Journal of Clinical Immunology (2018) 38:320-329
https://doi.org/10.1007/510875-018-0489-8

ORIGINAL ARTICLE

@ CrossMark

Use of Genetic Testing for Primary Immunodeficiency Patients

Jennifer R. Heimall' - David Hagin? - Joud Hajjar® - Sarah E. Henrickson * - Hillary S. Hernandez-Trujillo>® -

Yuval Tan” - Lisa Kobrynski® - Kenneth Paris® - Troy R. Torgerson'® - James W. Verbsky'" - Richard L. Wasserman'? .
Elena W. Y. Hsieh'® - Jack J. Blessing ™ - Janet S. Chou'>'® . Monica G. Lawrence'” - Rebecca A. Marsh '® .

Sergio D. Rosenzweig'® - Jordan S. Orange®?' . Roshini S. Abraham??

Received: 10 November 2017 / Accepted: 16 March 2018 /Published online: 19 April 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Genetic testing plays a critical role in diagnosis for many primary immunodeficiency diseases. The goals of this report are to
outline some of the challenges that clinical immunologists face routinely in the use of genetic testing for patient care. In addition,
we provide a review of the types of genetic testing used in the diagnosis of PID, including their strengths and limitations. We
describe the strengths and limitations of different genetic testing approaches for specific clinical contexts that raise concern for
specific PID disorders in light of the challenges reported by the clinical immunologist members of the CIS in a recent membership
survey. Finally, we delineate the CIS’s recommendations for the use of genetic testing in light of these issues.
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Introduction

Genetic testing has been used in varied forms over the last
30 years for early diagnosis, treatment, and prevention of

Summary Statements 1. The Clinical Immunology Society (CIS) sup-
ports the use of genetic testing by clinical immunologists to provide state
of the art diagnosis and precision treatment for primary immunodeficien-
cy patients.

2. Genetic testing provides the ability to make a definitive diagnosis,
project prognosis based on genotype-phenotype association, utilize avail-
able targeted therapy and inform family planning decisions.

3. Genetic counseling should be provided before and after genetic testing
with an immunologist or genetic counselor with expertise in primary
immunodeficiency.

4. The choice of genetic test for a given patient should be made by the
immunologist within the context of the patient’s clinical history and other
phenotypic and functional results.

5. The use and application of individual Sanger sequencing tests, gene
panels and broader genomic approaches has different and rapidly chang-
ing cost and turn-around-time implications.

6. In patients in whom initial genetic testing is not conclusive, follow up
testing may be needed to determine a conclusive diagnosis.

7. Genetic testing should not be a pre-requisite confirmatory test to initiate
or continue disorder-specific or supportive therapy such as immunoglob-
ulin replacement in patients where the clinical history and routine testing
demonstrate a clear need for the therapy.
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severe and lethal diseases. The first use of genetic testing in
primary immunodeficiency (PID) dates to 1993 more than
40 years after the initial description of X-linked agammaglob-
ulinemia, with the identification of mutations in the BTK gene
(Bruton’s Tyrosine Kinase) [1]. Since then, and to a greater
extent since massive parallel sequencing became available,
the number of genes known to cause immunodeficiency and
immune dysregulation disorders has grown tremendously.
Improved understanding of the underlying genetic alternation,
when combined with clinical data and immune function anal-
ysis of a patient with PID can result in faster and more accurate
diagnosis. This is facilitated by performing targeted sequencing
of candidate genes suspected of causing the patient’s clinical
presentation. At the same time, and also as a result of the
expanding spectrum of genetic disorders with overlapping clin-
ical presentations, a semi-targeted sequencing approach has
been developed using gene panels to sequence multiple candi-
date genes associated with a relevant symptomatology. When
targeted and semi-targeted, sequencing approaches fail or an
unbiased approach to testing is advantageous, other tools can
be used in an attempt to establish a diagnosis. These include
whole exome sequencing, whole genome sequencing or “next
generation” sequencing panels that cover subsets or even all-
known, clinically relevant genes. In PID, the ability to identify
the correct, underlying molecular diagnosis has a direct impact
on prognosis and is an important guide for precision manage-
ment and counseling of the affected patient and family [2].
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The goals of this report are to:

1. Outline some of the challenges that clinical immunolo-
gists face routinely in the use of genetic testing for patient
care

2. Provide a review the of types of genetic testing used in the
diagnosis of PID, including their strengths and limitations

3. Describe the strengths and limitations of different genetic
testing approaches for specific clinical contexts that raise
concern for specific PID disorders in light of the chal-
lenges reported by the clinical immunologist members
of the CIS

