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Abstract

Background As the application of next generation sequencing (NGS) is moving to earlier stages in the diagnostic pipeline for
primary immunodeficiencies (PIDs), re-evaluation of its effectiveness is required. The aim of this study is to systematically
review the diagnostic yield of NGS in PIDs.

Methods PubMed and Embase databases were searched for relevant studies. Studies were eligible when describing the use of
NGS in patients that had previously been diagnosed with PID on clinical and/or laboratory findings. Relevant data on study
characteristics, technological performance and diagnostic yield were extracted.

Results Fourteen studies were eligible for data extraction. Six studies described patient populations from specific PID subcate-
gories. The remaining studies included patients with unsorted PIDs. The studies were based on populations from Italy, Iran,
Turkey, Thailand, the Netherlands, Norway, Saudi Arabia, Sweden, the UK, and the USA. Eight studies used an array-based
targeted gene panel, four used WES in combination with a PID filter, and two used both techniques. The mean reported reading
depth ranged from 98 to 1337 times. Five studies described the sensitivity of the applied techniques, ranging from 83 to 100%,
whereas specificity ranged from 45 to 99.9%. The percentage of patients who were genetically diagnosed ranged from 15 to 79%.
Several studies described clinical implications of the genetic findings.

Discussion NGS has the ability to contribute significantly to the identification of molecular mechanisms in PID patients. The
diagnostic yield highly depends on population and on the technical circumstances under which NGS is employed. Further
research is needed to determine the exact diagnostic yield and clinical implications of NGS in patients with PID.

Keywords Primary immunodeficiency (PID) - next generation sequencing (NGS) - diagnostic yield - technological performance -
clinical performance - whole exome sequencing (WES) - whole genome sequencing (WGS)
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SCID Severe combined immunodeficiency
SNP Single-nucleotide polymorphism
SNV Single-nucleotide variant

VUS Variant of unknown significance
WES Whole exome sequencing

WGS Whole genome sequencing

XLP X-linked lymphoproliferative disease
Introduction

Primary immunodeficiencies (PIDs) are a diverse group of con-
genital diseases affecting different parts of the immune system.
Patients usually present with a varying degree of recurrent, un-
usual or severe infections, autoimmunity, autoinflammation, al-
lergy and/or malignancies [1-3]. Identification and clinical diag-
nosis of the exact type of PID have important consequences in
terms of prognosis, treatment, and genetic counseling [4—7].
However, phenotypic and genotypic heterogeneity, causing atyp-
ical presentations and overlap of symptoms between diseases,
impedes reaching a definitive molecular diagnosis [8—11]. The
introduction of NGS-based sequencing techniques, facilitating
testing of panels of disease-related genes, can overcome these
diagnostic difficulties [12]. Currently, over 360 genes involved in
immunodeficiencies have been identified and are classified on a
yearly basis by the International Union of Immunological
Societies (IUIS) [13].

Several DNA sequencing techniques are currently being
used to detect disease-causing mutations. Until 2010, in the
clinical situation, routine genetic analyses were primarily per-
formed by means of Sanger sequencing [14]. The introduction
of next generation sequencing (NGS) has, next to its contri-
bution to the expansion of the list of genes known to cause
PIDs, provided a much quicker and now cheaper way to eval-
uate large portions of the genome [9, 15, 16]. Especially in
situations where there is no obvious candidate gene, NGS is
preferred to Sanger sequencing [14]. However, array-based
targeted gene panels and whole exome sequencing (WES)
may have the disadvantage of insufficient coverage of specific
regions of the genome thereby creating the possibility of miss-
ing mutations. Whole genome sequencing (WGS) provides a
more complete picture, with improved identification of
CNV’s and other genomic rearrangements, but complicates
analysis due to the generation of even larger amounts of data
[17]. Moreover, due to the frequent use of short read technol-
ogies, limitations such as GC bias, difficulties with mapping
to repetitive elements, trouble discriminating paralogous se-
quences and identification of large indels complicate its use.
In some cases, Sanger sequencing therefore remains essential
in the confirmation of mutations identified by NGS [14].

Due to technical advances and the continuously decreasing
costs of NGS [18], its place in the diagnostic pipeline of PID
requires re-evaluation as it is moving to the earlier stages. In order
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to do so, this review aims to describe the technological perfor-
mance and diagnostic yield of NGS in PID patients.

