 was measured on transformed cells
expressing GFP by flowcytometry (Figure 13A).

Data show that B cells transformed with CARD11 mutl0 had a higher
expression of CD25 than the WT, confirming the dominant positive effect of the
mutation. When this mutation was expressed together with the unmodulated (unm)
expression of CD25 as normalized, confirming the dominant negative effect of the unm
mutation. However, when mutl0 and mutl18 are expressed together, CD25 expression
stayed at the same levels as mutl0 alone, suggesting that this last mutation does not
have a dominant positive or negative effect in the activation of B cells and expression of
CD25 (Figure 13B). Together these results corroborate a non-dominant inheritance of
the SNP.
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Figure 13 — No dominant negative function of the D1154N CARD11 mutation. (A) Transformed B
cell population expressing CD25. (B) Medium fluorescence intensity (MFI) of CD25 in each B cell
population expressing the mutations. Expression of CARD11 mut10 increases the levels of CD25 and
expression of CARD11 mut10+unm restores CD25 expression to WT levels. Levels of CD25 remains at
levels observed when CARD11 mut is expressed when CARD11 mut18 is expressed with CARD11
mut10.

4.6 CARD11 expression is not altered

As the CARD11 heterozygous SNP was highest quality candidate, yet dominant
inheritance was excluded (section 4.5), we therefore tested the possibility that a non-
exonic SNP in CARD11 was cosegregating in the family, creating compound
heterozygotes in patient P1 and P2, while leaving carriers unaffected. To do so, we first

aimed to look for differences in CARD11 expression between the family members,
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discriminating the healthy from the sick, the parents, sibling and patients, and the
carriers of the mutation from the non-carriers, we measured the gene expression in
PBMCs by gPCR and the relative expression was normalized to the average of 8-actin,
GAPDH and HPRT. We saw that between carriers and non-carriers (Figure 14C) and
siblings and patients (Figure 14B) CARD11 is equally expressed. When we compared
siblings and patients with the parents a slight, but not significant, increase in the relative
expression of CARD11 was observed (Figure 14B). Also, when relative expression was
compared between the healthy and sick family members, a slight but non-significant
decrease was observed in the sick individuals (Figure 14A). These results suggest that
expression in CARD11 is not altered in the patients when compared to the healthy
controls nor it is altered when comparing mutation carriers with non-carriers.

After confirming that CARD11 expression did not vary significantly, we wanted
to test if a non-exonic variant was affecting the expression of the normal allele and
leaving only the mutant allele to be expressed. In order to determine whether an
unobserved mutation was affecting the expression of one copy of CARD11, we sought
to determine if the D1154N and unmutated alleles were expressed in the same
proportion. To accomplish this, an allele-specific expression assay was developed and
performed (Figure 14D). gDNA from patient P2 was used as an internal control where
50% of the colonies should carry one allele and the other 50% the second allele. cDNA
from the mother (M) was used as a homozygous control to confirm the assay was
working effectively. cDNA from patient P1 and P2, brother (B) and father (F) were
analyzed. As expected, the percentage of colonies carrying both alleles from the gDNA
of patient P2 was approximately 50:50 and the percentage of colonies carrying the
common allele from the mother’s sample was 99%. Similarly to the genomic control,
cDNA from all the heterozygous individuals (P1, P2, F and B) showed a 50:50 ratio of
colonies expressing each allele or a preponderance of wild-type expression. None of the
heterozygous individuals showed a skewing towards the D154N allele, excluding the
possibility of a non-exoninc expression-altering allele on the other copy of CARD11
These results eliminate the possibility of a simple recessive inheritance of HIES due to
CARD11 mutation in this family
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Figure 14 — Relative expression and allele-specific expression of CARD11 are at normal levels. No
difference is observed in the expression of CARD11 between (A) healthy and sick individuals, (B)
parents, patients and siblings, and (C) carriers and non-carriers of the mutation. (D) Allele-specific
expression of CARD11 show that either the common is more expressed than the rare allele or that they
are expressed in the same proportion (the black bars represent the percentage of colonies expressing the

wild-type allele and the grey bars represent the percentage of colonies expressing the rare SNP) .