4. Delineate the CIS’s recommendations for the use of ge-
netic testing in light of these issues

Challenges to Using Genetic Testing

The three major challenges to using genetic testing for evalu-
ation of PID are cost, accessibility, and interpretation. Genetic
testing expense can vary significantly dependent on the form
of testing used. For example, a simple karyotype analysis may
cost under $100 whereas genomic approaches currently can
cost over $10,000. There is also significant variation between
lab pricing and between insurance policies, making it very
challenging to predict or anticipate the costs of a specific test
for a specific patient. The expense of genetic testing is de-
creasing as technology improves, but the need for testing at
present price points has created some challenges. For exam-
ple, in a clinical commercial lab, list prices for sequencing a
single SCID related gene are as much as $2000, while a panel
of several genes associated with SCID is $4000. Therefore, if
more than two genes are considered to be diagnostic possibil-
ities, it would cost less to order the panel. Similarly, if the
presentation is broad enough that multiple genes or gene
panels might be considered, the cost of whole exome (WES)
testing as a trio test with parental comparisons can become the
most cost-effective strategy despite list prices approaching
$10,000 or more. When compared to whole genome sequenc-
ing (WGS), WES is less expensive with faster results because
of the greater simplicity of analysis (both from the challenges
of the sheer amount of raw data in WGS in addition to our
limited understanding of the range of normal and the full range
of possible deleterious variations in non-exonic DNA includ-
ed in WGS).

The second challenge, accessibility, is affected by many
aspects of the health care system. While genetic testing has
become more broadly commercially available and accepted
for diagnosis of disease, insurance companies have restricted
what will be a covered benefit for their customers, leaving
patients to shoulder a significant portion of the bill, or to forgo
testing that can significantly impact on prognosis and therapy

choices [3]. Although some commercial clinical genetic labs
will work with a given insurance plan and ensure that lower
costs are passed on to a patient, not all insurers engage in such
a process and, therefore, there is not uniform access to genetic
testing for patients, particularly those with limited financial
resources. This financial burden creates disparity in the ability
to prescribe targeted therapy for patients with PID. Outside of
the USA, costs of WES and WGS can be prohibitive, and
collaborative efforts to make these forms of advanced testing
available are essential for their application to optimize patient
care. In addition, some institutions will restrict the ability of
the clinical immunologist to directly order genetic testing,
requiring a formal consultation with a clinical geneticist.
Waiting for this second consultation can contribute to delays
in diagnosis. It is essential to determine the appropriateness of
genetic testing for each patient based on the clinical phenotype
and context, age, cost, and other clinical and non-clinical fac-
tors that would ideally represent a personalized medicine ap-
proach. The clinical immunologist is most qualified to evalu-
ate the need for genetic testing and, therefore, should make the
decisions on testing.

The third challenge inherent to some forms of genetic test-
ing is the challenge of interpreting the results, particularly in
the case of next generation sequencing (NGS) including WES
or WGS approaches to testing. NGS involves sequencing
many short DNA fragments and using algorithms to put them
together to determine the overall sequence. Interpretation of
genetic test results requires correlation between a positive
finding and the clinical disease phenotype. Finding a change
in a specific gene or chromosome does not always translate
into a disease or a specific diagnosis and not all changes will
have the same effect. For example, the differences between
loss of function and gain of function STAT3 mutations have
become strikingly clear. Generally, changes in DNA sequence
are referred to as “variants,” which highlights the large num-
ber of variants in each individual, the vast fraction of which do
not cause disease or harm to the individual. With the use of
WES in clinical immunology, beyond identifying known clin-
ically relevant pathologic variants, WES may also be useful to
foster novel gene discovery as well as increasing depth of
understanding of a given gene, i.e., identifying new variants
in previously implicated genes associated with a clinical phe-
notype or identifying new genetic defects that cause a given
clinical phenotype. However, with novel variants, it remains
challenging to decipher which variants are disease-causing
and proving their association with specific phenotypic pat-
terns. With a novel mutation in a gene, it is possible that a
given mutation can cause gain-of-function or loss-of-function
(or even have no effect on clinical presentation), so simply
identifying a known target gene, but finding a novel variant,
may not be informative without additional investigation.

