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Abstract
Dutch genome diagnostic centers (GDC) use next-generation sequencing (NGS)-based diagnostic applications for the
diagnosis of primary immunodeficiencies (PIDs). The interpretation of genetic variants in many PIDs is complicated because
of the phenotypic and genetic heterogeneity. To analyze uniformity of variant filtering, interpretation, and reporting in NGS-
based diagnostics for PID, an external quality assessment was performed. Four main Dutch GDCs participated in the quality
assessment. Unannotated variant call format (VCF) files of two PID patient analyses per laboratory were distributed among
the four GDCs, analyzed, and interpreted (eight analyses in total). Variants that would be reported to the clinician and/or
advised for further investigation were compared between the centers. A survey measuring the experiences of clinical
laboratory geneticists was part of the study. Analysis of samples with confirmed diagnoses showed that all centers reported at
least the variants classified as likely pathogenic (LP) or pathogenic (P) variants in all samples, except for variants in two
genes (PSTPIP1 and BTK). The absence of clinical information complicated correct classification of variants. In this external
quality assessment, the final interpretation and conclusions of the genetic analyses were uniform among the four
participating genetic centers. Clinical and immunological data provided by a medical specialist are required to be able to
draw proper conclusions from genetic data.

Introduction

Application of next-generation sequencing (NGS) has
become common practice in clinical laboratories for the
genetic diagnosis of multiple inherited disorders [1].
In the Netherlands, all genome diagnostic centers (GDC)
have implemented one or more NGS-based diagnostic
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applications [2]. These diagnostic methods currently are
the preferred method for genetic diagnostic analysis of
primary immunodeficiency disorders (PID) [3]. NGS
testing can be described by multiple stages of analysis [4].
The primary stage involves converting images or signals
from the sequencing instrument into sequence reads,
followed by read mapping in the second stage. During
the second stage, data are further processed with the
aim to generate a file in which sequence variations with
high-level summaries and annotations are stored. This file
has a standardized format named variant call format
(VCF) [5]. Data generated during this process enter the
tertiary stage.

The aim of variant interpretation, or tertiary stage, is
to link sequence variants to phenotypic features of the
patient, and thus provide a potential diagnosis. During this
stage, sequence variants from unannotated VCF files
are interpreted according to ACMG guidelines [6].
Clinically, important findings are identified to generate a
final report for the medical specialist. Many laboratories
have developed several tools to filter out specific
known benign variants so that only potential detrimental
variants need to be assessed by the clinical laboratory
geneticists [7, 8].

The generation of large amounts of data and the use
of complex bioinformatic pipelines to analyze these data
and classify variants also cause various challenges. The
bioinformatic pipelines and especially the interpretation
of data to confirm a definitive diagnosis differ between
different GDCs. PIDs are heterogeneous and not exclu-
sively monogenic disorders. Environmental and genetic risk
factors play a role in phenotypic presentation. Furthermore,
variations in specific genes that are important for immune
defense only lead to disease when the patient is exposed to a
specific pathogen. To ensure high-quality patient care,
uniformity and concordance in variant interpretation among
GDCs are required.

External quality assessments (EQA) have become an
important aspect of laboratory medicine, and have aided the
use of molecular diagnostics [9, 10]. An EQA usually
consists of the distribution of the same patient samples
to different laboratories for analysis and reporting, but
some EQA schemes ask for a retrospective assessment.
During retrospective assessments, known diagnostic cases
are shared with laboratories.

No EQA studies have been performed within the PID
field so far. A pilot EQA for severe combined immune
deficiency (SCID) is planned by EMQN in 2020 [11].
Therefore, a quality assessment was performed between the
four GDCs that perform PID diagnostics in the Netherlands.
We aimed to compare variant interpretation outcomes
between the different centers based on genetic tertiary data
analysis.

Materials and methods

Participating centers and samples

Four Dutch GDC participated in this study: Radboud Uni-
versity Medical Center (Nijmegen (Department of Human
Genetics, Division of Genome Diagnostics)), University
Medical Center Utrecht (Utrecht, (Department of Genetics,
Division Laboratories, Pharmacy and Biomedical Genet-
ics)), Erasmus University Medical Center (Rotterdam
(Department of Clinical Genetics)), and University Medical
Center Groningen (Groningen (Department of Genetics)).
All clinical laboratories are certified and accredited by
ISO15189.

