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ABSTRACT

The immune system represents the body’s defense against infectious organisms. Inborn defects of
the immune system, called primary immunodeficiencies (PIDs), are a heterogeneous group of
Mendelian disorders. Clinically, PIDs can cause isolated to broad susceptibility to pathogens,
severe hyperinflammation, autoimmunity, allergy, and cancer. The studies in this thesis take
advantage of the recent development in DNA-sequencing technologies and of our increased
understanding of genetic variability to further explore the genetic architecture and phenotypic
spectrum of hemophagocytic lymphohistiocytosis (HLH), an inborn error of lymphocyte
cytotoxicity, and to elucidate the genetic factors behind autoimmunity and hematological
malignancies in selected families.

Familial HLH (FHL) is a severe hyperinflammatory condition, genetically heterogeneous, caused
by defective perforin-mediated lymphocyte cytotoxic activity. In paper I we use a high-
throughput sequencing panel covering 12 HLH-related genes in 58 prospectively recruited
patients with HLH and achieve a molecular diagnosis in 22 cases (38%). In paper II we show
that perforin-deficiency due to biallelic PRF/ missense variants is associated with broad intra-
familial variability and clinical presentations seemingly unrelated to HLH, such as Hodgkin
lymphoma. Using exome sequencing, in paper III, we identify biallelic pathogenic variants in
IFNGRI and INFGR2, respectively, in two patients with HLH and disseminated mycobacterial
infection. Previous studies have shown that HLH pathology is largely driven by IFN-y. Instead,
our findings suggest the existence of IFN-y-independent mechanisms for the development of
HLH. In paper IV, we uncover biallelic coding and non-coding variants in RAB274, the gene
responsible for Griscelli syndrome type 2 (GS2), in five unrelated patients with atypical HLH,
normal pigmentation, and a functional defect suggestive of FHL. A complex structural variant
disrupting the transcriptional start site (TSS) of one RAB27A4 transcript was shared among the
patients. We show that the disrupted TSS is less predominantly used by melanocytes compared to
lymphocytes, explaining the lack of hypopigmentation in these patients, otherwise present in
GS2.

In paper V we report the beneficial effect of hematopoietic stem cell transplantation in a 14-year-
old boy with LRBA deficiency and a seven-year history of severe autoimmmune disorders.

In paper VI we uncover germline heterozygous missense variants in SAMDYL, a gene located on
7921, in two families with multiple individuals affected by cytopenia, immunodeficiency,
myelodysplastic syndrome (MDS) with cytogenetic aberrations of chromosome 7, and
neurological disease. We show a gain-of-function (GOF) effect of the mutants, which inhibit cell
proliferation. Germline SAMD9IL GOF variants were lost in MDS cells and hematopoietic
revertant mosaicism occurred frequently among less severely affected carriers. Our results
indicate a strong selective advantage for hematopoietic cells that, through different somatic
events, overcome the growth-inhibiting effect of germline SAMDYL GOF variants.

Taken together, these studies add to our understanding of the phenotypic and genetic spectrum of
HLH, display the power of high-throughput sequencing in diagnostics of individuals affected by
severe inflammation, autoimmunity, and hematological malignancies, and highlight SAMDYL as
an important gene for regulation of hematopoietic cell proliferation.
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PREFACE

This thesis and its public defence represent my final steps towards fulfilling the requirements
for a doctoral degree from the Karolinska Institutet. I started this journey in 2012 when I
moved to Stockholm and joined the research group of Professor Jan-Inge Henter at the
Department of Women’s and Children’s Health of Karolinska Institutet, Stockholm. I have
been registered as PhD student at Karolinska Institutet since April 2013.

During the last five years, I have focused on the genetic studies of a group of disorders
characterized by susceptibility to inflammation, autoimmunity, and hematological
malignancies. Under the guidance of a fantastic team of supervisors and in collaboration with
talented PhD-students, postdocs, researchers, and inspiring clinicians, my studies have been
scientifically and personally very rewarding.

The thesis is divided into eight chapters. Chapter 1 is an introductory chapter. The first part of
chapter 1 provides background knowledge on human genetics and immunology, while the
second part introduces the genetic diseases that have been object of my studies. Chapter 2
states the aim of the thesis. Chapter 3 provides an overview of the methodological workflow
used in studies of Mendelian diseases. Chapter 4 summarizes and discusses the results
reported in the six original studies included in this thesis. Chapter 5 and 6 respectively
describe conclusions and future perspectives. Chapter 7 acknowledges those who have been
instrumental in my development as a researcher. Chapter 8 includes a list of all the cited
literature. In the printed version, the six publications are also attached.

R

Stockholm, October 16™, 2017.
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1 INTRODUCTION

1.1 HUMAN GENETICS

“It’s [the human genome] a history book — a narrative of the journey of our species through
time. It’s a shop manual, with an incredibly detailed blueprint for building every human cell.
And it’s a transformative textbook of medicine, with insights that will give health care
providers immense new powers to treat, prevent and cure disease.” - Dr. Francis Collins,
while announcing the completion of the Human Genome Project on June 26th, 2000.

Deoxyribonucleic acid (DNA) is the hereditary material of all living organisms. DNA is
essentially a code sequence of four types of chemical bases, also called nucleotides: adenine
(A), guanine (G), cytosine (C), and thymine (T). It is organized as a double helix with two
complementary strands (with A complementary to T and C to G) running in opposite
directions and is compactly stored inside the nucleus of each cell. DNA controls the
production of proteins, and regulates biological processes. As a result of evolution, our DNA
sequence is to a variable extent shared with all other species.

The complexity of living human beings, i.e. us, is not achieved merely thanks to the
information coded into the linear sequence of the DNA. At the DNA level additional
information, defined as epigenetics, is obtained through molecular modification of
nucleotides (e.g. methylation of cytosine) and/or of the proteins involved in the folding and
packaging of DNA into the nucleus. Further complexity is created when the DNA is
transcribed into to ribonucleic acid (RNA), and when RNA is translated into proteins.
Besides intrinsic factors, we are also shaped and challenged by environmental factors.

The recent development in DNA-sequencing technology has empowered large-scale studies
of several thousands of individuals, boosting our understanding of the DNA’s linear sequence
and of its functional complexity. This knowledge has enabled findings with clinical impact
and promises to revolutionize the field of medicine. In the following sections, I will review
the structure and function of the human genome understood from large-scale sequencing
studies and discuss the inter-individual genetic variation and its relation to diseases.

1.1.1 The Human Genome

The human genome is the complete set of hereditary information contained in human cells,
encompassing both the nuclear and the mitochondrial genome. The presence of 46
chromosomes in human cells was first discovered in 1956 by Tjio and Levan (Tjio and
Levan, 1956). These are divided into 23 pairs of chromosomes, of which 22 are autosomes
and 1 pair is composed of sex chromosomes, XX in females and XY in males. At the
molecular level the genome contains genes. Genes are regions of DNA that constitute single
units of transcription and inheritance, usually coding for a protein or a RNA molecule
(Orgogozo et al., 2016).



A number of key methodological advances, including the discovery of a method for DNA-
sequencing by Frederick Sanger in 1977 (Sanger et al., 1977) and the invention of
recombinant DNA and cloning, paved the way to the conception of the Human Genome
Project. Officially launched in 1990, the Human Genome Project aimed to obtain the
sequence of the majority of the euchromatic DNA - the gene-rich and transcriptionally active
portion of the human genome. A first draft of the human genome was published in 2001 by
the Human Genome Project and by the private foundation Celera Genomics (Lander et al.,
2001; Venter et al., 2001). Since then, the human genome assembly has undergone
improvements and is currently curated by the Genome Reference Consortium (GRC). The
human genome build GRCH37, released in February 2009, has dominated these recent years
of large-scale sequencing both in research and clinical settings, and is also the build used in
this thesis. Interestingly, this build is based on a mosaic haploid genome derived from up to
13 individuals, even though 66% of the total sequences are derived from a single male
individual (E pluribus unum, 2010). In December 2013, the newest build - GRCH38 - has
been announced. One of its main advantages is the removal of thousands of genetic variants
that were found to be artifacts. Based on this and other improvements, it is compelling for the
human genomics community to expedite a shift to this assembly.

The first draft of the human genome pushed forward efforts to understand its function. With
approximately 20,500 protein-coding genes, accounting for only about 1.1% of the genome
(Clamp et al., 2007), the function of most of our genome remained enigmatic. Repetitive and
not conserved regions were simply labeled as “junk”. Sidney Brenner defined junk regions of
DNA as “junk, as the rubbish you keep, but not garbage, the stuff you throw out” (Brenner,
1998). Several projects were launched aimed at understanding the function of our genome.
Methodological advancements promoted by the Human Genome Project and in particular the
development of next-generation sequencing or high-throughput sequencing (HTS) made
these efforts feasible (Metzker, 2010). In 2012, the results from the ENcyclopedia Of DNA
Elements (ENCODE) project were published (Consortium, 2012). The project produced and
analyzed 1640 datasets from 147 cell types using several techniques for the analysis of
transcriptomes, histone modifications, and chromatin-accessibility. The project’s main
conclusion was that 80% of the genome was functional in terms of either being involved in
encoding for proteins or RNA, or displaying a reproducible signature (e.g. histone
modification, protein-binding feature, etc.). ENCODE’s definition of function was strongly
criticized, mainly from an evolutionary viewpoint where biological function is expected to be
actively protected by selection (Eddy, 2012; Doolittle, 2013; Graur et al., 2013). In fact, only
5% of the genome appears to be under evolutionary constraint (Lindblad-Toh et al., 2011).
Regardless, ENCODE’s contribution of refined methods to systematically analyze
epigenetics data needs to be acknowledged. Similar endeavors are taken up by the FANTOM
project (The FANTOM Consortium and the RIKEN PMI and Clst (dgt), 2014), the Roadmap
Epigenomics (Roadmap Epigenomics Consortium et al., 2015), and the Blueprint Epigenome



project (Stunnenberg et al., 2016). The challenge of understanding the function of all 3 billion
nucleotides that makes our genome is still largely unsolved.

1.1.2 Genetic variation and population studies

Our genome is polymorphic, meaning that the DNA sequence at specific positions will differ
between individuals. Genetic variants originate from an initial mutation event that can be
passed on to the next generation if occurring in gametes. Such mutation events can derive
from errors in DNA replication or from the effect of chemicals. At a population level, genetic
variants, if not under purifying selection, can persist and propagate through genetic
recombination, gene flow, and sexual reproduction. As a result, each individual genome is
unique. The study of the genetic basis of diseases is founded in the possibility to discern
benign variants from potentially pathogenic variants. For effective discernment, a solid

understanding of inter-individual genetic variation is essential.

Variation in our genome can be simplified into small and large-scale variants. To the category
of small-scale variants belong single nucleotide variants (SNVs) and small insertions and
deletions (InDels). SNVs involve the substitution of a single nucleotide. InDels include
smaller deletions, duplications or insertions. To the group of large-scale variants belong
structural variants (SVs). SVs can be balanced, like translocations and inversions, and
unbalanced, like deletions or duplications. SVs that alter the dosage of a specific genomic
region, usually larger than 1kb, are also defined as a copy number variant (CNV) (Redon et
al., 2000).

A good way to deeply understand inter-individual genetic variation is to analyze individuals
from different parts of the world. The HapMap project, which started after the completion of
the Human Genome Project, was the first project to collect variants on a global scale, aiming
to construct a haplotype map of the human genome (Frazer et al., 2007; Consortium, 2010).
During this time, sequencing of individual genomes like those of Craig Venter (Levy et al.,
2007) and James Watson (Wheeler et al., 2008) had also become possible, providing a first
estimation of the inter-individual genetic variation. The 1000 Genomes Project (1000G)
represents a milestone in this endeavor: 2504 individuals from 26 populations were
sequenced to produce a catalog of genetic variants that enabled understanding of how a
typical genome looks like (McVean et al., 2012; The 1000 Genomes Project Consortium,
2015) (Table 1). 1000G uncovered 88 million variants, of which most (62 million) were rare
with a frequency of <0.5%. The frequency data for all the variants was made publicly
available and has aided genetic studies of hereditary diseases by different communities.

Up to 7% of our genome is variable due to CNVs (Conrad et al., 2010; Sudmant et al., 2015),
making this type of variation relevant in the context of diseases. CNVs are fewer in numbers
but much larger in size compared to SNVs that only account for 1.1% of the human genome



variability. Interestingly, deletions seem to be under a stronger selective constraint than
duplications (Sudmant et al., 2015).

Samples 503
Mean coverage 7.4
Var. Sites Singletons
SNPs 3.53M 11.4k
Indels 546k -
Large deletions 939 5
CNVs 157 1
MEI (Alu) 919 0
MEI (L1) 123 0
MEI (SVA) 53 0
MEI (MT) 4 0
Inversions 9 0
Nonsynonymous 10.2K 116
Synonymous 11.2K 59
Intronic 1.68M 5.68k
Untranslated regions 30.0k 129
Promoter 82.2k 336
Insulator 57.7k 189
Enhancer 288k 1.02k
Transcription factor binding site 749 3
Filtered Loss-of-Function 149 3
HGMD-disease mutation 18 2
GWAS 2.08k 0
ClinVar 29 1

k, thousand; M, million; MEI, mobile element insertions.

Table 1. Median of autosomal variant sites per genome in Europeans. Adapted from 1000G (The
1000 Genomes Project Consortium, 2015).

Sequencing projects across many populations have produced an overview of global genetic
variation, but are unsuited to identify population-specific rare variants. To address this
problem, several countries have undertaken countrywide sequencing studies. Sequencing of
769 individuals of Dutch origin, within the Genome of the Netherlands (GoNL) project,
revealed additional 7.6 million novel SNVs (The Genome of the Netherlands Consortium,
2014). Subsequently, 2636 Icelanders (Gudbjartsson et al., 2015), 1070 Japanese (Nagasaki et
al., 2015), 1005 Qataris (Fakhro et al., 2016), around 4000 individuals from UK (The UK10K
Consortium, 2015), and 1000 Swedes (Ameur et al., 2017) have been whole-genome
sequenced, improving our understanding of how variation in the human genome contributes
to human diversity. Focusing on the protein-coding portion of the genome, the Exome
Aggregation Consortium (ExAC) project analyzed 60,706 individuals to produce the largest
publicly available dataset of variants derived from sequencing of all exons i.e., exome
sequencing (Lek et al., 2016). With about one variant identified per every 8 base pairs, this
dataset included 7.4 million high-quality variants, of which 99% had a frequency of <1% and
72% were novel compared to previous sequencing projects. Since its public release in 2014,



the ExAC dataset has had an unprecedented impact on clinical and research studies of genetic
diseases. Its genome-based counterpart, the genome aggregation database (gnomAD),
released in 2016, currently includes data from 123,136 exomes and 15,496 whole-genomes
from unrelated individuals.

Altogether, these projects have revealed that humans harbor thousands of genetic variants,
some of which are very rare. Since rare genetic variants are more common than genetic
diseases, most rare variants are inevitably harmless. This is an important concept for the
correct interpretation of findings from genetic studies, both in clinical and research settings.

1.1.3 Genetic variation and Mendelian diseases

Genetic variants can have very different phenotypic impact. Some can be embryonically
lethal while others can have no obvious phenotypic effects. The studies included in this thesis
focus on those highly penetrant genetic variants that are responsible for Mendelian disorders.
In Mendelian disorders the phenotype is caused by pathogenic variants, also defined as
disease-causing variants, in a single gene. The effect of such pathogenic variants is so large
that they overcome most of the individual’s background genetic variation. As a result, such
variants are subjected to purifying selection and their frequency in the general population is
low. On the other end of the spectrum are complex traits and diseases. Here, common genetic
variants with modest effects contribute to what is known as a polygenic inheritance (Figure
1). The once strict distinction between Mendelian disorders and complex diseases is now
fading. Some rare diseases can now be explained by a digenic or oligogenic inheritance, and
the mutational load can modulate the phenotype in others (Katsanis, 2016). Moreover, it is
known that about 20% of Mendelian genes contain variants associated to complex diseases
by genome-wide association studies (GWAS) or are located in the proximity of such variants
(Chong et al., 2015). Comorbidity between Mendelian disorders and complex diseases has
also been observed (Blair et al., 2013). Intriguingly, the concept of “polygenic” has recently
been challenged in favor of an “omnigenic” view, where potentially all variants can affect all
phenotype in a cell (Boyle et al., 2017).

An ever-growing number of disease-causing genes have been elucidated since disease-
causing variants in CYBB were identified as the cause for chronic granulomatous disease
using positional cloning in 1986, incidentally the year 1 was born. By the time the Human
Genome Project was completed, already 1000 Mendelian genes were known (Peltonen and
McKusick, 2001). Mendelian disorders are cataloged in the “Online Mendelian Inheritance in
Man” (OMIM) database (McKusick, 2007). As of September 20, 2017, the OMIM database
contained above 5,000 Mendelian phenotypes caused by pathogenic variants in 3,425
different genes. The development seen in the field of genetics in the last 31 years is
revolutionizing medicine and biology at an astonishing pace.
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Figure 1. The spectrum of genetic variants and their relation to disease displayed according to effect
size (how much a variant affects a phenotype) and allele frequency (frequency of the variant in the
population). Figure is adapted from (Manolio et al., 2009). MAF= minor allele frequency.

Mendelian diseases are defined as autosomal if the mutated gene is located on an autosomal
chromosome or X-linked if located on the X chromosome. Furthermore, they are classified as
dominant if one mutated allele is enough to cause the phenotype, and recessive if both alleles
need to harbor a pathogenic variant in order to cause a phenotype. Some Mendelian diseases
occur de novo, meaning they are due to pathogenic variants only present in the affected
individual but not in the germ line of the parents. In addition, mosaicism, incomplete
penetrance, and variable expressivity may be present.

The confident assignment of pathogenicity to a genetic variant is key to the study of
Mendelian diseases. Over the years all published disease-causing variants in Mendelian genes
have been collected in the Human Gene Mutation Database (HGMD) (Stenson et al., 2017).
Multiple large-scale sequencing studies have warned about the fact that several variants
reported in the HGMD database as disease-causing are also present in reasonably healthy
individuals. The number of such variants was, on average, 20 to 54 per individual, in the
GoNL and the ExAC data, respectively (The Genome of the Netherlands Consortium, 2014;
Lek et al., 2016). Carrier-ship for recessive disorders, incomplete penetrance, and variable
expressivity can explain the detection of the red-flagged variants in healthy persons.



However, previous misclassification of genetic variants cannot be ruled out, which
complicates the interpretation of personal genomes. Validation of HGMD data in populations
with a high level of homozygosity due to inbreeding, such as the Saudi population, has
indeed revealed the presence of individuals homozygous for variants red-flagged for
autosomal dominant diseases. This increases the suspicion that some variants in HGMD are
wrongly classified (Abouelhoda et al., 2016). Epistasis, i.e. genetic background, may also
modify the pathogenicity of certain variants.

Scrutinizing presumably healthy adults for variants that truly cause severe childhood
disorders is a good way to understand resilience to genetic disorders and possible buffering
mechanisms (Chen et al., 2016b). A known buffering mechanism is somatic revertant
mosaicism, which involves the in vivo correction of a pathogenic variant in a somatic cell.
This mechanism can rescue or improve the phenotype and is most commonly seen in genetic
diseases affecting tissues with fast cell turnover such as skin and blood (Hirschhorn, 2003). In
a large study of over half a million individuals, 13 resilient individuals were detected (Chen et
al., 2016b). Further studies of so-called “genetic superheroes” (MacArthur, 2016) could teach
us important concepts for the treatment of genetic diseases.

