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Purpose of review

Next-generation sequencing, especially whole exome sequencing (WES), has revolutionized the molecular
diagnosis of inborn errors of immunity. This review summarizes the generation and analysis of next-
generation sequencing data.

Recent findings

The focus is on prioritizing strategies for unveiling the potential disease-causing variant. We also
highlighted oversights and imperfections of WES and targeted panel sequencing, as well as the need for
functional validation.

Summary

The information is crucial for a judicious use of WES by researchers, but even more so by the clinical
immunologist.
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INTRODUCTION

Inborn errors of immunity are a heterogeneous group
of genetically determined diseases caused by defects
in one or more components of immunity. These
defects can manifest as increased susceptibility
to infection, autoimmunity, autoinflammation,
allergy, and malignancy or a combination of these
[1]. In the last decade, advances in human genetics
and bioinformatics have permitted an acceleration in
the discovery of new genes associated with known or
new monogenic diseases, with the greatest leap deter-
mined by the implementation of next-generation
sequencing (NGS; reviewed in [2–4]). This is particu-
larly relevant for inborn errors of immunity, where
since 2010 a hundred new genes have been reported,
of the over 300 genes so far described [1,5

&

,6]. Inborn
errors of immunity are likely to be monogenic and
display genetic pleiotropy (different clinical and
immunological phenotypes originate from muta-
tions of the same gene) and genetic heterogeneity
(mutations in different genes give rise to the same
phenotype) [6,7

&&

]. For these reasons, NGS has accel-
erated the unraveling of these disorders at the genetic
level. Incomplete penetrance is also a common fea-
ture of inborn errors of immunity. This can originate
from oligogenic/polygenic models of disease, which
are sometimes difficult to characterize. Epigenetic or
ht © 2017 Wolters Kluwe
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environmental factors (e.g., previous encounter with
a pathogen) may also play a role [8]. In this complex
context, only in selected cases does Sanger sequenc-
ing of single genes lead to a definitive diagnosis.
Moreover, many novel genetic etiologies are yet to
be unraveled and many new phenotypes are likely to
be ascribed to known genotypes [9].

The aim of this review is to provide information
about the technical aspects of NGS and to illustrate
its advantages and drawbacks in the setting of
inborn errors of immunity. In particular, we will
focus on some shortcomings of whole exome
sequencing (WES).
r Health, Inc. All rights reserved.
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KEY POINTS

� NGS is revolutionizing the diagnostics and the research
of Mendelian diseases.

� Although NGS is called an unbiased diagnostic approach,
its value stands or falls with the genetic hypothesis.

� Caution is needed during the filtering phase of NGS
analysis, to prevent the inclusion of false positives and
exclusion of false negatives.

� The incomplete coverage of the genome, the difficulty
in analyzing CNVs, segmental duplications and
pseudogenes by WES, and the weaknesses of the
prediction methods used to filter NGS data, need to
be considered.

� When a mutation in a novel gene or a novel mutation
in a known gene is detected, a causative link with the
clinical phenotype must be established by meticulous
functional validation.

Primary immune deficiency disease
NEXT-GENERATION SEQUENCING

NGS is a high-throughput sequencing method
in which thousands or millions of small DNA
 Copyright © 2017 Wolters Kluwer 

FIGURE 1. The scheme illustrates the process of WGS and WE
three types: FASTQ files, including all the raw data; BAM files, fo
subsequently convertible to Excel files, for the variant calling. WE
sequencing. Adapted with permission [5&].
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fragments are sequenced in parallel [2]. Starting
from the patient’s genomic DNA, a sequencing
library is prepared by random fragmentation of
the DNA into short strands that are then fused with
adaptors. These fragments are amplified and
sequenced in parallel multiple times, usually at least
20 times for any nucleotide, to attain sufficient read
depth. The obtained sequences are then mapped to a
reference human genome and the differences
between the patient’s DNA and the reference are
‘called’ as variants (Fig. 1). A read depth of at least 20
is essential to discriminate sequencing errors from
true variants. These variants must be analyzed in the
setting of the patient’s clinical and cellular pheno-
type and pedigree to disregard irrelevant variants
and to instead detect known or novel mutations in
known disease-causing genes or in potentially novel
candidate genes [5