In an effort to understand the perspective and challenges
faced by practicing immunologists surrounding genetic
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testing, the membership of the CIS was surveyed in 2016.
Members reported that the most common clinical testing de-
nied by insurers was genetic testing and the top 3 clinical
scenarios leading to a recommendation for genetic testing
were clinical primary immunodeficiency of unclear etiology,
severe combined immunodeficiency (SCID), and antibody
disorders. There was not a perceived difference in rates of
denial across different types of testing, including chromosom-
al microarray, single gene Sanger sequencing, gene panels by
Sanger sequencing, gene panels by NGS and whole exome
sequencing. Finally, when asked about factors that are per-
ceived barriers to genetic testing, including time needed to
explain the test, out of pocket costs to patients, provider com-
fort with interpretation of results, and availability of genetic
counselors, CIS members frequently indicated that out of
pocket costs to patients were a barrier always or most of the
time.

Genetic Testing Types
Chromosomal Microarray

Chromosomal microarray analysis (CMA), also known as ar-
ray comparative genomic hybridization (aCGH), is one of the
most frequently used microarray technologies in clinical ge-
netic laboratories. CMA detects chromosomal losses and
gains (copy number variants, CNV) throughout the genome
[4] through relative quantification of the amount of DNA in a
given region by comparing hybridization intensities between a
patient’s DNA and a normal control’s DNA [5]. Most current
CMAss utilize oligonucleotide platforms and can identify gene
deletions and duplications of approximately 200 kb or
200,000 nucleotides. This provides greater analytical sensitiv-
ity than conventional cytogenetics such as karyotyping. CMA
allows the detection of copy number variations (CNVs),
microdeletions, microduplications and most unbalanced rear-
rangements of chromosome structure (translocations, etc.) [6,
7]. Depending on the technique used or “platform,” CMA
may also detect excessive homozygosity (loss of heterozygos-
ity, LOH), suggestive of consanguinity, with increased risk for
recessive disease or imprinting disorders, triploidy and other
duplications of entire chromosome(s). An additional advan-
tage of CMA is that it enables the detection of losses and/or
gains of chromosomal material that are submicroscopic, and
because CMA analyzes DNA extracted from uncultured cells
from many different sources, it is both easier to obtain samples
and most often has a shorter reporting time compared to chro-
mosomal analysis [5]. CMA does NOT detect small changes
in the sequence of single genes (e.g., point mutations), very
small duplications and deletions of DNA segments within a
single gene, or balanced chromosomal rearrangements (either
translocations or inversions) [8]. It also does not detect
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intermediate CNVs of one to few exons, which requires a
high-resolution CMA that is not as frequently used clinically.
CMA is most useful as an initial genetic test when the clinical
phenotype is too non-specific to identify a single causal gene
or a narrow gene panel [9]. CMA can also inform the analysis/
filtering of WES/WGS data because of its ability to detect
areas of excessive homozygosity and insertions and deletions
which may yield insight into mutations identified on a single
chromosome (when phenotypes are associated with homozy-
gous mutations) or patients with deletions that include genes
of interest (which would be missed by WES). Note that SNP
arrays, which are the gold standard for CMA, are very useful
as an adjunct to a WES to ensure that CNV are not contribut-
ing to a clinical phenotype; the two tests complement each
other in their strengths and weaknesses.

Microarray technology in immunodeficiency has been used
to study gene expression in patients with known defects to
better understand the basic biology of the affected pathways,
and to expand understanding of the pathophysiology of the
disease [10]. CMA is commonly used in the diagnosis of
22q11 microdeletion syndrome (DiGeorge Syndrome). In ad-
dition, CNV analysis has been performed in CVID to under-
stand the genetic etiology of this heterogeneous immunologi-
cal disorder [11, 12]. A new immunodeficiency associated
with hyperdiploidy of the IL25 gene locus [13] has been re-
ported, highlighting another example of the value of CNV
analysis in understanding the pathogenesis of PID. CNVs have
also been reported in some of the complement genes as well as
other genes associated with PIDs and autoimmunity [14].

Single Gene Sanger Sequencing

Sanger sequencing is considered the 1st generation and gold
standard of genetic sequencing dating back to 1977 [15]. In
this technique, single-stranded DNA is replicated in vitro with
labeled deoxynucleoside triphosphates (INTPs) that terminate
DNA strand elongation and these varied length strands can be
used to “read” off the DNA sequence by concatenating the
last (labeled) base from the longest to the shortest strands.
Although it is expensive, laborious and time consuming, it is
a highly accurate form of genetic sequencing. It is able to
detect not just point mutations in a coding sequence, but also
intronic mutations, and some deletions and duplications.
However, some deletions may be missed and, depending on
the complexity of the gene and the primers used, some intronic
regions may also not be detected. In primary immunodeficien-
cy, single gene Sanger sequencing is a reliable method for
diagnosis when there is one clear gene that is most likely
causative. For example, sequencing of BTK in a male patient
with lack of immunoglobulin production and B cells but oth-
erwise normal immunologic studies. Single gene Sanger se-
quencing is also a reliable and cost effective method for
assessing family members of an affected patient for known
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mutations in monogenic forms of PID. Finally, it is a neces-
sary part of the clinical laboratory pipeline for technical con-
firmation of variants detected using WES.