1.2 THE IMMUNE SYSTEM

Our body is continuously exposed to potentially harmful microorganisms, yet we get ill
relatively rarely. This is because the immune system, a set of tissues, cells, and molecules
dedicated to defense from pathogens, is constantly working to maintain cellular and tissue

homeostasis.

Traditionally, the immune system is divided into innate and adaptive immunity where the
former represents an evolutionary conserved, initial, rapid, and general defense and the latter
a more tailored and effective form of defense. Both arms of the immune system are capable
of pathogen recognition, yet through different mechanisms. Innate immune cells are equipped
with germline-encoded pattern recognition receptors, while adaptive immune cells can
generate a vast repertoire of receptors through somatic recombination. Our immune system
has evolved to a high level of complexity to ensure protection from pathogens as well as to
avoid unnecessary response against “self”, our body components themselves. The following
sections will give a brief overview of innate and adaptive immunity and of the inter-

individual variation in immune response and its relation to disease.

1.2.1 Innate immunity

Innate immune cells include phagocytes, mast cells, monocytes, macrophages, dendritic cells,
and innate lymphoid cells. Innate immune cells are responsible for removing microorganisms
through phagocytosis, for inducing inflammation and antiviral response, as well as for
supporting lymphocytes during adaptive response. They sense the extracellular and
intracellular environment through germline-encoded pattern recognition receptors (PRRs),



which are able to recognize pathogen-associated molecular patterns (PAMPs) (Broz and
Monack, 2013). One such class of PRRs is Toll-Like receptors (TLRs), of which to date 10
different types have been identified in humans. TLRs are located on the cell surface to
recognize microbial proteins, lipids, and polysaccharides or inside endosomes to recognize
nucleic acids from intracellular pathogens (Kawai and Akira, 2006). Stimulation of TLRs
leads to the activation of the nuclear factor-kB (NF-kB) and of interferon-regulatory factors.
End results of TLRs stimulation are the production of cytokines and interferons (IFNs) (Broz
and Monack, 2013). Innate responses can also be triggered by damage-associated molecular
patterns, endogenous molecules released from damaged or dying cells (Gallucci et al., 1999;
Kono and Rock, 2008).

Natural killer (NK) cells were identified over 40 years ago as innate immune cells capable of
cytotoxic activity against tumor cells without prior sensitization (Kiessling et al., 1975).
During the last few years NK cells have been reclassified as belonging to the larger group of
innate lymphoid cells (ILC), among which NK cells are the only cell type with cytotoxic
activity (Artis and Spits, 2015). NK cells have germline-encoded activating receptors that
bind ligands on the surface of target cells and, through synergy, can lead to cell activation
(Bryceson et al., 2005, 2006, 2011). The activating receptor CD16 recognizes antibodies
(immunoglobins G) on the surface of cells and thus mediates antibody-dependent cellular
cytotoxicity (ADCC). Cytotoxicity towards normal cells is also restricted by the presence of
germline-encoded inhibitory receptors that recognize major histocompatibility complex
(MHC) class I molecules, present on all human cells, in order to elicit cytotoxicity only when
self is “missing” (Ljunggren and Karre, 1990; Bryceson et al., 2011). Once activated, NK
cells have potent cytotoxic activity towards virus-infected cells as well as transformed cells
and produce cytokines and chemokines. Thus, NK cells are important for proper antiviral

defense and tumor immunosurveillance.

Innate immune cells cooperate to support inflammation and promote the adaptive response.
Activated macrophages produce interleukin (IL)-15 which promotes proliferation of NK
cells, and IL-12, which enhances the IFN-y producing capacity of NK cells (Artis and Spits,
2015). In turn, the IFN-y produced by NK cells activates macrophages. Macrophages and
dendritic cells are antigen-presenting cells (APCs), and, together with B-cells, possess MHC
class II molecules for the presentation of peptides to lymphocytes (Neefjes et al., 2011).
Dendritic cells provide co-stimulatory signals to T cells necessary for their activation (Acuto
and Michel, 2003), and promote T cell proliferation and differentiation through cytokines
production. Also other ILCs besides NK cells support adaptive immune response through
cytokine production and, vice versa, adaptive immune cells seem to regulate ILC responses
(Gasteiger and Rudensky, 2014), demonstrating the extent of interplay and crosstalk between
different immune cell types.
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1.2.2 Adaptive immunity

Adaptive immune cells, such as B and T lymphocytes, are able to perform RAG-dependent
recombination of antigen receptors (Mombaerts et al., 1992). This is a fascinating genetic
mechanism, which emerged in jawed vertebrates about 500 million years ago (Agrawal et al.,
1998). Both immunoglobulins (B cell receptor, BCR) and the T cell receptor (TCR) have a
variable and a constant region in their chains (Davis and Bjorkman, 1988). The variable
region is composed of different gene segments, called V, D, and J, located separately in the
germline DNA. For each V, D, and J segments, several different functional segments exist
and therefore different V(D)J combinations can be created (Jung et al., 2006). Specialized
lymphocyte-specific enzymes, RAG1 and RAG2, realize this process (Mombaerts et al.,
1992). Removing and adding a few nucleotides at the joining points introduce further
diversity. In activated B cells further specificity is achieved by somatic hypermutation at the
V region of an already rearranged immunoglobulin gene (Longerich et al., 2006). The RAG-
dependent recombination of antigen receptors generates a receptor repertoire as vast as a 10"
order of magnitude, enabling an adaptive immune response against a great variety of

antigens.

The rearrangement of antigen receptors is the first step of a tightly regulated developmental
process, which takes place in the bone marrow and the thymus, for B and T cells,
respectively. Essential during development is the selection of B and T cells without affinity
for “self”, in order to avoid immune response against self-antigens and therefore
autoimmunity. This process is known as acquisition of folerance against self, further divided
into central, acquired in bone marrow or thymus, and peripheral. Central tolerance is acquired
through positive selection, where a weak interaction with self promotes survival. Maturing T
cells are also subjected to negative selection, which induce cell death in maturing T cells with
a strongly self-reactive TCR (Starr et al., 2003). Once mature B and T cells reach the
peripheral lymphoid organs and encounter antigens matched to their specificity, stimulation
of the receptors and the presence of co-stimulatory molecules promote their activation, clonal
expansion, and acquisition of effector functions.

B cells are responsible of humoral immunity by producing antibodies while T cells are
involved in cellular responses. CD4" helper T cells, subdivided in Thl, Th2 and Th17,
produce cytokines, which recruit and activate other leukocytes, promoting phagocytosis and
killing of pathogens. CD8" cytotoxic T lymphocytes (CTLs) kill virus-infected cells and
malignant cells through their cytotoxic activity. For activation, CD8" T cells require
recognition of MHC class I molecules. CTLs share their cytotoxic mechanism with NK cells:
upon contact with a target cell, NK and CTLs create an immunological synapse to which
specialized lysosomes that contain perforin, called cytotoxic granules, are recruited. Once the
cytotoxic granules are released, perforin create pores on the membrane of the target cells thus
facilitating entry of granzymes, which cause apoptosis (de Saint Basile et al., 2010). Another
important group of T cells is the group of regulatory T cells (Treg), whose role in maintaining



self-tolerance and immune homeostasis is indispensable to protect us from autoimmunity
(Sakaguchi et al., 2010).

Characteristic of adaptive immunity, together with the capacity to somatically recombine
their antigen receptors, is the ability to generate long-lived memory cells towards specific
antigens. Such cells will survive long after the infection and will mount a faster and stronger
response during a repeated encounter with the same antigen. However, there is growing
evidence that innate cells are also capable of immunological memory. For instance, adaptive
features have also been recognized in NK cells (Schlums et al., 2015; Tesi et al., 2016).

1.2.3 Inter-individual variation of the immune system

Variability in individual responses to infections exists. As with many human traits, even
variability in immune responses encompasses a large spectrum. At the population level
humans are largely immunocompetent, yet at the individual level our immune system can
fail. Individuals susceptible to very severe infections due to inborn errors of the immune
system represent the extreme end of this spectrum (Casanova and Abel, 2005). A more
detailed overview of this group of diseases, called primary immunodeficiencies (PID), will be
provided in the next section. The study of individuals with rare PIDs has been instrumental to
map down key genes for immune system function, yet more studies remain to be done to
understand the impact of genetic and extrinsic factors on the individual’s immunological

make-up.

Technological development has been instrumental for exploring the diversity of immune cell
repertoire in healthy adults. The advent of methods such as multi-parameter flow cytometry
and mass cytometry has enabled large-scale analysis of immune cell repertoire in healthy
adults at baseline and in response to stimuli (Tsang et al., 2014; Brodin et al., 2015; Carr et
al., 2016). Because of its accessibility, most studies have been performed in blood. These
studies have revealed marked inter-individual variation. Instead, intra-individual variation in
the immunological landscape was minimal at steady state during longitudinal measurements
in a time window of weeks to months. Moreover, acute perturbations, such as infections or
vaccinations, introduced only a temporary change followed by a return to baseline, defined as
the individual’s “immunotype” (Tsang et al., 2014; Carr et al., 2016; Brodin and Davis,
2017). In the future, it will be interesting to see if these refined immunotypes may help
identify groups at risk for specific infections or immune-mediated diseases.

Inter-individual variation in the immune system composition and function has been attributed
to both heritable and non-heritable factors. Studies in twins have been fundamental to our
understanding of the genetic contribution to a specific disease. This approach has also been
used to dissect heritability of immune traits (Evans et al., 1999) and immune-mediated
diseases (Cooper et al., 1999). Combined with advanced immunophenotyping, twin studies
can provide a fine image of heritability of immune traits (Brodin et al., 2015; Roederer et al.,
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2015). Brodin et al. studied 204 different parameters by mass cytometry in 105 twin pairs.
Interestingly, 58% of all measurements, which included cell population frequencies, cytokine
response, and serum proteins, were found to be largely non-heritable. Among the non-
heritable factors, multiple studies have shown a large effect of age, characterized by an age-
dependent reduction in lymphoid output (Brodin et al., 2015; Aguirre-Gamboa et al., 2016;
Carr et al., 2016). This is also reflected in younger twin pairs displaying more heritable traits
(Evans et al., 1999; Brodin et al., 2015). Gender and seasonal effects have also been observed
(Aguirre-Gamboa et al., 2016; Brodin and Davis, 2017). Because of its function, it is intuitive
that environmental factors such as the composition of the microbiota and exposition to certain
pathogens can produce adaptive changes in the immune system (Brodin et al., 2015; Schirmer
et al., 2016; Brodin and Davis, 2017). In the Brodin ef al. study, monozygotic twins
discordant for exposure to cytomegalovirus (CMV) infection displayed much less heritability
of immune traits, showing that a single viral agent can leave a large imprint on the human
immune system (Brodin et al., 2015). GWAS studies have revealed several genomic loci
associated with frequencies of specific immune cells or cytokine concentrations (Nalls et al.,
2011; Orru et al., 2013; Roederer et al., 2015; Aguirre-Gamboa et al., 2016; Li et al., 2016).
Several of the genomic loci highlighted by these studies overlap with hits from GWAS
studies in immune-mediated diseases. Further studies of the shared genetic architecture of
normal and diseased immune system might help pinpoint cell types and processes involved in
disease pathogenesis and might suggest new therapeutic targets.

1.3 PRIMARY IMMUNODEFICIENCIES (PIDS)

Having appreciated the complexity of the human genome and of the immune system in the
previous sections, we are now ready to dive into PIDs: the phenotypic results of highly
damaging genetic variants in genes that are essential for immune system development and
function.

The group of PIDs studied in this thesis concern diseases of immune dysregulation. We begin
with an overview of general aspects of PIDs, followed by a more detailed description of
diseases of immune dysregulation with a focus on hemophagocytic lymphohystiocytosis, a
hyperinflammatory disease whose genetic architecture is the topic of most studies included in
this thesis.

1.3.1 General aspects of PIDs

The knowledge of PIDs has evolved much over the last decades. PIDs are a heterogeneous
group of inborn errors of immunity. About 300 genes responsible for PIDs are known today
(Picard et al., 2015). The phenotypic spectrum has recently expanded: traditionally associated
with vulnerability to infections, PIDs are now linked also to autoimmunity,
autoinflammation, allergy, and cancer (Notarangelo and Casanova, 2009).



The prevalence of PIDs has mostly been based on data from registries and is thought to be
largely underestimated. Calculations suggest that 1/1,200 people worldwide might be affected
by PID. PIDs are therefore a medical condition far from rare (Bousfiha et al., 2013).

PIDs have been classified by the International Union of Immunological Societies (IUIS) into
the following 9 groups depending on their pathogenesis (Bousfiha et al., 2015; Picard et al.,
2015): 1) immunodeficiencies affecting cellular and humoral immunity; 2) combined
immunodeficiencies with associated or syndromic features; 3) predominantly antibody
deficiencies, 4) diseases of immune dysregulation; 5) congenital defects of phagocyte
number, function, or both; 6) defects in intrinsic and innate immunity; 7) autoinflammatory
disorders; 8) complement deficiencies; and 9) phenocopies of PID. In the most recent update
of the classification, each gene is arbitrarily assigned exclusively to one group (Picard et al.,
2015). Nonetheless, in reality, genetic pleiotropy, the effect of one gene on multiple traits,
and genetic heterogeneity, the existence of different genetic defects that cause the same
disease, complicate the diagnostics of individuals with PIDs.

Since PIDs are monogenic disorders, they follow Mendelian inheritance patterns. Autosomal
dominant (AD) and recessive (AR), as well as X-linked (XL) PIDs are known. Most PID-
causing variants are inactivating or loss-of-function (LOF) variants that lead to diminished
(hypomorph) or absent function (null) of the gene product. In AD disorders, LOF variants can
cause disease if the gene dosage of only one healthy allele is insufficient (haploinsufficiency).
Alternately, the mutated allele might interfere with the healthy one (dominant-negative
effect). Interestingly, it has been recently recognized that also gain-of-function (GOF), i.e.,
activating variants, can cause AD PIDs, often resulting in autoinflammation and
autoimmunity (Boisson et al., 2015). Phenotypes are usually different when GOF and LOF
disease-causing variants strike the same gene (Boisson et al., 2015), thus suggesting that both
little and a lot of important immune proteins can lead to disease.

The introduction of HTS has changed the diagnostic approach to all Mendelian disorders
including PIDs. A genotype-first approach, where genetic diagnostics precede other clinical
tests, i1s becoming more and more common. Following the decline in costs for DNA-
sequencing, gene panels and later exome sequencing (ES) and whole-genome sequencing
(WGS) have made their entry in diagnostic and research settings (Meyts et al., 2016).
Methodological considerations on the different strategies will be made in the methods
section. Diagnostic rates of 15% to 25% have been reported for PIDs gene panels (Nijman et
al., 2014; Al-Mousa et al., 2016). Stray-Pedersen et al. reported a diagnostic rate of 40% after
studying 278 PID families by ES, including CNV analysis (Stray-Pedersen et al., 2017).
However, the diagnostic rate varied largely across different PID subgroups with the least
success achieved for autoinflammatory disorders. ES and WGS have also heavily contributed
to the discovery of new PID genes during the last few years (Meyts et al., 2016).
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Nonetheless, traditional diagnostics based on immunophenotyping and functional assays
remains a very important tool in PID diagnostics. Immunological assays are still faster than
most genetics approaches. They can aid interpretation and validation of genetic findings and
may be the only choice in countries where DNA-sequencing is not readily available.

Early diagnosis is desirable for all PIDs. For PIDs that constitute real medical emergencies,
quick diagnosis 1s mandatory. For instance, children born with severe combined
immunodeficiency (SCID) have a much higher chance to survive if they undergo
hematopoietic stem cell transplantation (HSCT) or gene therapy within the first months of life
(Gennery et al., 2010). The impairment of T cell development characteristic of SCID can be
measured through the quantification of T cell receptor excision circles (TRECs) produced
during TCR rearrangement. Neonatal screening programs to measure TRECs in blood spots
have been implemented in many states in the United States and are underway in several
European countries (Buelow et al., 2014; Kwan et al., 2014). Rapid DNA-sequencing
following a positive neonatal screening has been successful in identifying the underlying
genetic defect (Yu et al., 2016).

Treatment choices for PIDs depend on the phenotypic manifestations of disease. Curative
approaches are typically used for the more severe disorders and rely on HSCT and gene
therapy. HSCT has been in practice for over 40 years and its success has relied on the
availability of suitable donors, preferably HLA-matched siblings (Kang and Gennery, 2014).
Gene therapy for PID can be seen as a form of autologous HSCT where hematopoietic stem
cells are corrected ex-vivo and then reintroduced back into the affected individual. Initial
efforts of gene therapy have been based on the gene addition method, where a normal copy of
the gene is introduced through a viral vector. Discovery of gene editing tools such as
CRISPR/Cas9 makes gene editing an appealing approach even in PIDs. Moreover, the
increased molecular knowledge of PIDs has also empowered the use and development of
biological drugs that specifically target the disease-causing mechanisms (Notarangelo and
Fleisher, 2017).

Individuals with PIDs can be seen as “human knockouts” of key immune proteins. Thus,
studies of PIDs can provide key insight into the functioning of the human immune system.
Genes coding for essential proteins will be under stronger purifying selection compared to
those for redundant proteins. Among the around 2000 genes associated with immune function
by gene ontology, more than half are associated with innate immune response. Moreover, a
higher number of adaptive immune genes are linked to PIDs compared to innate immune
genes. This suggests that a high level of redundancy is present among innate host defense
pathways (Fischer and Rausell, 2016). Interestingly, among GOF disorders, innate immune
genes are more represented, suggesting that while redundancy may buffer the effect of LOF
variants, an increased activity of innate immune genes can still lead to disease (Fischer and
Rausell, 2016). Data from population genetics also confirms that innate immune genes show
less depletion of LOF variants compared to adaptive immune genes (Fischer and Rausell,
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2016). However, genetic differences exist even among innate immune genes. For example,
intracellular TLRs that sense nucleic acid display a stronger purifying selection compared to
cell-surface TLRs (Quintana-Murci and Clark, 2013).

1.3.2 Diseases of immune dysregulation

Diseases of immune dysregulation are a subgroup of PIDs characterized by severe
autoimmunity or inflammation due to disrupted immune responses. In fact, a deregulated
immune system can stem from impaired self/non-self discrimination and from the inability to
correctly extinguish the immune response upon elimination of infections agents. Impaired
tolerance leads to autoimmunity and improperly extinguished immune response to persistent
inflammation and tissue damage. While autoimmunity and inflammation are key
characteristics of this subgroup of PIDs, many other PIDs, especially T cell
immunodeficiencies and common variable immunodeficiencies (CVID) also manifest with
autoimmunity and inflammation. In general, individuals with PIDs have a higher risk to
develop autoimmune cytopenias, inflammatory bowel diseases, and arthritis than the general
population (Fischer et al., 2017).

Based on the 2015 update of the IUIS classification of PIDs, diseases of immune
dysregulation are categorized into (Picard et al., 2015): 1) familial hemophagocytic
lymphohistiocytosis syndromes; 2) T regulatory cells genetic defects; 3) autoimmunity with
or without lymphoproliferation; 4) immune dysregulation with colits; and 5) type I
interferonopathies. An overview of these disorders is provided in Table 2 and 3.