&

].
NGS can be used to sequence the entire genome

[whole genome sequencing (WGS)], a targeted panel
such as the WES, or a more limited set of genes of
interest. The exome is defined as all the exons for
about 20 000 protein-coding genes and for micro-
RNA, small nucleolar RNA, and large intergenic
noncoding RNA genes, constituting about 1% of
Health, Inc. All rights reserved.

S. The files that are finally derived from the analysis are of
r the alignment to the reference sequence; and VCF files,
S, whole exome sequencing; WGS, whole genome
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the human genome [10]. In the construction of the
DNA library, WES and panel sequencing require
enrichment in exons through hybridization with
target-specific probes and PCR amplification of
the selected regions [11]. This additional step gen-
erates bias at different levels: as the enrichment
process is not perfectly homogeneous and there is
an a priori reference bias with the choice of probes,
some exons are underrepresented or missing in the
library; moreover, the PCR amplification step can
introduce errors in the sequences of nucleotides
because of polymerase errors, guanine–cytosine
related errors, stochastic errors and template switch
errors [5

&

,12]. Accordingly, WGS was shown to be
more powerful than WES for detecting exome var-
iants (single nucleotide variants) as well as small
insertions/deletions (indels) and copy number var-
iations (CNVs). WGS provides a much more uniform
distribution of sequencing-quality parameters and a
more homogeneous coverage of the genome [13].
WHOLE EXOME SEQUENCING AND
WHOLE GENOME SEQUENCING ANALYSIS
PIPELINE

WES andWGSrawdataoutput files generatedby high-
throughput sequencing instruments, such as the
Illumina Genome Analyzer (San Diego, California,
US), are in FASTQ format. Burrows–Wheeler Aligner
[14] is often used for subsequent alignment of the
reads to the reference genome, resulting in Binary
Alignment Map files. In the next step a Variant Call
Format file, containing the chromosome position and
nucleotide change for each variant, is created using for
instance Genome Analysis Toolkit [15]. Finally, the
Variant Call Format files (already containing informa-
tion on the sequencing quality and read depth) can
be further annotated with different tools available
online, with the purpose of simplifying data analysis.
Annovar [16], SnpEff [17],VariantEffectPredictor [18],
and others add information about a specific variant
based on available data on its position in the gene, the
amino acid change, the molecular effect of the variant
(missense, nonsense, and so on), the allele frequency
in different populations, and the protein damage
prediction. Encyclopedia of DNA Elements (ENCODE)
is a useful resource for annotating intergenic variants
[19]. The allele frequency of the variant is a funda-
mental tool to filter out common polymorphisms and
can be derived from publicly available databases
[20

&&

,21]. BioGPS [22] and Protein Atlas [23] show
the expression of the gene and the protein for which
it encodes in human tissues and cell lines, whereas
Evolutionary Conserved Regions Browser [24] and
phylogenetic p (Phylop) score [25] display the conser-
vation of genes and DNA sequences across species.
 Copyright © 2017 Wolters Kluwe
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Relevant information about genes and their encoded
products are collected in integrative databases, such as
GeneCards (www.genecards.org) [26]. Finally, addi-
tional information can be gained by combining
different annotations that predict deleteriousness/
protein impact, such as in the combined annota-
tion-dependentdepletion(CADD)score [27].Relevant
annotations can be chosen and implemented into a
personalized pipeline, based on the research or diag-
nostic laboratory’s specific needs. Some of the most
commonly used annotations are further discussed in
the chapter ‘Finding the disease-causing variant.’
CHOOSING THE APPROPRIATE NEXT-
GENERATION SEQUENCING STRATEGY
FOR INBORN ERRORS OF IMMUNITY