Methods
Search Strategy

We performed a systematic review in order to analyze the current
literary framework describing the use of NGS in PIDs. We
searched the Pubmed and Embase databases for relevant studies
in June 2018 using the terms primary immunodeficiency and
PID combined with next generation sequencing and related tech-
niques including whole exome sequencing and whole genome
sequencing. The full search string is presented in Appendix 1,
Table 4. We retrieved 219 studies from Pubmed and 297 from
Embase. No further relevant studies were found in the reference
lists of the included studies.

Eligibility

We aimed to study the use of NGS in a clinical setting. To
this end, we selected all papers that described the use of
NGS in patients that had previously been clinically diag-
nosed with a primary immunodeficiency or were highly
suspected of having one according to clinical parameters
as described by the authors. Exclusion criteria included
prior knowledge of a genetic mutation, and the use of
NGS for diagnosing other disease categories than PID ac-
cording to the IUIS 2017 guidelines. We disregarded stud-
ies describing diseases with both PID-non-PID-related
causes. We further rejected studies that included less than
n =10 patients, and studies with results that were not writ-
ten in English. Case series of patients within the same
family were also excluded due to a high probability of all
patients having the same causative mutation.

Selection of Studies

After duplicate removal, all 404 remaining studies were first
screened by title and abstract by a first author (HY), followed
by a second author (KE). After agreeing on conflicts, 367
studies were excluded. A significant amount consisted of con-
ference abstracts that had not yet been excluded in earlier
stages. The 37 studies that remained were assessed by both
authors by analysis of the full text. Fourteen studies were
determined to be eligible for data extraction. The selection
of studies is summarized in Fig. 1.

Data Extraction

The following background information was extracted from the
eligible papers: year of publication, country, population, number
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Fig. 1 PRISMA flow diagram
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of patients included, and previous genetic analysis technique.
Technical variables included the sequencing technique, sequenc-
ing platform, number of genes included and the rationale behind
it, coverage of base pairs, reading depth, sensitivity, specificity,
and additional analyses performed by the researchers in order to
ensure completeness. Finally, information regarding the diagnos-
tic yield, rationale behind evaluation of mutations, analyses, and
clinical implications were collected.

Critical Appraisal

Most appraisal tools for diagnostic studies were designed
for studies that compare a reference standard with an index
test, which was not the focus of this article. Therefore, it
was decided to use a modified version of the 2015 STARD
criteria [19]. Using this list, the included studies were crit-
ically assessed for possible bias and completeness of
reporting. In short, articles were scored on fourteen items
that mainly reflected population background, rationale be-
hind and quality of the analysis and general completeness.
If four or more of the included items were found to be
missing, completeness of reporting was considered
inadequate.

Results
Study Characteristics

The fourteen studies eligible for data extraction are described
in Table 1. Eight of these used NGS in a mixed PID popula-
tion; the other six studies described patients from specific
subcategories of PID. The number of included patients in the
studies describing unsorted populations ranged from 15 to 278
(median =41). The six papers focusing on specific PID sub-
categories included 19—696 patients (median =38). Eight
studies were based on Western patient populations. Others
were based on populations from Iran, Turkey, Thailand, and
Saudi Arabia. Several studies did not describe clinical charac-
teristics such as gender, specific symptoms, and severity of the
phenotypes in the affected patients in detail. Of the studies that
did specify these data, seven described patients who received
genetic testing prior to NGS, whereas patients from several
other studies (Yu et al. and Maffucci et al.) had not [20, 21].