The process of sample distribution is illustrated in
Fig. 1. Each GDC provided data for EQA from two DNA
samples from real patients that underwent whole-genome
sequencing (WGS) or whole-exome sequencing (WES) as
part of evaluation for possible primary immunodeficiency.
Laboratories provided one sample with a confirmed
genetic diagnosis and one sample with an unknown
genetic diagnosis. A genetic diagnosis was considered
confirmed when one heterozygous pathogenic (P) or likely
pathogenic (LP) classified variant was identified in case of
a disease with autosomal dominant inheritance, or when a
hemizygous variant was identified in case of X-linked
(recessive) inheritance. In case of disease with a recessive
inheritance, a genetic diagnosis was considered confirmed
if one homozygous or two compound heterozygous P or
LP classified variants were identified. This resulted in a
total of eight samples (n= 4 confirmed genetic diagnoses
and n= 4 unknown diagnoses). The unannotated VCF was
shared for variant interpretation by clinical laboratory
geneticists from each participating institution. Thus, every
center analyzed six external samples. No detailed clinical
data were shared, except for knowledge of an existing PID
phenotype, as often is the case in practice. Metadata that
could lead to identification of the patient was removed
before sending the files.

Workup per center

The characteristics of the NGS pipeline of every partici-
pating GDC are shown in Table 1. All samples underwent
workup according to the analysis pipeline of their own
center at the time the samples were initially processed in
each center. The choice for a specific sequencing approach
depended on availability in each institution. All centers
performed either WES or WGS.

Following the objective of this study—to analyze uni-
formity in data interpretation of variants in NGS-based
PID diagnostics based on VCF files—we did not compare
performance of sequencing platforms or bioinformatic
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pipelines based on technical parameters. The results focused
on the classification and reporting of variants and the uni-
formity thereof among different GDCs in the Netherlands.
The description of NGS pipeline is provided for informative
purposes and illustrated in Fig. 2.

Gene panel

In the Netherlands, a uniform gene panel for PIDs is used
nationwide. The panel is updated by consensus meetings,
primarily based on annual updates from the International
Union of Immunological Societies [12]. The gene panel
used in this study consisted of 389 genes (version 5, April
10th 2019). Only the genes in this panel were analyzed
(Supplementary Table S1).

Variant interpretation and classification

The participating clinical laboratory geneticists were asked
to analyze the six unannotated VCF files they received from
the other institutions using their own analysis pipeline and
standard workflow, and to report all variants that would be
reported to the medical specialist within the clinical setting.
The centers were autonomous in the application of a

specific strategy for providing an NGS-based diagnosis.
Variant interpretation occurred according to the classifica-
tion scheme of the American College of Medical Genetics,
i.e., P, LP, variant of unknown significance (VUS), likely
benign (LB), and benign (B) [6]. Only variants classified as
P, LP, and—in some cases—VUS were reported, depending
on autosomal dominance and relevance regarding pheno-
type. Per protocol, B and LB variants are never reported.

After interpretation, the results were compared and
described. Specifically, variants that would be reported to the
clinician or would need further investigation were compared
between the centers, and discussed in a teleconference.

Survey of experiences of clinical laboratory
geneticists

In order to evaluate the experiences of clinical laboratory
geneticists during the EQA, a questionnaire was sent to all
participants in the study (Supplementary Data). With the
results of the study, we hoped to improve future EQA. The
survey consisted of questions regarding the procedure of
data entry and handling within the center, the analysis of a
VCF file to create a report, the interpretation of data from
other GDCs, and the additional information as was provided

Site 1

Site 2

Site 3

Site 4

Sample 1A*

Sample 1B

Sample 2A

Sample 2B

Sample 3A

Sample 3B

Sample 4A

Sample 4B

Site 1

Site 2

Site 3

Site 4

Site 3

Site 4

Site 1

Site 2

Site 4

Site 1

Site 2

Site 3

Samples analyzed by

Fig. 1 Overview of sample distribution within the project per
site. Each site sent one sample with confirmed genetic diagnosis
(represented as a) and one sample with unknown genetic diagnosis

(represented as b) to three other sites, and received six samples from
the other sites.
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before analysis. Also, clinical laboratory geneticists were
asked for suggestions to further improve future EQA.

Results

Variant interpretation and classification

Variants evaluated and classified by clinical laboratory
geneticists that would be reported to the medical specialist
are displayed in Table 2, accompanied by the associated
phenotypes and pattern of inheritance according to the
database Online Mendelian Inheritance in Man [13].

Despite the variety in approach and analyses, variants
that would be included in diagnostic reports sent to the
medical specialist were consistent over the four centers,
except for eight variants. As shown in Table 2, the eight
variants were located in the following genes: RFXANK,
MEFV (CNV), IFIH1, NFKB2, GINS1, ADAR, LTBP3, and
PLEKHM1.