1.3.2.1 Hemophagocytic lymphohistiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is a severe hyperinflammatory syndrome due to
a dysregulated immune response. HLH owes its name to two observations made early on
histological specimens from individuals with HLH: hemophagocytosis, the engulfment of
blood cells by activated macrophages in bone marrow, lymph node, liver, or spleen, and
lymphohistiocytosis, i.e. lymphocyte infiltration in tissues. The first report of the disease in
1952 describes widespread histiocytic infiltration and hemophagocytosis in spleen, liver, and
lymph nodes in autopsy material from two siblings who succumbed to a disease characterized
by fever, hepatosplenomegaly, and cytopenias (Farquhar and Claireaux, 1952). From this first
report, our understanding of pathogenic mechanisms and genetics of HLH has improved
greatly, thanks to the commitment of dedicated physicians and scientists. Even today the
occurrence of unremitting fever, hepatosplenomegaly and cytopenias in young children
should trigger the clinical suspicion of HLH. However, better diagnostic and treatment
strategies exist.
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Table 2. Overview of primary HLH disorders.
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PRenotype

Disease Gene Clinical features OMIM
2. T regulatory cells genetic defects
IPEX, immune dysregulation, FOXP3 Autoimmune enteropathy, early onset diabetes, thyroiditis 304790
polyendocrinopathy, enteropathy X-linked hemolytic anemia, thrombocytopenia, eczema. Elevated IgE, IgA
CD25 deficiency IL2RA Lymphoproliferation, autoimmunity. Impaired T cell proliferation. ~ 606367
- Autoimmune cytopenias, enteropathy, interstitial lung disease,
S ety (LI Ll extra-lymphoid lymphocytic infiltration recurrent infections. el
. Lymphoproliferation, solid organ autoimmunity, recurrent
STAT3 GOF mutations STAT3 infections. 615952
3. Autoimmunity with or without lymphoproliferation
. Autoimmunity: hypoparathyroidism hypothyroidism, adrenal
APECED (APS-1), autoimmune insufficiency, diabetes, gonadal dysfunction and other endocrine
polyendocrinopathy with candidiasis and AIRE P - S 240300
abnormalities, chronic mucocutaneous candidiasis, dental enamel
ectodermal dystrophy . . Y .
hypoplasia, alopecia areata. Enteropathy, pernicious anemia.
Early-onset chronic lung disease (interstitial pneumonitis).
. Autoimmune disorder (thyroiditis, type I diabetes, chronic
ITCH deficiency ITcH diarrhea/enteropathy, and hepatitis). Failure to thrive, 613385
developmental delay, dysmorphic facial features.
Tripeptidyl-Peptidase Il Deficiency TPP2 Variable lymphoproliferation, severe autoimmune cytopenias, Not yet
hypergammaglobulinemia, recurrent infections. assigned
3. Autoimmune lymphoproliferative syndrome (ALPS)
Splenomegaly, adenopathies, autoimmune cytopenias, increased
ALPS-FAS TNFRSF6  lymphoma risk. IgG and A normal or increased. Elevated FasL 601859
apd IL-10, vitamin B12. . . :
ALPS-FASLG TNFSF6 Splenomegaly, adenopathies, autoimmune cytopenias, SLE. 601859
Soluble FasL is not elevated.
ALPS-Caspasel0 CASPI0 Adenopathies, splenomegaly, autoimmunity. 603909
ALPS-Caspase 8 CASPS Adenopathies, splenomegaly, bacterial and viral infections, 607271
hypogammaglobulinemia.
FADD deficiency FADD Functional hyposplenism, bacterial and viral infections, recurrent 613759
episodes of encephalopathy and liver dysfunction.
Recurrent infections, EBV chronic infection, lymphoproliferation,
PRKC delta deficiency PRKCD SLE-like autoimmunity (nephrotic and antiphospholipid 615559
syndromes), hypolgG.
4. Immune dysregulation with colitis
1L-10 deficiency IL10 Inﬂgmmatory bowel dlsez}sp (IBD), folliculitis, recurrent th yet
respiratory diseases, arthritis. assigned
IL-10Ra deficiency ILIORA {BD, folliculitis, recurrent respiratory diseases, arthritis, 613148
ymphoma.
IL-10RB deficiency ILIORB IBD, folliculitis, recurrent respiratory diseases, arthritis, 612567
lymphoma.
NFATS5 haploinsufficiency NFATS IBD, recurrent sinopulmonary infections. aI;IsoitgﬁzEl
5. Type 1 Interferonopathies
Progressive encephalopathy intracranial calcifications, cerebral
TREXI1 deficiency, Aicardi-Goutieres TREX1 atrophy, leukodystrophy, hepato and splenomegaly (HSMG), 225750
syndrome 1 (AGS1) thrombocytopenia, elevated hepatic transaminases, chronic
cerebrospinal fluid (CSF) lymphocytosis.
Progressive encephalopathy intracranial calcifications, cerebral
RNASEH2B deficiency, AGS2 RNASEH2B  atrophy, leukodystrophy, HSMG, thrombocytopenia, elevated 610181
hepatic transaminases, CSF lymphocytosis.
Progressive encephalopathy intracranial calcifications, cerebral
RNASEH2C deficiency, AGS3 RNASEH2C atrophy, leukodystrophy, HSMG, thrombocytopenia, elevated 610329
hepatic transaminases, CSF lymphocytosis.
Progressive encephalopathy intracranial calcifications, cerebral
RNASEH2A deficiency, AGS4 RNASEH2A atrophy, leukodystrophy, HSMG, thrombocytopenia, elevated 610333
hepatic transaminases, CSF lymphocytosis.
Progressive encephalopathy intracranial calcifications, cerebral
- atrophy, leukodystrophy, HSMG, thrombocytopenia, anemia
SAMHDI deficiency, AGS5 SAMHDI elevated lactates, chronic CSF lymphocytosis, skin vascularitis, 612952
mouth ulcers, arthropathy.
_ Progressive encephalopathy intracranial calcification, severe
ADARI deficiency, AGS6 ADARI1 developmental delay, leukodystrophy. 615010
Aicardi-Goutieres syndrome 7 (AGS7) IFIHI Progressive encephalopathy intracranial calcification, severe 615846
developmental delay, leukodystrophy.
Recurrent bacterial and viral infections, intracranial calcification,
L SLE-like autoimmunity (Sjogren’s syndrome, hypothyroidism,
d 3203% li(();nchondro—dy sfpllitn wilih dimaie ACP5 inflammatory myositis, Raynaud’s disease and vitiligo), 607944
ysreg hemolytic anemia, thrombocytopenia, skeletal dysplasia, short
stature.
onSS;"ING--assomated vy, ot il TMEMI173  Severe infantile-onset autoinfammatory vasculopathy. 615934
ADA?2 deficiency CECRI1 Polyartgritis nodosa, childhood-onset, early-onset recurrent 615638
ischemic stroke and fever.

Table 3. Overview of other diseases of immune dysregulation. The table is adapted from (Picard et

al., 2015).
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Etiologically, HLH is divided in primary HLH, also called familial HLH (FHL), and
secondary HLH. Secondary HLH develops secondary to pre-existing infections, malignancy,
and autoimmune diseases in the absence of a known genetic defect. A broad range of
conditions can promote development of secondary HLH, but herpes virus infections,
especially Epstein-Barr virus (EBV), and hematological malignancies are among the most
common triggers (Ramos-Casals et al., 2014). Primary and secondary HLH overlap
clinically. Since the onset of primary HLH is also often triggered by infections, it is difficult
to distinguish primary from secondary forms of HLH (Henter et al., 1993; Janka, 2012).

Initially regarded as a pediatric disease, HLH is increasingly recognized as a disease in adults
as well, especially in its secondary form. The incidence of primary HLH in the pediatric
population is estimated to be 1 in 50,000 live births in Sweden (Henter et al., 1991a; Meeths
et al., 2015). This is similar to the incidence of SCID as detected by neonatal screening
(Kwan et al., 2014), suggesting that primary HLH might be even more common than SCID.
In the majority of FHL cases, HLH will develop within the first year of age (Trottestam et al.,
2011). Although the incidence of primary and secondary HLH in adults is unknown, about
1% of individuals with hematological malignancies will develop HLH (Machaczka et al.,
2011).

Genetics of primary HLH

The first gene associated to familial HLH was PRF'I, which codes for perforin (Stepp et al.,
1999). Perforin is a protein contained in secretory lysosomes, also known as cytotoxic
granules, of NK cells and CTLs. Upon exocytosis, perforin creates pores in the target cell
membrane, thus enabling entry of granzymes (Law et al., 2010). The discovery of PRFI
pathogenic variants in FHL patients confirmed the hypothesis of Fadeel ef al. that FHL might
be due to a defect in the perforin-granzyme system (Fadeel et al., 1999), and provided the
explanation for the previously observed defective lymphocyte cytotoxicity in FHL patients
(Egeler et al., 1996). Subsequent genetic studies identified biallelic pathogenic variants in
UNCI13D, STX11, and STXBP? as additional causes of FHL (Feldmann et al., 2003; zur Stadt
et al., 2005; Cote et al., 2009; zur Stadt et al., 2009). These genes encode, respectively, for
Munc13-4, syntaxin-11, and Munc18-2. While perforin is a cytotoxic granule constituent, the
other FHL proteins are involved at different steps of cytotoxic granule exocytosis (Figure 2)
(de Saint Basile et al., 2010). Therefore, genetic findings have defined FHL as an autosomal
recessive defect of perforin-mediated lymphocyte cytotoxicity.



CDS8* T cell or NK Cell

Granzymes
Perforin
o0 o

g A ..oow ®eo¢o
N 4 ...

o s Fusion \ Apoptosis

Granule o Cell death
biogenesis Priming {/ stxi1
Lyst@ Docking

Target cell
\
~ Munc134

Rab27a

Figure 2. Simplified representation of the steps required for proper exocytosis of cytotoxic granules by
cytotoxic lymphocytes with focus on the proteins that can be defective in primary HLH.

PRFI and UNCI3D, causative of FHL2 and FHL3, respectively, are the most commonly
mutated genes in primary HLH, but geographical and ethnic differences exist. HLH-causing
variants in ST7X// are usually confined to Turkish patients (Sieni et al., 2014). Among 171
Italian FHL patients, 37%, 33%, and 5% respectively carried biallelic disease-causing
variants in PRF'I, UNCI3D, and STXBP2 (Cetica et al., 2016). Disease-causing variants in
FHL genes are LOF and this is reflected in a mutation spectrum that includes nonsense,
frameshift, splice-site, and missense variants. While a growing number of different disease-
causing variants are being reported, some are more common due to population founder
effects. For instance, in Sweden, a 253kb inversion in UNC13D is the single most common
FHL-causing aberration, especially in patients from Northern Sweden (Meeths et al., 2011).
Disease-causing variants in an intronic, evolutionarily conserved region of UNCI3D have
also been identified (Meeths et al., 2011; Entesarian et al., 2013; Seo et al., 2013). This region
represents a gene enhancer and an alternative transcriptional start site (Cichocki et al., 2014).

Primary HLH is also observed in two syndromes, Griscelli syndrome type 2 (GS2) and
Chediak-Higashi syndrome (CHS), which present with partial albinism in addition to HLH.
GS2 and CHS are caused by biallelic pathogenic variants in the genes RAB274 and LYST
respectively. Even GS2 and CHS patients display defective lymphocyte cytotoxicity since
Rab27a and LYST are also involved in trafficking and exocytosis of cytotoxic granules
(Figure 2) (de Saint Basile et al., 2010). The co-occurrence of partial albinism is due to a
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shared lysosomal machinery between melanocytes and cytotoxic lymphocytes. Furthermore,
patients with X-linked lymphoproliferative syndromes type 1 (XLP1) and type 2 (XLP2)
caused by pathogenic variants in SH2D1A and XIAP respectively, may present with HLH,
especially after EBV infection. Besides severe EBV infection and HLH, XLP2 patients are at
risk of inflammatory bowel disease, while a third of individuals with XLP1 develop
lymphoma (Booth et al., 2010; Speckmann et al., 2013). Patients with other primary
immunodeficiencies may also present with HLH (Bode et al., 2015).

Pathogenesis and clinical manifestations of HLH

Defective lymphocyte cytotoxicity is a hallmark of HLH. CD8" T cells and NK cells kill
virus-infected cells and are important to turn off the immune response by killing activated
immune cells. Defective lymphocyte cytotoxicity leads therefore to poor control of viral
infections, since infected cells cannot be eradicated. Simultaneously, cytotoxic lymphocytes
continue to proliferate and produce cytokines, stimulating inflammatory response and failing
to kill activated immune cells. Mouse models of primary HLH have suggested a crucial role
of IFN-y in the development of HLH (Jordan, 2004). PrfI knockout mice challenged with
lymphocytic choriomeningitis virus (LCMV) infection develop fatal HLH-like disease that
can be rescued by antibody-mediated IFN-y neutralization (Schmid et al., 2009). The
production of IFN-y by CD8" T cells and NK cells sustains macrophage activation and fuels
inflammation. Sepulveda et al. showed that CD8" T cells and NK cells have non-redundant
roles in the pathogenesis of HLH in mice: CDS" T cells are devoted to viral clearance and NK
cells limit hyperactivation of CTLs and macrophage infiltration (Sepulveda et al., 2015).

The persistent activation and proliferation of CTLs, macrophages and histiocytes lead to the
clinical picture of HLH. The clinical manifestations of HLH include non-remitting fever,
hepatosplenomegaly, and cytopenias (Henter et al., 2007). Fever is caused by the heavy
production of IL-1, IL-6, and tumor necrosis factor (TNF). TNF, IFN-y, and the heavy
subunit of ferritin suppress hematopoiesis, leading to cytopenia. Other abnormalities present
in HLH are low fibrinogen and high levels of ferritin due, respectively, to macrophage
secretion of plasminogen activator and ferritin. Inhibition of lipoprotein lipase stimulates
triglyceride synthesis and causes hypertriglyceridemia (Henter et al, 1991c).
Hemophagocytosis and tissue infiltration result from persistent macrophage activation
(Henter et al., 1991b; Janka, 2012). Further immunological features include elevated IL-2
receptor (sIL2R or soluble-CD25) and impaired lymphocyte cytotoxicity. Neurological
involvement is reported in 37-63% of HLH patients and can lead to severe long-term
sequelae in HLH survivors (Horne et al., 2008; Deiva et al., 2012).

Immune dysregulation can also be caused by infections, malignant and autoimmune diseases
without an underlying genetic defect, thus leading to secondary HLH, whose pathogenesis is
less well understood. EBV-triggered HLH is thought to occur because of prolonged antigen
stimulation which leads to a massive expansion of EBV-specific CTLs. EBV-specific CTLs
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will eventually clear the infection, but the unavoidable immunopathology caused by CTLs
might clinically manifest as HLH. This also explains why genetic susceptibility to EBV
infection, such as in XLP, ITK deficiency (Huck et al., 2009), and CD27 deficiency (van
Montfrans et al., 2012) is a risk factor for HLH (Parvaneh et al., 2013).

Diagnostics of HLH

Clinical and laboratory findings in HLH patients result from severe hyperinflammation and
are therefore common in other hyperinflammatory states such as sepsis. To facilitate
recognition of disease, diagnostic criteria exist (Table 4)(Henter et al., 2007). A diagnosis of
HLH is established upon fulfillment of 5 out of 8 diagnostic criteria. Neutropenia occurs
usually later and hemophagocytosis is not always present. Instead, the level of ferritin and
thrombocytes can be used as prognostic markers and to monitor therapy (Janka and
Lehmberg, 2014). It is difficult to distinguish primary and secondary HLH based on
conventional clinical parameters, yet primary cases may display higher total lymphocytes and
a high sIL2R/ferritin ratio (Yasumi et al., 2015).

Defective NK cell cytotoxicity is also one of the diagnostic criteria (Henter et al., 2007).
Although widely used, this assay is sensitive to amounts of circulating NK cells. Since the
amount of NK cells is often low in secondary HLH the NK cell cytotoxicity assay cannot
readily distinguish primary from secondary HLH (Janka and Lehmberg, 2014). A more
refined laboratory diagnostic algorithm has been proposed for HLH patients (Bryceson et al.,
2012). This algorithm includes assessment of intracellular expression of perforin and NK cell
degranulation in addition to NK cell cytotoxicity, thus being able to reliably distinguish
primary from secondary forms and to guide genetic analysis for primary HLH. These
methods will be discussed further in the methods section of this thesis. A CTL degranulation
assay in response to CD3, based on the finding that CD8"'CD57" T cells contain high amounts
of cytotoxic granules (Chiang et al., 2013), has also been introduced in the diagnostics of
HLH. The CD8'CD57" T cells degranulation assay showed very good signal-to-noise ratio
and better sensitivity and specificity than the NK cell degranulation assay (Chiang, 2015).
The improvement achieved in diagnostic immunological assays for HLH patients may call
for a revision of the diagnostic criteria.

A molecular diagnosis consistent with HLH is an independent criterion to establish a
diagnosis of primary HLH. Since treatment recommendations may differ between primary
and secondary HLH, rapid molecular studies can complement immunological investigations
and have a direct impact on clinical management. A molecular diagnosis enables also a more
appropriate genetic counseling, the identification of individuals at risk, and prenatal and
preimplantation genetic diagnostics. The suspicion of primary HLH is strong in case of a
positive family history, parental consanguinity, recurrent disease, the co-occurrence with
partial albinism, and other clinical manifestations specific to certain HLH syndromes and, as
previously discussed, the detection of an immunological defect consistent with primary HLH.
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However, the genetic heterogeneity of HLH makes the search for a molecular defect difficult
and time-consuming. This thesis addresses this challenge by leveraging HTS for the
diagnostics of patients with HLH.

A diagnosis of HLH can be established upon:
(A) a molecular finding consistent with HLH
(B) Fulfillment of five out of the eight criteria below:
1. Unremitting fever
2. Splenomegaly
3. Cytopenias (affecting =2 of 3 lineages in the peripheral blood):
» Hemoglobin <90 g/L
* Platelets <100 x 10%L
* Neutrophils <1.0 x 10%L
4. Hypertriglyceridemia and/or hypofibrinogenemia:
» Fasting triglycerides =3.0 mmol/L (i.e., 2265 mg/dl)
* Fibrinogen <1.5 g/L
5. Hemophagocytosis in bone marrow or spleen or lymph nodes
No evidence of malignancy
6. Ferritin 2500 mg/L
7. Soluble CD25 (i.e., soluble IL-2 receptor) 22,400 U/ml
8. Low or absent NK-cell activity (according to local laboratory reference)

Table 4. HLH-2004 diagnostic criteria (Henter et al., 2007).

