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Abstract

The advent of next generation sequencing (NGS) in 2010 has transformed medicine and
particularly the growing field of monogenic inborn errors of immunity, including primary
immunodeficiencies (PID). NGS has facilitated the discovery of novel disease-causing genes and
the genetic diagnosis of patients with PID. Whole-exome sequencing (WES) is presently the most
cost-effective approach for PID research and diagnostics, though whole genome sequencing
(WGS) offers several advantages. The scientific or diagnostic challenge consists in selecting one
or two candidate variants among thousands of NGS calls. Variant- and gene-level computational
methods as well as immunological hypotheses can help to narrow down this genome-wide search.
The key to success is a well-informed genetic hypothesis on three key aspects: mode of
inheritance, clinical penetrance, and genetic heterogeneity of the condition. This determines the
search strategy and the frequency cut-offs for candidate alleles. Subsequent functional validation
of the disease-causing effect of the candidate variant is critical. Even the most up-to-date dry lab
cannot clinch this validation without a seasoned wet lab. The multifariousness of variations entails
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an experimental rigor even greater than traditional Sanger sequencing-based approaches, in order
not to assign PID to false positives. Finding the needle in the haystack takes patience, prudence,
and discernment.

Keywords

Next generation sequencing; Whole exome sequencing; Whole genome sequencing; Targeted
sequencing; Primary immunodeficiency

Introduction

Primary immunodeficiencies (PID) are monogenic inborn errors of immunity that underlie a
growing variety of phenotypes in at least one of five categories: infection, auto-immunity,
auto-inflammation, allergy, and tumor (1, 2). The penetrance of the first PIDs to be
described displayed complete penetrance, accounting for these conditions to be referred to as
Mendelian traits. It has now become clear that most PIDs are monogenic but with variable
expressivity and, often, incomplete penetrance. From 2010 onward, next-generation
sequencing (NGS) has boosted the discovery of novel genetic etiologies of known and novel
PID phenotypes (3, 4). Sanger sequencing of a small set of candidate genes remains a useful
diagnostic or research process if the patient’s phenotype is typical of specific genotypes.
However, this is seldom the case. There can be a large number of genotypes underlying the
best-known phenotypes. Sanger sequencing as a first approach has become especially
obsolete for research purposes. NGS-based gene panel sequencing, whole-exome
sequencing (WES), and whole-genome sequencing (WGS) are ideal in the field of PID, for
research or diagnostic goals, as a variety of clinical and immunological phenotypes may
result from mutations in a single gene (genetic pleiotropy), and mutations in multiple genes
can underlie the same phenotype (genetic heterogeneity). In addition, many genotypes of
known PID phenotypes are yet to be unraveled and many novel phenotypes have yet to be
ascribed to the field of PID (5, 6). This review aims to provide clinical immunologists
involved in the care for PID patients with basic information about the technical aspects of
NGS and the advantages and shortcomings of PID gene panels, WES, and WGS. NGS
quality parameters will be explained and strategies for selecting and validating candidate
mutations will be clarified. We will not discuss RNA sequencing, which uses NGS
technology for the analysis of the transcriptome and can also be useful in the search for
novel PID genes, as it is currently not a standard approach in the discovery or diagnosis of
genetic etiologies of PID. Finally, we will briefly review the novel PID genes identified by
NGS.

|. Generating next generation sequencing data

NGS - also known as deep sequencing, massive parallel sequencing, or second generation
sequencing — is a sequencing method in which hundreds of millions of small DNA
fragments are sequenced in parallel (Figure 1). NGS can be used to sequence entire genomes
(WGS), or a targeted panel of genes, ranging from a small number of genes (e.g. all genes
known to cause PID, hereafter referred to as a gene panel) to the whole exome (WES)(7-
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10). The technical process of NGS is summarized in Figure 1 and the related vocabulary is
explained in Table I. The human genome contains 3.2 billion base pairs. The exome is being
defined as all of the exons for the 20,000 protein coding genes in the human genome, and all
the exons pertaining to microRNA, small nucleolar RNA, and large intergenic noncoding
RNA genes as defined in Ensembl (http://mar2016.archive.ensembl.org/Homo_sapiens/Info/
Annotation) (11). WES thus requires the DNA template to be enriched in exons. This
“capture” step is (i) not needed in WGS, and (ii) the Achilles’ heel of gene panels and WES,
because the capture or enrichment process is not perfectly homogeneous across all exons
introducing some bias. Moreover, gene panels, WES, and some WGS protocols rely on DNA
amplification by Polymerase Chain Reaction (PCR) for sequencing library preparation. This
is associated with guanine-cytosine (GC) bias errors, stochastic errors, template switch
errors, and polymerase errors. PCR-free library preparation is available for WGS. NGS
allows for rapid and efficient sequencing of targeted panels and even whole genomes, but is
associated with biases and disparities based on the different regions of the genome that must
be taken into account during data analysis.

The raw sequence output format for NGS is the FASTQ format, which contains the
nucleotide sequences of the short reads and quality information for every nucleotide
sequenced. These short reads are then mapped to the human genome reference, and the
aligned reads are stored in a BAM file. The final step is to “call” the variants, defined as all
the alleles identified in the NGS sample that differ from the reference sequence. This list of
variants is stored in variant call format (VCF) files. VCF files are smaller in size than
FASTQ or BAM files and are the most practical files for researchers or clinicians trying to
identify the genetic etiology of the sample, i.e. what allele(s) cause the PID. VVCF files
provide the physical position of the variant, the alleles identified in the sample, as well as
other annotations including a genotype quality (GQ) score, read depth, and the frequency of
the allele in different population(s). GQ score is a statistical measure of the accuracy of a
genotype call at a given position. Detailed and reference methods for each of these steps
have been shared by the Exome Aggregation Consortium who have analyzed over 60,000
human exomes (12). Researchers or clinicians cannot directly change GQ scores but they
can influence the read depth. Read depth or coverage refers to the number of reads per
nucleotide. Increasing the read depth makes it easier to distinguish technical errors from
genuine variants. Read depth can be increased for a fixed cost by restricting sequencing to a
defined set of genes, such as all known PID genes, as opposed to the whole exome.