Technical Performance

Of the 14 eligible studies, eight used an array-based
targeted gene panel, four used WES combined with a PID
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Table 1 Study characteristics

Authors Year Country Disease(s) included N Previous genetic work-up
Analysis of unsorted PIDs
Nijman etal. 2014 The Netherlands  CID, ALPS, granulopenia, HLH/XLP 26  Extensive genetic testing.
Stoddard et al. 2014 USA Unspecified 120 9 patients had received extensive testing
Moens etal. 2014 Sweden Patients without any knowledge of the disease-causing 15  NR
mutation and patients with agammaglobulinemia
without B7K mutations
Al-Mousa 2016 Saudi Arabia Patients suspected of having PIDs but without a 139 70/139 complicated cases had received
confirmed genetic diagnosis' extensive genetic testing.
Gallo 2016 Italy Patients with a clinical history highly suggestive ofa 45 6 patients had undergone extensive
primary immunological defect” in combination with diagnostic testing.
abnormal immune parameters”.
Stray-Pedersen 2017 USA + Norway Broad range of phenotypes’ 278 Conventional genetic testing.
Rae 2018 UK Phenotype compatible with PID and a diagnosis 27 NR

according to the European Society for
Immunodeficiencies (ESID)

Bisgin et al. 2018 Turkey Patients with immunodeficiency diagnosis’ 37  None
Analysis of specific PID disease categories
Maffucci 2016 USA CVID® 50 NR
Yu 2016 USA SCID 20  None
Mukda 2017 Thailand HLH 25 NR
Erman 2017 Turkey SCID 19 Several SCID genes were excluded in six
patients by Sanger sequencing before
participation
Abolhassani 2018 Iran Combined immunodeficiencies’ 696° NR
et al.
Abolhassani 2019 Iran Patients with primary antibody deficiencies, including  545° 77 were diagnosed with
et al. CVID, agammglobulinemia, HIgM syndrome, IgA agammaglobulinemia (n = 49) and
deficiency, and other (unspecified) types HIgM (n =28) using conventional

genetic methods

'SCID, CID, chronic granulomatous disease, hyper-IgE syndrome, common variable immunodeficiency, ill-defined immunodeficiency, hyper-IgM
syndrome, agammaglobulinemia, hypogammaglobulinemia, bare lymphocyte syndrome, ataxia telangiectasia like, autoimmune enteropathy,
hemophagocytic lymphohistiocytosis, Omenn disease, autoimmune lymphoproliferative syndrome, autoinflammatory disease, chronic mucocutaneous
candidiasis, Griscelli syndrome, lymphoproliferative disease, neutropenia, and Chediak-Higashi syndrome

2 Opportunistic infections, granuloma, CMC, intractable diarrhea, bronchiectasis, and severe autoimmunity

3 Abnormal lymphocyte subsets (absolute count <2 SD of normal values according to ESID criteria); proliferative response to mitogens < 10% of the
levels measured in the control subject; absent/poor specific antibody response; hypogammaglobulinemia; elevated IgE levels (>2000 kU/); severe
impairment of cytolytic activity; and alteration of class switch recombination (CSR) with or without hyper-IgM

# One of ten subgroups: (I) antibody deficiency (humoral deficiency that does not fulfill the diagnostic criteria for common variable immunodeficiency
(CVID)); (I) autoimmune disease; (III) autoinflammatory disorder; (IV) severe combined immunodeficiency (SCID); (V) combined immunodeficiency
(not SCID) and selective T cell deficiency; (VI) CVID; (VII) defect in innate immunity, including mucocutaneous candidiasis, hyper-IgE syndrome,
Mendelian susceptibility to mycobacterial disease, and complement deficiency; (VIII) lymphoproliferative disease, HLH, and natural killer cell-defi-
ciency; (IX) neutrophil defect or congenital condition with bone marrow failure, such as dyskeratosis congenita and Fanconi-like phenotype, anemia, and
thrombocytopenia; and (X) immuno-osseous dysplasia, chromosomal disorder, or other syndromal PIDD

5SCID, agammaglobulinemia, HIGM, HIES, Wiskott-Aldrich syndrome, MSMD, CMCD
¢ Severe phenotype in half of all cases

7 Including SCID, Omenn phenotype, hIGM, partial T cell defects, HIES, Wiskott-Aldrich syndrome, DNA repair defect syndromes, dyskeratosis
congenital, ectodermal dysplasia, and other atypical and incomplete syndromic CIDs

8243 enrolled for sequencing
%126 patients were enrolled for exome sequencing
NR, not reported

filter, and two studies used both techniques. The technical ~ SOLID (r = 1), ion system (rn=4), or illumina (n = 8), and
evaluation of these techniques is described in Table 2.  one study did not specify the used platform. The number of
Most authors used one of three sequencing platforms:  genes included in the analysis ranged from 12 to 365 in the