Gene Panels by Sanger Sequencing vs. Next
Generation

In the setting of clinical syndromes and phenotypes that are
well characterized and have a high likelihood of belonging to
a subset of known genetic mutations (or known genes with
many possible mutations), gene panels can be a useful strate-
gy. Depending on the gene(s) suspected and the clinical labo-
ratory, there are panels available utilizing Sanger sequencing
and some that use NGS. There are positives and negatives to
each method.

Gene panels performed using Sanger sequencing technique
have higher sensitivity and specificity versus NGS testing, but
may miss mosaicism (a rare situation wherein patients may
have mutations only in certain tissues or a subset of progenitor
cells; as seen in the skin in Incontinentia Pigmenti). In addi-
tion, it can be challenging to detect large deletions, duplica-
tions or inversions with Sanger sequencing. It is also not pos-
sible to assess whether multiple variants within a single gene
are from the same parent or not if parental comparison sam-
ples are not sequenced in tandem. In addition, beyond the
technical limitations and benefits, Sanger sequencing can be
more expensive and more time consuming than NGS panels.
NGS is similar to Sanger sequencing in that it sequences DNA
fragments, but in NGS the process is massively parallel,
allowing millions of fragments to be sequenced in a single
run. Thus, NGS provides more expedient testing, though for
now may be less sensitive than Sanger sequencing.

The utility of gene panels is inherently limited no matter the
underlying technique used due to the focus only on the list of
included genes versus whole exome or whole genome studies
which are not restricted to a set list of target genes. This is a
limitation because we do not yet have a complete understand-
ing, in PID, of all the genes that can yield a given phenotype
and, as our understanding of PID rapidly evolves, it is chal-
lenging for panels to be updated quickly enough to keep pace.
In addition, with many gene panels, we may not be able to
easily detect splice site or regulatory mutations in known
genes due to the technical details of the procedure.
Currently, most gene panels are faster and cheaper than
WES/WGS but the exact cost threshold will shift over time
as NGS WES/WGS strategies continue to become less
expensive.

In a newborn diagnosed with SCID following a positive
newborn screen in whom multiple possible genes could un-
derlie the diagnosis and a fairly rapid result is desired, gene
panels are a reasonable initial approach to testing. In addition
to commercially available panels for SCID, there are also sev-
eral commercially available and clinically reliable panels for

hemophagocytic lymphohistiocytosis (HLH), chronic granu-
lomatous disease (CGD), antibody deficiency, hyper IgE syn-
dromes, or other common PID disorders with monogenic
etiologies.

Whole Exome Sequencing

WES examines the approximately 1% of the human genome
that is responsible for synthesized proteins that make up the
human body (i.e., the exons). Exomes are sequenced using
oligonucleotide probes (“baits”) that bind to the exome and
are then captured for sequencing. NGS techniques are used to
sequence the set of fragments and the resulting short “reads”
are aligned to the whole exome using complex computer al-
gorithms. Ideally, WES is performed as a TRIO, with submis-
sion of samples from the proband and both biologic parents to
allow determination of maternal or paternal inheritance. This
also allows the analysis team to leverage the known inheri-
tance pattern (i.e., is the phenotype shared with a parent, or
known to travel in the family) to include or exclude variants
shared with a parent as appropriate (i.e., with an affected child
of an affected parent, only shared variants would be likely to
be informative). WES, as a non-biased genetic testing ap-
proach, allows detection of non-traditional phenotypes of
known genetic mutations or novel genetic mutations.
Variants detected via WES should be confirmed with Sanger
sequencing. The detection and confirmation of variants of
unknown significance can represent a particularly fraught sit-
uation, where functional studies of the variant to determine its
true likelihood of being associated with the expressed pheno-
type can be challenging in some circumstances, but every
effort should be made use currently available functional stud-
ies paired with the knowledge of the expected impact on pro-
tein function to determine if variants are in fact pathologic or
benign.