Compared with WGS, WES and targeted panel
sequencing have the advantage of being cheaper
and of generating a much smaller set of data to
analyze [11,28–30]; the drawbacks include an
incomplete coverage of the genome (WES misses
most intronic mutations and some mutations in
nonprotein-coding genes), and technical problems
related to the capture step. For targeted panels, the
ulterior restriction of the analysis to genes already
described in connection with disease is the major
limitation. As the rate of description of novel genes
causing inborn errors of immunity is now, on aver-
age 10/year, gene panels become in fact quickly
obsolete [5

&

]. The Mendeliome, a panel covering
all known genes causing Mendelian disorders, has
been proposed in 2015 as a cheaper and more man-
ageable diagnostic tool compared to WES. However,
the same reservations as for targeted panel analysis
hold true [31]. For these reasons, from a technical
point of view WGS is at present the most reliable
approach for the discovery of known and novel
mutations in known and novel genes, at the expense
of sequencing cost and time needed to analyze the
much wider dataset. However, as 85% of mutations
generating Mendelian disorders are estimated to be
located in coding regions of the genome, WES
remains a highly valuable technique both for clini-
cal diagnostics and for the research of novel disease-
associated genes [32]. Clinical exome sequencing is
now being offered by diagnostic labs over the world.
In this setting, a disease-specific panel-like analysis
of the exome data is performed and allows for a
more efficient approach in genetic diagnosis.
FINDING THE DISEASE-CAUSING VARIANT

WES generates on average 20 000 high-quality cod-
ing variants. To minimize the presence of common
variants and maximize the inclusion of probable
r Health, Inc. All rights reserved.
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FIGURE 2. Flow chart depicting the general filtering method
to screen whole exome data for disease-causing mutations.
AD, autosomal dominant; AR, autosomal recessive; CADD,
combined annotation-dependent depletion; GDI, gene
damage index; HGC, human gene connectome; MSC,
mutation significance cutoff; WES, whole exome
sequencing.

Primary immune deficiency disease
disease-causing mutations, a gene-level and a vari-
ant-level filtering approach are applied (Fig. 2) [3].

The first crucial step is the generation of a
genetic hypothesis that takes into consideration
the potential mode of inheritance, the severity of
the phenotype, the penetrance, and so on. The
presence of multiple affected siblings in a family
with healthy ancestors is suggestive of autosomal
recessive inheritance, so homozygous (especially in
the case of consanguineous unions) or compound
heterozygous variants should be prioritized. The
inclusion of multiple affected and unaffected sib-
lings is extremely useful to discern the potential
disease-causing variant. Nevertheless, the possibility
of autosomal dominant, X-linked recessive inheri-
tance, or de novo mutations should not be neglected
in consanguineous unions. Trio analysis, in which
the index patient and parents are sequenced simul-
taneously, is particularly efficient to pinpoint dis-
ease-causing de novo mutations; it is also very
informative in the detection of homozygous
and compound heterozygous mutations. Severe
 Copyright © 2017 Wolters Kluwer 
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phenotypes in single patients should be investigated
in particular for de novo, homozygous, or com-
pound heterozygous variants, although in the case
of incomplete penetrance this approach could
exclude the causal mutation. Finally, autosomal
dominant inheritance implies that a heterozygous
mutation is disease causing. In accordance with the
suspected inheritance, a hypothesis must be formed
on the detected variants. Heterozygous dominant
variants are generally considered gain-of-function
(GOF) mutations, where the encoded protein
acquires a new function or expression pattern. How-
ever, dominant loss-of-function (LOF) variants can
also occur through haploinsufficiency, where a
reduction of gene function by 50% is sufficient to
result in disease, or by a dominant negative effect,
where the mutant gene product acts antagonisti-
cally to the wild-type protein function [7

&&

]. This can
occur, for instance, if the mutant protein hampers
multimer formation. Disease-causing compound
heterozygous or homozygous variants are presumed
LOF mutations.