@ Springer



581

J Clin Immunol (2019) 39:577-591

VN AN AN AN 09 ‘Te 10 wdsig
seum 0¢
1SB9 1B %796 - Joued oua3 00S 1oued qid
sowm | A1d [eMIIA 9y} A[UO 9pNJoul 0} PAISIT,, bagxoN Pparesiey
VN AN AN 86 SB[ 18 9666 Sem [oued UOX0 dUST ¢[8f AUQ JYSISNLL YL, Wi eurwnf[[  paseq-Aeiry e 19 oey
. ’SiueLieA 9qissod 10y
PpazATeue sem ejep dwoxd 9)9[dwod ‘punoy
QI0M J[NSAI OU J] "BIWUAUL [UOOUE,] ISNED
10 33UD[ IOWO[} JO9JJ. 0) UMOUY SOUT
s poyuowd(ddns pue [N ‘osessIp
sown (g (Id UeISY JO 92IN0SY Y} WO SUd3 005T basiH Te1
VN AN AN 2001 1SBI[1B %06 < (Id S1BPIPULI 10 UMOUN JO UONBUIqUOD V,, SLy ey SHM  uesIeped-Aeng
‘souur) 005 bastH
0T 3se9] euIwunyy
¥ %L6 *SHM -SHM
‘sowr)
07 3503] bagin
1® %6°86 . uone[ngar ounww 1o ([d 0} pare[r oq BUTWN[[] SAM +
086 :Joued eued qid 01 pajorpaid 1o umouy saudd g9,, Surpnjour Joued 14 Pued qid
d1d paresiey pajasie) ‘suonsog3ns j1adxo pue sauanb pajNqng paja3ie) pajasie)
VN AN %L'86 paseq-Aeiry  paseq-Aeiry QINJRIA)I| UI SOUOILIS PeoIq UO paseq ILS  poseq-Aeiry poseq-Aelry ‘Te 39 o[[en
%Sy %001
SAND SAND
%bT'88 %96
-05e10A00 oyenbopeur oAey sfoput sfopur oued qid
0} POpN[OU0d dIOM SOUIT 7 Joys Joys soud3 juowInysur Ppayasiey
*08BI0A00 906 > PeY SOUAZ ¢ puB SINS  Pue SINS 197 1B 10J %1506 BLIDILIO SIN] #10T 91 uojoid uo]  poseq-Aeiry e 30 BSNON-TY
sawm " Sunoow
‘pdop pear uoxo mof 0T 1se9] d1Sd 0102 oy 1e payudsard soua3d oued qid
M SoUdS [e10A0s + Yydop 18 9588 x | [euonippe uo spodal + uonedIJISse[o Ppayasiey
pear o[ & yym ouds | %L 68 %ES CVOET  ISBI[ IR %66 dId SINI 600T 24} U0 paseq pajodas,, 6L1 eurwnf[[ - poseq-Keiry ‘Te 19 SUSON
UOIRZLIO)OBIRYD
THANI Pm swe[qoid- souog eued 14
‘UoneN[BAd 1o518) JS0W SAId repnonred o) Ppayasiey
WOy Papn|oxd sauds - %666 %1°86 wS0€ 10J 9001 PaNeId0sse aq 0) pajoadsns A[YSIY 1o umouyy,, €L1 00T INDd UO] paseq-Aelry  °[e 10 pIeppols
(A3o1emS
%68 JUSWIYILIUD
93eI0A00 MO] )IM SUOXD S[OpU]  1999SAING) . T6T
ordnnw 1o | pey souad (A3o1emS8 1oued qid
9 JO POT—S 1 9say) woy %666 %S 66 JUSTIYILIUD sawn ¢ 18 TX00SS pajesie)
Hedy "spear MO[ [im souas 6 SANS SANS Aewe) (8¢ BTS6H06 BLIOID SINT 10T 0L  arios av  peseq-Aenry  ‘[ejo uewliN
SId payosun Jo sisA[euy
souo3 woperd anbruyoe)
sspewy  Anoyroads  AAnIsuag ydop Surpeay a3eron0) 0INOS  JO JoquINN Surouonbog  Surouanbag sioyny
S159) paseq-SON Jo doueunojiod [eoruyos], g djqel