Note that if a single mutation is identified in a gene that
causes a similar phenotype to that exhibited in the proband
when homozygous recessive mutations are present, the pro-
band may or may not have a normal second copy of the gene.
In this case, deletion/duplication Sanger sequencing of the
gene of interest is particularly important to complete the eval-
uation because large deletions and duplications are not opti-
mally detected in WES. If the second copy of the gene of
interest is deleted, the patient would effectively be homozy-
gous for the recessive variant identified on WES.
Additionally, in the era when the use of WES is rapidly in-
creasing, it is important to note that there can be false-
positives for copy-number variation (CNV) detection from
WES [16]. Depending on the platform, WES may not accu-
rately detect large insertions and deletions, large CNV and
structural chromosome rearrangements due to the short se-
quence read lengths fundamental to the methodology, though
new open-access bioinformatics tools are emerging for CNV
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analysis from WES data [17, 18]. The paired use of a SNP
array so that larger deletions/duplications are not missed, to
allow copy-number variant evaluation can overcome some of
the limitations of the WES [19]. Specifically, a SNP array is
useful as an adjunct to a WES to ensure that CNV is not
contributing to a clinical phenotype; the two tests complement
each other [2, 16].

It is important to note that WES will also assess unrelated
genes, which allows for discovery of novel immune pheno-
type associated genes, but will also reveal mutations in non-
related pathways (i.e., genes associated with increased risk of
malignancy or cardiovascular disease), with resulting ethical
and medical issues that attend the reporting of unanticipated
genetic findings.

As reported recently, ~25% of the known monogenic
causes of primary immunodeficiency were identified in indi-
vidual patients, rather than large families [20]. By only focus-
ing on the genes already known to be associated with primary
immunodeficiency in patients with complex phenotypes, the
possibility of discovering novel diseases is lost. In addition,
many gene panels may not be able to easily detect splice site
or regulatory mutations in known genes (panels vary widely
by vendor and it is difficult for vendors to keep their panels up
to date with the literature). Neither of these problems are an
issue with WES. In the first study of 250 consecutive WES,
21% of patients had an underlying genetic defect identified,
both in conditions with stable, classic phenotypes and those
with variable, less predictable phenotypes [21]. In a recent
report taking an unbiased approach to a large cohort of PID
patients, the diagnostic rate using WES approached 40%, with
some further increase given by pairing WES with tandem
CMA [2].

While we may broaden the phenotypes of the known ge-
netic causes of PID and discover novel monogenic causes of
PID, there is also the potential for overlap scenarios, in which
patients have complex, non-specific phenotypes due to multi-
ple contributing genes. In fact, in 6% of patients with a genetic
etiology identified in Yang et al., multiple variants were
thought to be causative. The same was recently identified to
be the case in PID [2].

Whole Genome Testing

The benefits of whole genome testing, vs. WES, rest on the
assessment of the entire genome, rather than the limited subset
portion of the genome captured in exome sequencing.
Specifically, WGS evaluates the majority of the 99% of non-
exonic content missed by WES. Since the exon “baits” used to
identify the exons for WES are based on prior knowledge,
they are limited to what is known and can miss novel exons
or poorly understood regions and thus not completely cover
even the exome [22]. In addition, with WGS, it is possible to
more confidently assess for non-coding variants (i.e., intronic
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mutations, splice site mutations, and other regulatory, non-
exonic mutations) as well as deletions and duplications that
can be missed in WES testing.

Theoretically, this additional data has the potential to yield
novel diagnoses for families and patients with primary
immunodeficiency.

Currently, WGS is not widely used clinically. The limita-
tions are the increase in cost (though this is decreasing rapidly)
and analysis complexity and time, as well as data storage
needs. In addition, while we are continually expanding our
knowledge of the genetics of human disease, our understand-
ing of the implications of variations in non-exonic DNA re-
main limited, so projected benefits to diagnosis may be de-
layed by our scientific understanding. However, large studies
are already being done for example, in CVID [23] and families
in whom a specific PID had not been previously diagnosable
[24]. With further technological and scientific progress, this
seems likely to be the future of genetic analysis of immuno-
deficiency. While the fact that approximately one quarter of
patients with clear phenotypes are found to have matching
genetic variants on WES seems to indicate that WGS would
at least increase that hit rate, there are, as of yet, no prospective
studies of cohorts or examinations of patients with negative or
inconclusive WES who were subsequently studied by WGS.