The following criteria represent a general guide-
line to consider a gene to harbor potential disease-
causing variants, even if they are not always valid
and several counter examples can be found: it enc-
odes a protein involved in a pathway related to the
phenotype; it is expressed in the cells and tissues of
interest; it is intolerant to mutations in the general
population, indicating that mutations in that gene
have a higher probability of being deleterious. There
are databases reporting the expression of human
genes across human cell lines, cell types, tissues,
and organs [22–23,26]. It is reasonable to hypothe-
size that the gene of interest is expressed in the
affected cell or tissue, although mutations in ubiq-
uitously expressed genes can result in a phenotype
that is highly tissue specific [33]. The connection
of the candidate gene with a certain pathway or
protein that is known to be related with the disease
can be tested using the Human Gene Connectome
[34–35], which is based on protein–protein inter-
actions and depicts the biological distance and route
between two genes [the gene(s) connecting them].
The gene damage index (GDI) is a tool made
publicly available at http://lab.rockefeller.edu/casa-
nova/GDI in 2015 to filter candidates at the gene
level, complementing available variant-level met-
rics [36]. It is defined as the cumulative mutational
damage to a particular human gene in the general
population based on data from the 1000 Genomes
Project [21], and it can be used to remove genes that
are highly mutated in the general population and,
therefore, less likely to cause severe disease [36].
Other methods, such as residual variation intoler-
ance score, are complementary by assessing the
Health, Inc. All rights reserved.
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likelihood of genes to be pathogenic based on their
intolerance to mutations [37].

At the variant level, the allele frequency, based
on different public databases in accordance with
the ethnicity of the studied kindred, is the main
filter to substantially reduce the number of variants.
The hypothesized inheritance model dictates the
frequency cutoff that should be applied. In general,
heterozygous variants with a frequency in the gen-
eral population of more than 1% are considered
polymorphisms, with at most a weak modulating
effect on disease. In the context of monogenic
disorders, for autosomal dominant transmission a
frequency cutoff of less than 1% is thus applied. For
autosomal recessive disorders, instead, a higher
frequency cutoff is recommended to minimize false
negatives: to obtain a frequency cutoff of 1% for the
homozygous state, we need to combine two parental
alleles with a frequency of 10%, respectively, to
respect Hardy–Weinberg equilibrium. Exceptions
can derive from population genetics phenomena,
such as founder effect, resulting in a high carrier
frequency (such as in Adenosine Deaminase 2
(ADA2) deficiency (38)], or evolutionary adaptation
[e.g., Familiar Mediterranean Fever gene (MEFV)
mutations that provide a selective advantage against
Yersinia pestis infection (39)]. These cutoffs can be
further reduced based on knowledge on the disease
prevalence and on the predicted clinical penetrance.
In the research setting, more strict cutoffs are used to
screen for novel disease-causing variants, which
usually have a very low allele frequency. Coding
variants that are synonymous, that is, variants that
do not cause a change in the amino acid at that
position, and noncoding variants that do not affect
splicing, are usually excluded. This step significantly
reduces the data load to be analyzed, as in most cases
synonymous variants are silent or do not cause a
change to the protein. Rarely, synonymous variants
alter disease susceptibility or cause disease, for
example, by impairing splicing, or by affecting
mRNA stability or protein folding (reviewed in [40]).

Various algorithms that attempt to predict the
functional effect and assess the conservation/intol-
erance of a missense variant are publicly available,
such as the Phylop score [25], the Genomic Evolu-
tionary Rate Profiling programs [41], Sorting Intol-
erant from Tolerant (SIFT) [42], or Polymorphism
Phenotyping v2 (PolyPhen-2) [43]. They are com-
bined with information from other annotations to
create the CADD score [27]. CADD is more precise
in predicting the deleteriousness of both protein-
altering and regulatory variants. CADD scores range
from 0 to 99 with increasing deleteriousness, and 15
has been proposed as a standard cutoff for all human
genes. However, like other prediction tools, CADD is
 Copyright © 2017 Wolters Kluwe
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not flawless [27]. For example, reliable data input is
lacking for intronic variants and it has been shown
that CADD score has a high false negative rate when
using a fixed cutoff [44