Treatment of HLH

Untreated FHL patients survive only about 2 months on average (Henter et al., 1991a). A
prompt diagnosis and initiation of therapy is therefore important. The first international
protocol for HLH treatment was developed by the Histiocyte Society in 1994 and called
HLH-94 (Henter et al., 1997). HLH-94 was based on an induction regimen with etoposide
and dexamethasone, followed by a maintenance therapy that would bridge into HSCT for
primary cases. Usually, patients with acquired disease can be put off treatment if in remission
after the 8 weeks of induction therapy. Depending on the severity and underlying cause of the
secondary HLH treatment can often be modified and made less intensive or shorter. HLH-94
managed to raise the overall 5-year survival from 4% (Janka, 1983) to 54% (Trottestam et al.,
2011). Etoposide, a topoisomerase II inhibitor widely used as chemotherapeutic drug, was
shown to promote depletion of activated T cells and suppress inflammatory cytokine
production in perforin-knockout mice (Johnson et al., 2014). In the subsequent protocol,
HLH-2004, cyclosporin A was included in the induction regimen. Results from this study
confirm the effectiveness of the etoposide/dexamethasone combination, while the addition of
cyclosporin A upfront did not significantly improve outcome (Bergsten et al., 2017). Similar
results have been obtained from a single center study based on a combination of
antithymocyte globulins (ATG), corticosteroids, cyclosporin A, and intrathecal methotrexate
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(Mahlaoui et al., 2007). To further assess the benefit of a combined immuno-chemotherapy,
two hybrid trials, hybrid immunotherapy for HLH (HIT)-HLH and Euro-HIT, which utilize
ATG, etoposide, and dexamethasone, have been carried out and results are pending. One
ongoing trial aims to evaluate the use of alemtuzumab, a monoclonal antibody against CD52,
as first-line therapy, after promising results as salvage therapy (Marsh et al., 2013). Based on
mouse models of HLH, a clinical trial is open for the evaluation of an anti-IFNy monoclonal
antibody (NI-0501). The JAK1/2 inhibitor ruxolitinib has shown promising results in mice
(Das et al., 2016; Maschalidi et al., 2016), and there is currently a clinical trial open for
treatment of secondary HLH. As of today, also based on the recently published data from the
HLH-2004 study, the recommendation of the Histiocyte Society is to use the HLH-94 as first
line treatment in patients fulfilling HLH-2004 diagnostic criteria (Henter et al., 1997, 2007).

Neurologic disease in HLH is a major concern for long-term sequelae. Currently, intrathecal
methotrexate and corticosteroids are widely used in patients with neurologic involvement
(Horne et al., 2017).

HSCT is currently the only cure for primary HLH. In the HLH-94 study, around half of the
patients underwent HSCT (Trottestam et al., 2011). In this cohort, the 3-year overall survival
was 64%, with no significant difference between matched related and matched unrelated
donors (Horne et al., 2005). A reduced intensity conditioning carries less toxicity and better
survival (Marsh et al., 2010), at the cost of mixed chimerism and higher risk of reactivation.
Interestingly, both in perforin-knockout mice and in humans, donor chimerism >20-30% was
enough to protect against reactivation (Terrell and Jordan, 2013; Hartz et al., 2016). Another
curative option might be gene therapy. Used in other PIDs, it would be exciting to see the
current development in gene editing translating into an opportunity for gene therapy for this
group of patients.

1.3.2.2 Other diseases of immune dysregulation

A summary of all diseases of immune dysregulation besides primary HLH according to IUIS
2015 classification of PIDs is found in Table 3. Here below, I briefly introduce defects in
CTLA4/LRBA and type | interpheronopathies which are related to some of the diseases
studied in this thesis.

Cytotoxic lymphocyte antigen-4 (CTLA-4) is an immune checkpoint receptor that down-
regulates T cell activation (Tivol et al., 1995; Krummel and Allison, 1996). It is expressed
constitutively by Treg-cells and transiently on activated T cells. It competes with CD28, a co-
stimulatory protein, for binding to B7 molecules, and is important for maintenance of
peripheral tolerance and prevention of autoimmunity. Recently, heterozygous pathogenic
variants in C7TLA4 leading to haploinsufficiency of the receptor have been reported in
individuals with multiple autoimmune manifestations, such as immune thrombocytopenic

purpura, autoimmune hemolytic anemia, enteropathy, interstitial lung disease and others
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(Kuehn et al., 2014; Schubert et al., 2014). The clinical presentation of CTLA4 deficiency
resembles the one of LPS-responsive and beige-like anchor (LRBA) deficiency, an autosomal
recessive PID first descripted in 2012 among young patients with severe CVID and multiple
autoimmune manifestations (Lopez-Herrera et al., 2012). LRBA deficiency is classified as a
combined immunodeficiency according to IUIS, yet the pathogenic mechanisms overlap with
CTLAA4 deficiency. In fact, LRBA co-localizes with CTLA4 in recycling endosomes and
regulates the lysosomal degradation of CTLA4 (Lo et al., 2015). Lack of LRBA due to
biallelic LOF variants leads to degradation of CTLA4. The reduced expression of CTLA4 on
Treg and activated T cells leads in turn to autoimmunity (Lo et al., 2015). Almost all patients
with LRBA deficiency display autoimmune manifestations, sometimes even resembling
immunedysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome, which is
due to pathogenic variants in the transcription factor FOXP3 and causes lack of Treg cells
(Sakaguchi et al., 2010).

The concept of type I interferonopathies as a new subgroup of inborn errors of immunity was
introduced in 2011 by Yanick Crow (Crow, 2011). Mendelian type I interferonopathies are
defined as diseases caused by an improper stimulation of type I IFN response, or by a defect
in its negative regulation (Crow, 2011). IFNs are proteins produced in response to nucleic
acids detection by infected cells, through cytoplasmatic PRRs, and by innate immune cells,
through endosomal TLRs. IFNs induce an antiviral state and also stimulate innate and
adaptive immune responses (Ivashkiv and Donlin, 2014). Despite clinical and genetic
heterogeneity, central nervous system (CNS) and skin involvement are common.
Autoimmunity is also a common presentation, for example in the form of a systemic lupus
erythematosus (SLE) phenotype. A specific “IFN signature” characterized by increased
expression of interferon stimulated genes can be found in the blood of these patients (Crow
and Manel, 2015).

1.4 PREDISPOSITION TO HEMATOLOGICAL MALIGNANCIES

Cancer is the most common genetic disease. Every cancer originates from genetic alterations,
defined as somatic, i.e. acquired in non-germ cells. Most of the acquired genetic alterations
do not cause any cellular changes. A somatic mutation in a tumor suppressor gene or an
oncogene can instead initiate the process of clonal evolution. During this process cells
iteratively acquire mutations and expand clonally, which may result into the development of
clinically recognizable cancers. Cell and DNA replication invariably constitute a risk for our
genome to develop cancer mutations. Not surprisingly, a high positive correlation has been
shown between the lifetime risk for a cancer type and the total number of cell stem division in
the original cell type (Tomasetti and Vogelstein, 2015; Tomasetti et al., 2017). This suggests
a rather debated strong contribution of simple “bad luck” to the occurrence of most cancers.
However, the effect of extrinsic factors on cancer development is large and makes prevention
of certain cancer forms to a large extent possible (Wu et al., 2016).
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Among all cancers, about 8% originate from cells of the bone marrow and lymphatic system.
These, called hematological malignancies, include various forms of leukemia, lymphoma,
and myeloma (Rodriguez-Abreu et al., 2007). In this section, the risk factors for
hematological malignancies, and in particular myeloid neoplasms, will be introduced.

1.4.1 Risk factors

A combination of genetic and environmental factors contributes to the individual’s risk to
develop cancer. Certain extrinsic factors predisposing to hematological malignancies exist.
For instance, exposure to ionizing radiation predisposes to acute leukemia and to chronic
myeloid leukemia. Moreover, cancer patients treated with chemotherapy and radiotherapy are
at increased risk for “secondary” leukemia, especially myelodysplasia and acute myeloid
leukemia (AML). Certain infections, like from human T cell leukemia virus (HTLV) type-1
and type-2 and EBV among others, are associated with specific hematological malignancies
(Rodriguez-Abreu et al., 2007).

Age also has profound effects on hematopoiesis, and as previously discussed, on immunity.
The production of mature blood cells during a lifetime requires continuous cell divisions,
with the inevitable risk that somatic mutations might occur in hematopoietic progenitor and
stem cells. This is also reflected in a higher incidence of some hematological malignancies,
especially of myeloid origin, in older individuals (Pang et al., 2017). With age, the number of
hematopoietic stem cells (HSCs) increases at the cost of a reduced diversity and of a myeloid
bias. The occurrence of somatic mutations in genes important for HSCs can lead to the clonal

expansion of mutated HSCs, a phenomenon known as clonal hematopoiesis.

Clonal hematopoiesis was first identified by analysis of X-chromosome inactivation (Busque
et al., 1996). Recently, genetic studies of large populations have revealed that somatic
chromosomal aberrations and mutations in hematopoietic cells leading to clonal
hematopoiesis are commonly acquired with age (Jacobs et al., 2012; Laurie et al., 2012;
Genovese et al., 2014; Jaiswal et al., 2014). The term clonal hematopoieis of indeterminate
potential (CHIP) was proposed to describe the occurrence of clonal hematopoiesis in
individuals who do not fulfill other diagnostic criteria for a hematological malignancy
(Steensma et al., 2015). The majority of individuals with CHIP will not develop a
hematological malignancy. However, CHIP confers a 10-fold increased risk for
hematological malignancy (Jaiswal et al., 2014). Notably, CHIP is also associated with
increased risk of coronary heart disease and all-cause mortality (Jaiswal et al., 2014, 2017).

1.4.2 Inherited myeloid malignancies

It is estimated that about 5-10% of all cancers are due to genetic predisposition. In fact, about
10% of cancer patients harbor germline pathogenic variants compatible with a cancer
predisposition syndrome (Zhang et al., 2015; Schrader et al., 2016). Genetic predisposition to

cancer most commonly implies the presence of a heterozygous germline pathogenic variant in
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a tumor suppressor gene, e.g. RBI in retinoblastoma and 7P53 in Li-Fraumeni syndrome
(Knudson, 1971; Malkin et al., 1990). Germline predisposing variants represent a “shortcut”
to the process of clonal evolution, as captured by Knudson in 1971 in his two-hit hypothesis
of cancer predisposition (Figure 3), based on observation from hereditary and sporadic
retinoblastoma (Knudson, 1971). This “shortcut” effect is usually reflected in a younger age

at cancer diagnosis for individuals with a genetic predisposition to cancer.
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Figure 3. The “two hit” hypothesis. Individuals with inherited predisposition to cancer are born with a
pathogenic variant in, usually, a tumor suppressor gene. A second somatic hit on the other allele can
lead to clonal expansion and cancer development. In sporadic cancers, two somatic hit in the same
gene in the same cell need to occur for cancer to develop.

Hematological malignancies can be associated with genetic syndromes predisposing to a
broader group of cancers, as in Li-Fraumeni syndrome, but they may also be the primary
oncologic manifestation of a genetic condition. Moreover, specific genetic syndromes, such
as Down syndrome, Fanconi anemia, and others, display an increased risk for certain
hematological malignancies (McGee and Nichols, 2016). Hematological malignancies, in
particular lymphomas, are common in patients with PIDs (Leechawengwongs and Shearer,
2012), which confirms an important role of the immune system in recognizing and
eradicating neoplastic and malignant cells (Hanahan and Weinberg, 2011).

Myelodysplastic syndrome (MDS) is a group of heterogeneous clonal disorders of
hematopoietic stem and progenitor cells. MDS is characterized by inefficient hematopoiesis
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and risk of progression to AML. The incidence of MDS increases with age, representing only
9% of pediatric hematological malignancies (Hasle et al., 1995; Adés et al., 2014). Even
though more rare in younger age, the role for genetic predisposition in this group of patients
might be larger. One recent study identified predisposing germline variants in about 5% and
13% of children and young adults that underwent HSCT for aplastic anemia or
myelodysplastic syndrome, respectively (Keel et al., 2016). Inherited MDS may progress
from pre-existent bone marrow failure syndromes caused by pathogenic variants in genes
required for DNA-repair, chromosomal stability, and telomere elongation. Furthermore,
several rare genetic causes of familial MDS/AML have recently been described, including
autosomal-dominant CEBPA, DDX41, RUNXI, ANKRD26, ETV6, SRP72, and GATA2
pathogenic variants (Godley and Shimamura, 2017). Disease-causing variants in GATA2
cause a syndrome characterized by variable expressivity of immunodeficiency, susceptibility
to mycobacterial infections, lymphedema as well as MDS/AML (Spinner et al., 2014).
Notably, germline GATA2 pathogenic variants explain 6% of pediatric MDS cases and up to
37% of pediatric MDS cases with monosomy 7, a cytogenetic aberration commonly
associated with GATA2-related MDS (Wlodarski et al., 2016). Altogether, pathogenic
variants in known genes predisposing to MDS/AML explain only about 30% of familial cases
(Churpek et al., 2015). Additional yet undiscovered genetic factors predisposing to
MDS/AML may therefore exist.

In 2016, germline predisposition to myeloid malignancies, such as MDS and AML, was
added to the World Health Organization (WHO) classification of tumors of the hematopoietic
and lymphoid tissues (Arber et al., 2016). This attests the recent development in the field of
inherited myeloid malignancies and the need to incorporate this knowledge into clinical
practice. In fact, the more and more widespread use of HTS in the clinical evaluation of
patients with hematological malignancies might detect variants in genes such as RUNXI,
CEBPA, and GATA2, that could be either somatic or germline and require follow-up
(DiNardo et al., 2016). The detection of germline pathogenic variants usually triggers genetic
counseling and family investigation. Yet, prospective data is sparse and currently only
recommendations from experts are available for the management and follow-up of patients
and carriers with such pathogenic variants (Godley and Shimamura, 2017).

1.5 A SNAPSHOT OF THE FIELD IN 2013

In 2013, when I started work on my thesis, the core genetic architecture of HLH had been
defined. As reviewed in the introduction, pathogenic variants in PRF'1, UNCI13D, STX11, and
STXBP2 were implicated in FHL, and the genetic bases for XLP and syndromes with
albinism and HLH were known (Janka, 2012). In 2011, all Swedish children diagnosed with
HLH between December 2005 and January 2011 and with a functional defect consistent with
primary HLH received a molecular diagnosis (Meeths et al., 2011). The focus of HLH
research was shifting from classical forms to more atypical ones (Rohr et al., 2010; Zhang et
al., 2011). The genetic bases of secondary HLH remained largely unknown. At the same

28



time, HTS had recently made its entry into the field of Mendelian disorders (Ng et al., 2010),
and its application to diagnostics of HLH and in general to PIDs seemed promising to
improve the diagnostics of these patients and aid gene discovery. In 2013, about 250 PID
genes were known. GATA2 syndrome, characterized by PID and familial MDS, was one of
the first PID to be discovered by ES (Dickinson et al., 2011; Hahn et al., 2011). LRBA-
deficiency was reported first in 2012 in 5 patients with severe, early-onset B-cell deficiency
and autoimmunity, which received symptomatic treatment (Lopez-Herrera et al., 2012).
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2 AIMS OF THE THESIS

The overall aim of this thesis is to increase understanding of the genetic architecture of HLH
and its phenotypic spectrum and to elucidate new genetic factors behind autoimmunity and
hematological malignancies by studying families with rare diseases.

The specific aims are:

* to improve genetic diagnostics of HLH (Papers I-1V)

*  to elucidate the phenotypic spectrum of HLH and the genetic mechanisms in patients
with atypical and/or secondary HLH (Papers II-IV)

» toidentify the genetic defect in a patient with severe autoimmune manifestations (Paper
V)

*  todescribe, understand, and characterize the genetic mechanisms behind a familial form
of MDS (Paper VI)

»  to describe clinical and laboratory characteristics of all patients included in the thesis
(Papers I-VI)

Most of the studies in this thesis have been performed prospectively. Genetic and
immunological analyses of patients with HLH were carried out within the diagnostic
algorithm for primary HLH. The results have been reported back to clinicians and were used
and appreciated in the clinical care of these patients.
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3 METHODOLOGICAL WORKFLOW

The journey that has led to the realization of this thesis began with the clinical suspicion of a
genetic disease of the immune system by astute clinicians working in pediatric and adult
hospital wards all over the world. Our part in this journey starts with the reception of a blood
sample for genetic and immunological analyses, accompanied by consent for inclusion in

research studies.

The genetic studies included in this thesis share a common methodological workflow based
on the generation of genetic data, their analysis and interpretation, and the subsequent
validation of findings. For papers I-IV that focus on HLH, immunological assays for
diagnostics of primary HLH are an essential part of this workflow. This section will present
the methods used in this thesis by grouping them according to the different steps of the
methodological workflow (Figure 4). Immunological assays for HLH diagnostics are
introduced at the end of this section. Further details on the methods used are available in the
methods section of the respective papers.

The Regional Ethical Review Board in Stockholm, Sweden has approved all studies included
in this thesis.

3.1 PATIENTS STUDIED

In total, 86 individuals from 75 unrelated families are included in this thesis. Individuals in
papers I-IV were included based on fulfillment of at least five out of eight HLH-2004
diagnostic criteria (Henter et al., 2007). If clinical and laboratory criteria were not fulfilled at
the time of sampling, a result from immunological assays suggesting primary HLH was
considered sufficient for inclusion.

In paper II we performed a retrospective analysis of individuals previously diagnosed at our
center with biallelic PRF'I pathogenic variants associated with atypical phenotypes or intra-
familial variable expressivity.

The families studied in papers V-VI were recruited because of an unexplained
immunodeficiency, also associated with familial MDS in paper VI.

There is no overlap of study subjects between the different studies. The functional data of two
patients with biallelic pathogenic variants in PRFI detected in paper I was used as the
control cohort of typical FHL2 cases in paper II.

Genetic analyses were performed mostly on genomic DNA isolated from peripheral blood
according to standard procedures. In paper VI other DNA sources were used, such as
fibroblasts, dried blood spot, bone marrow, and sorted subpopulations of white blood cells.
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3.2 GENERATION OF GENETIC DATA

Upon suspicion of a genetic disease, a genetic test was performed. In papers I and III-VI
different HTS technologies and applications have been used to achieve a molecular diagnosis
in the individuals studied.

Generation of
genetic data

Analysis and
interpretation of
genetic data

Validation of
genetic findings

Paper | = Gene panel = lon Torrent Suite = Segregation studies
12 HLH-related genes for mapping & variant calling = Review of phenotype
lon Proton (PGM) = Custom variant filtering = HLH diagnostics

Paper I = Sanger sequencing = Retrospective study = Segregation studies
of PRF1 = Genotype-phenotype = Review of phenotype

correlation = HLH diagnostics

Paper Il = ES of patient A = ES analysis according = Segregation studies
(paired end lllumina seq) to GATK best practices = Review of phenotype
= Sanger sequencing = Custom variant filtering = HLH diagnostics
of HLH genes and (AR, rare variants) = RNA studies and pSTAT1
IFNGR1/2 in patient B analysis in patient A

Paper IV = WGS of P1 and P2 = WGS analysis with = Segregation studies
(paired end lllumina seq) SpeedSeq = Review of phenotype

= Analysis of RAB27A SVs = HLH diagnostics

in IGV = Breakpoint PCR, MLPA
= JPCR RAB27A/PIGB
= Western blot RAB27A
= FANTOM CAGE data

Paper V -ES = ES analysis according = Segregation studies

(paired end lllumina seq) to GATK best practices = Review of phenotype
= Custom variant filtering
(AR, rare variants)
Paper VI = ES on individuals from = ES analysis according = Segregation studies

three generations (F1)
(paired end lllumina seq)

to GATK best practices
= Custom variant filtering
(AD/XL, rare variants)

= Review of phenotype

= Sanger sequencing

= SNP arrays

= Cell sorting & dPCR

= Overexpression of wild-type
and mutant SAMDOL

in HEK 293T cells

Figure 4. Summary of methodological workflow for each paper. HLH diagnostics refers to the
immunological assays described in section 3.5.