(*) represents the carriers of the mutation in (A) and (B), and the patients in (C).
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5 Discussion

Hyper-IgE syndrome is clinically characterized by recurrent skin and airway
infection and greatly increased levels of serum IgE. The most common pathogens in this
skin and respiratory infections are S. aureus and H. influenza, respectively. This is
observed in both forms of HIES and also in the patients in this study, placing them in
the HIES category. Typical HIES patients manifest not only immunological features but
also systemic. In all classic forms of HIES, the increased levels of IgE originate from an
enhancement in Th2 differentiation and consequent IL-4 and IL-13 production >*®®"2. In
normal conditions Th2 cells are tightly regulated by the production of IL-10 by Ty and
production of the cytokines IL-12 and IFNy by Thl cells. In STAT3- and TYK2-related
HIES the formation and activation of T and Th1 cells is impaired and the regulation

these cells normally exert on Th2 cells is weakened >

. In this study patient P2
presents a normal population of Thl cells, slightly low T and, unexpectedly, reduced
Th2 population and lower expression of IL-4 and IL-13 (Figure 10). This reduction in
Th2 cells could not be explained by the medication of the patient. The treatment
includes inhaled corticosteroids to treat the respiratory symptoms; however there is no
indication that this treatment affects Th2 cells. Interestingly, IgE-expressing B cells
remain at normal levels, this may be because memory B cells, which are the ones that
express surface IgE cells are located in the lymph nodes, which means circulating IgE-
positive cells remain low in the periphery.

Defects in Thl7 cells are often observed in HIES patients and explains the
susceptibility to bacterial and fungal infections ***°. We observed in this study that
Th17 cells are essentially absent. However, the normal range is also very low and thus
the absence of Th17 cells in the patients does not necessarily indicate a major defect and
might not be sufficient to account for the recurrent S. aureus infections in the patient.
Interestingly, it has been reported that Card11l knock-out mice have a deficiency in the
differentiation of Th17 cells ®*. The absence of Th17 cells in the patient could have been
explained by the mutation in the patient’s CARD11 if its expression was affected. Other
variation in T cell populations have been reported in HIES, such as decreased memory
T cells, in both AD- and AR-HIES **® and increased TEMRA cells in the CD8*
population of AR-HIES patients ®. Our patient does not exhibit such occurrences. In
fact we recorded an increase in the TCM cell population and TEM cell population, and
normal levels of TEMRA cells. We verified that in the CD4" population TEM cells are
also increased, while TEMRA and TCM remain at normal frequencies. Also, in
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unmodulated Card11 mice normal frequencies of effector memory T cells are observed
with relative defect in T cell activation or effector/memory cell persistence . In a
study of Krampera et al.(1999), where the authors report a case of a patient with high
serum levels of IgE but with no symptomatology, they found CD8 and CD4 populations
diminished and most of the cells were naive and memory cells, respectively **. In our
patient the CD4 population was elevated but, as in Krampera study, most of the CD4"
cells were memory cells. Additionally, naive and RTE CD4" cells were low, suggesting
a decreased thymic output in the patient, which might explain the increased
susceptibility to infections, or it can be the consequence of the vast array of infections,
since they are known to cause thymic involution leading to a decrease in naive T cell
production. Regarding the CD8 population, it was found to be at normal levels but most
of the cells also had a memory phenotype. This results suggest that the IL21R/STAT3
signaling pathway is not impaired, since it has been shown that loss-of-function
mutations in 1L-21R or STAT3 cause an impairment in the differentiation of CD8" T
cells into memory and effector cells 1%.

In AR-HIES, the immune deficiency is commonly characterized with reductions
in the total number of lymphocytes, CD4*, CD8", NK and B cells *>®*_ Sych
reductions did not occur in our patient. The patient had no decrease in the populations of
total lymphocyte, CD4" T cells, CD8" T cells and B cells, and so DOCK8 and TYK2 are
implausible candidate genes (even prior to the sequencing data which found no mutation
in these genes) although it is noteworthy that NK cells were reduced. The number of
total lymphocytes increased in both controls and patient after stimulation. CD8" cells
decreased in both groups and CD4" cells increased in the control group and decreased in
the patient. This might suggest that in the patient although the frequency of CD4"
population is normal, its capability to activate and proliferate in response to stimulation
may be affected. In DOCKS8-deficient patients both CD4 and CD8 populations show a
reduced capability of proliferation .