Coverage can also refer to the percentage of the targeted region or of the whole genome
sequenced to a pre-set depth (13). This is a key factor in the choice and the design of a
specific panel: the best diagnostic panel should have 100% of the targeted nucleotides
covered at a minimum read depth, usually > 20 reads, to allow for a good GQ score.
However the overall mean read depth does not have to be very high (>200 for example).
This is preferable to a panel with an elevated overall mean read depth (e.g. 500) but with
only 95% of the targeted bases covered at a read depth of > 20. The importance of a
minimum coverage across all nucleotides targeted favors well-designed panels and WGS. A
recent study compared WES and WGS for DNA from six individual patients (11) and
showed that more high-quality variants were called by WGS, despite mean read depth for
the WES (73x) being almost twice the mean read depth for the WGS (39x) across all
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nucleotides targeted by the WES kit. This difference in performance can be attributed to
much more homogeneous coverage, with a read depth of at least 20x for a higher percentage
of the exome in the WGS samples. Read depth is also the main parameter used by
algorithms to call copy number variants (CNVs) for gene panels and WES because most
CNVs do not start or end within exons (14). WGS remains far superior to any gene panel or
WES for CNV identification.

The targeting and coverage of coding regions by the exome capture kit is another important
issue. Exon capture for WES is subject to reference bias: as the oligonucleotide baits are
designed from known coding sequences, they fail to capture unknown exons. WES cannot
target and capture deep intronic regions, which can contain disease-causing mutations (15—
18). Most commercial exome Kits cover a core set of exons, and target between 50 and
75Mb, but it is important to know which exons are targeted by the kit as there are differences
between the various kits. For example, Belkadi ef a/. found that 1.5% of exons belonging to
the consensus coding sequence transcript were excluded from the target enrichment of the
popular Agilent Human All-Exon Kit (v5+utr;75 Mb), in other words these exons were
entirely outside the capture bait library (11). These exons belonged to 588 genes, including
50 genes relevant to human monogenic disorders, such as BRCA1. Moreover, not all
targeted regions are sequenced equally well and not all sequences can be aligned to the
reference sequence to allow for variant calling. In the study by Belkadi ef a/,, the coding
regions with the lowest WES coverage common to all six individuals, included 47 genes
underlying Mendelian diseases (including /FNGRZ2and /L 12B). Differences in hybridization
efficiency during capture, due to GC content variation in the genome, account for the poor
coverage of some target exon regions. DNA regions with nucleotide repeats may also result
in coverage problems (19, 20). Pseudogenes, as for /KBKG and NCF1, also hamper correct
data generation. The optimization of exon capture kits has resulted in increased uniformity
of coverage, but an average read depth of 90x is required to cover at least 80% of the target
with a read depth of 10x (13, 21).

Il. Filtering and selecting appropriate variants

NGS identifies between 20,000 and 50,000 high-quality variants per exome depending on
the kit used and some of the criteria for data processing (11, 12, 22). The variants/calls are
analyzed and selected according to criteria both at the variant level (allele frequency (AF),
variant annotation, potential functional impact) and at the gene level (gene expression, gene
function, gene population genetics). An allele with an AF >1% is regarded as common; the
remainder are rare or private to the individual or the kindred studied. Public databases of
variants (e.g. doSNP, 1000 Genomes, Exome Aggregation Consortium (ExAC)) and disease
causing variants (Human Gene Mutation Database, HGMD) contain data from thousands of
individuals of various ethnicities (23). It is nevertheless useful to have an in-house database
of variants from >500 individuals of the same ethnicity obtained with the same sequencing
technology and analysis pipeline (10) (24).

Many variant annotation approaches aim to predict the functional impact of a variant. This is
challenging for variants in intronic regions, regulatory regions, non-coding exons, RNA
genes, and for synonymous variants. Nonsense variants, variants affecting splice sites, in-
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frame and out-of-frame deletions/insertions, mutations of the stop or start codon are likely to
be deleterious. Missense variants are the most abundant non-synonymous coding variants.
They have received the most attention in variant-level approaches, as their impact is less
easily predictable. Common variant-level algorithms for missense variants include “sorting
intolerant from tolerant” (SIFT) and polymorphism phenotyping v2 (PolyPhen2) (25, 26).
The combined annotation-dependent depletion (CADD) score combines information from
these and other annotations including conservation, regulatory information, and transcript
information to score both protein-altering and regulatory variants. CADD scores range from
1 to 99 with increasing deleteriousness, and 15 has been proposed as a standard cutoff for all
human genes (27). CADD outperforms PolyPhen2 and SIFT for predicting deleteriousness,
pathogenicity and molecular functionality, but it has some limitations. First CADD-
estimated deleteriousness is not necessarily biologically correct. For instance a stop
mutation can have a high CADD score but, if it occurs sufficiently downstream, the
truncated protein’s function may be preserved. If sufficiently upstream, the stop codon may
be overruled by re-initiation of translation. At any position, alternative splicing can
occasionally bypass the mutant exon and generate an alternative, functional isoform.
Second, reliable data input is lacking for intronic variants. Finally, CADD score has a high
false negative rate when using a fixed cutoff. The mutation significance cut-off (MSC) can
be used to overcome this problem (23, 28).