Use of Genetic Testing in Primary
Immunodeficiency

Prenatal Diagnosis

Genetic testing can be used for both pre-implantation and
post-conception testing of known mutations or genetic abnor-
malities in families with a history of a genetically defined
immunodeficiency [25, 26]. For example, in a family with
SCID due to IL2RG, genetic sequencing can be performed
[25] on embryos prior to implantation with use of in vitro
fertilization, or via chorionic villus sampling (CVS) or amnio-
centesis for established pregnancies. Similarly, in a parent
known to have deletion of 22q11.2 CMA could be performed
from a fetal or embryonic sample or more recently, via a ma-
ternal blood sample using cell free fetal DNA technology [27].
Knowledge of the immunodeficiency, either via pre-
implantation diagnosis or with post-conception prenatal test-
ing prior to birth, can be used to guide prognostic counseling
for the family and can lead to more effective use of preventa-
tive measures including plans for specific treatments post-
delivery to reduce the risk of infant morbidity and mortality
[26, 28]. Prenatal genetic testing is of uncertain, if any, value
for families that have experienced primary immunodeficiency
without a known molecular diagnosis, such as CVID without
a known genetic abnormality.
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Prognostic Indicator

Identification of a specific mutation that explains the patient’s
phenotype can aid in the prediction of the clinical course.
Examples of PIDs in which this genotype/phenotype correla-
tion exists include chronic granulomatous disease (CGD) [29,
30] and Wiskott-Aldrich Syndrome (WAS) [31]. WAS is an
example of a primary immunodeficiency with variable clinical
phenotypes that warrant very different management plans. For
example, identification of a nonsense mutation leading to ab-
sence of protein expression predicts a severe clinical course
with significant risk of the development of autoimmunity and
malignancy. Conversely, when a patient’s mutation is known
to allow for production of small amounts of WASp, these
individuals are more likely to have the X-linked thrombocy-
topenia (XLT) phenotype rather than the severe phenotype
associated with the WAS, and their treatment regimens are
different [31, 32]. While clinical scoring systems have been
developed to assist in making distinctions between XLT and
WAS, the use of these prior to age 2 may incorrectly predict a
milder clinical course [31]. Therefore, genetic testing could
lead to improved treatment paradigms. However, it is impor-
tant to keep in mind that early genotyping in isolation may not
allow an accurate prediction of natural history and prognosis.
Therefore, the proper place and application of genetic testing
is likely to evolve over time.

Similarly, CGD patient prognosis is impacted by the nature
of the mutation. CGD is primarily diagnosed by recognition
that a patient’s clinical phenotype suggests the disease com-
bined with screening laboratory testing that demonstrates an
inability of phagocytes to undergo a respiratory burst to form
reactive oxygen species. Evaluation cannot stop there, since it
is impossible to definitively distinguish between the X-Linked
and autosomal recessive forms of the disease based on func-
tional flow-cytometric assays that are widely available as
screening tools (though some laboratories do have protein
level flow assays for the components of the NADPH oxidase).
Among the forms of CGD, X-CGD tends to be associated
with lower residual oxidative capacity and therefore has a
clinical course that is more severe than the course of AR-
CGD genotypes, with significant differences in age at diagno-
sis and mean survival age [29, 33]. There is also recent data on
the importance of identifying and following carrier sisters and
mothers, given the demonstrated impact on their health [34].

In addition to the potential for differing prognosis based on
the specific mutation associated with a given immunodefi-
ciency as described above, definitive diagnosis via genetic
testing for patients with an atypical presentation of other im-
munodeficiencies can allow clinicians to better counsel pa-
tients on the expected disease course, avoid further unneces-
sary diagnostic testing, and direct therapy. For example, we
now know that in some patients with combined immunodefi-
ciency, previously managed as more severe common variable

immunodeficiency patients, mutations in genes known to be
associated with SCID are the underlying reason for their
symptoms ([35, 36] new references). Over the last 10 years,
a broadening spectrum of the phenotypes associated with
these and other molecularly immunodeficiencies has been de-
scribed. Some patients may benefit in terms of quality of life
from the knowledge of the cause of their symptoms.
Conversely, others may feel that having a genetic diagnosis
is undesirable for personal or professional reasons, which
should be discussed in the process of counseling and obtaining
informed consent for genetic testing.

Treatment Implications

Genetic testing for primary immunodeficiency by the methods
described previously is fully in line with the AAAAI practice
parameter for the diagnosis and management of PID immuno-
deficiency [37] because we expect that determining the mo-
lecular cause of the disease will often impact management. In
fact, we expect this link to become increasingly common as
more molecular mechanisms are discovered leading to
targeted therapeutic development. Genetic testing is also an
essential part of diagnosing conditions with immune dysreg-
ulation and should be considered a medically necessary part of
the comprehensive evaluation for overlap disorders of im-
mune dysfunction including inflammasome disorders, lym-
phoproliferative disease, and disordered immunity with sig-
nificant autoimmunity as the presenting feature. Also, disor-
ders due to gain of function (GOF) mutations, such as autoso-
mal dominant GOF in STAT1 or STAT3, are best diagnosed
using genetic testing. The presenting phenotypes are not al-
ways sufficiently definitive to allow for targeted gene testing.
It is important to note again here that it may be most cost and
time efficient to consider WES if the need to study multiple
panels or single genes is anticipated.