&

]. A more precise assessment
of the variant’s effect at the gene level can be
obtained by using the mutation significance cutoff
(MSC), a quantitative method that provides gene-
specific phenotypic impact cutoff values, and rep-
resents the lowest expected clinically/biologically
relevant CADD (as well as PolyPhen-2 and SIFT)
cutoff value for a specific gene [44

&

]. The combina-
tion of both variant and gene-level approaches, for
example, by considering the GDI, the MSC and the
CADD score together, allows better prioritization,
with less devaluation of false negative variants
[5

&

,44
&

]. In other words: a benign variant (with a
CADD below the MSC of that gene) with a high GDI
is expected to have the lowest phenotypic impact. A
variant with a CADD score above the gene-specific
MSC in a gene displaying low or medium GDI and
which is also biologically close to known disease-
causing genes, can be expected to have the greatest
phenotypic impact.
VALIDATION OF THE FUNCTIONAL
IMPACT OF A VARIANT

No prediction tool has the power to prove the
pathogenicity of a variant. This is why, upon
discovery of a potential new disease-causing gene
or variant, it is fundamental to experimentally
ascertain the causal connection between the variant
and the clinical and immunological phenotype, to
prevent ascribing to a false-positive result a disease-
causing effect [7

&&

]. A multidisciplinary team
meeting involving the clinician (scientist), genetic
counsellor, bioinformatician, and clinical and
nonclinical researcher is optimal for efficient priori-
tizing of variants that need further validation.
Especially for single-patient genetic studies, solid
evidence to show that the genetic variant is respon-
sible for the destruction, impairment of function or
alteration of expression or function of the protein
product is necessary [4]. First, the effect of the vari-
ant on RNA or protein expression (for instance, by
Western Blot or flow cytometry) must be investi-
gated. In the case of unaltered protein expression,
altered function can lead to disease. Functional
studies are therefore a crucial step. For instance,
in the study of mutations in genes affecting the type
I interferon pathway, the in-vitro assay of viral load
in cell lines relevant to the phenotype can be pur-
sued. In case of a de novo mutation, different cell
types should be tested to exclude a somatic muta-
tion. Finally, for LOF mutations the cellular pheno-
type should be rescued by transduction with the
r Health, Inc. All rights reserved.
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Primary immune deficiency disease
wild-type allele, whereas for GOF mutations rescue
should be obtained by knockdown/knockout or cor-
rection of the mutant allele [4]. The functional
confirmation of causality represents the most diffi-
cult and time-consuming part in the characteriza-
tion of new disease-associated genes or mutations,
but remains essential for the scientific validation of
the findings and hence also for the diagnostic value
of a reported variant. Reports of novel ‘mutations’,
even if in genes known to cause inborn errors of
immunity, should be interpreted with caution if the
validation step is missing.
FIGURE 3. The figure illustrates the types of copy number
PITFALLS OF NEXT-GENERATION
SEQUENCING

NGS, and WES in particular, present some common
drawbacks and technical difficulties that we are now
going to outline.
variations that can arise from deletions, inversions, and
duplication of segments of DNA. The squares marked by
A, B, C, and D represent large regions of genomic DNA.
Incomplete coverage of the genome by
whole exome sequencing

The major pitfall of WES is that, by design, its
coverage excludes noncoding exons, for example,
RNA genes, and intronic/intergenic regions,
although they can harbor disease-causing muta-
tions. Examples are Roifman syndrome, caused by
compound heterozygous mutations in the RNA U4
small nuclear AT-AC form (RNU4ATAC) gene,
encoding the minor spliceosomal small nuclear
RNA U4atac, and X-linked reticulate pigmentary
disorder (X-linked PDR), caused by a hemizygous
(in men) or heterozygous (in women, who have a
milder phenotype with only pigmentary anomalies)
intronic mutation in the DNA polymerase alpha
gene (POLA1), affecting splicing. Both diseases were
genetically characterized thanks to WGS, performed
on the clinically affected patients [45–46]. In addi-
tion to noncoding exons and introns, a large num-
ber of exons (up to 6% of the total, in Belkadi et al.
[13]) from protein-coding genes are yet not covered
in exome kits, even those included in the Consensus
Coding DNA Sequence database. Moreover, it has
been shown how, even in targeted regions, many
high-quality true positive variants are missed by
WES compared with WGS, whereas the variants
missed by WGS but detected by WES are mostly
false positives [13].
When quantity matters