pringer

Qs



J Clin Immunol (2019) 39:577-591

582

S109J0p O1OUST MOU IOAOISIP 0} OS[E SeM I A1) douls d[qear[dde JoN |

d3eroAe ‘v fueipow gy cpaytodar jou ‘YN

(6107) Te 10

VN AN AN AN AN AN VN AN Sam Iuesseyoqy
sown) 0
Jo 031000
10318} . ‘poutograd sem SON PoloSie) ‘s)oojop
uo 23eIAY J1OUAT [RISAJS SUIqUUdSaI uonejuasad
‘SHA\  [EOIUI[O PEY] O IO PI[ief JoSueg woym Ut =, S9¢ ‘SHM AN -SEIM
SS
sown) Ge¢ JUQLI0], UO]
Jo 23e10A00 pue soued
o3erony 00¢ :[oued A did SAM +
‘Jeued d1d aid oued qid  jeued A1d
payesiey . Souad Aoy jsowr payesiey payesSie) payeSiey (8102) Te 3@
VN AN AN AN paseq-Aemry ot uo pouuojrad sem Jurouonbas oSueS s, paseq-Aelly  paseq-Aelly  paseq-Aelry TUBSSBY[Oq Y
. [Loudroryopounuutut
asned 03 pajoadsns soUAT [BISAIS
se [[om se ‘udisop [oued ouaS oy Jo own
A} I8 SOJUIAJUOD JPYNUSIOS J& pojuosard
sowm 1o poystqnd Appuaoar souad pajefar -qId reued qid
"POIdA0D {7 1589] [eUONIPPE PUB SAUST dANLSNED papIodar 000Z basiH Pa1a3Iey
[[oM Jou 219Mm SOUdT G AN AN AN 18 9%1¢]6 Arsnoraaxd g1, pasuduwod uonoopes 96¢ BUIWN[[] PoSeq-Aeiry ‘Te 10 ueurg
saw () WRISAS
VN AN AN wl8V0L  ISBI[ I8 988 " SOUAT PaYeIoosse-HTH,, Cl uojord oy SaM e 39 PN
“UONBULIJUOD
Io3ueg Surmbax . uor3a1 uonaap
suor3ar snogojowoy 7' 11bzz oy ur pajeoo] soues ¢ pue
A[US1y paurejuod suoxa sadKyouayd Aousrorgapounuuuur Arewurid pued qid
G "98e19A00 JUAIDIINSUI sowm ()01 SNOLIBA (1M PIJBIOOSSE SOUAT,, |6 WOIJ 000 boSTH Pparesiey
PAMOYS SaUAF ¢ WIOIJ SUOXD 9 AN AN GLLEET  ISBI[ IR 9/ 6 ‘SoUAT Suisned-(I[DS [[B SUIPN]OUL ‘UONOJ[RS of BUIWIN|[]  Paseq-Aelry ‘Te 12 nx
Papn[oxo
d1oMm sawm 005Z basiH
VN AN AN AN > speardg «'SAld PIM PIJRIOOSSE SaUaL),, 69¢ eutumy| SHM B 10 IoonjJeIN
So11030)e0 oseasIp ([J d10ads Jo sisAfeuy
sowm 00g [oued
J0 081000 adKyousydounuuuur Quognnu
Jnjosqe 0 3UIpI099. PIJII[As 1M S[oued bagin paosie)
wnWIuIp — ouadnnu ‘S)nsal ANOWOIAd MO[J UO paseq BUIUN[[] PoSeq-Aeiry
souad uuoperd anbruyoo)
sspewoy  Anony10ads  AjAnIsusg ydop Surpeay] a3e1on0) 90INOS  JO JoquInN Surouonbog  Surouanbag sioyny

(ponumuoo) g J[qeL,

pringer

Qs



J Clin Immunol (2019) 39:577-591

583

specific PID group and from 60 to 571 in the mixed pop-
ulation group. Not all authors clarified their choice for the
selection of the included genes. Reading depth and/or cov-
erage were presented in all papers, except in one study
[22]. Complete and in-depth comparison of efficacy of de-
tecting mutations between studies could not be performed
due to incomplete presentation of sufficient technical pa-
rameters. The studies that did mention these parameters
reported a minimum of 88% of base pairs covered at least
once. A total of five studies performed additional copy
number variant (CNV) analyses on their samples
(Table 3), which increased the diagnostic yield by on av-
erage 4.2%.