With the advent of population based genetic testing of
TRECs as a newborn screen for SCID, affected infants are
increasingly diagnosed prior to development of infectious
complications or a family history. Genetic testing is necessary
to be able to differentiate the cause of the near absence of T
cells in these patients because of the importance of genotype
in determining therapeutic approach. While many will have
true SCID, also high on the differential diagnosis list are dis-
orders associated with thymic agenesis, which are not amena-
ble to hematopoietic cell transplantation (HCT). In contrast,
HCT has been the mainstay of therapy for SCID for decades.
The differences in outcomes make it crucial to understand the
underlying cause of the absence of T cells. In addition, there
are clear differences in late effects of HCT of SCID including
survival, durability of T cell immune reconstitution and B cell
function that are impacted by genotype [38—40].

Patients with SCID due to recombinase activating gene
defects (RAG1/2) and adenosine deaminase defects (ADA)
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have been shown to have poorer T cell reconstitution after
HCT [41], but patients with defects in the common gamma
chain of IL2R, or Jak3 usually have engrafiment of T cells
with poor engraftment of B cells in the absence of pre-
transplant conditioning [38]. SCID due to mutations in CD3
or IL7 receptor « chain are more likely to have functioning B
cells despite a lack of donor chimerism and are more likely to
be able to discontinue immunoglobulin supplementation after
transplant even without conditioning [38, 39]. SCID caused
by mutations associated with radiosensitivity include
DCLREIC (Artemis), PRKDC, Lig4 (Ligase4), NHEJI
(Cernnunos), and NBS1 (Nijmegen breakage syndrome)
[42]. Among this group, those with defects in LIG4, NHEJI,
and NBS1 have an increase in early mortality associated with
myeloablative conditioning prior to transplant [42]. Patients
with Artemis SCID are more likely to have growth failure and
other late toxicities with exposure to alkylator based condi-
tioning regimens. In comparison, RAG gene defects do not
appear to increase susceptibility to DNA damage after expo-
sure to alkylating agents (such as Busulfan) and ionizing ra-
diation. Thus, pre-transplant conditioning regimens as well as
donor selection may be affected by the distinction between
these genotypes. Enzyme replacement therapy is uniquely
available as a bridge to definitive therapy for ADA SCID.
Finally, gene therapy is in clinical trials for ADA SCID and
IL2RG forms of SCID and is under development for other
SCID genotypes, which lends further support for the routine
use of genetic testing prior to HCT in SCID, because the safety
and effectiveness of HCT, and of different conditioning and
treatment regimens may be drastically changed by knowledge
of the genetic etiology of the disease [43].

In addition to SCID, many other primary immune deficien-
cies may be treated with HCT. Although it is desirable to have
a genetic diagnosis prior to transplant, supportive treatment is
usually initiated prior to transplant based on characteristic im-
munologic functional abnormalities. In some cases, such as
CTLA-4 haploinsufficiency or STAT3-GOF mutations,
knowing the underlying genetic diagnosis can also help to
guide choice of highly specific biologic supportive therapy
(i.e., in CVID, abatacept for LRBA [44] or rapamycin for
CTLA-4 haploinsufficiency [45]. In addition, diagnosis of ge-
netic defects such as deficiency in ILIR antagonist (DIRA)
have led to significant improvements in therapy using targeted
therapy with the recombinant IL1R antagonist, anakinra [46].

Most primary immune deficiencies are caused by single
gene mutations and are lifelong disorders requiring uninter-
rupted therapy. In these cases, delaying or interrupting the
therapy pending the completion of genetic testing constitutes
an unreasonable risk to the welfare of the patient. An example
of this scenario is XLA. XLA, caused by mutations in
Bruton’s tyrosine kinase, results in a complete absence of B
cells and affected patients have a lifelong defect in producing
immunoglobulins and antibodies. They are susceptible to
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overwhelming bacterial and certain viral infections. 1gG re-
placement is efficacious in treating this immune deficiency
and must be continued throughout life since there is no possi-
bility of spontaneous improvement in B cell production in
these patients. The absence of B cells and the inability to make
antibodies plus the absence of the BTK protein on flow cy-
tometry in a male patient is diagnostic. Thus, in this disease, a
requirement for genetic testing to demonstrate the need for
gamma globulin therapy is an unnecessary burden and can
delay needed therapy. However, other genetic forms of agam-
maglobulinemia can present similarly, and there is, therefore,
a role for genetic testing to allow for appropriate genetic
counseling of the affected patient and family members.
Many other PID, such as CGD and WAS, require lifelong
therapy and are diagnosed by non-genetic tests. Delaying or
interrupting therapy to require completion of genetic testing is
not an absolute requirement for making the diagnosis, nor
selecting the appropriate therapy.