Decreased levels and reduced activity of circulating memory Tfh have been
observed in patients with deficiency in STAT3 *’. In our patient the frequency of this
population is within normal ranges, though the circulating naive Tfh population is
decreased. Together, these results indicate that the patients described here have atypical
immunological presentations, inconsistent with the normal features of STAT3, DOCK8
or TYK2-dependent HIES. Together with the absence of mutations in these genes, this

suggests that this family has a novel genetic basis for HIES.
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Each form of HIES is characterized by its own collection of systemic features,
which are probably related to non-immunological functions of STAT3 and DOCKS.
Mutations in both STAT3 and DOCKS8 have been reported as having non-immunologic
consequences; however the same has not been described for TYK2 mutation. The
absence of systemic affectations in the patients of this study suggests that the cause for
their condition is confined to genes with functions limited to the immune system.

We hypothesized that this disease follows a Mendelian autosomal recessive
inheritance due to various observations that point in that direction: i) the patients were
born from consanguineous parents; ii) the parents are healthy; iii) the severe phenotype
exhibited by the patients and; iv) the commonly observed Mendelian inheritance on
HIES.

After categorizing the patient’s disease as a novel form of AR-HIES, we sought
to find the genetic cause of the patient phenotype. We sequenced the exome of patient
P1 and found it to be heterozygous for a rare SNP in CARD11. We then investigated the
distribution of the SNP in the family. The SNP was passed from the father to both
patients and the brother. Given the importance of phenotypic results of mutations in
CARD11 and the presence of a rare CARD11 SNP in the two patients we selected this
gene as the primary candidate. Alterations in the expression of CARD11/cardll are
known to cause immunologic phenotypes in humans and mice. In mice, the
overexpression and the knocked down expression of CARD11 causes a HIES-like
phenotype. The phenotype of patient P2 is similar to the one in mice with the increased
level of serum IgE, the atopic dermatitis, the reduced number of Ty, air-way
inflammation and the absence of systemic disorders. However, in mice is observed a
Th2-driven immunologic response, an event that in the patient does not occur. This is
shown by the reduced frequency of Th2 cells in the patient compared to the age
matched controls and by the non-detection of the Th2 cytokines, IL-4 and IL-13.

In humans, CARD11 mutations have been linked to severe combined
immunodeficiency (SCID). A report case by Stepensky et al. (2013) characterizes the
immunologic profile of a human patient with a 1377bp deletion in CARD11 and reports
a reduction in the percentage of T, TCM, TEM and TEMRA cells of the CcD8"*
population, and naive, switched and memory B cells. They also report an increase in
frequencies of y& T cells and transitional B cells 2. A second study reveals one more
patient with SCID, with predominant naive phenotype in CD4" and CD8" T cells and

absent T *°. Most B cells were naive with a transitional phenotype *. Whole-exome



56

sequencing of this patient revealed it to be homozygous for a SNP in CARD11, which
introduces a premature stopping codon. Although expressed at the same level of the
wild-type form of the gene, the mutation causes a loss of function and a consequent
defect in TCR-mediated T cells function due to the non-activation of NF-xB . On the
other hand, two gain-of-function mutations in CARD11 have been related to congenital
lymphoid hyperplasia driven by polyclonal accumulation of B lymphocytes %.
Although these mutations induce the constitutive activation of NF-kB in B cells and in
T cells, T cells show a less responsive phenotype when under stimulation %,

Mutations in CARD11 have also been described as the cause for diffuse large B
cell lymphoma (DLBCL). DLBCL cases can be classified as germinal center B cell-like
DLBCL, activated B cell-like (ABC) DLBCL and primary mediastinal B cell lymphoma
199 ABC DLBCL is characterized by the constitutive activation of NF-kB pathway,
which plays a key role in proliferation, differentiation and survival'®. NF-kB activity is
fundamental for ABC DLBCL survival and its inhibition by small hairpin RNA
targeting CARD11 is toxic for the ABC DLBC™. The inhibition of CARD11 in ABC
DLBCL cells inhibits IKK, which result in the reduced expression of NF-xB target
genes *'°. Lymphoma-derived CARD11 mutations can also induce T cell-independent B
cell proliferation, plasmablasts differentiation and auto-antibody production upon
chronic binding of self-antigen '®. Together these results show a conservation of
function of CARD11/Card11 between humans and mice, with null function leading to a
SCID phenotype in both and a gain of function leading to oncogenic transformation.
This conservation of function supported the hypothesis that the HIES phenotype caused
in mice by hypomorphic (but non-null) mutations in Card11 could also be replicated in
humans carrying hypomorphic CARD11 mutations.