CNVs are large segments of DNA that by duplication
or deletion are present in a variable number in the
genome of different individuals (Fig. 3). They can be
disease-associated or simple polymorphisms, and
 Copyright © 2017 Wolters Kluwer 
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are increasingly recognized to play a role in interin-
dividual variability [47–49]. Segmental duplica-
tions, or low copy repeats, are either inter or
intrachromosome duplications of highly identical
stretches of DNA, from 1 to 400 kb in length [49–
51]. Segmental duplications have played a major
role in human evolution from primates and are
much more represented in our genome compared
with chimpanzee, with 138 gene duplications spe-
cific to humans identified as human-chimpanzee
divergence [52–53]. In fact, approximately 5% of
the human genome was shown to consist of seg-
mental duplications of 10 kb or larger [54], and up to
97% of genes with a CNV correspond to known
segmental duplications, thus illustrating a propen-
sity for chromosomal rearrangements in these
regions [48]. A change in copy number of a gene
or a disruption of its integrity can arise from nonal-
lelic homologous recombination of repeated
sequences (Fig. 4). It is the cause of many genomic
disorders, including X-linked ichthyosis, a-Thalas-
semia, and DiGeorge syndrome [49–51,54].

Large structural variations of the DNA are tradi-
tionally analyzed by karyotyping and by array-based
comparative genomic hybridization (array CGH).
Standard karyotyping is based on microscopical
observation of the chromosome and can, therefore,
only detect numerical or structural aberration of at
least 5–10 million base pairs (Mb). In-situ fluores-
cence hybridization employs labeled DNA probes to
detect smaller chromosomal rearrangements at a
resolution of 1–5 Mb, but it can be used only when
Health, Inc. All rights reserved.
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FIGURE 4. Different types of nonallelic homologous recombination between segmental duplications (red and blue arrows
represent the same duplicated region). (1) Recombination between homologous sequences on different DNA strands can
generate either a duplication or a deletion of the region between the segmental duplications. (2) Recombination between
homologous sequences with reverse orientation leads to inversion of the recombined fragments.

Whole exome sequencing in inborn errors of immunity Bucciol et al.
the specific aberration is already known [55]. Array
CGH instead allows us the identification of smaller
variations (from�200 bp) by hybridizing the sample
DNA together with a reference DNA to the normal
human genome, and then measuring the differences
between sample and reference [56]. An example of
the application of array CGH to the diagnostic of
inborn errors of immunity is the description by
Kazenwadel et al. [57] of a large genomic deletion
encompassing GATA binding protein 2 (GATA2)
gene in a family with myelodysplastic syndrome.

When approached by WES, segmental duplica-
tions and large structural variations such as CNVs
present technical difficulties at two levels.

Copy number variations

CNVs can significantly contribute to the cause of
Mendelian disorders. For this reason, it is important
to find strategies that allow them to be detected by
WES, even if calling CNVs from short read sequence
data can be very challenging. High-resolution map-
ping of copy number alterations is already very
effective for WGS, whereas WES is currently not
very reliable, as a result of the fragmentation of
the captured exons and the extension of most CNVs
beyond the covered amplicons [13,48]. Different
strategies are being tested to improve CNVs detec-
tion by WES; among them, read depth analysis has
proven particularly effective [58

&

,59]. This approach
assumes a random distribution in mapping depth. It
compares the number of reads mapping to a certain
chromosome region with the prediction by a statis-
tical model, calling deviations from the model as
CNVs [58

&

,60]. This method yields better results
when the ratio of read counts between a test sample
and a control sample is used instead of a single
sample analysis, to compensate for the technical
 Copyright © 2017 Wolters Kluwe
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variability in capture efficiency and other sequenc-
ing biases [58

&

,60]. The different algorithms and
platforms available for CNVs analysis are reviewed
and compared in Kadalayil et al. [58

&

].