Variant selection based on gene-level criteria takes information about the individual genes
into account. There are three reasons for selecting a mutated gene as a candidate disease-
causing gene. First it may encode a protein, which acts in a pathway related to the
phenotype. The Human Gene Connectome describes the biological distance and route (genes
located between two other genes) between all human genes based on protein-protein
interaction prediction. It can be used to rank novel candidate genes by their biological
distance to core genes (i.e. genes already known to cause the specific disease or the disease
group) (29, 30). Second, knowledge about the expression of a gene in an array of human cell
lines, cell types, tissues, and organs is essential. For instance, in the prioritization of 144
WES derived variants with AF <1% in a previously healthy child with severe influenza the
homozygous, de novo, and two of the three compound heterozygous variants affected genes
unrelated to immunity, lungs, or leukocytes. The third gene harboring two compound
heterozygous variants was /RF7which is expressed in the lung and leukocytes, particularly
dendritic cells, and was therefore selected as a strong candidate gene (31). However, a
mutation in a ubiquitously expressed gene can result in a phenotype that is highly tissue-
specific. Third, the relevance of a gene to human disease depends on knowledge from
population genetics. It is important to know the degree of purifying selection acting on the
gene of interest: autosomal dominant (AD) inherited disease genes involved in essential host
defense mechanisms, particularly those encoding components of the innate immune system,
are under strong purifying selection, whereas genes with deleterious mutations in the general
population are unlikely to be cause a rare reproduction-threatening phenotype with complete
penetrance (32, 33). The gene damage index (GDI) is a genome-wide, gene-specific metric
which correlates with evolutionary pressure, protein complexity, coding sequence length,
and number of paralogs. It is an efficient method for filtering out false positive variants (34).
Combined impact prediction provides the most information: a benign variant in a gene with
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a high GDI is expected to have the lowest phenotypic impact whereas a variant that is
predicted to be damaging in a gene displaying low GDI would be expected to have the
greatest phenotypic impact (35). The importance of a combined approach is also reflected in
the mutation significance cutoff (MSC), which can be used in a quantitative approach with
gene-level and gene-specific cutoff values to improve the use of existing variant-level
methods, CADD in particular (28, 35) (Table II).

lll. Testing a genetic hypothesis

The experimenter who does not know what he is looking for will not understand what he
sees. This is true in human genetics and particularly for unbiased, genome-wide, so-called
“hypothesis-generating” approaches based on NGS. These approaches are unbiased from a
physiological point of view and may generate immunological hypotheses, but in the first
place they must be designed and interpreted in the light of a genetic hypothesis. A thorough
knowledge of the clinical and cellular phenotype, its prevalence in the general population, its
ethnic distribution, associated with the familial segregation and degree of consanguinity is
essential in the listing and prioritization of genetic hypotheses. This will underlie the three
key hypotheses, concerning mode of inheritance, clinical penetrance, and genetic
heterogeneity (36—38). In an autosomal recessive (AR) setting, homozygous and compound
heterozygous variants are selected. In AD and in X-linked recessive (XR) models, a single
heterozygous or hemizygous variant is selected. Knowledge of the prevalence of the disease
and estimates of clinical penetrance and genetic heterogeneity are decisive to determine the
cutoffs for the frequency of the candidate mutant allele. For example, for an AR disease that
has an estimated prevalence of 1/10%, the cutoff AF for a candidate variant assuming
complete penetrance should not exceed 1073 (1073 x 1073= 1/109).

Fundamentally, there are two types of studies: those based on a single kindred and those
based on multiple kindreds. The ideal situation for single-kindred studies arises when the
proband descends from consanguineous parents in a pedigree with presumed AR
inheritance. In this context filtering can prioritize homozygous variants with low AF. The
larger the number of healthy or diseased siblings, the easier the selection becomes.
Compound heterozygous variants are also strong candidates in the AR inheritance model.
However, consanguineous families are not protected from AD or XR inheritance, or de novo
mutations (even in an AR model). In a proband born to non-consanguineous parents, three
genetic hypotheses can be pursued and should be prioritized: XR, AR, and AD. In a male
proband displaying a sporadic phenotype, it is difficult to prioritize a specific genetic
hypothesis. A single kindred with multiple affected relatives is also instructive, as linkage
analysis can help to narrow down the search by mapping the potentially disease-causing
variant to a specific locus. A recent study showed that WES can be used for powerful
linkage analyses in coding regions (41). A third situation arises when a single patient
presents with an early onset, distinct and highly deleterious phenotype. The possibility of a
heterozygous or hemizygous de novo mutation can then be considered. Trio design
(sequencing of patient and both parents) is an excellent strategy in this setting. The variant
should be found in the proband but not in the parents. De novo mutations are often private
and do not appear in public databases (allele frequency virtually 0). In each generation,
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about 30 to 100 de novo mutations arise at the genome level so at most one or two, on
average, are likely to be detected in each exome (39, 40).