The mean reading depth ranged from 80 to 1337. Five
studies described the sensitivity of their technique and re-
ported an overall sensitivity of 83—-100%. Nijman et al.
made a distinction between SNV and indels [23], whereas
Al-Mousa et al. analyzed SNVs and short indels on the one
hand and CNVs on the other [24]. Both found higher sen-
sitivity rates for SNVs, or SNVs and indels respectively.
Specificity ranged from 45 to 99.9% with the lowest per-
centage found for the analysis of CNVs in the study by Al-
Mousa et al.

Clinical Performance

All studies explored the diagnostic yield of their NGS anal-
yses, the results of which can be found in Table 3. The
percentage of patients who were genetically diagnosed
ranged from 15 to 79%. The diagnostic yield of NGS in
mixed PID groups ranged from 15 to 46% (median =25%).
Within the specific PID subcategories, these values ranged
from 30 to 79% (median =42%), but were less evenly dis-
tributed. All studies described the pipeline used to estab-
lish pathogenicity of detected variants, except one. We
evaluated information regarding several steps in the pro-
cess. The results of variants on the amino acid sequence,
such as missense-, nonsense-, or splice-site-altering, were
collected. Other variables include the reference database to
which the variants were compared, variant analyses, and
further studies providing lines of evidence regarding the
pathogenicity of a specific variant, such as parental
cosegregation analysis, functional assays, and genotype-
phenotype linkage. Cutoff values for comparison with
healthy population databases differed between studies.
Nijman et al. and Mukda et al. reported all variants present
in < 5% of a healthy cohort [23, 25]. The other studies used
a lower cutoff value of < 1%. Several studies mentioned
the clinical impact of their analyses on patients. Stray-
Pedersen et al. described significant changes in manage-
ment in up to 25% of cases [26]. Rae et al. found an even
higher number of 37% [17]. Four studies found a number

of patients that were clinically reclassified according to
their molecular diagnosis.

Critical Appraisal

The results of the critical appraisal can be found in Appendix
2, Table 5. The reporting of variables was found to be incom-
plete for seven studies according to the aforementioned
criteria. All articles explained the aim of their research, con-
firmed variants by Sanger sequencing, and proposed a set of
possible implications of the research. The included studies
scored relatively low on patient eligibility criteria, clinical
background of their included patients, and analysis of
sensitivity.

Discussion

In this review, we analyzed test characteristics and perfor-
mance of next generation sequencing techniques in patients
with clinically defined, but genetically undiagnosed PIDs.
After a systematic search, we collected fourteen studies de-
scribing the diagnostic yield of NGS in PID patients. A broad
range in diagnostic yields was found (15-79%). This was
explained by methodological differences (e.g., number of
PID-related genes evaluated) and by different a priori risks
for monogenetic causes of PID between the study populations.
Overall, NGS-based evaluations performed well in a clinical
setting.

Several studies described the clinical impact of their diag-
noses. It was previously described that a genetic diagnosis is
important for understanding the molecular mechanism of dis-
ease, for initiation of targeted therapy, for family counseling
and reproductive advice, and because it can end the so called
“diagnostic Odyssey” [22]. We found eight papers describing
these clinical implications; they were frequent and ranged
from changes in therapeutic approach to screening for malig-
nancies [27].

A number of observations can be made regarding the
patient populations in this review. First, as primary immu-
nodeficiencies are rare disorders, there were few large co-
horts describing specific PID phenotypes [2], with the ex-
ception of the studies by Abolhassani et al. reporting large
cohorts in patients with PID subcategories [22, 27]. Stray-
Pedersen et al. found varying diagnostic yields between
disease subgroups in their cohort, ranging from 13% for
autoinflammatory disorders to 100% for patients with
SCID [26]. This illustrates that NGS may be more useful
for certain PID sub-populations than others, depending on
factors such as complexity of the underlying genetic mech-
anisms, parental consanguinity rate, and environmental
factors.
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Second, eight out of 14 studies were performed in Western
countries, which could make the results less representative for
other regions. As the prevalence of PIDs varies greatly due to
differences in carrier rates of mutations, parental consanguin-
ity rates, and varying patterns of expression, the descent of the
included patients and the location where the research was
performed may have significantly influenced results [28].
Especially the two studies by Abolhassani et al. illustrate this,
reporting overall diagnostic yields of 79 and 68% in highly
consanguineous patient populations. Even in a subcategory of
patients with antibody deficiencies, a diagnostic yield of 68%
was reported [22, 27].