All variants that were classified (L)P within its origi-
nating center were also classified as such by other centers,
except for two variants. The PSTPIP1 nonsense variant p.
(Gln219*) from site 1 was classified as VUS by all sites,
except for a LP classification by site 2. Site 1 initially
classified the PSTPIP1 variant p.(Gln219*) from their own
VCF file as P because it concerned a truncating variant.

Because all pathogenic variants in PSTPIP1 so far reported
are activating missense variants, the final classification was
changed to VUS. A BTK nonsense variant p.(Arg525*)
from site 3 was classified P by all sites, except for a LP
classification by site 2 because there was not enough evi-
dence to classify it as P. Other differences in (L)P classifi-
cations occurred in a RFXANK variant p.(Ala63Thr) and a
GINS1 variant, both reported by site 2 in the samples from
sites 1 and 4, respectively. These variants were not reported
and classified by the originating center.

Survey

The results of the survey among clinical laboratory
geneticists revealed multiple suggestions for future EQA.
All stated that the absence of BAM files and clinical
information complicated the evaluation and interpretation of
variants for multiple reasons. First, the absence of BAM
files hampered the adequate assessment and exclusion of
artifacts. Second, clinical information and phenotype of
patients are essential to assess the relevance of specific
variants. Without clinical information, variants might fal-
sely be labeled irrelevant. For example, when a hetero-
zygous variant is found in a gene for a recessive disease that
would fit well with the phenotype of the patient. In that
case, additional genetic testing should be advised to search
for a missed second variant (e.g., a deletion) in that gene.

Blood 
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VCF file 

Variant calling
In-house developed pipelines
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Fig. 2 Overview of sample workup per center. The boxes left from
the horizontal line are related to the presequencing, sequencing, and
bioinformatics processes, and are not part of this study. These

processes have been performed prior to the study. The boxes right
from the horizontal line are related to variant interpretation processes
and have been performed during this study.
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Other suggestions consisted of the standardization of the
bioinformatic pipeline across centers to facilitate the
exchange of data.

Discussion

We performed an EQA to assess uniformity of interpreta-
tion and reporting of variants in NGS-based PID diagnostics
among Dutch GDC. To our knowledge, our study is the first
EQA for NGS-based PID diagnostics, and provides an
initial insight of the quality of genetic diagnostics in
this field.

The variants that led to a clinical diagnosis and that
would be included in a diagnostic report were largely
consistent over the four centers; the majority of the variants
classified as P or LP were identified and described correctly.
In order to efficiently share variants, it is necessary to
communicate the original genomic variant description next
to the annotated description. The participating Dutch
laboratories are used to share their variant data in this way
as described by Fokkema et al. [14]. Discrepancies related
to reporting and classifications between centers can be
attributed to differences in analysis and filtering of variants
after the sequencing process. Further synchronization of
filter pipelines may be important, but organization thereof
was beyond the scope of our study.

The results highlight the uniformity in data interpretation
of variants in NGS-based PID diagnostics within the
Netherlands, even without prior agreements on data inter-
pretation. This might be attributed to the harmonization
among Dutch clinical laboratory geneticists for the com-
plete PID gene panel within PID diagnostics. During
national meetings and conference calls, all participating
clinical laboratory geneticists discuss, together with
immunologists and clinical geneticists, specific inconclusive
cases, and the reporting of specific variants. These regular
meetings between the specialists have also led to a con-
sensus and uniform PID gene panel that is discussed and
agreed upon at least once a year, which is unique in Europe.
All clinical laboratory geneticists work according to
guidelines for NGS-based diagnostics [2]. The fact that
participating clinical laboratory geneticists work according
to a professional standard in a ISO15189-certified lab,
contributes to high-quality patient care and uniformity in
PID genetic diagnostics.

The nonsense variant in PSTPIP1 was classified as likely
pathogenic by one site and classified as VUS by the three
other sites. Moreover, the PSTPIP1 variant p.(Gln219*)
was initially even classified as pathogenic by site 1. This
shows that multidisciplinary discussions and data sharing
are necessary for genetic testing in the NGS era to achieve
correct and harmonized classifications among different

laboratories. When it comes to variants classified as VUS,
differences in reporting the variant to the medical specialist
occurred, which seems to be dependent on the available
clinical and immunological information of the patient. The
possibility to perform pedigree analysis and/or immunolo-
gical follow-up is an important next step for validating the
biological meaning of genetic findings, and is highly rele-
vant to understanding the disease manifestations in a given
patient.