3.2.1 HTS technologies

HTS, also known as massively parallel sequencing, encompasses different sequencing
technologies whose common characteristic is the ability to simultaneously - in parallel -
sequence millions of DNA fragments (Metzker, 2010). Although different in several aspects,
HTS technologies share a common workflow based on library preparation, sequencing, and
data processing.
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Paper I employs lon Torrent technology, while papers III-VI employ Illumina technology,
which, as of today, dominates the scene of HTS. Both methods can be defined as sequencing-
by-synthesis methods since they are DNA-polymerase dependent, yet they differ largely
(Goodwin et al., 2016). They can be further distinguished in cyclic reversible termination
(Illumina) and single-nucleotide addition (Ion Torrent) sequencing-by-synthesis methods.

After generation of DNA templates (libraries) by different means, Illumina instruments
produce sequencing data through solid-phase bridge amplification, sequencing by cyclic
reversible termination, and imaging. Briefly, the DNA templates are distributed and attached
to a flow-cell on which they are amplified to obtain clusters containing copies of the original
DNA templates. After amplification, as many sequencing cycles as the selected read length
occur (from 50 to 300 bp depending on the sequencers). At each cycle all the differently
fluorescently labeled reversible terminator-bound deoxyribonucleotides (ANTPs) are present
and compete with each other for incorporation in the growing DNA strand by DNA
polymerase. After incorporation of one nucleotide, unbound nucleotides are washed away. At
this point, a total internal reflection fluorescence microscopy is used to record which base is
incorporated at each cluster (Goodwin et al., 2016). The terminator molecule is then removed
and a new cycle can begin. Papers III-VI are based on paired-end sequence data produced
by Illumina sequencers HiSeq 2000, 2500, and X (Illumina Inc, San Diego, CA, USA).

Ion Torrent technology is described as a single-nucleotide addition method since each of the
four nucleotides is added iteratively. In fact, this technology does not rely on optical
detection, but it employs a semiconductor device that detects pH changes caused by the
release of a H' ion when a dNTP is incorporated. At homopolymeric sequences, multiple
dNTPs can be incorporated during a cycle (Goodwin et al., 2016). The change in pH will be
larger, but the accuracy in discriminating the number of dNTPs incorporated diminishes with
the length of the homopolymer, creating a distintive error profile for this technology. In
paper I the sequencer Ion Personal Genome Machine (PGM) (Ion Torrent, Thermo Fisher
Scientific) was used to generate the data.

3.2.2 HTS applications

HTS can be applied in different ways: to explore DNA sequence, RNA variety and
expression, and even epigenetic markers. While the sequencing step is the same for most
applications, a wide range of methods for library preparation exists depending on the question
that is being addressed. For studies of Mendelian diseases, the three main applications are
gene panels, ES, and WGS. All three applications were used in this thesis. HTS data used in
this thesis was generated at Beijing Genomics Institute (Illumina), at the Clinical Genomics
facility of Science for Life Laboratory in Stockholm (Illumina) and at the Department of
Clinical Genetics of the Karolinska University Hospital, Stockholm (Ion Torrent).
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In paper I a custom-designed gene panel was used. The panel targeted the coding regions
(+25 base pairs at exon-intron boundaries) of 12 genes associated to HLH or susceptibility to
EBYV infection (PRF1, UNCI13D, STX11, STXBP2, SH2D1A, XIAP, RAB27A, LYST, AP3B1,
BLOCI1S6, MAGTI, and ITK). Evolutionarily conserved regions of FHL genes were also
included, since intronic disease-causing variants in UNCI3D were previously reported
(Meeths et al., 2011; Entesarian et al., 2013; Seo et al., 2013). Totally, the size of the target
was about 40kb. The panel was designed according to lon Ampliseq technology (Ion Torrent,
Thermo Fisher Scientific), which relies on multiplex-PCR for amplification of the regions of
interest. The libraries were subsequently sequenced on an lon PGM sequencer (Ion Torrent,
Thermo Fisher Scientific). An overview of the method is shown in Figure 5A.

In papers III, V, and VI ES was used. ES has been a very successful HTS strategy to
discover variants underlying Mendelian phenotypes. In ES, only the coding-part of the
genome, about 1% of the genome, is captured and sequenced on a high-throughput
sequencer. Even though only a minimal fraction of the genome is analyzed, most variants
causative of Mendelian disorders disrupt protein-coding sequences (Stenson et al., 2017),
thus making ES data a highly informative dataset to look for variants with large effect sizes.
The feasibility of ES for the identification of disease-causing variants was first demonstrated
in 2009 (Ng et al., 2009). Shortly after ES made its first gene discovery (Ng et al., 2010), and
was also used in a clinical setting to diagnose a child with a severe and intractable
inflammatory bowel disease. Interesting, that child was diagnosed with XLP2 due to a
pathogenic variant in X/AP (Worthey et al., 2011). Due to ES and most recently also to WGS
the rate of gene discovery in the last few years has been three times faster than when
conventional methods, such as positional cloning, were used (Chong et al., 2015). ES/WGS
has also enabled many gene discoveries in the field of PIDs (Meyts et al., 2016).

In papers III, V, and VI we used Agilent SureSelect (Agilent Technologies, Santa Clara,
CA, USA) as capture strategy, which is illustrated in Figure 5B. In paper VI ES data of
individual F1:I-3 was produced on an lon Proton machine after enrichment with Ion

Ampliseq Exome kit (Ion Torrent, Thermo Fisher Scientific).

In paper IV WGS was used on patients with monoallelic pathogenic variants in RAB27A4
detected by exome sequencing or yet unexplained cases. In WGS, as shown in Figure 5B, the
fragmented DNA is directly prepared for sequencing without PCR amplification (PCR-free)
which results in a more even coverage. Data from PCR-free WGS 1is also very suitable for
detection of SVs. In paper IV fragmented DNA from P1 and P2 was prepared for sequencing
using TruSeq DNA PCR-free HT Sample preparation kit and sequenced on a Illumina X
sequencer to achieve a 30X sequencing depth (Illumina Inc, San Diego, CA, USA).
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Figure 5. A) Overview of the experimental workflow from library preparation to sequencing according
to lon Ampliseq technology. Briefly, genomic DNA is enriched by multiplex-PCR. After partial
digestions of primers, adapters with barcode sequences and sequencing primers are ligated to the
PCR product. Libraries are purified and pooled. Thereafter, the DNA templates are attached to ion
spheres, amplified through emulsion-PCR, and then loaded into a sequencing chip. B) Overview of ES
and WGS experimental workflow. In ES, fragmented DNA is hybridized to biotinylated RNA-probed
complementary to human exons. Fragments bound to the RNA-probes are then captured through
streptavidin-coated magnetic beats. In WGS, fragmented DNA is directly prepared for sequencing.
The image of lllumina HiSeq X Ten is a courtesy of lllumina, Inc.

Gene panels, ES, and WGS all have their strengths and weaknesses. For instance, strategies
that rely on capture and amplification, like gene panels and ES, will suffer from non-uniform
coverage. In fact, WGS outperforms ES for coverage of coding sequences (Lelieveld et al.,
2015). On the other hand, both gene panels and ES might allow for higher sequencing depth,
which is required, for example, to properly capture low-frequency mosaicism. Depending on
the clinical or scientific question, a selection of the most appropriate method and study design
should be made.

3.3 ANALYSIS AND INTERPRETATION OF GENETIC DATA

High-throughput sequencers produce millions of short reads, about 60 million for an exome
and 400 million for a whole-genome. Going from a series of disorganized DNA fragments to
a list of candidate variants is a multi-step process. During recent years, the field of
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bioinformatics has also developed and improved to support the increasing use of HTS. The
text below gives a short overview of my bioinformatics pipeline as it looked during the last
period of my PhD studies. The specific versions and software used in each paper are
indicated in the respective methods section. The computations were performed on resources
provided by SNIC through Uppsala Multidisciplinary Center for Advanced Computational
Science (UPPMAX) under Project SNIC b2012204 and b2015280.

The first step in the analysis of HTS data, besides standard quality control, consists in the
assignment of each sequencing read to a specific location in the genome, a process called
mapping. The starting point for the mapping are fastq files, which contain all the sequencing
reads and their per-base quality scores. In this thesis the genome build 4g/9 was used for
mapping. Aligned reads are collected in BAM files, which can be used for visualization of
sequencing reads in genome browsers, such as the Integrative Genomics Viewer (IGV)
(Thorvaldsdottir et al., 2013). BAM files are also the starting point for variant calling, i.e. the
comparison between the sequencing reads produced by the HTS experiment and the reference
genome. Called variants are stored in variant call format (VCF) files.

The Ion Torrent data produced for paper I and VI was analyzed with the Ion Torrent Suite
Software (versions 4.0.2 and 4.0.3, Ion Torrent, Thermo Fisher Scientific), while Illumina ES
data was analyzed according to the Genome Analysis Toolkit (GATK) best practices for
germline SNP and InDels discovery in ES (DePristo et al., 2011; Van der Auwera et al.,
2013). The GATK best practices recommend the use of the mapper BWA (Li and Durbin,
2009) and of the variant caller GATK Haplotype Caller, together with a series of intermediate
steps in order to reduce false positive and false negative calls. WGS data in paper IV was
analyzed with the SpeedSeq pipeline (Chiang et al., 2015). For SV analysis, ExomeDepth
was used in paper III (Plagnol et al., 2012), and LUMPY in paper IV (Chiang et al., 2015).
In paper 1V, visual inspection of the RAB27A4 loci in IGV was also used to identify the
breakpoints of the SVs and split reads were mapped using the BLAT function of the UCSC
genome browser.

Having obtained a list of genetic variants, annotation is the next step. The Variant Effector
Prediction (VEP) software (McLaren et al., 2010), among others, annotates variants with
several variant-level information, e.g.the gene affected if any, the kind of wvariant
(e.g. exonic/intronic or missense/synonymous, etc.), the frequency of the variant in large
datasets such as 1000G (The 1000 Genomes Project Consortium, 2015) and EXAC (Lek et
al., 2016), in-silico predictions of pathogenicity, evolutionary conservation score, and much
more.

The HTS data in this thesis has been filtered based on inheritance models, frequency of the
variants in large datasets, and variants’ effect. For instance, in paper III and V an autosomal
recessive disorder was suspected based on parental consanguinity. In paper VI an X-linked

or an autosomal dominant inheritance patterns was suspected. Disease-causing variants for
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rare Mendelian disorders are expected to be rare. In the case of severe pediatric diseases like
most PIDs are, pathogenic variants are expected to be nearly absent from large datasets, or to
appear at a frequency compatible with carrier-ship for autosomal recessive disorders. The
release of the EXAC data in 2014 has been a game changer for frequency-based filtering: for
example, the use of a “popmax” frequency filter based on the ExAC dataset produces a 7-fold
reduction in number of variants compared to only using data from the Exome Sequencing
Project (Lek et al., 2016). As for the effect of the variants, nonsynonymous, nonsense, splice-
site, and frameshift variants were analyzed further. In paper I, rare non-coding variants in

evolutionarily conserved intronic sequences were also retained for downstream analysis.

The GEMINI software has been very valuable to the analysis of genomic data in this thesis
(Paila et al., 2013). GEMINI allows for annotation and storage of genetic variants in a
database that can be queried according to inheritance models, as well as through custom
variant- and gene-level filters. While HTS data in paper III-V was produced only for the
affected individuals, ES and WGS are especially powerful with a trio design, where the DNA
from the affected individual and his/her parents are sequenced (Bamshad et al., 2011). This
way, filtering on putative inheritance models becomes much more effective, especially for the
identification of compound heterozygous and de novo variants. Indeed, three generational ES
data was used in paper VI to identify the disease-causing variant in family 1.

Having applied the hard filters described above, variants were then reviewed manually.
Manual curation weighted in both variant- and gene-level information. /n-silico predictions
such as PolyPhen-2 (Adzhubei et al., 2010), SIFT (Ng and Henikoft, 2003), CADD scores
(Kircher et al., 2014), and NNSPLICE 0.9 (Reese et al., 1997) were used for variant-level
analysis. When analyzing small gene panels for a specific phenotype, like in paper I, variant-
level evidence of pathogenicity might be enough to classify a variant as pathogenic or likely
pathogenic, and therefore to establish a molecular diagnosis (Richards et al., 2015). When
analyzing ES data, such as in papers III-V, candidate variants in known-genes, especially if
missense variants as in paper III, should be evaluated further through review of the clinical
phenotype, segregation studies, and, if possible, design of functional experiments to confirm
pathogenicity. When reviewing variants in genes not previously associated with Mendelian
diseases, several variant- and gene-level lines of evidence are required to classify a variant as
disease-causing (Casanova et al., 2014; MacArthur et al., 2014). Some lines of evidence, such
as expression of the gene in the disease-relevant cell type (e.g. immune cells) can be obtained
through publicly available data, for others experimental validation is required. Generally,
despite the use of experimental validation, a novel gene can be indisputably associated with a
Mendelian phenotype only when multiple phenotypically similar, unrelated patients are
shown to carry pathogenic variants in the same gene (MacArthur et al., 2014). However, in
the field of PIDs several novel genes have been discovered through studies of single patients,
mainly due to a better accessibility of blood and immune cells for functional validation
(Casanova et al., 2014).
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3.4 VALIDATION OF GENETIC FINDINGS

Different methods can be used to validate genetic findings. Segregation study of a putative
disease-causing variant among family members is important to confirm segregation of the
candidate variant with the disease and confirm the inheritance pattern. Family segregation
studies were performed in all papers when possible. In papers I and III-VI, Sanger-based
verification of findings from HTS was also performed. For individuals diagnosed with
primary HLH in papers I-IV, immunological assays for HLH diagnostics were performed
when possible.

In paper III, the effect of the exonic deletion detected in /JFNGR2 was evaluated in RNA
isolated from patient A. To prove a dysfunction in IFN-y signaling, phosphorylation of
STATI upon stimulation with IFN-y was evaluated in primary white blood cells obtained
from patient A.

In paper V, the SVs detected in RAB27A4 were validated by breakpoint PCR and by a
custom-designed multiplex ligation-dependent probe amplification (MLPA) assay. MLPA is
a multiplex-PCR based method for the detection of CNVs in specific regions of interest.
MLPA was also used to study segregation of the SVs among family members. The effect of
the SVs on RAB27A expression was evaluated by quantitative PCR (qPCR) and western blot
analysis. The qPCR assay was designed to be able to distinguish between the RAB27A4
isoform NM_183235.2 and the others. Expression of PIGB upstream and downstream of the
breakpoint was also evaluated by qPCR.

In paper VI several genetic methods, such as Sanger sequencing, SNP-arrays, and digital-
PCR (dPCR) were used to understand the genetic mechanisms of SAMDYL disease-causing
variants. In particular, SNP-arrays were used to detect copy-neutral loss of heterozygosity
(CN-LOH), and dPCR was used to quantify the presence of germline and somatic SAMDYIL
variants in different cell types isolated through cell sorting. Functional assessment of
SAMDOYL variants was performed in HEK 293FT cells. Expression vectors containing wild
type and mutant SAMDOIL were transfected into HEK 293FT cells and their effect was
evaluated through proliferation assays. Wild-type expression of SAMDI9L and SAMD9
protein was evaluated by western blot in fibroblasts, CD34+ cells, and NK cells at steady
state and after stimulation with IFN-a and IFN-y.

A vast amount of HTS data has been deposited online for other researchers to use. In paper I
genetic data from 1000G (The 1000 Genomes Project Consortium, 2015) was used to
compare genetic variation in HLH genes between healthy individuals and patients with
secondary HLH. In paper IV, cap analysis gene expression (CAGE) data from the FANTOM
project (The FANTOM Consortium and the RIKEN PMI and Clst (dgt), 2014) was used to
define the transcriptional start site of RAB274 in immune cells and melanocytes.
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3.5 IMMUNOLOGICAL ASSAYS FOR DIAGNOSIS OF PRIMARY HLH

The assays outlined below have been used in papers I-IV. These assays were performed
immediately after reception of blood samples, since they require viable cells to work
properly. Therefore, in most cases, results from immunological assays were already available
during analysis of genetic data, facilitating interpretation of genetic findings. In some cases,
immunological assays were repeated after achievement of a molecular diagnosis, with
analysis of peripheral blood mononuclear cell (PBMC) at resting state and after incubation
with IL-2.

Immunological assays:

1) NK cell cytotoxicity

2) CD8+T and NK exocytosis

3) Perforin (intracellular staining)

1 2 3 Clinical clues
Gene: PRF1
Protein: | Perforin
UNC13D
Munc13-4
STX11
Syntaxin-11
STXBP2
Munc18-2
RAB27A Partial albinism
RAB27A
LYST Partial albinism
LYST giant inclusions in
neutrophils on blood smear
SH2D1A EBV infection, lymphoma,
SAP X-linked inheritance
XIAP EBYV infection, inflammatory
XIAP bowel disease, X-linked
inheritance

Figure 6. Schema of expected results from immunological assays in patients with primary HLH based
on the underlying genetic defect. Red and green are used to illustrate, respectively, an abnormal
(defective) result, and a normal result.

NK cell cytotoxicity was evaluated with the well-established chromium release assay. K562
is a human erythroleukemia cell line that lacks expression of MHC class 1 molecules, and
therefore elicits prompt killing by NK cells. K562 cells were first labeled with 51Cr. K562
cells that are targeted and killed by effector NK cells release their internally stored 51Cr. The
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higher the level of 51Cr detected, the more K562 cells were killed. The 51Cr-release in the
supernatant was measured with a gamma-counter. The data was displayed as % specific lysis
for different effector to target ratios, but also summarized as lytic units (LU) at 25% specific
lysis. A value of less than 10 LU (at 25% specific lysis) was considered pathologic.