When studying multiple unrelated kindreds, genetic and phenotypic homogeneity is assumed
for at least a subset of patients (several unrelated affected individuals display the same
clinical phenotype based upon a mutant allele in the same gene). This is the basis of tests
aggregating variants within genes (sometimes called gene burden tests), and searching for an
enrichment of variants in a given gene in patients compared to controls (41). Healthy
individuals, ideally of the same ethnic origin as the patients, must be used as controls, and
exome or genome data must ideally be obtained with the same NGS method. In case of
complete penetrance, the hypothetic disease-causing variants found in patients cannot be
present in unaffected individuals. In case of incomplete penetrance, the situation is more
complex as these hypothetic disease-causing variants can also be present in asymptomatic
subjects, including unaffected subjects of the same pedigree. The candidate variants obtained
after filtering using the criteria based on the genetic hypothesis must be analyzed further at
the variant and gene levels and validated by experimental studies. A flow chart of the
process, from NGS to experimental validation, is crystallized in Table 1l and shown in
Figure 2 for the example of human FADD deficiency, the first PID gene identified by WES
(42). The initial discovery and the approach used are validated by the description of a novel
case of FADD deficiency (43).

IV. Validating genetic findings experimentally

Experimental validation of the causal relationship between genotype and phenotype is
crucial. NGS can easily lead to a false-positive being associated with disease if the genetic
hypothesis is flawed, population genetics is neglected, or experimental validation is
insufficient (e.g. the recent report of a presumed novel disease-causing mutation in seven
patients with multiple sclerosis from two multiplex families) (44, 45). Only in rare cases of
phenotypic and genetic homogeneity can a strong suspicion of causality be established by
genetic means alone (e.g. haploinsufficiency at the RPSA locus and isolated congenital
asplenia (46). Over 20% of the PID-causing genes identified to date derive from single-
patient studies. Guidelines for experimental validation have been proposed and should be
respected, especially in single-patient genetic studies (47). A causal relationship between a
candidate genotype and a relevant phenotype requires an experimentally proven thread of
causes and consequences. This step may be straightforward (the exception) or may
necessitate substantial investigation (the rule), accounting for the lion’s share of time from
sequencing to final validation (48). Solid knowledge of physiology and pathology is
essential for the design of optimal ways to test candidate variants experimentally (38). The
ultimate challenge is validating the causal relationship when the encoded protein cannot
easily be linked to known signaling pathways or when the variant is in an inter-genic region
or in an RNA gene: for variants in RNA genes there are technical issues (difficulties
studying expression by gene transfer techniques) and because of insufficient information on
the function of RNA genes.

Experimental studies must show that the variant (or two genetic variants in cases of
compound heterozygosity) destroys, impairs, or alters expression or function of the gene
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product. The first step consists in testing the impact of the putative disease-causing variant
on protein expression. Impaired protein expression provides a strong experimental hint that
the variant may be disease-causing (but it is not necessary or sufficient to establish
causality). The subcellular distribution and trafficking of the mutant protein can also be
informative. For synonymous variants, impact on mRNA structure or quantity must be
assessed. However assessing the impact of the variant on protein expression is not sufficient,
as the loss of some proteins can be harmless (38, 49, 50). Subsequently, the functional
impact of the variant should be demonstrated in a cell type and an assay that is relevant to
the clinical phenotype such as a relevant leukocyte subset or a primary or inducible
pluripotent stem cell (iPSC) derived non-hematopoietic cell (e.g. iPSC derived pulmonary
epithelial cells to study the phenotype in IRF7 deficiency) (31). For de novo mutations, it is
important to test several cell types to prove that the mutation is germline and not somatic, in
which case it may however remain disease-causing (51). In all cases, the mechanism by
which a disease-causing variant alters the gene function must be demonstrated to be loss or
gain of function for at least one biological function related to the PID.

The cellular phenotype must be rescued by transduction with a wild-type allele for LOF
variants. New molecular biology tools, such as the iPSC technology and CRISPR/CAS9
editing, have revolutionized our capacity to prove the causality of a given variant (47, 52).
Nevertheless, experimental validation can be challenging. For instance, negative dominance
models are difficult to test. In this model, the variant allele encodes an altered protein that
impairs the function of the normal protein encoded by the other, wild-type allele. This may
even occur for loss-of-expression alleles, when the altered and normal protein requires
oligomeric complexes for stability, as demonstrated for TRAF3 (53). Co-transfecting the
mutant and the wild-type allele in a cell line deficient for the gene product should prove
negative dominance. Rescue must be by knockdown, knockout, or correction of the mutant
(47). If experiments at the cellular level do not deliver robust evidence, or in addition to
these in vitro studies, animal models can be used to demonstrate causality. When
experimenting with mice, scientists have to remember that laboratory mice are not
necessarily good disease models, as they are inbred and kept under highly controlled
experimental conditions (54). In spite of all available technologies, there can be a dichotomy
between the validation of the clinical phenotype and the validation of the cellular phenotype.
For instance in AD hyper-1gE syndrome, the validation of the dominant negative STA73
mutations underlying the clinical phenotype is clear. However many clinical phenotypes
remain unexplained at the cellular and tissue levels (55).