Due to the supporting biological basis of CARD11 mutation causing HIES we
further investigated the CARD11 SNP in the HIES family under investigation. The SNP
was passed from the father to both patients and the healthy brother. This observation is
not in accordance with a dominant inheritance pattern and the functional assay tested in
mice cells carrying the homologous mutations of the patients showed no effect in the
activation of B cells. This proves that the mutation does not have a dominant negative
activity and consequently the disease is not AD-HIES.

We then hypothesized that the HIES was caused in a recessive fashion, with an
exonic mutation inherited from the father and a non-exonic mutation altering expression

inherited from the mother. Such an inheritance pattern would allow the father and
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healthy brother to be carriers of the non-exonic mutation while remaining healthy due to
a wildtype copy. In this scenario, the two patients would need to have inherited both the
exonic mutation from the father and the non-exonic mutation from the mother, with the
consequence that the only expressed copy of CARD11 was the mutated hypomorph. To
test this, we sought to find differences in the expression of each CARD11 allele with an
allele-specific expression assay. This assay would tell us if a mutation in the promoter
of the normal allele could be affecting the expression of that same allele and leaving the
carriers of both the mutations (the patients) with only the mutated copy of the gene
while the carriers of only the exonic mutation (father and brother) would have a normal
expression. Results showed that on both patient P2 and father both alleles contribute
50% each for the total expression of CARD11. Although patient P1 and brother had one
allele contributing more for the total expression of CARD11 than the other, the skewing
was towards the common allele. This observation rules out the possibility of a mutation
in the promoter of the normal allele to be interfering with the balanced expression of the
alleles. Together these results rule out CARD11 as the genetic cause for the patients’

phenotype.
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6 Conclusions and future work

Several mutations in CARD11/card11 have been linked to deleterious immunologic
features in humans and in mice. In mice, abnormities in the expression of card11 lead to
a HIES-like phenotype, with increased serum levels of IgE, Th2-driven immune
response and atopic dermatitis. The patients of this study were diagnosed with HIES,
however none of the classical-HIES genes were mutated. The best candidate gene
observed was a rare SNP in CARD11. Due to the similarities of the patient phenotype to
the CARD11-deficient mouse phenotype we wanted to test if, as in mice, CARD11 was
the genetic cause for the phenotype of the patient. Our results ruled out this hypothesis.
We did not find any pattern of Mendelian inheritance for CARD11 and the functional
assay in mice showed that this particular mutation does not influence immunologic
functions. To further investigate the genetic cause of the patients’ disease, whole-exome
sequencing or full-genome sequencing of the entire family needs to be performed.

Interestingly, Th2 cells seemed to be decreased compared to the healthy controls.
This observation does not correlate to the increased levels of serum IgE, since the
increase levels of IgE is Th2-derived. As such other mechanisms of regulation of IgE
production may be in action, acting independently and downstream of Th2 signaling or
a defect in the binding of IgE to its receptors and consequently increasing its half-life in
circulation. Further research will be done in order to clarify the origin of the increased
levels of IgE in the patients. The main shifts in T cells populations were found in the
naive and memory CD4" T cells, Tregs and memory CD8™ T cells. Together these results
indicate a defect in CD4 T cells production and Treg conversion, and elevated T cell
activation, especially in the past (with the central memory population increased to the
greatest extent).These observations lead to the tantalizing possibility that HIES in this
family is not only novel in terms of the genetic basis, but also in terms of the
immunological basis. Further work to identify the disease causation in this family may
therefore prove rich in furthering the understanding of IgE production and IgE-mediated

disease.
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