Even though NK cell cytotoxicity is included among the HLH-2004 diagnostic criteria
(Henter et al., 2007), degranulation assays have proved to be a more reliable assay to detect
primary HLH due to defect in exocytosis (Bryceson et al., 2012; Chiang et al., 2013; Rubin et
al., 2017) (Figure 6). In paper I, III, and IV, CD8'CD57" T and NK cells exocytosis was
assessed by flow cytometry. Upon exocytosis of cytotoxic granules, cytotoxic lymphocytes
expose CD107a, also known as Lamp-1, on the cell surface. Instead, at resting state, CD107a
is associated with cytotoxic granules. Assays to measure exocytic activity of CD8'CD57" T
and NK cells use surface expression of CD107a after incubation with target cells as a proxy
to evaluate degranulation activity. Stimulations used include K562, or P815 with anti-CD16
antibody for NK cells and P815 with anti-CD3 antibody for CD8'CD57" T cells. Effector and
target cells were co-incubated at a 1:1 ratio for 3 hours at 37°C. Cells were then stained with
anti-CD107a antibody as well as immunophenotypic markers before acquisition by flow
cytometry (LSR Fortessa, BD Biosciences). Data was analyzed on FlowJo (v7 or v9,
TreeStar). The percentage of degranulation was calculated as ACD107a%, that is the %
difference in CD107a surface expression between stimulated and unstimulated effector cells.
Intracellular staining was used to determine expression levels of perforin, granzymes,
CD107a, and SAP in papers I and II, as described by Chiang et al. (Chiang and Bryceson,
2016). Briefly, PBMCs were surfaced-stained with CD3 and CD56 fluorochrome-conjugates
antibodies and with a dye to discriminate between alive and dead cells. Cells were thereafter
fixed and stained for the intracellular proteins above. Cells were analyzed by flow cytometry
(LSR Fortessa, BD Biosciences) and the data produced was analyzed on FlowJo (v7 or v9,
TreeStar).
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4 RESULTS AND DISCUSSION
41 GENETIC ARCHITECTURE OF HLH

4.1.1 Variant spectrum of primary HLH

HLH is a genetically heterogeneous disease. Besides classical FHL forms and syndromes
with albinism, other PIDs causing susceptibility to EBV infection, such as XLP1 and XLP2,
ITK deficiency, and others, are associated with HLH (Parvaneh et al., 2013). Quickly, the list
of genes to be evaluated can grow to a length that is incompatible with a Sanger-based
laboratory approach. Moreover, primary and secondary forms of HLH are hard to distinguish;
yet such distinction is clinically important and valuable for treatment decisions (Henter et al.,
2007). To improve diagnostics of HLH, in paper I we designed and used a HTS-based gene
panel to simultaneously investigate 12 genes, associated with primary HLH or with
susceptibility to EBV infections, in 58 prospectively recruited patients with HLH. Through
bioinformatics analysis and filtering, 71 rare variants were subjected to manual curation, and
19 of them were classified as disease-causing. In addition, one indel in RAB27A4 was detected
through visual inspection of reads in IGV, and two exonic deletions, in X/4AP and in STX11,
through analysis of coverage. Overall, 22 distinct disease-causing variants provided a
molecular diagnosis for 22 out of the 58 patients analyzed, with a diagnostic rate of 38%. For
eight disease-causing variants not previously reported in FHL patients, pathogenicity was
confirmed through segregation studies and concordance with results from functional assays
when available. Seven patients were diagnosed with FHL2 (PRFI), six with FHL3
(UNCI3D), and four with FHL4 (STX/I). Among patients with albinism, two were
diagnosed with GS2 (RAB27A4), and two with CHS (LYST). An additional patient was
diagnosed with XLP2, due to a hemizygous deletion in X/AP (Figure 7A,B). One patient with
albinism and HLH (P1) was instead diagnosed with FHL3, due to a homozygous splice-site
variant in UNCI3D. This patient might have two distinct Mendelian disorders that cause a
compound phenotype, something not uncommon especially in consanguineous families.
Indeed, in another patient with albinism, HLH, and low CD8'T cells, we established a double
diagnosis of SCID, due to a homozygous pathogenic variant in JAK3, and AR albinism
oculocutaneous, due to a homozygous pathogenic variant in 7YR (paper VII). No disease-
causing variants were found in the other sequenced genes. A separate analysis of
evolutionarily conserved intronic regions of FHL genes did not reveal any additional
pathogenic variant.

The cohort in paper I was heterogeneous for ethnic groups, since recruitment happened
through a network of collaborating physicians worldwide. Therefore, this cohort, also small
in size, is not suitable to draw conclusion on the contribution of the respective genes.
However, the majority of patients were diagnosed with FHL2 or FHL3, as observed in other
cohorts (Sieni et al., 2014; Cetica et al., 2016). Among patients from Northern Europe (n=3),
two were diagnosed with FHL3 and one with FHL2. One of the FHL3 patients (P11) was
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compound heterozygous for a splice-site variant and for the 253kb UNC13D inversion, which
is the most common FHL aberration in Northern Sweden (Meeths et al., 2011). The 253kb
UNCI3D inversion was detected through a separate multiplex-PCR assay, as previously
described (Meeths et al., 2011). The cohort included several patients of Turkish origin, as
reflected in the higher frequency of disease-causing variants in STX// (FHL4) compared to
what was observed in Swedish and Italian cohorts (Meeths et al., 2011; Cetica et al., 2016).

In paper I we focused mainly on pediatric HLH, and only eight adult patients with HLH
were included. In the pediatric sub-cohort (n=50), the overall diagnostic rate was 44%. The
diagnostic rate was highest (65%, 13 out of 20) among children diagnosed with HLH during
the first year of age (Figure 7A). A similar diagnostic rate was reported in another study
(Cetica et al., 2016) and it is concordant with epidemiological data showing a median age at
diagnosis of HLH of 5 to 8 months (Trottestam et al., 2011; Meeths et al., 2015). No case of
primary HLH was identified among the few adult patients studied.

In 36 patients no disease-causing variants were found. Among the patients evaluated with
functional assays, some showed defects in one of the assays, but none showed a combined
defect highly indicative of FHL, GS2, or CHS, suggesting no pathogenic variants in those
genes were missed. To ensure this, visual inspection of sequencing reads and Sanger-based
analysis of poorly covered exons was performed. It is possible that some of these patients
harbor other genetic disorders. Parental consanguinity was indeed frequent even among
undiagnosed cases. Others instead will represent truly secondary HLH cases, something that
is also suggested by a higher frequency of known triggers of HLH in the undiagnosed group.

In paper II, through a retrospective study, we report FHL2 patients with atypical
presentations and intra-familial variability. All ten patients were reported to have biallelic
missense pathogenic variants in PRF'I, for a total of seven different missense variants, of
which six had previously been reported in atypical or late-onset cases of FHL2. Two of the
variants were also identified in paper I: p.Thr450Met in P17, who developed HLH at 5 years
of age, and p.Arg225Trp in P35, who developed HLH at the age of 8.5 years.

4.1.2 Non-coding pathogenic variants

Most disease-causing variants underlying Mendelian diseases are located in exons and splice
junctions. As a result, diagnostic efforts in patients with Mendelian diseases have for a long
time focused mainly on coding sequences, previously with Sanger sequencing and now with
ES. Nonetheless, very few Mendelian disorders can be molecularly diagnosed with a 100%
diagnostic rate, and the average diagnostic rate across many disorders is ~50% (Chong et al.,
2015). At this regard, today’s diagnostic success for primary HLH can be considered to be
above average. In fact, in paper I, despite an overall 44% diagnostic rate for pediatric cases,
all cases with a functional defect suggestive of an inborn defect of lymphocyte cytotoxicity

received a molecular diagnosis. No disease-causing variants in FHL genes were found in
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patients without a typical functional defect. The positive and negative predictive value of
combined functional assays is high (Chiang, 2015; Rubin et al., 2017), and therefore non-
coding pathogenic variants should be suspected in molecularly undiagnosed HLH patients
with functional defects suggesting primary HLH. With this approach and focusing on
evolutionarily conserved intronic regions, previous studies from our research group have
identified non-coding disease-causing variants in UNC13D (Meeths et al., 2011; Entesarian et
al., 2013).

In paper 1V, we studied five patients from five unrelated families from Lithuania (n=3),
Sweden (n=1), and Russia (n=1) with an atypical form of HLH. In three of these patients,
clinical sequencing revealed monoallelic variants in RAB27A4, including two previously
reported as disease-causing, ¢.239G>C (p.Arg80Thr) in P2, and c.550C>T (p.Argl84X) in
PS5 (Meeths et al., 2010a). The monoallelic RAB27A4 variant c.559C>T (p.Argl87Trp)
identified in P1 was instead classified as a variant of unknown significance. Clinical
sequencing had not revealed any pathogenic variants in P3 and P4, yet functional assays
showed defective exocytosis of CD8'CD57" T cells and NK cells, suggestive of FHL3-5,
GS2, or CHS.

GS2 is a PID characterized by partial albinism, silvery-gray hair, and susceptibility to HLH
(Ménasché et al., 2000). GS2 patients with truncating variants in RAB27A4 develop HLH in
early infancy, and more than half the patients have neurological involvement (Meeths et al.,
2010a). None of the patients reported in paper IV displayed signs of oculocutaneous
albinism. Recently, some patients with GS2 yet without oculocutaneous albinism have been
reported (Cetica et al., 2015; Netter et al., 2016). We therefore suspected that a pathogenic
variant on the other allele of RAB27A4, potentially non-coding, had gone undetected in clinical
sequencing. To test our hypothesis, we performed WGS on genomic DNA from P1 and P2.

We used IGV to visually analyze WGS data at the RAB27A4 locus. In both patients, we
identified several aberrant read pairs at the 5S’UTR of RAB27A4, also involving the first 5
exons of the adjacent gene PIGB, which is required for glycosylphosphatidylinositol anchor
biosynthesis. Read pairs were aberrant both for insert size and orientation, suggesting events
of deletion/duplication as well as inversion, as confirmed by the SV calling software
LUMPY. Interestingly, two SV events were shared between P1 and P2. The detected SVs
were further analyzed by split reads mapping and breakpoint-PCR. A custom MLPA-assay
was used to define gains and losses in the region (Figure 7C).

P1 and P2 shared a heterozygous complex SV characterized by two non-adjacent duplicated
regions, with identical breakpoints. Duplication-normal-duplication pattern can associate with
cryptic and complex rearrangements (Brand et al., 2015). Indeed, one breakpoint suggested
that one of the duplicated regions was also inverted (Figure 7D). P1 also carried a
heterozygous 65kb deletion of RAB27A4, in cis with the ¢.559C>T missense variant. Due to
clinical resemblance and geographic proximity, the other three patients (P3-P5) were
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analyzed by MLPA and breakpoint-PCR. P3 and P4 were homozygous for the complex SV
identified in P1 and P2, while P5 was heterozygous. With biallelic aberrations in RAB274, a
molecular diagnosis of GS2 was established in all five patients.
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Figure 7. A) Molecular diagnoses identified in paper I. B) NK cells exocytic activity of patients studied
in paper |. Patients are grouped by their molecular diagnosis (FHL2, n=4; FHL3-4, GS2, CHS, n=9; no
diagnosis, n=20). C) Gain and losses shown by a custom MLPA assay over the RAB27A/PIGB loci in
GS2 patients from paper IV. Location of MLPA probes is depicted in (D), together with a model for the
complex SV as supported by split reads and breakpoint-PCR.

Our reconstruction of the shared complex SV suggests a model (Figure 7C) where only the
transcriptional start site (TSS) of one transcript of RAB274 (NM_183235.2) is disrupted.
Western blot analysis of Rab27a expression in PBMCs from the patients showed markedly
decreased expression. Similarly, qPCR showed diminished expression of NM 183235.2
transcript, confirming that the complex SV disrupts gene expression by removing the TSS of
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transcript NM_183235.2 and that this transcript is expressed in lymphocytes. According to
this model, a copy of PIGB remains intact, and qPCR showed preserved expression.

We therefore hypothesized that the lack of albinism in these patients might be due to distinct
TSS usage between lymphocytes and melanocytes. Analysis of cap analysis gene expression
(CAGE) data from the FANTOMS project (The FANTOM Consortium and the RIKEN PMI
and Clst (dgt), 2014) revealed that in nearly all cell types, including cytotoxic lymphocytes,
NM 183235.2 is the predominant transcript (Figure 8). However, primary as well as
embryonic stem cell-derived melanocytes also use alternative, downstream TSSs, which are
not disrupted by the complex SV. Interestingly, acquisition of downstream TSS seems to
occur during differentiation from embryonic stem cells. qPCR data confirmed a smaller

contribution of the NM 1832352 transcript to the total RAB27A transcription in
melanocytes.
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Figure 8. (A) UCSC Genome browser screenshot showing localization of the RAB27A TSS according
to FANTOM5 CAGE data from human cells. p1 is the TSS for the transcript NM_183235.2. (B) Tags
per millions at the different RAB27A TSS from the FANTOM5 CAGE data. (C) Tags per millions at the

different RAB27A TSS during differentiation of human embryonic stem cells into pigmented
melanocytes.

In conclusion, we identified SVs affecting the S’UTR of RAB274 in patients with atypical
HLH. The lack of albinism was attributed to differential usage of RAB27A4 TSS between
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lymphocytes and melanocytes. Moreover, the detection of a recurrent complex SV in
geographically related patients suggests a founder effect in the Baltic population. This finding
ensures access to a molecular diagnosis for future patients from this area.

4.1.3 HLH beyond defects of cytotoxic lymphocytes: HLH in other PIDs

HLH is the phenotypic manifestation of a dysregulated immune response. In the introduction,
we discussed how immune dysregulation and inflammation are present across several types
of PIDs. Therefore, the report of HLH in patients with PIDs other than inborn defects of
lymphocyte cytotoxicity might not seem surprising. On the other hand, although these
patients do not represent bona fide primary HLH cases, they still have an underlying genetic
defect, and therefore should be distinguished from truly secondary HLH cases. Establishing
the right molecular diagnosis in these patients might provide access to tailored treatment and
appropriate genetic counseling. Lastly, studying other defects of immunity that can lead to
HLH might increase our knowledge about pathogenic mechanisms of hyperinflammatory

syndromes.

In paper III we report a 2-month-old infant and a 4-year-old child diagnosed with HLH due
to disseminated Mycobacterium bovis following Bacillus Calmette—Guérin vaccination and
Mycobacterium tuberculosis infection, respectively. We performed ES on patient A, and, due
to parental consanguinity, focused on homozygous variants. Analysis of CNVs revealed a
homozygous exonic deletion in /FNGR2. RNA studies showed that the deletion of exon 2 led
to an early frameshift. Cellular analyses confirmed abrogated IFN-y-mediated STATI
phosphorylation, whereas cytotoxic lymphocyte degranulation and perforin expression were
normal. In patient B, Sanger sequencing of /FNGRI and [FNGR2 revealed a homozygous
missense variant in /FNGRI, ¢.655G>A p.Gly219Arg. The variant was deemed pathogenic
based on segregation studies and low frequency in the population. The variant was absent
from 1000G and, at the time of writing, is present in 2 out of 8624 individuals from South-
East Asia in gnomAD (Lek et al., 2016). Moreover, an in-frame deletion affecting codon 218
was previously reported in a patient with IFNGR1 deficiency (Jouanguy et al., 2000).
IFNGRI and IFNGR?2 code for the subunits of the IFN-y receptor, and a molecular defect in
either one of the IFN-y receptor chains is sufficient to impair [FN-y signaling.

Pathogenesis of primary HLH is thought to be driven by an excessive production of IFN-y by
activated CD8'T cells. In turn, IFN-y activates macrophages. Development of HLH in the
context of abolished IFN-y signaling is puzzling. Four additional patients with HLH in the
context of Mendelian susceptibility to mycobacterial disease due to pathogenic variants in
STATI or IFNGRI have recently been reported (Staines-Boone et al., 2017). Interestingly,
HLH/macrophage-activation-like disease can be induced in wild-type mice through repeated
Toll-like receptor 9 stimulation. In this model, IFN-y-knockout mice developed disease
comparably to wild-type mice, suggesting IFN-y may be dispensable for the development of
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immune pathology (Canna et al., 2013). This observation may be of significance in the
context of current attempts to treat HLH with anti-IFN-y therapy.

In paper VIII, a multicenter, systematic survey of published and unpublished cases of HLH
in other PIDs was conducted. We contributed with the report of a British boy (patient 24)
diagnosed with EBV-driven HLH at the age of 4 years. Through ES we revealed a known
disease-causing variant (c.838A>C, p.Ser280Arg) in DKC/ and established a diagnosis of X-
linked dyskeratosis congenita. Indeed, the patient had a history of nail dystrophy and other
features of dyskeratosis congenita, including short telomeres (unpublished data). In total, 63
cases of HLH in PIDs were identified through literature search and survey among PID/HLH
centers worldwide. Importantly, in about half of the cases HLH represented the first
manifestation of an underlying PID, as in the patients from paper III. Moreover, in several
patients, HLH developed despite low numbers of T cells and NK cells, suggesting a
lymphocyte-independent pathogenesis for HLH in T cell deficiencies.

Besides PIDs, HLH has been reported also in metabolic disorders, such as Wolman disease.
Wolman disease is caused by biallelic disease-causing variants in the gene LIPA, encoding
for lysosomal acid lipase (Taurisano et al., 2014). Indeed, in two patients left without a
molecular diagnosis after the screening described in paper I we identified by ES
homozygous pathogenic variants in LIPA, thus establishing a diagnosis of Wolman disease
(unpublished data). Both patients developed HLH within the first months of life. With two
more patients diagnosed by ES, the diagnostic rate for the infants with HLH studied in paper
I reached 75%.

4.1.4 Genetic variation in HLH genes in the population

The detection of rare monoallelic variants in FHL genes in patients with secondary HLH is
not uncommon (Zhang et al., 2011). Experimental validation of an in vitro dominant negative
effect has been provided for a few variants affecting FHL genes, yet the genetic findings in
these studies were based on sequencing focused on coding regions (Spessott et al., 2015;
Zhang et al., 2016). In an Italian cohort of 240 patients with secondary HLH, 43 (18%) were
reported to have one monoallelic pathogenic variant (Cetica et al., 2016). The definition of
pathogenic variants was somewhat relaxed, since some of the variants reported as
monoallelic pathogenic variants are quite frequent in the population, as the PRFI variant
¢.272C>T p.Ala91Val, which occurs in about 5% of Caucasian individuals (Lek et al., 2016).
This variant is associated with HLH in homozygous state or in-frans to a more damaging
variant, as in three patients studied in papers I-II. The penetrance of this variant in
homozygous state is incomplete and its effect in monoallelic state is unknown. The
interpretation of monoallelic variants is also complicated by the fact that such variants are
almost always inherited from a healthy parent. Moreover, secondary HLH cases are usually
only tested by targeted sequencing of FHL genes, which might overestimate the contribution
of heterozygous variants to HLH susceptibility.
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Large-scale sequencing projects have now established that rare genetic variation is common,
suggesting that most of it is harmless (Lek et al., 2016). Using publicly available data the
amount of genetic variation between specific patients group and the general population can be
compared. In paper I, to quantitatively examine the contribution of monoallelic variants to
secondary HLH, we evaluated the frequency of variants in HLH genes among 2504 unrelated
individuals from the 1000 Genomes project (The 1000 Genomes Project Consortium, 2015).
The data was analyzed with the same filtering strategy used for HLH patients: protein-
altering or splice-site variants with a minor allele frequency lower than 0.05, and, for
missense-variants, at least one damaging prediction in-silico, were considered as possibly
damaging. 636 individuals in 1000G (25%) carried at least one variant matching these
criteria, which are relaxed but resemble the criteria used in the literature for secondary HLH.
Against a frequency of 25% in presumably healthy individuals, monoallelic variants in FHL
genes were not enriched in patients with secondary HLH. In paper I nine patients (25%)
without a definitive molecular diagnosis carried a monoallelic variant that matched the above
filtering criteria. Thus, the identification of a heterozygous variant in FHL genes in patients
with HLH should be interpreted cautiously in respect to causality. As illustrated in paper VI
and previous literature (Meeths et al., 2011; Entesarian et al., 2013), more advanced genetic
studies might be required to uncovered variants that are hard to detect with conventional
methods.

4.1.5 Integrated genetic and functional diagnostics for HLH

In paper I, the screening of prospective HLH patients was preceded by a validation phase on
13 previously diagnosed patients. In total, 18 disease-causing variants and 56 polymorphisms
were used for validation. All variants could be detected by visual inspection, but only 72 out
of 74 were called by the software, corresponding to a sensitivity of 97.3% (95% confidence
interval 90.7-99.2). The disease-causing variant not called by the software was located in a
homopolymeric stretch, an Achilles heel of Ion Torrent technology. Coverage for the regions
of interest was 96.6%, but sequencing depth was on average above 200X. Even ES, which
too relies on a capture step, suffers from incomplete coverage (Yang et al., 2013). While it is
possible to keep track of gaps in a small panel, and to potentially fill them by an alternative
approach, this becomes harder on a large-scale. WGS compromises on sequencing depth
(usually 30X), but provides uniform coverage, reliable CNV calling, and information on non-
coding regions. WGS is therefore replacing gene panels and ES in clinical and research
settings. Yet further optimization of strategies for sequencing, analyses, and validation are
required to increase the diagnostic success of WGS (Taylor et al., 2015).