V. Discoveries of PID-causing mutations by NGS

The introduction of NGS in research settings has resulted in an exponential increase in the
number of disease-causing genotypes identified for PID. AR disorders remain 4 times more
common than AD disorders because they are easier to identify by classic molecular methods
and NGS (Table IlI, Figure 3). Since 2010, the number of AD conditions identified, has been
steadily increasing as NGS has made it possible to decipher disease-causing mutations in
small pedigrees and in multiple unrelated individuals with the same phenotype (56). NGS
has also indirectly provided insight into the vast phenotypic heterogeneity of PIDs affecting
a given locus (57-60). For instance, AR complete LOF mutations in STATZ result in life-
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threatening viral diseases and severe infections with weakly virulent mycobacteria and other
intracellular bacteria (61). GOF mutations in STA7Z underlie most cases of chronic
mucocutaneous candidiasis (62). A similar phenomenon has been observed for STA73. LOF
mutations in STA73 cause AD hyper-1gE syndrome whereas GOF mutations, sometimes at
the same position, lead to lymphoproliferation and auto-immunity (63-66). Mutations in
DOCKS8typically result in AR combined immunodeficiency (CID), with severe eczema and
elevated serum IgE levels, but they can also produce a CID phenotype without eczema or
hyper-IgE (67, 68). Perhaps the most beautiful example of phenotypic diversity is that
provided by RAGI and RAGZ mutations, ranging from severe combined immunodeficiency
to CID with autoimmunity. Moreover, knowledge of the crystal structure of the RAG
complex and assays for assessing recombination activity have provided a molecular and
cellular basis for this continuum of disease manifestations (69-71). Beside hypomorphic
mutations, somatic mosaicism (in which different cell populations display different
genotypes) adds to the challenge of genetic diagnosis in PID. True somatic mosaicism has
been identified in auto-immune lymphoproliferative syndrome, multisystem inflammatory
disease and severe combined immunodeficiency (51, 72, 73). Other reports on somatic
mosaicism have described somatic reversions from the mutated to the wild-type form,
variably attenuating the phenotype (74). Although cases of “true” somatic mosaicism and
somatic revertants have been identified by classic sequencing methods, NGS with high read
depth will boost the study of this genetic mechanism in PID.

The NGS-guided discovery of new PID genotypes and phenotypes has revealed a spectrum
of penetrance of the phenotype, which remains poorly explained (36, 75, 76). One
possibility is a phenotype of genetic susceptibility to infection with a particular microbe that
is not expressed until exposure to the microbe occurs. In addition, incomplete penetrance
after exposure has been observed in several severe conditions due to viruses as HSV-1 or
influenza virus (31). Hypomorphic mutations are also a potential explanation. NGS has also
boosted new insights into disease mechanisms leading to new therapies, e.g. magnesium
treatment in MAGT1 deficiency (48). The genetic dissection of PIDs identified by NGS has
also demonstrated new functions for known proteins. For instance, the catalytic subunit of
polymerase alpha plays a crucial role in the synthesis of cytoplasmic RNA-DNA hybrids
which avoid excessive type | interferon responses to other nucleic acids (77). Likewise
ISG15, an anti-IFN-y-inducing molecule was shown to be a strong negative regulator of
IFN-a/p immunity through USP18 (78-80). An overview of PID disease-causing genes,
their mode of inheritance and phenotypes unraveled by NGS or classical methods is
provided in Table I11.

What about the choice for gene panels, WES, or WGS? Gene panels are not feasible for
research purposes, as will be explained below. WES is sufficient in the vast majority of
cases. There are two independent lines of evidence in favor of WES. First, the last 30 years
of human genetics have shown that mutations underlying monogenic disorders are
overwhelmingly found in the exome, and more specifically in the coding exome. Second, the
exome is the most purified and conserved region of the whole genome, implying that
variations elsewhere, even in enhancers and promoters, are unlikely to disrupt gene
expression and function (35). However, within the total group of single-gene defects related
to PIDs, singular diseases like cartilage hair hypoplasia and Roifman syndrome are caused

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meyts et al.

Page 11

by mutations in non-coding RNA genes, respectively RMRP and snRNAU4atac. RNA genes
are typically less well covered by WES than by WGS (11). In addition, WGS has resulted in
the elucidation of the gene defect underlying X-linked reticulate pigmentary disorder after
two decades of research had failed to identify the causative gene, the reason being that the
mutation was located deeply into an intron (77). We can only speculate on the maximal
proportion of disease-causing mutations not located in the exome — this may range from 5 up
to 50%, depending on the PID category (81, 82).

VI. The thin line between diagnostic and research settings

NGS is increasingly being used for the molecular diagnosis of PID (83). Limited resources
have invited some to question the benefits of providing a molecular diagnosis to PID patients
(84). However, a molecular diagnosis is a definitive diagnosis. Second, in case of a strong
genotype-phenotype correlation, molecular diagnosis offers prognostic information. Third,
genetic analysis allows for identifying potentially fatal PIDs prior to onset of symptoms
enabling timely intervention (e.g. prevention of infections). Fourth, genetic counseling of the
relatives is only relevant if a diagnosis is at hand. Finally, molecular diagnosis promotes new
treatment modalities either based on modification of the signaling pathway in which the
mutated gene product is involved or by gene therapy or gene editing (85, 86). Nevertheless,
a molecular diagnosis comes at a cost. First, there is the financial cost related to the
generation, the analysis, and the storage of NGS data. The incidental finding of known
pathogenic mutations in disease-causing genes (e.g. BRCAJI) is also an issue in NGS for
both research as well as diagnostic purposes. In 2013 the American College of Medical
Genetics and Genomics working group released a panel of 56 genes harboring mutations,
which when identified could lead to prevention of a severe outcome. Recommendations were
made to report known pathogenic mutations in these genes (87).

PID gene panels constitute another potential approach in diagnostics. PID panels reduce the
risks and benefits of incidental findings. A gene panel is less expensive than WES and could
be seen as a rapid first-line test. However, gene panels are not a good diagnostic approach
for the following reasons. First, they cannot keep pace with the discovery of new PID-
causing genes. Since 2010, 10 new PID-causing genes, on average, have been identified per
year. Second, many PID-causing genes remain unknown and the use of panels limits the
discovery of new genes. Third, they may lead the clinician to focus on a red herring (e.g. a
heterozygous missense), while the true disease-causing mutation is not captured in the panel
(e.g. a homozygous nonsense). Finally, as sequencing costs go down, the relative cost of a
gene panel will increase, without providing the opportunity to search outside the targeted
region in case it does not contain a disease-causing mutation. Although success rates may be
higher in selected patient populations and as panels evolve, reports of PID panels in large
cohorts delivered a genetic diagnosis for only 15% of patients (88, 89).