Segmental duplications

In the case of segmental duplications, the genera-
tion of relatively short sequence reads required by
WES makes it impossible to distinguish between a
duplicated gene and its parent gene during their
alignment to the reference sequence. This prompted
many researchers to systematically exclude these
duplication-rich genomic regions from their down-
stream analysis. Caution is instead needed, as the
largest segmental duplications exhibit an interindi-
vidual variability of only 3% and duplications do
not preclude the occurrence of highly damaging
mutations [48]. We draw on two examples from
the field of inborn errors of immunity. Sequencing
of the gene encoding filaggrin (FLG) proved chal-
lenging because of the large exon 3 which includes
10–12 highly identical full tandem repeats [61].
However, even nonsense and frameshift mutations
in these imperfect C-terminal repeats are pathogenic
for ichthyosis vulgaris and predispose to eczema and
allergic diseases [61]. In our quest for a causative
gene defect in a patient with severe atopic dermati-
tis, recurrent skin infections and other features rem-
iniscent of hyper-IgE syndrome including a serum
IgE of 30 000 kU/l, a pathogenic homozygous muta-
tion in FLG was filtered out because it was located in
a segmental duplication area. Autosomal dominant
combined immunodeficiency with lymphoprolifer-
ation because of mutations in the Phosphatidylino-
sitol 3-kinase catalytic delta (PIK3CD) gene, in
particular the known pathogenic E1021K substitu-
tion, may also be missed because of a duplicated
r Health, Inc. All rights reserved.
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Primary immune deficiency disease
region in exon 22 [21], as was our experience in a
boy for whom we did trio exome sequencing but
only found the causative gene via single gene Sanger
sequencing after carefully reconsidering the clinical
phenotype. Hence, it is not safe to automatically
exclude segmental duplications when analyzing
WES data. This case also shows the crucial role of
the astute clinician in guiding and navigating
genetic analysis.

Pseudogenes

Pseudogenes are segments of genomic DNA that are
related to normal genes but not functional. They are
characterized by sequence homology with a parent
gene and the loss of protein-coding ability. This is
the result of two main mechanisms: the duplication
of a gene followed by accumulation of mutations
that cause the deactivation of the redundant copy,
or the retrotransposition of mRNA back into the
genome, generating a gene that is by default non-
functional, lacking promoter regions (Fig. 5) [62].
The Inhibitor of kappa light polypeptide gene
enhancer in B cells, kinase gamma (IKBKG)/NF-kB
essential modulator (NEMO) gene, coding for NEMO,
represents a significant example of pseudogene and
segmental duplication. It is in fact part of a segmen-
tal duplication containing the functional gene and,
in the opposite orientation, its partial pseudogene
copy IKBKGP [63–64]. Nonallelic homologous
recombination between the two highly similar
regions can generate rearrangements both of the
gene and the pseudogene, most often CNVs. When
they involve the functional gene, they can be the
cause of incontinentia pigmenti in affected women
[63–64]. This peculiar genomic structure renders
analysis of IKBKG/NEMO by WES extremely difficult.
In the alignment to the reference sequence, it is
 Copyright © 2017 Wolters Kluwer 
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impossible to attribute with certainty reads from
homologous regions to the gene or the pseudogene.
This has important diagnostic consequences, as the
same single nucleotide variant or indel is patho-
genic when affecting the gene but benign in the
pseudogene. A reliable method to assess whether a
variant belongs to one or the other is long-range
PCR, that allows discrimination between the two
regions, thanks to specific primers [65].