Third, six studies mention that a subset of patients had
received extensive genetic testing (for example, by Sanger
sequencing) prior to NGS-based evaluation. This may have
influenced the yield of NGS-based testing in a negative way as
obvious well-known candidate mutations were likely to have
been identified by prior Sanger-based testing. This difference
is illustrated by Al-Mousa et al. where a higher diagnostic
yield was found for new cases without any previous genetic
work-up in comparison with cases without prior genetic eval-
uation [24].

Apart from the type of patients undergoing testing, the
overall performance of NGS depends on several other
technical variables, including sequencing method, number
of genes analyzed, and interpretation pipelines. Due to the
limited number of studies included in this review, statisti-
cal analyses to identify factors that accounted for differ-
ences in yield over time could not be performed. Most
studies used array-based PID panels, and no clear differ-
ence in diagnostic yield was found between studies using
this approach and those using WES. No studies using
WGS were included in this review, although we identified
one case series using WGS that identified the genetic
cause of disease in 6/6 patients, indicating the diagnostic
potential of WGS [29]. Regarding the role of the number
of PID-related genes evaluated per study, we found that
most studies included a set of genes referenced in the
IUIS guidelines. A range of 12-365 PID-related genes
in the panels for the specific PID populations was found
and 60-571 in the panels for unsorted PID populations.
The heterogeneity in the number of genes used in the
different studies illustrates that currently only limited con-
sensus exists as to which genes should be investigated in
patients with suspected PIDs. Due to the frequent discov-
ery of new PID-related genes, any standardized gene set
in a PID panel will have to undergo regular updates to
include new genes; this may be especially challenging for
PIDs caused by a variety of genes such as CVID [30, 31].
In the Netherlands, in an attempt to provide uniform test-
ing, all genetic laboratories have adopted the same nation-
wide PID gene panel which undergoes three monthly up-
dates by consensus meetings.

Another technical factor that influences the diagnostic
yield of NGS is coverage of nucleotides. Low coverage
decreases the likelihood of NGS to retrieve pathogenic
mutations, and may be caused by a varicty of reasons
including insufficient reads of a specific region and map-
ping problems. For example, Nijman et al. reported a set
of nine genes that could not be adequately sequenced by
NGS, an issue also reported in several other studies [23,
32, 33]. This may be due to the presence of pseudogenes
(for example /KBKG and NCFI) or to high CG-content
[34]. These regions cannot be reliably analyzed using a
NGS approach based on short reads, and should be
targeted using alternative techniques. Long read technol-
ogies with low SNV error rates will solve these limita-
tions, but are still under development. The third reason
for low coverage may be the presence of CNV’s, which
may be missed by NGS and are identified more reliably
by WGS-based techniques [4, 35]. The fact that CNV
analyses can provide a considerable percentage of addi-
tional genetic diagnoses (on average 4.2% in the three
studies that provided these data) indicates that CNV anal-
yses can be a very valuable part of the diagnostic pipe-
line [26].

Finally, the clinical performance of NGS has been
shown to depend on method of subsequent interpretation
pipelines. We noted that different reference sets of DNA
variants were used in the pathogenicity analysis between
the studies. In the studies by Nijman et al. and Mukda
et al., the cutoff values for frequency of SNPs in healthy
control population was < 5% whereas most other studies
used < 1% or even lower cutoff values [23, 25]. Moreover,
most studies did not include intronic or synonymous vari-
ants in their analyses. Substantial heterogeneity was also
found between papers in the means used to evaluate the
pathogenicity of the DNA variants. Stray-Pedersen and
Rae followed the American College of Medical Genetics
and Genomics guidelines recommended for Mendelian dis-
orders, while others gave limited description how they
classified DNA variants [17, 26]. Software pathogenicity
prediction tools were employed most often, sometimes in
combination with functional assays, familial cosegregation
analysis, or other additional analyses. As the final diagnos-
tic yield greatly depends on the type and quality of these
procedures, some variants may have been falsely marked
as pathogenic, whereas other disease-causing variants may
have been missed. The heterogeneity between the articles
on this topic illustrates the need for more standardized
procedures to evaluate the disease-causing potential of
mutations.