By using only VCF files for data analysis, it is difficult to
discriminate between artifacts and real variants. Therefore,
accurate BAM-file assessment or Sanger confirmation is
essential to prevent misinterpretation and identify relevant
variants with a low quality (true or false variant).

Also, a study of Gargis et al. [4] suggests that an
important question during tertiary data analysis consists of
whether a variant might be disease-causing, and to which
extent the health outcome is relevant for the patient’s clin-
ical presentation. However, specific information regarding
patient phenotype was not made available during this EQA.
In this study, clinical laboratory geneticists were unable to
relate the genotype to the phenotype and immunological
data, which complicated the decision whether a VUS was
relevant to report. Especially in NGS-based diagnostics, a
clear description of clinical phenotype and immunological
test results is important due to several disease-specific
factors.

First, many PIDs are not solely monogenic, meaning that
environmental factors might influence the disease severity.
Also, multiple genetic risk factors, known and unknown,
may play a role in phenotypic presentation. Furthermore,
variations in specific genes that are important for immune
defense are not disease-causing but might—for instance—
cause a higher susceptibility for specific infections. This
shows that the variation itself is not disease-causing but
might be when the patient is exposed to the specific
pathogen. This complicates data interpretation, especially
when essential clinical information about the patient is not
present. An example of this situation occurred in the MBL
gene [15]. This gene possesses several common SNPs that
affect functioning of the mannose-binding lectin 2, and
variants of the MBL gene have shown to be associated with
an increased susceptibility of infections. This implies that
solely the variations of MBL are not disease-causing in
itself. This, again, highlights the importance and necessity
of clinical information of patients within PID diagnostics.

Second, many primary immune deficiencies show vari-
able penetrance of symptoms that can range from milder
forms to severe phenotypes of disease. In this spectrum,
modifying factors play a major role, resulting in different
expression levels of genes in the affected pathways. For
instance, adenosine deaminase-1 (ADA1) deficiency affects
lymphocyte development and function [16]. The phenotypic
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spectrum ranges from occurrence of SCID, which is usually
diagnosed in children aged 6–12 months, to partial ADA
deficiency with mild and benign phenotypes.

Within our study, a PSTPIP1 variant p.(Gln219*) was
reported, but classified differently by different sites. Var-
iants in PSTPIP1, or CD2BP1, are associated with the
autosomal dominantly inherited PAPA (pyogenic sterile
arthritis, pyoderma gangrenosum, and acne) syndrome [17].
Disease-causing variants of this gene might jeopardize the
mechanism responsible for maintenance of a proper
inflammatory response. However, it is unknown if loss-of-
function variants within PSTPIP1 gene are causing a phe-
notype. Adequate clinical patient information can support a
molecular diagnosis. The role of non-Mendelian inheritance
patterns might be of great importance for these cases [18].

Last, many of the symptoms that PID patients present
with (e.g., fever and infections) are highly frequent in the
general population. If no complete clinical phenotype is
described in genetic testing request, a link from a possible
disease-causing genetic variant to the clinical phenotype of
the patient might not be recognized. For instance, TWEAK
deficiency caused by a genetic defect in TNFSF12, might
cause common variable immunodeficiency (CVID)
accompanied by nonspecific clinical manifestations such as
pneumonia and warts [17, 19]. However, a recent study
shows that warts are the most common (41.3%) among
common skin diseases in Europe [20]. This complicates the
adequate interpretation of gene variants without proper
clinical information.

Other limitations of our study include the essential
aspects of EQAs in themselves. When performing EQAs,
Hastings and Howell [21] emphasize the importance of
predefined criteria. The participating centers did work
according to existing guidelines, and used a PID gene panel
based on consensus meetings and literature [2, 12]. How-
ever, a limitation of this study might be that predefined
criteria for analysis were not present prior to the EQA, and
all centers worked according to their own strategy. Fur-
thermore, EQAs usually simulate the existing diagnostic
processes before interpretation takes place [21]. This
implies that patient materials and clinical information are
distributed among the participating centers. Because we
only distributed unannotated VCF files within this study and
a minimum of clinical information, the interpretation of the
variants might have been hampered.

In conclusion, tertiary data analysis was largely con-
sistent among Dutch GDC, and can be used to assess uni-
formity in data interpretation. However, the technical
possibility to discriminate between artifacts and real var-
iants, and the availability of sufficient clinical and immu-
nological information, is necessary for proper interpretation
of genetic data. International sharing and discussing of
variant data, in addition to an international EQA for PID,

could further harmonize variant interpretation and thus
improve the quality of diagnosis and care for PID patients.
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