In papers L, III and IV, different applications of HTS and functional assays for diagnostics of
primary HLH were used to achieve a molecular diagnosis. In all cases, functional assays
provided important information. In paper I, they aided interpretation of genetic findings in
patients with pathogenic variants associated with FHL, GS2 and CHS, while in paper 1V,
defective CD8'CD57'T cell and NK cell exocytosis indicated the presence of non-coding
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pathogenic variants. Importantly, in patients with inborn defects of lymphocyte cytotoxicity,
functional assays are constitutively abnormal. Thus, abnormal functional assays might
provide a strong diagnostic hint for patients with atypical manifestations of primary HLH.
Among the functional assays available today, CD8 CD57" T cell and NK cell degranulation
assays and intracellular staining of perforin outperform NK cell cytotoxicity assay (Rubin et
al., 2017). In fact, both patient A from paper III and patient 24 from paper VIII showed
defective NK cell cytotoxicity due to low NK cell numbers. The defect in NK cell
cytotoxicity in these patients was comparable with what is seen in FHL and therefore enough
to fulfill one of the HLH-2004 diagnostic criteria. However, no defect was seen in NK cell
degranulation and perforin expression, prompting us to look for genetic defects other than
FHL.
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Figure 9. Proposal for a diagnostic approach of patients with HLH based on functional assays and
genetic testing. A complete diagnostic algorithm also includes physical investigations and laboratory
tests which are not presented here.

Genetic and functional investigations are therefore interdependent for diagnostics of primary
HLH. In Figure 9 we propose an updated diagnostic approach to patients with HLH.
Functional immunological assays for primary HLH are recommended in all patients as first-
line screening. A defect consistent with primary HLH can be sufficient to inform clinical
management until a definitive molecular diagnosis is established. To achieve a molecular
diagnosis, we propose a first-tier genetic screening based on the analysis of 15 genes through
a gene panel or through an in-silico panel based on ES/WGS data. Compared to the list used
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in paper I, the genes CD27, NLRC4, and LIPA have been added. Pathogenic variants in
CDZ27 cause a PID characterized by severe EBV infection and an increased risk for EBV-
driven HLH (Alkhairy et al., 2015). GOF heterozygous variants in NLRC4 cause an
autoinflammatory syndrome that resembles HLH (Canna et al., 2014; Romberg et al., 2014).
If sequencing data is based on WGS, analysis of non-coding variants and CNV can be
performed directly. Alternatively, patients with defective lymphocyte exocytosis and no
findings or only monoallelic variants in UNCI3D or RAB27A, should be evaluated for the
respective founder mutations with a targeted method (Meeths et al., 2011) (paper IV).
Patients without disease-causing variants in the genes above but with red flags for PIDs, such
as history of infections, autoimmunity or cellular deficiencies (e.g. low T cells numbers in
SCID), and with general red flags for genetic diseases, like a positive family history or
parental consanguinity, should be evaluated for pathogenic variants in all known PID genes.
In research settings, an unbiased analysis of all variants aimed at discovery of novel genes
can be performed. For that, a family study design (e.g. trio) is recommended.

4.2 PHENOTYPIC SPECTRUM IN DISORDERS OF IMMUNE DYSREGULATION
4.2.1 Atypical manifestations of defects in lymphocyte cytotoxicity

4.2.1.1 Late-onset HLH

It is now known that primary HLH can develop beyond childhood (Janka and Lehmberg,
2014). However, late-onset of disease can sometimes have atypical manifestations, making
the establishment of a diagnosis difficult. Some of the patients studied in papers I-II and IV
were diagnosed with primary HLH during adolescence and adulthood. In paper I the oldest
patient diagnosed with primary HLH was 16 years old at diagnosis (P48). P48 was compound
heterozygous for two variants in PRFI, c.272C>T (p.Ala91Val) and c.1288G>T
(p.Asp430Tyr). In paper II we report a patient (E) diagnosed with HLH at the age of 38
years with a homozygous PRFI Ala91Val variant, and two patients (A:1, B:1) diagnosed,
respectively, at 13 and 19 years of age. In paper IV, P2 developed HLH at 14.5 years of age
and was the oldest case included in the Swedish incidence study by Meeths ef al.. P1 and P3
from paper IV developed HLH at 14 and at 9 years of age, respectively, while P4 and P5
have so far not developed clinical signs of HLH. In larger cohorts, primary HLH among
adults explain a small percentage of all HLH cases (Zhang et al., 2011; Wang et al., 2014b;
Zhang et al., 2011), yet a diagnosis of primary HLH has clinical consequences as important in
adulthood as in childhood.

4.2.1.2 Cancer

Inflammation and immune cell infiltration are observed in most cancers. Tumor-associated
inflammatory response results from the immune system attempt to kill cancer cells. At the
same time, the presence of an inflammatory state promotes cancer growth and acquisition by
cancer cells of their functional hallmarks (Hanahan and Weinberg, 2011). Occurence of
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cancer has been observed in patients with primary HLH or other PIDs (Leechawengwongs
and Shearer, 2012; Meeths et al., 2014). Moreover, in a prospective Japanese study,
individuals with decreased NK cell cytotoxicity displayed an increased incidence of cancer
(Imai et al., 2000). In papers II and IV we studied patients who developed lymphoma due to
biallelic pathogenic variants in PRFI or RAB27A. Importantly, development of lymphoma
was in some cases the only manifestation of an inborn defect of lymphocyte cytotoxicity.

In paper I we report two families (A, B) each with two siblings with biallelic pathogenic
variants in PRFI, of which one sibling developed HLH in adolescence and the other one
Hodgkin lymphoma in adolescence, but no HLH. Instead, patient G developed both HLH and
a non-Hodgkin T cell lymphoma at 22 months of age. In paper IV P5, diagnosed with
biallelic disease-causing variants in RAB27A4, developed Hodgkin lymphoma at 13 years of
age, after recurrent fever episodes, but did not fulfill the HLH-2004 diagnostic criteria. Of
note, the sister of P2 developed brain lymphoma, but, due to lack of material, could not be
genetically tested. Previous case reports of patients with biallelic hypomorphic variants in
PRFI who develop both HLH and lymphoma or leukemias exist (Clementi et al., 2005; Chia
et al., 2009). This co-occurrence has also been observed for other genes responsible for
primary HLH, such as STXBP2 (Machaczka et al., 2012). The occurrence of cancer as the
only manifestation of an inborn defect of lymphocyte cytotoxicity in patients from papers 11
and IV strengthens further the link between perforin-dependent lymphocyte cytotoxicity and
susceptibility to lymphoma. Besides a role for a diminished lymphocyte-mediated killing of
malignant cells, it can be speculated that a persistent low-grade immune dysfunction and
inflammation might promote a microenvironment suitable for tumor development (Carbone
et al., 2014). In animal models, perforin-knockout mice develop B-cell lymphoma with age,
while infection with LCMV is required to develop HLH (Smyth et al., 2000). In conclusion,
biallelic hypomorphic variants in genes associated with primary HLH might represent a cause
of familial hematological malignancies.

4.2.1.3 Predominant neurological manifestations

Neurological manifestations are commonly reported in patients with HLH, and they are often
present already at diagnosis (Horne et al., 2008; Deiva et al., 2012). In some cases
neurological manifestations predominate and the signs of systemic inflammation typical for
HLH may be scarce (Meeths et al., 2014). In these cases, achieving the correct diagnosis is
hard, also because specialists less familiar with HLH might see these patients. At the same
time, achieving a diagnosis is very important also in patients with neuro-HLH since treatment
can reduce development of additional brain damage and a timely HSCT can even resolve
neurological symptoms (Hussein et al., 2014).

In this thesis, five patients with an inborn defect of lymphocyte cytotoxicity and predominant
neurological manifestations were studied, two with biallelic missense variants in PRF'/ and
three with biallelic variants in RAB27A4. Three of them, patient B:1 from paper II, and

51



patients P1 and P3 from paper IV, developed neurological manifestations several years
before the onset of systemic HLH. Indeed, it was only the onset of HLH that triggered the
initiation of a diagnostic work-up for HLH. Patient B:1 from paper II suffered from
recurrent headaches, with vomiting and fever for five years before onset of systemic HLH,
while P1 and P3 from paper IV suffered from recurring neuroinflammation with acute
disseminated encephalomyelitis (ADEM)-like features for several years before the onset of
systemic HLH. Because of a relapsing-remitting course of disease, P1 had received a
diagnosis of multiple sclerosis. In addition to neuroinflammation, P3 also suffered from
granulomatous dermatitis and lung infiltrates. Instead, patient F from paper II and P4 from
paper IV only presented with neuro-HLH, without systemic signs of HLH. P4 developed
ataxia after varicella infection at the age of 1 year and 9 months. Additional episodes
followed, and a biopsy of a brain lesion showed lymphocyte infiltration. A similar
presentation of ataxia triggered by infections was reported in two siblings in whom a
diagnosis of FHL2 was established only post-mortem through ES (Dias et al., 2013). In
clinical practice, an inborn defect of lymphocyte cytotoxicity should be considered in the
differential diagnosis of patients with neuroinflammation and functional assays should be
performed. The inclusion of genes associated with primary HLH into gene lists for the
genetic evaluation of patients with ataxia and seizures might reveal that inborn defects of
lymphocyte cytotoxicity is an under-recognized cause of neurologic disease.

4.2.1.4 Genotype-phenotype correlations in atypical primary HLH

Severe perforin deficiency due to truncating variants is associated with very early onset HLH
(Trizzino et al., 2008). As observed in paper II, biallelic missense variants associate with
older age at presentation and atypical manifestations. Interestingly, in paper Il we found
sibling pairs discordant for clinical presentations, suggesting that the phenotypic effect of
hypomorphic variants is harder to predict. The majority of the PRFI variants reported in
paper Il was previously reported in patients with late-onset HLH, demonstrating a consistent
genotype-phenotype correlation. In in-vitro evaluations, compared to null variants, these
variants were temperature-sensitive, and their function could be restored at 30°C (Chia et al.,
2009). In paper II we show that compared to FHL2 patients with early onset of disease, NK
cells from atypical FHL2 patients recover cytotoxic function after stimulation with IL-2. In
paper IV, recovery of cytotoxicity and exocytic capacity after [L-2 stimulation is also shown
for CD8'CD57" T cells and NK cells from P3 and P4. Although the mechanism of IL-2-
mediated recovery is not known, this phenomenon has previously been observed in other
patients with late-onset or atypical manifestations (Meeths et al., 2010b; Rohr et al., 2010).

All the GS2 patients studied in paper 1V carry the TSS-disrupting SV in RAB27A4 at least in
heterozygous state. Clinically, recurring epidoses of neuroinflammation, skin granulomas,
late-onset HLH, susceptibility to lymphoma, and lack of skin and hair hypopigmentation
define this atypical form of GS2.
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4.2.2 Severe autoimmunity in LRBA deficiency

In paper V we studied a patient, born to consanguineous parents of Turkish origin, who
suffered from several autoimmune manifestations and failure to thrive since the age of seven
years. At age seven he developed autoimmune hemolytic anemia, hepatosplenomegaly,
autoimmune  thyroiditis, and  hypogammaglobulinemia  requiring  intravenous
immunoglobulins (IVIG). He then developed immune thrombocytopenia, repeated infections,
and a severe enteropathy with colitis, gastritis, and subtotal villus atrophy in the duodenum
resembling celiac disease. At the age of 14 the patient developed pancreatitis and
neurological symptoms with brain lesions resembling ADEM. A clinical diagnosis of CVID
was made. Due to the severe course of disease, the patient received HSCT at the age of 15
years from the HLA-matched mother. With HSCT, a clinical, radiological, and histological
resolution of most manifestations was achieved. At the time of writing, the patient is still
doing well more than 4 years after HSCT.

To establish a molecular diagnosis ES was performed post-HSCT. We identified a
homozygous frameshift variant (c.7162delA, p.T2388Pfs*7) in LRBA. Both parents were
heterozygous carriers. At the time of publication, this pathogenic variant had recently been
reported in two siblings with LRBA deficiency (Seidel et al., 2015). One of those siblings
was the first patient with LRBA deficiency for whom a successful outcome after HSCT was
reported.

Disease-causing variants in LRBA were initially identified in patients with early onset CVID
(Lopez-Herrera et al., 2012). Since then, they have also been identified in patients with [IPEX-
like phenotype (Charbonnier et al., 2015) and multiple autoimmune endocrinopathy, such as
neonatal diabetes (Johnson et al., 2017). Review of large cohorts of patients with LRBA
deficiency reveals that most patients suffer from immune dysregulation, in the form of
enteropathy, autoimmune hemolytic anemia, thrombocytopenia, and type I diabetes (Alkhairy
et al., 2016; Gamez-Diaz et al., 2016). Recurrent infections are also common. Some patients
develop neurological manifestations. Moreover, ADEM has been reported in patients with
CTLAA4 deficiency (Schubert et al., 2014).

LRBA deficiency leads to a secondary deficiency of CTLA4 (Lo et al., 2015). This
observation has prompted the use of abatacept, a CTLA4—immunoglobulin fusion drug, for
treatment of patients with LRBA deficiency, with good responses (Lo et al., 2015). A recent
survey of published and unpublished patients with LRBA deficiency revealed that 12 out of
72 cases received a HSCT due to severe manifestations (Seidel et al., 2017). The patient
studied in paper IV was also included in this survey. Overall, survival post-HSCT was 67%
(8/12). Four patients died within 3 months post-transplant due to transplant-related
complications. Instead, surviving patients achieved a good level of remission including some

complete remissions. This data suggests a curative potential of HSCT for patients with LRBA
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deficiency. Seidel et al. suggest proceeding to early HSCT in LRBA deficient patients with

severe manifestations.

4.3 GAIN-OF-FUNCTION VARIANTS IN SAMDIL PREDISPOSE TO MDS/AML
WITH MONOSOMY 7

4.3.1 SAMDOIL-related phenotypes

In paper VI we studied two families with variable expressivity of cytopenia, MDS with
cytogenetic aberrations of chromosome 7, immunodeficiency, and progressive cerebellar
dysfunction. Two individuals from family 1, F1:IlI-1 and his grandfather F1:1-3, and one
individual from family 2, F2:1I-4, developed MDS. F1:IlI-1 and F2:1I-4 developed MDS in
childhood and F1:I-3 at the age of 56. In family 1, due to familial MDS and cellular
immunodeficiency affecting B, NK cells, and monocytes, GATA2 deficiency was suspected
(Spinner et al., 2014). However, no pathogenic variants in GATA2 were identified. Three
individuals suffered from transient cytopenia in childhood, which resolved spontaneously.
Several family members, including F1:11I-1, F1:1-3, and F2:1I-4, suffered from very mild to
moderate balance impairment. A summary of the clinical manifestations of affected
individuals is provided in Table 5.

ES was performed in family 1, and affected individuals from three generations were
analyzed. Rare variants consistent with an autosomal dominant or X-linked recessive
inheritance model were reviewed. We identified a heterozygous missense variant, ¢.2956C>T
(p-Arg986Cys) in the gene sterile alpha motif protein 9-like (SAMD9IL, NM_152703), located
on 7qg21.2, a region commonly deleted in myeloid malignancies (Asou et al., 2009). By
Sanger sequencing, another rare heterozygous missense variant in SAMDYL was identified in
family 2, ¢.2672T>C (p.1le891Thr). Both variants were not present in EXAC, affected
evolutionarily conserved amino acid residues, and had damaging in-silico predictions. At the
time a SAMDYL variant was discovered in family 1, no human disease was associated with
genetic variants in SAMDYL. Instead, haploinsufficiency for the same gene in mouse was
associated with development of MDS with age (Nagamachi et al., 2013), making SAMDYL an
interesting candidate in these families.

In 2016, Chen et al. found heterozygous missense pathogenic variants in SAMDYL in two
families with ataxia-pancytopenia (ATXPC) syndrome (MIM 159550), including the first
family sharply described by Li ef al. in 1978 (Li et al., 1978, 1981; Chen et al., 2016a). All
the six affected individuals reported by Li et al. displayed cerebellar ataxia, and cerebellar
atrophy was reported in five. Two developed AML and other had cytopenias. Similarly, the
additional family studied by Chen et al. included nine individuals with cerebellar ataxia and
variable hematologic abnormalities. Family 2 from paper VI had received a clinical
diagnosis of ATXPC before a genetic defect was identified. Instead, several individuals from
family 1 had only mild neurological manifestations and were mainly followed for their
hematologic abnormalities.
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Table 5. Clinical characteristics of the patients studied in paper VI (adapted from there).
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4.3.2 Effect of SAMDIL pathogenic variants

SAMDOL is located on 7q21.2 adjacently to SAMDY, a highly conserved paralogous gene.
Biallelic pathogenic variants in SAMD9 cause normophosphatemic familial tumoral
calcinosis, an autosomal recessive disease characterized by inflammatory skin lesions with
calcium deposits (Topaz et al., 2006; Chefetz et al., 2008). In 2016, heterozygous de novo
variants in SAMD9 were identified in individuals with Myelodysplasia, Infection, Restriction
of growth, Adrenal hypoplasia, Genital phenotypes (anomalies of external and internal
genitalia), and Enteropathy, defining a new syndrome called MIRAGE (MIM 610453)
(Narumi et al., 2016). Evidence for a tumor suppressor function exists for both SAMD9 and
SAMD9YL (Nagamachi et al., 2013; Ma et al., 2014; Wang et al., 2014a). Moreover, SAMD9
and SAMDYL are IFN-y regulated genes and antiviral activity is documented for SAMD9
(Pappas et al., 2009; Hershkovitz et al., 2011; Liu and McFadden, 2015). In mouse, Samd9l is
localized to endosomes and inhibits growth factor receptor signaling (Nagamachi et al.,
2013). Therefore, both genes might have antitumor and antiviral function.

To understand the effect on cell proliferation of the SAMDI9L mutants Arg986Cys and
[1e891Thr, identified in paper VI, and of His880GIn and Cys1196Ser, identified by Chen et
al., we performed dye dilution assays in 293FT cells transiently transfected with wild-type or
mutant N-terminal teal fluorescent protein (TFP)-tagged SAMDOIL. Compared to cells
transfected with vector only, 293FT cells transfected with wild-type TFP-SAMDOYL showed
reduced cell proliferation, consistently with a growth suppressing activity of SAMDIL. The
inhibition on proliferation was much stronger when 293FT cells were transfected with the
TFP-SAMDOIL mutants, which therefore represent GOF variants (Figure 10A). A similar
growth-restricting effect was shown for SAMD9 variants associated with the MIRAGE
syndrome (Narumi et al., 2016). At first, the observation of GOF variants in a tumor
suppressor gene appeared paradoxical in the context of a cancer predisposing syndrome.

4.3.3 Predisposition to MDS/AML with monosomy 7

As reviewed in the introduction, Knudson’s ‘“2-hit” model for cancer predisposition
presupposes the occurrence of two inactivating variants, one germline and one acquired
somatic, in a tumor suppressor gene (Knudson, 1971). In paper VI the three individuals who
developed MDS displayed complete or partial deletion of chromosome 7, on which SAMDYL
and SAMD?Y are located. Monosomy 7 was present also in all the other reported individuals
with SAMDYL or SAMD?9 variants who developed MDS/AML (Chen et al., 2016a; Narumi et
al., 2016; Buonocore et al., 2017).