WGS has clear potential technical benefits over WES as it can detect intronic and intergenic
mutations, as well as CNVs, and it provides uniform coverage. However, sequencing, data
storage and analysis remain expensive and troublesome. More than 90% of WGS costs relate
to sequencing, whereas most of the cost for WES is accounted for by the cost of the capture
kit. With sequencing costs tumbling more rapidly than the cost of capture kits, WGS costs

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meyts et al.

Page 12

will soon approach those for WES. Moreover, specific analysis pipelines can restrict the
initial “diagnostic” analysis to virtual “panel-like analysis” or to an “exome-like analysis”.
The analysis can then be extended to the genome in the second tier. Despite its
disadvantages, WGS has entered diagnostic strategies for newborns with suspected PID (83).
However, for the time being, WES is the most reasonable approach. The criteria for WES-
based diagnosis are very simple. If the mono- or bi-allelic genotype is known to cause the
patient’s phenotype, based on previous studies, a diagnosis can be made. Otherwise, the
diagnostic approach to establish causality between genotype and phenotype becomes a
research problem, which should be tackled as such as described above. It is popular but
wrong to rely on /n silico predictors of pathogenicity, even for a known PID-causing gene.
Additionally, it is essential to be aware of known PID genes harboring disease-causing
mutations not well covered by WES. The importance of the phenotype description by the
clinician is therefore invaluable, in both diagnostic and in research settings. The major pros
and cons of panel sequencing, WES and WGS are summarized in Table IV.

Conclusion

The advent of NGS has revolutionized gene detection for both research and diagnostic
purposes. NGS-based gene panel sequencing, WES, and WGS are most useful in the field of
PID. WES is presently the most cost-effective approach for PID research and diagnosis but
WGS provides more uniform coverage. The scientific or diagnostic challenge is the selection
of one or two candidate variants among thousands of NGS calls, a task truly resembling
“finding a needle in a haystack’. We stress the importance of combining variant-level
(CADD score) and gene-level approaches (MSC, GDI) with a well-informed genetic
hypothesis for the prioritization of potential disease-causing variants. The crucial step is the
meticulous experimental validation of the presumed disease-causing mutation. Rigor in
establishing the method of genetic investigation is essential to prevent false-positive NGS
results. The ultimate goal of NGS approaches in PID is not only to identify novel or known
PID genotypes underlying novel or known PID phenotypes, thereby offering diagnostic,
prognostic, and therapeutic insights, but also to continue enhancing our knowledge on the
various facets of immunity, ranging from host defense to self-tolerance.
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Key concepts

Next generation sequencing (NGS) is a high throughput sequencing
method that permits the targeted sequencing of gene panels including
the whole exome (WES), and the sequencing of the whole genome
(WGS)

Variant-level and gene-level computational and statistical methods can
be used to select candidate mutations out among the thousands of
variants generated by targeted sequencing, WES, or WGS

A clear genetic hypothesis is essential for the successful use of NGS
research or diagnosis in inborn errors of immunity/primary
immunodeficiency (PID)

The pathogenic role of any candidate variant should be rigorously
validated by in-depth experimental studies
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Clinical implications

. The use of NGS facilitates research and diagnosis for inborn errors of
immunity/primary immunodeficiency (PID)

. WES is the current method of choice.

. The discovery of novel genetic etiologies of PIDs is growing in two
directions, searching for causes of known and unknown PID
phenotypes

. The implementation of a rigorous genetic diagnosis is key to the

optimal management of patients with PID
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Figure 1. Next generation sequencing: WES and WGS
Starting from the patient’s genomic DNA, short fragments are created by either sonication or

by restriction enzymes. A shotgun library is made in which fragments of DNA are fused
with adaptors. In WES the coding exome (or another genomic region of interest in targeted
capture) is enriched by a “capture” step before sequencing. Ideally, each base or each coding
region is then read at least 20 times to discriminate sequencing errors from true variants.
After the sequencing cycles the reads are computationally mapped to a reference genome.
Differences between the patient’s DNA sequence are compared to this reference and
“called” as variants. Alterations in the patient’s DNA sequence and the reference genome
are identified and “called” as variants. Various “calling” pipelines are available to call
variants, e.g. the Genome Analysis ToolKit.
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Figure 2.
Flow diagram from the raw NGS dataset to validation of the mutation for FADD deficiency.

Bolze et al. (42) investigated the WES dataset for members of a large, consanguineous,
multiplex kindred in which biological features of auto-immune lymphoproliferative
syndrome were found to be associated with severe bacterial and viral infections, hepatic
encephalopathy and cardiac malformations. The AR genetic hypothesis set the choice of
variant analysis algorithm and allowed the identification of a homozygous missense
candidate variant in FADD, encoding the Fas-associated death domain protein (FADD). The
variant was identified in all patients. The FADD variant was not found in EXAC, 1000
genomes or the in-house HGID database (MAF=0) and had a high CADD score (23.8)
exceeding the FADD MSC (5.07). Connectome analysis predicted FADD to be a candidate
novel PID gene as it directly interacts with FAS (p=0.0006). Functional analysis revealed an
impaired type | IFN antiviral response in assessments of the antiviral effect of IFN-alpha in
vesicular stomatitis virus infected cells. This accounted for the phenotype /n vivoand
validated the variant as the disease-causing mutation. For clarity, this flow shows only the
steps performed to unravel FADD deficiency (in yellow). This flow diagram is applicable to
all other genetic hypotheses (white).
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Figure 3.