The heterogeneity between the included studies is one
of the most important limitations of this review. An aver-
age diagnostic yield is difficult to establish as a broad
variety of factors has to be taken into account. For
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instance, we noted large differences in yields between the
studies performed in populations with low consanguinity
rates versus high consanguinity rates. A second limitation
is that case studies and case series <n=10 cases were
excluded. Many of these reports did in fact identify caus-
ative genetic mutations in the majority of their patients.
Pooling of these patients in future studies could provide
additional information. Studies that included patients with
VEO-IBD phenotypes were also excluded. Suzuki et al.,
for instance, used WES in order to identify the molecular
mechanism of disease for pediatric IBD in 35 patients.
Fifty-five genes were investigated, providing 14% of all
patients with a genetic diagnosis [36]. Interestingly, all
diagnosed patients were found to have PID-associated
mutations. Future research could investigate the efficacy
of targeted NGS PID-panels within this and other specific
PID-related patient groups.

NGS is a relatively new technique, and has given rise
to several questions outside the direct scope of this re-
view. First, the more genes sequenced, the more variants
will be detected of which the clinical significance is un-
known. When misinterpreted, these variants of unknown
significance (VUS) may hamper proper treatment and
may cause unnecessary distress to patients. A second is-
sue (especially in the application of unfiltered WES or
WGYS) is the possibility of discovering incidental findings:
pathogenic mutations in genes related to other illnesses
[17]. This is an important consideration as unfiltered
WES and WGS are likely to become increasingly more
relevant in the future [4]. Due to its comprehensive na-
ture, WES and WGS without PID filter have the ability to
provide patients with an alternative genetic diagnosis than
PID. Careful counseling of patients on this topic is indis-
pensable. Currently, however, the large amounts of data
generated by WES and WGS complicate its use as a rou-
tine first-line investigation, reason why currently the out-
put of WES and WGS is usually interpreted first with the

Appendix 1

application of a PID filter [34]. Third, even though NGS
can be cheaper than Sanger sequencing in certain groups
of patients, it remains expensive. Further research should
focus on the most appropriate place to use NGS in the
diagnostic pipeline in order to ensure the highest level
of cost-effectiveness. Last, even though the costs of
NGS are decreasing, the application of Sanger sequencing
remains important in several situations. For example, in
patients with a high suspicion of only one or two discase-
related genes, Sanger sequencing can be more effective
than NGS due to its high sensitivity and specificity and
usually relatively short time to diagnosis. Finally, NGS
may be a quicker and more comprehensive alternative,
but it can fail to detect certain mutations. For this reason,
Sanger sequencing is also required for the sequencing of
parts of genes that are poorly covered by NGS. Sanger
sequencing can also be used for confirmation of patho-
genic mutations identified by NGS, but this is only nec-
essary when results are inconclusive.

In conclusion, this systematic review shows that NGS
has the ability to contribute significantly to the identifica-
tion of molecular mechanisms in PID patients, thereby
altering clinical management. This highlights the potential
value of NGS in clinical practice. The diagnostic yields
presented in this review highly depended on their context
such as clinical background and technological perfor-
mance of the diagnostic method. Therefore, further re-
search should be performed in order to determine the ef-
ficacy and associated costs of NGS in patients with PIDs.
Moreover, a more standardized means of analysis should
be conceptualized in order to correctly identify the caus-
ative genetic defect in PID patients.

Compliance with Ethical Standards

Conflict of Interest  J.M. van Montfrans served on an advisory board for
Shire.

Table 4 Search string

P PIDD OR PID OR primary immunodeficiency OR primary immune deficiency

I NGS OR next generation sequenc* OR WES OR whole exome sequenc* OR targeted exome sequenc* OR
WGS OR whole genome sequenc*

Cc /
o /

Pubmed: P AND 1= 196 results
Embase: P AND 1=297 results
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