Under a classic Knudson’s “2-hit” model, a germline predisposing variant in a tumor
suppressor gene might display loss-of-heterozygosity (LOH) in tumor cells. To quantify LOH
in MDS cells, variant-specific dPCR assays were used. MDS-derived DNA was available
from F1:I-3 and F2:1I-4. Unexpectedly, the amount of mutated SAMDYL alleles was
decreased in MDS cells compared to fibroblasts, demonstrating that the germline SAMD9L
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variants were located on the deleted chromosome 7 (Figure 10B,C). Similarly, germline
SAMD?9 variants were depleted in MDS cells of patients with MIRAGE syndrome (Narumi et
al., 2016; Buonocore et al., 2017). Therefore, in individuals with germline growth-inhibiting
variants in SAMDYL or SAMDY, those HSC that loose the growth-inhibiting allele through
somatic aneuploidy gain a competitive advantage and can expand clonally. Narumi et al.
described this phenomenon as adaptation-by-aneuploidy. Most likely, haploinsufficiency of
other genes on 7q and other somatically acquired mutations contribute to the development of
a mature MDS clone.
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Figure 10. (Previous page) (A) Compilation of results from dye dilution assays performed on 293FT
cells transiently transfected (Tx) with TFP-SAMDOL wild-type (WT) or disease-associated variants
reported in paper VI and by Chen et al.. (B) Quantification of SAMDIL ¢.2956C>T variant by variant-
specific dPCR in DNA derived from fibroblasts and serial bone marrow samples from F1:I-3. (C)
Quantification of SAMDIL ¢.2672T>C variant in DNA derived from MDS, peripheral blood, and
fibroblasts from F2:11-4. (D) Quantification of the frequency of the SAMDIL ¢.2956C>T in family 1 and
(E) SAMDIL ¢.2672T>C in family 2 in peripheral blood-derived DNA. (F) Quantification of the
SAMDYL ¢.2956C>T in DNA from a neonatal dried blood spot and a buccal swab from F1:llI-2. For
each sample, values represent the mean of at least two chips. Error bars denote 95% confidence
levels. (G) SNP array data for chromosome 7 of F2:1l-1. The data is displayed as Log R ratio of
intensity signal and B-allele frequency. The dashed vertical line indicates the position of the SAMDIL
€.2672T>C pathogenic variant. (H) Overview of SAMDOL structure. The SAM domain is depicted in
blue. The position of disease-associated germline SAMDIL GoF variants (red), germline LoF variants
(blue) and somatic reversion mutations (green) are indicated.

4.3.4 Frequent hematopoietic revertant mosaicism in carriers of SAMDIL
GOF variants

During Sanger-based segregation studies we observed that in some individuals from family 1
and 2 the mutant allele was underrepresented in peripheral blood-derived germline DNA,
suggesting mosaicism. This observation was confirmed by variant-specific dPCR assays. Out
of the 10 carriers of either SAMDYL variant, the mutant allele was underrepresented in the
three individuals with MDS and in four other carriers (F1:1-2, F1:1I-4, F1:1II-3, and F2:11-1)
(Figure 10D,E). The finding in F1:1II-3 was concordant with the observation from ES data
that the SAMDYL variant ¢.2956C>T was present only in 12% of the sequencing reads. Using
ES data from F1:I11-3, the allelic frequency of all heterozygous sites on chromosome 7 was
evaluated. This analysis revealed LOH of 7q, defined by SNP-arrays as copy neutral (CN)-
LOH due to mosaic segmental uniparental disomy (UPD) of 7q in ~80% of cells (Figure
10G). Mosaic UPD(7q) was confirmed also in F1:I-2, F1:1I-4, and F2:II-1. In F1:I-2 and
F2:11-1 two clones with UPD segments of different lengths, both including SAMDYIL, were
clearly distinguishable (Figure 10G). Variant-specific dPCR assay revealed that the UPD(7q)
of F2:II-1 was absent from DNA isolated from fibroblasts and from a dried blood spot
collected at birth. This implies that the UPD(7q) was acquired post-natally and was confined
to blood, i.e. an event of revertant mosaicism in blood cells (Figure 10F). Sorting of bone
marrow cells from F1:1I-4 showed that the reversion happened during differentiation of
HSCs.

Revertant mosaicism is the result of a somatic genetic event that corrects an inborn genetic
defect in a cell, followed by clonal expansion of the same cell. Its prevalence is unknown, but
it has been reported in bone marrow failure syndromes, PIDs, and in inherited skin diseases.
Revertant mosaicism 1is usually associated with a phenotypic improvement (Hirschhorn,
2003; Forsberg et al.,, 2017). Different kinds of somatic events can lead to revertant
mosaicism. Revertant mosaicism with segmental UPD is most likely the result of mitotic

58



recombination events, but second-site mutations are also a common mechanism. Indeed,
review of available ES data or analysis by Sanger sequencing of the coding region of
SAMD9YL in other carriers revealed second-site mutations in F1:1I-4 (¢.2957G>T and
c.1204 1208delCTCAT), who also displayed UPD(7q), and in F2:I-2, ¢.2302A>T
(p-Lys768Ter) (Figure 10H). The latter was confirmed to be located in cis with the disease-
causing SAMDYL variant ¢.2972T>C. In total, 5 out of the 7 carriers who have not developed
MDS displayed revertant mosaicism. The occurrence of multiple reverted clones in at least
three carriers illustrates the strong selective advantage of cells that manage to eliminate the
growth-inhibiting effect of germline GOF SAMDYL variants. Phenotypically, hematopoietic
revertant mosaicism was present in carriers with a history of spontaneously resolved
cytopenia in childhood and/or carriers with predominant neurological manifestations,
suggesting a milder course of disease. Even individuals with MIRAGE syndrome and
SAMD9 GOF variants display hematopoietic revertant mosaicism leading to increased
survival (Buonocore et al.,, 2017). In a broader context, cancer predisposition due to
aneuploidy-by-adaptation can be interpreted as the phenotypic result of revertant mosaicism
and growth advantage of reverted cells. Moreover, hematopoietic revertant mosaicism
represents by definition a form of clonal hematopoiesis, which confers an increased risk for
hematological malignancies (Jaiswal et al., 2014).

Two carriers from family 1 (F1:1I-1 and F1:II-2), with minimal or no signs of disease, did not
display hematopoietic revertant mosaicism. Notably, both carried a germline in-trans rare
missense variant in SAMDYIL ¢.698C>A (p.Thr233Asn). Dye dilution assays performed on
293FT cells after transfection with the TFP-tagged SAMDOL Thr233 Asn mutant showed that
the Thr233Asn SAMDOL variant has a LOF effect and promotes cell proliferation. Germline
compound heterozygosity for a GOF and a LOF variant in SAMD9YL might protect from
disease and diminish the selective advantage of revertant clones.

Phenomena like cancer predisposition through adaptation-by-aneuploidy and a high
frequency of revertant mosaicism make the genes SAMDYL and SAMDY very interesting,
especially considering that their function is largely unknown. In paper VI we confirm IFN-
regulation for both SAMDIL and SAMDY, even in CD34" cells. This finding, coupled with
the observation that onset of cytopenia in carriers was often preceded by infections, suggests
a role for these genes in the regulation of HSC proliferation during demand-adapted
hematopoiesis. Efforts to prove this hypothesis and elucidate the function of SAMD9Y and
SAMDOYL are underway. Based on the strong inhibition of proliferation displayed by gain-of-
function mutations in these genes, the identification of compounds able to perturb expression
and/or function of SAMDYIL and SAMD?Y may also prove useful in cancer therapy.

In clinical settings, it will be important to understand how large proportion of pediatric and
adult cases MDS/AML can be attributed to germline mutations in SAMDYIL or SAMDS9.
Long-term follow up of carriers of SAMDYL mutation with hematopoietic reversion will be
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required to understand progression of disease and define appropriate strategies for clinical

monitoring.
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5 CONCLUSIONS

The main conclusions of this thesis are summarized below.

61

About 44% of pediatric patients fulfilling HLH-2004 diagnostic criteria have biallelic
pathogenic variants in genes associated with hemophagocytic lymphohistiocytosis
(HLH). Targeted sequencing through a high-throughput sequencing-based gene panel is
a suitable method for genetic diagnostics of primary HLH.

Combined functional assays for diagnostics of primary HLH, especially CD8'CD57" T-
cells and NK cells degranulation assay and intracellular staining of perforin, have high
positive and negative predictive values. A molecular diagnosis is found for virtually all
patients with a functional defect highly typical for primary HLH. Non-coding
pathogenic variants should be suspected in molecularly undiagnosed patients with a
functional defect highly typical for primary HLH.

Rare monoallelic variants with in-silico possibly damaging predictions in genes
associated with primary HLH are present in 25% of individuals in the 1000G cohort.
Thus, caution is required when assessing the causality of monoallelic variants in HLH-
associated genes in patients with secondary HLH.

Biallelic PRFI missense pathogenic variants are associated with late-onset HLH,
susceptibility to lymphoma, predominant neurological manifestations, and
gastrointestinal inflammation. Intra- and inter-familial phenotypic variability is a feature
of perforin-deficiency due to biallelic PRF'/ missense mutations.

A non-coding, complex structural variant (SV) disrupting the transcriptional start site
(TSS) of RAB27A explains atypical cases of Griscelli syndrome type 2 (GS2) in the
Nordic and Baltic population. The identification of a founder mutation ensures access to
a molecular diagnosis for future patients from this area.

This atypical form of GS2, with a shared genetic defect, is characterized by recurrent
episodes of neuroinflammation, skin granulomas, late-onset HLH, susceptibility to
lymphoma, and lack of skin and hair hypopigmentation.

Differential TSS usage between cytotoxic lymphocytes and melanocytes explains the
lack of hypopigmentation in patients with a non-coding, complex SV disrupting the TSS
of the RAB27A transcript NM_183235.2.

Lymphoma or neurological manifestations may be the only phenotypic manifestation of
an inborn defect of lymphocyte cytotoxicity. Even in patients with atypical
manifestations of inborn defects of lymphocyte cytotoxicity, functional assays are
constitutively abnormal and can aid diagnostics. Recovery of cytotoxic function after
IL-2 stimulation is commonly observed in atypical cases. Similarly, genes associated



with primary HLH should be included in the genetic investigation of familial
hematological malignancies, as well as of patients with unexplained ataxia and seizures
associated with inflammation.

Fatal HLH can develop in patients with IFN-y receptor-deficiency due to pathogenic
variants in the genes /IFNGR2 and IFNGRI upon severe mycobacterial infections. This
finding suggests IFN-y-independent mechanisms for the development of HLH, of
importance in the context of current attempts to treat HLH with anti-IFN-y therapy.

HLH can represent the first clinical manifestation of an wunderlying primary
immundeficiency (PID) other that inborn defects of lymphocyte cytotoxicity. Exome or
whole-genome sequencing might be required to exclude an underlying PID.

HSCT should be considered in patients with severe LRBA deficiency. LRBA deficiency
should be suspected in patients with several autoimmune manifestations, including
early-onset inflammatory bowel disease.

Autosomal-dominant SAMDYL  gain-of-function variants cause a syndrome
characterized by cytopenia, myeloid malignancies involving chromosome 7 aberrations,
immunodeficiency, and cerebellar dysfunction, with marked inter- and intrafamilial
clinical variability.

Gain-of-function (GOF) SAMDYL variants strongly inhibit cell proliferation, confirming
that SAMDYL acts as tumor suppressor. Somatic restoration of a wild-type SAMDIL
function induces a strong selective advantage in a hypoplastic bone marrow.

Predisposition to myeloid malignancies in patients with SAMD9L GOF variants does not
follow the classic “2-hit” model for cancer predisposition. Myeloid malignancies with
monosomy 7 or partial deletion of 7q result from adaptation-by-aneuploidy events:
HSCs loose the chromosome 7 carrying the growth-inhibiting SAMDYL variant to
restore a normal level of cell proliferation.

Besides aneuploidy, hematopoietic revertant mosaicism through mitotic recombination
and second-site mutations is a frequent post-natal event in carriers of SAMD9YL GOF
variants and is associated with milder manifestations of disease.
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5.1 SNAPSHOT OF THE FIELD IN 2017

Four years after the initiation of this PhD project, in virtually all patients with functional
defects characteristic for an inborn defect of lymphocyte cytotoxicity coding or non-coding
pathogenic variants in genes associated with primary HLH are now identified (paper I, 1V,
unpublished data, Cetica et al., 2016). This suggests it is unlikely that a bona fide new
genomic locus for primary HLH will be discovered. Nonetheless, it has become clear that the
group of so-called secondary HLH include several patients with genetic defects other than
inborn errors of lymphocyte cytotoxicity, such as known and novel PIDs, and metabolic
disorders (paper III, unpublished data, Canna et al., 2014; Bode et al., 2015). At the same
time, the phenotypic spectrum of primary HLH is getting broader, as shown in paper II and
IV and by others, requiring attention by different medical specialties. Within basic science,
studies of murine models of HLH have revealed that CD8" T cells and NK cells have non-
redundant roles in the pathogenesis of HLH (Sepulveda et al., 2015), and proposed novel
strategies for targeted treatment (Das et al., 2016; Maschalidi et al., 2016). However, the
genetic basis of secondary HLH is still largely unknown. Variants in genes associated with
primary HLH were detected in patients with secondary HLH (Kaufman et al., 2014; Schulert
et al., 2016). Murine models seem to suggest an additive effect of mutations in different
genes associated with primary HLH is possible (Sepulveda et al., 2016). Interestingly, an
increased risk of cancer has been shown for likely heterozygous carriers of HLH-causing
mutations (Lofstedt et al., 2015). Further quantitative approaches, such as the one used in
paper I, are required to understand genetic predisposition to secondary HLH in a genome-

wide dimension.

As expected, the use of HTS in the field of PIDs has been tremendously useful to identify
new inborn defects of immunity. In four years, about 50 new PIDs have been described.
Moreover, access to ES/WGS has revealed a large degree of phenotypic overlap between
different disorders (Meyts et al., 2016). More than 70 patients with LRBA deficiency have
been reported and, due to an increased understanding of the pathogenesis of this disorder, a
targeted treatment with a CTLA4-immunoglobulin fusion drug is now available (Lo et al.,
2015). Case reports, as paper V, and international surveys are providing evidence for a
beneficial effect of HSCT in severely affected patients with LRBA deficiency (Seidel et al.,
2017).

In the field of hereditary myeloid malignancies and PIDs, several patients with GATA2
deficiency have been reported, delineating a broad spectrum of phenotypes associated with
germline mutations in GATA2, with a clear overlap between immunodeficiency and risk for
MDS/AML (Spinner et al., 2014). Moreover, germline mutations were found in up to 37% of
pediatric MDS cases with monosomy 7 (Wlodarski et al., 2016), revealing that germline
sequencing is indicated for children with MDS with monosomy 7. The increased attention
and clinical relevance of genetic predisposition to myeloid malignancies is also demonstrated
by the inclusion of inherited myeloid malignancies as a separate group in the WHO 2016
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classification of tumors of the hematopoietic and lymphoid tissues (Arber et al., 2016). We
and others have revealed new genetic predisposition to MDS/AML with monosomy 7 due to
germline mutations in SAMDYL characterized by a high frequency of hematopoietic revertant
mosaicism (paper VI, Chen et al., 2016a) and SAMD9 (Narumi et al., 2016; Buonocore et al.,
2017). This finding may explain additional familial and sporadic cases of MDS with

monosomy 7.

The purpose of the above section was to give a quick overview of the development seen in the
field of HLH, PID and inherited myeloid malignancies during the last four years. One page is
of course not enough to capture four years of science! A selection has been made with the
intention to present the most relevant literature in relation to the studies included in this

thesis.
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6 FUTURE PERSPECTIVES

“JACK: Yes, but you said yourself that a severe chill was not hereditary.
ALGERNON: It usen’t to be, I know - but I daresay it is now. Science is always making
wonderful improvements in things.”

Oscar Wilde, The Importance of Being Earnest, 1895

In lack of a molecular diagnosis consistent with primary HLH, patients usually receive the
umbrella diagnosis of secondary HLH, which includes disorders heterogeneous for
underlying etiologies, pathogenic mechanisms, and therapy requirements. A small proportion
of secondary HLH cases can be solved through ES/WGS and reclassified as other PIDs or
metabolic diseases. However, the genetic basis of bona fide secondary HLH is most likely
polygenic and multi-factorial (Meeths and Bryceson, 2016). Moreover, since secondary HLH
can be triggered by different underlying conditions and triggers are not always easily
identified, the design of well-controlled and well-powered genome-wide studies is harder to
achieve compared to other diseases. Yet, it would be interesting to see an international
collaboration form to tackle this question. Genetic studies combined with fine-tuned
functional characterization of patients with secondary HLH, through transcriptome analysis
or deep immunophenotyping, might also help to subgroup patients and identify gene
pathways important for disease pathogenesis. Here, an additional problem might be how to
discern real HLH-related changes from the effect of the underlying disease and of the
ongoing treatment. Efforts to establish predictive biomarkers to identify patients at risk to
develop secondary HLH are also needed.

Paradoxically, useful answers might come from studies of healthy or unselected individuals.
Strategies based on combined deep immunophenotyping and GWAS have already proved
powerful to dissect heritability of immune traits (Brodin and Davis, 2017). Extended to
functional phenotyping of CD8" T cells and NK cells, this strategy might reveal other genetic
factors, likely with smaller effect size, important for the control of lymphocyte cytotoxicity.
Phenome-wide association studies (Phe WAS), based on biorepositories with access to genetic
data and linked electronic health records (Bush et al., 2016), can provide a powerful resource
to understand the impact of genetic variation in HLH-related genes on susceptibility to cancer
and other inflammatory diseases besides HLH. If coupled with quantification of lymphocyte
cytotoxicity, PheWAS can also inform about penetrance and phenotypic spectrum of
decreased lymphocyte cytotoxicity.

In the recent years one of the focus of human genetics has been to discover the genetic basis
of Mendelian diseases. However, for all Mendelian genes to be discovered, it will be
necessary to overcome some of the existing bottlenecks in the studies of rare diseases
(Boycott et al., 2017). One bottleneck is represented by the lack of infrastructure for sharing
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of genetic data. This makes the collection of several patients with the same genetic defect
slow. Current solutions are represented by social medias, which are more and more popular
among patients and families as a way to connect individuals with the same genetic defect, and
by services like Matchmaker Exchange (Philippakis et al., 2015). However, long-term
solutions are needed. At the same time, existing knowledge gaps in our ability to interpret
genetic variants hamper gene discovery. In diseases like HLH and other PIDs, the existence
of robust functional or immunophenotypic read-outs to assess pathogenicity is extremely
valuable. Yet, such diagnostics tests do not exist for the majority of rare diseases. This leads
to the generation of thousands of coding variants of uncertain significance and to
inconclusive genetic tests whose result cannot be used for patient care. With many patients
undergoing WGS, a better understanding of the effect of non-coding variations is also needed
to enable analysis of these regions in clinical settings.

In conclusions, this is a very exciting time for the field of human genetics! Sequencing
technologies are now very mature and the initial genetic screening for diagnostic purposes is
increasingly performed in clinical settings. This creates an opportunity for researchers to
move from the hypothesis-free phase of the recent years, focused on gene discovery, to more
hypothesis-driven research aimed to understand the biology of these new and old Mendelian
disorders with the hope to soon be able to deliver to our patients not just a diagnosis, but a
deep understanding of their diseases and targeted treatment opportunities.
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