Cumulative number of single-gene defects underlying PI1Ds described since 1980 until now
with either conventional molecular techniques or NGS and their mode of inheritance. If

inheritance can be either AR or AD for a given gene, the gene is counted in both categories.

The initial description of genes indicated in red involved NGS. Many genes have both LOF
and hypomorphic mutations — this is not considered separately. A number of genes harbor
both GOF and LOF mutations: STAT, STAT3, ZAP70. They are not considered separately
except for STATI for which mutations with both AR and AD inheritance have been
described.

Blue: AR inheritance, Red: AD inheritance, Green: XR inheritance. Pale colors indicate
genes discovered by NGS.
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Table |

Allele frequency

Frequency at which the allele occurs in the population

Capture

The enrichment of the DNA of interest for instance by hybridization

Capture bait library kit

RNA baits that are complementary to target DNA sequences and which can be used to capture the target by
hybridization

Copy number variation

Structural variation in the genome either through deletion or duplication of pieces of DNA / chromosomes

Coverage

May refer to the percentage of the target genome that is sequenced to the pre-set depth

Dominance

Interaction between two alleles at the same locus with the phenotype resulting from heterozygosity differing
from the average of the homozygotes

Gene damage index

The accumulated mutational damage of each human gene in the healthy human population, based on the 1000
Genomes Project and the CADD score for predicting impact (34)

Genotyping quality

A combined score of NGS outcomes (from 0 to 99) quantifying the reliability of a genotype result. A
genotyping quality > 20 is generally considered as the threshold for retaining genotypes for further analyses.

Haploinsufficiency

A single defective allele results in the disease phenotype

Linkage analysis

Familial studies searching for chromosomal regions shared in excess by affected relatives. A specific method is
homozygosity mapping searching for chromosomal regions that are homozygous in an affected subject born to
consanguineous parents. Linkage studies are generally performed over the whole genome with genome-wide

SNP arrays. These data are analyzed by an appropriate statistical linkage method (e.g. the LOD score method).

Mutation significance cutoff

Represents for a given gene the threshold for a given variant-level score (such as CADD/PolyPhen-2/SIFT
score) above which there is likely to be a significant impact. For each gene, a high phenotypic impact (i.e.
possibly damaging) is defined as any CADD/PolyPhen-2/SIFT score equal or above the MSC generated by the
specific method, and a low phenotypic impact (i.e. benign) is defined as any score below the MSC (28)

Non-synonymous variant

A change in nucleotide in an exonic region of a gene altering the amino acid of the encoded protein

Penetrance

Probability that an individual carrying a given genotype manifests a given phenotype

Pseudogene

Pseudogenes are genomic DNA sequences similar to normal genes but non-functional

Purifying selection

Selection against a deleterious allele in a given population. Purging of the deleterious variants occurs when they
cause early death or affect reproductive fitness

Sequencing depth

The average number of times a particular nucleotide is represented or “read” in a collection of sequences

Single nucleotide variant

A variation of a single nucleotide in the genome

Variant annotation

Ascribing meta-information to a variant e.g. the exact position in the genome or the predicted functional impact

Variant calling

The identification of differences between the sequence results and the reference genome
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Table Il

Criteria for prioritizing a variant in a gene as a candidate disease-causing variant

Genetic hypothesis on the mode of inheritance, clinical penetrance and genetic heterogeneity

Variant-Level Criteria

In practice...

Allele-frequency is low

AF >1% is a common allele

Predicted functional impact is “damaging” e.g. CADD > 15

Gene-Level Criteria In practice

The gene encodes a protein that is involved in a pathway relevant to the The gene is ranked closely to a known disease causing gene in the

phenotype HGC

The gene is expressed in a cell-type or tissue relevant to the phenotype Knowledge on expression of the gene in an array of cells and
tissues fs needed

The gene is under strong purifying selection The GDI of the gene is low; CADD > MSC

Experimental Validation of the causal relationship between genotype and phenotype

AF: allele frequency; CADD: combined annotation-dependent depletion; GDI: gene damage index; HGC: human gene connectome; MSC:

mutation significance cutoff
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PID genes categorized by year and method of discovery, with indication of the mode of

inheritance

If inheritance can be either AR or AD for a single gene, the gene is counted in both categories. The initial
description of the genes indicated in gray involved NGS. Many genes have both LOF and hypomorphic
mutations — this is not considered separately. A growing number of genes harbor both GOF and LOF
mutations: STAT1, STAT3, ZAP70.