Gene and variant-level prediction methods

At the gene level, the GDI and residual variation
intolerance score methods are founded on the fair
assumption that frequently mutated genes in the
healthy population are less likely to be pathogenic
for rare, inherited disorders such as inborn errors of
immunity. They are efficient in eliminating these
overrepresented highly mutated genes, containing
missense, nonsense, or indel variants not considered
detrimental biochemically or evolutionarily. In other
words, they provide us with a tool to remove plausible
false positive variants from NGS data. Focusing on
GDI, the cutoff values proposed for the filtering pro-
cess in the context of inborn errors of immunity are
12.41 for all disease-causing genes, and more specifi-
cally13.36 and 9.49, respectively, forautosomal reces-
sive or autosomal dominant inheritance [36]. Despite
the many advantages, it is prudent to consider its
limitations. In the first place, to generate these cutoff
values a false negative rate of 5% was tolerated [36].
Therefore, variants in some disease-causing genes
[including Dedicator of cytokinesis 8 (DOCK8), Inter-
feron-induced helicase C domain-containing protein
1 (IFIH1), Lipopolysaccharide-responsive beige-like
anchor protein (LRBA), and Ataxia-teleangectasia
mutated (ATM)] will be excluded from the down-
stream analysis. Furthermore, the GDI may be
Health, Inc. All rights reserved.

neration of pseudogenes: duplication of a gene followed by
etrotransposition of mRNA in the DNA, producing a
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population specific, and when performing genetic
analysis it remains imperative to take these factors
into account. Finally, the GDI does not compensate
for CNVs present in these genes, which translates into
a higher than expected GDI value. The gene FLG is an
examplewithaGDIvalueof27.35butademonstrated
role in severe eczema. This issue of adjusting the
cutoffs to include as many true positives as possible,
whereas trying to eliminate falsenegativesappliesalso
to the variant-level prediction methods, such as allele
frequency and CADD score. We recommend to either
establish a false negative rate suitable for your per-
sonal objective or to merely use these tools in the
prioritization of variants (what they were ultimately
designed for), but not as a final cutoff.
CONCLUSION AND FUTURE DIRECTIONS

NGS has revolutionized the diagnostic and research
approach to monogenic diseases, inborn errors of
immunity in particular. For this reason, physicians
treating the patients affected by these disorders wish
to be familiar with these techniques, and know their
strengths and weaknesses.

We have, here, reviewed the process of WGS and
targeted panel sequencing, including WES; the steps
required to find the disease-causing variant, starting
from the genetic hypothesis steps and then proceed-
ing with a gene-level and a variant-level approach;
and finally some common pitfalls of these methods.
Based on the growing expertise and growing tech-
nical opportunities now available in this field, both
the exome kits as well as the annotations tools are
becoming more and more precise in identifying
inborn errors of immunity causative mutations,
but we should be ready to revisit all assumptions
in the screening pipeline when they fail to detect a
pathogenic variant.

Thanks to continuous technologic advance-
ments, the cost of WGS is rapidly decreasing and it
will soon become as cheap as WES, with the advan-
tage of being more accurate in detecting mutations.
As a diagnostic approach, we therefore propose to
first sequence a targeted panel of genes or the exome,
then extending the investigation to the entire
genome if no adequate candidate gene or variant is
found. The biggest challenge will remain the valida-
tion of new candidate mutations, which is absolutely
required to prove the disease-causing nature of a
genetic variant [4].

Our ever-expanding molecular understanding
of inborn errors of immunity is paving the way
for targeted therapy, such as the use of Janus Kinase
1/2 inhibitors in signal transducer and activator of
transcription 1 (STAT1) GOF mutations or inhibi-
tors of the PI3K catalytic subunit p110d in PIK3CD
 Copyright © 2017 Wolters Kluwe
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GOF mutations [66
&&

], gene therapy, and soon gene-
editing technology. In this way, WES will not only
have revolutionized genetic diagnosis, but also med-
icine as a whole.
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