PIK3CD/R1, PLCG2, TBK1, UNC119

MCMA4PIK3R1, POLE, RBCK1, RHOH, S7TK4,
WIPF1

YEAR AD AR XL
1980 -85 ADA, IGKC
1986 - *90 SERPING1 CIQB, CIR, C3, CYBA, ITGBZ, PNP CYBB, G6PD
1991 NCF1
1992 C2, CD3G, TAP1, TAPZ
1993 C8B, CD3E, CIITA BTK, CD40LG, IL2RG
1994 LIPA, MPO, TCNZ, ZAP70 WAS
1995 FAS ATM, BLM, C1QC, C5, C6, FCGR1, JAK3, MBLZ, CFP
NFC2Z, RFXANK
1996 IFNGR1, FASLG CIQC, C7, C8G, CFl, IGHM, IFNGR1, LYST, RAGI, TAZ
RAG2
1997 MEFV AIRE, C9, CFH, ILZRA, MEFV, RFX5, RFXAP,
SLC37A4
1998 CI1S, C8A, IGLL1, IL7R, IL12B, IL12RB1, IFNGRZ, DKC1, SHZD1A
NBN
1999 CASPI10, ELANE, TNFRSFIA AP3B1, BLNK, CD79A, CEBPE, CTSC, DNMT3B,
FOXNI1, GINS1, MRE11A, MVK, PRF1
2000 RACZ AICDA, MOGS, PTPRC, RAB27A, SPINKS FOXP3, IKBKG
2001 NLRP3, NODZ, SH3BPZ, SLC35C], CD8A, CD40, CFD, DCLREIC, LIG4, RMRF,
STAT1, TERC SLC35C1
2002 CASPS8, PSTPIP1 SMARCALI, TAPBF, TMC6, TMC8
2003 CDA46, CXCR4, GFI1, LRRCS8A, CD3D, ICOS, IRAK4, MASPZ, SBDS, STAT1,
NFKBIA, TBX1 STAT5B, UNC13D, UNG, VPS13B
2004
2005 SLC11A1, TERT, TNFRSF13B LPINZ, TNFRSF13B
2006 APOL1, B2M, CD19, CD247, CD46, NHEJ1, ORAI1, XIAP
RNASEHZA/2B/2C, SP110, TREX1, TYKZ, UNC93B1
2007 CFH, NRAS, STATS3, TLR3, TREX1 CD79B, CFHR1, HAX1, LAMTORZ, NOP10
2008 AIRE, NLRP12, TINF2 COROI1A, MYD88, NHPZ, PMS2, SLC29A3, TERT CSFZRA
2009 THBD AKZ, CARDY, CCBE1, CLEC7A, DOCKS, FCN3,
FERMT3, G6PC3, ILI0RA/B, ILIRN, ITK, NCF4,
PRKDC, RNF168, SAMHD1, STIM1, STXBPZ,
TNFRSF13C
2010 PSMBS8, TRAF3 CD&1, FADD, ITCH, MASP1, MS4A1, USB1
2011 GATA2, IL17F, IRF8, KRAS, TICAM1 ACP5, ADAM17, BLOC1S6p, COLEC11, CSFZRB, MAGT1
IL17RA, IL36RN,IRF8, TRAC, ZBTB24, TICAN1
2012 ACTB, CARD11/14, IKZF1, ADAR, CD27, CRZ, 1SG15, LCK;, LRBA,
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YEAR AD AR XL
2013 NFKB2, RPSA, RTEL1, TCF3, CARD11, CD59, CFB, IKBKB, IL21R, MALT1

TNFSF12 PRKCD, RTEL1, STAT2, TNFRSF4, TRAEF3IP2,

TTC7A, VPS45

2014 CTLA4, IFIH1, NLRC4, TGFBR1/2, ACD, BCL10, CECR1, CSF3R, CTPS1, 1L21, INOS8O,

TMEM173 JAGN1, MAP3K14, PCNA, PGM3, STAT4, TRNT],

XRCC4
2015 COPA, IRF3, NFAT5, NFKB1 CDCA7,CLPB, DOCK2, HELLS, IL17RC, IRF7,
MYSM1, PARN, RNU4ATAC, RNF31, RORC, TTC37

2016 IRF2BP2 AP3D1, ERCC6L2, LAT, NSMCE3, POLE2, S7TX11, POLA1

TERC

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Meyts et al.

Gene Panels, Whole Exome Sequencing and Whole Genome Sequencing in a nutshell
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Targeted sequencing

Gene Panel Whole Exome Sequencing Whole Genome Sequencing
Pro . Reduces . Covers the . Introns,
incidental exome: the regulatory
findings most domains and
purified intergenic
. Allows for region of regions
higher the included
sequencing genome,
depth than and the . PCR free
WES and most library
WGS for the studied preparation
targeted part of the possible
enes and at
g lower cost genome. . More uniform

. At present coverage than
less WES
expensive . Superior to
than WGS gene panels,

. Allows for and WES for
agene CNV detection
gsgle;slilskgr . Computational
WES panel-like /

exome-like or
entire genome
analysis
possible
Con . No . Reference . More calls =>
identification bias: increased
of novel unknown analysis
genes exons are complexity
not
. Dated at covered . At present
onset, more
frequent . Introns expensive
updates and (sequencing,
needed regulatory data storage)
. domains i
. May derive are . Risk of
attention to a generally incidental
“red herring” not findings
. The larger included
the gene . Coverage
panel, the is less
less cost- uniform
effective than WGS
compared to and in
WES well-
designed
panel

. Risk of
incidental
findings

PCR amplification potentially induces GC bias

CNV’s not reliably detected

Detection of large structural variations (inversions, translocations, nucleotide

platforms

repeat expansions) inaccurate with some

Gained information

genes

Variants in known disease-causing

Variants in exome as targeted by

the kit

Variants in the entire genome
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Targeted sequencing

Gene Panel

Whole Exome Sequencing

Whole Genome Sequencing

Possible information

Novel or known disease-causing
mutation in a known disease-causing
gene (including intronic mutation
depending on panel design)

Novel or known disease-causing
mutation in known disease-
causing genes/Novel disease-
causing gene within the exome as
targeted by the kit

Novel or known disease-causing
mutation in known disease-causing
genes/Novel disease-causing gene/
Mutations in deep intronic regions —
intergenic regions — regulatory
domains
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