Family Planning

The benefit of a molecular diagnosis extends far beyond the
affected individual. The obvious benefit of accurate genetic
testing is that it allows for the prediction of a clinical course
and selection of a treatment modality for a unique patient. It
also facilitates carrier detection and allows for genetic
counseling. In those diseases with both X linked and AR
forms (such as CGD), distinguishing between the two forms
can have implications for relatives of the patient who may be
carriers. In X-linked CGD, carriers exhibit a characteristic set
of'signs and symptoms [34] and can be at risk for development
of CGD symptoms if there is skewed lyonization. However, in
the AR forms, carriers have completely normal phagocyte
function; therefore, functional assays are also normal.
Knowing carrier status and understanding the risks with future
pregnancies can allow for family planning decisions that may
greatly reduce the risk of having affected children and there-
fore may reduce healthcare costs.

Concluding Recommendations

In conclusion, the Clinical Immunology Society puts forth the
following summary statements and consensus based recom-
mendations to guide the use of genetic testing for the evalua-
tion and care of primary immunodeficiency patients by the
practicing clinical immunologist.

1. The Clinical Immunology Society supports the use of
genetic testing by clinical immunologists to provide state
of the art diagnosis and precision treatment to primary
immunodeficiency patients. Practicing clinical immunol-
ogists have the necessary clinical knowledge to counsel
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patients regarding the use of genetic testing in the course
of an evaluation for primary immunodeficiency and to
determine which genes should be considered as well as
the scope of testing needed to potentially determine a
conclusive diagnosis. The membership of the CIS has
identified genetic testing as particularly desirable for, but
not limited to use in, patients with poorly defined primary
immunodeficiency (including immune dysregulation), se-
vere combined immunodeficiency and humoral
immunodeficiency.

2. Genetic testing provides the ability to make a definitive
diagnosis, defines and assesses the influence of genotype-
phenotype associations on prognosis, identifies patients
for gene specific therapy, and informs family planning
decisions. There are multiple benefits for patients who
are able to have their primary immunodeficiency molec-
ularly defined, including the ability to have a comparison
population for prognosis and to allow consideration of
personalized and targeted therapy, including gene therapy.
Once a proband is diagnosed, testing should also be of-
fered to family members who may also be affected, as
well as potential carriers of primary immunodeficiency
genetic abnormalities to inform their family planning pro-
cess as well as those carriers who have potential risk for
disease (e.g., CGD).

3. Genetic counseling should be provided before and after
genetic testing with an immunologist or genetic counselor
with expertise in primary immunodeficiency. Clinical im-
munologists who order genetic testing for patients should
be prepared to discuss (or refer the patient to a genetic
counselor for discussion of) the test results, the conse-
quences and nature of the disease, the probability of de-
veloping additional symptoms or transmitting the disease,
and the options open to them in management and family
planning.

4. The choice of which genetic test to use for a given patient
should be made by the clinical immunologist based on the
patient’s clinical history and other functional results.
Genetic tests should be ordered based on the initial pre-
senting clinical history and initial functional studies that
raise concern for primary immunodeficiency. The initial
choice to start genetic testing should be discussed with the
patient with an understanding that no single study is an
appropriate first test in all cases, and that secondary test-
ing such as CMA followed by gene panel or WES may be
necessary.

5. The use and application of individual Sanger tests, gene
panels, and genomic approaches has different and rapidly
changing costs and turn-around-times. The choice of one
vs. another test needs to be based upon the greatest like-
lihood of obtaining the diagnosis within a clinically ac-
ceptable timeframe with the most judicious use of finan-
cial resources. Since the technical, cost, and completion

time variables are changing so rapidly, it is not appropriate
to put forward a specific algorithm or paradigm. These
variables should be considered on a case-by-case basis
within the patient’s clinical context. When, potentially,
mutations in a large number of genes could be involved,
a gene panel or whole genomic approach may be more
cost effective and timely than single gene analysis.

6. In patients where initial genetic testing is not conclusive,
follow up testing may be needed to determine a conclu-
sive diagnosis. In patients where there is significant con-
cern for primary immunodeficiency, genetic testing may
need to be performed using a tiered approach or combi-
nation of genetic testing methods. In addition, the finding
of variants (including a single pathologic variant or vari-
ants of undetermined significance) may require follow up
functional studies to demonstrate the association of the
implicated gene with the expressed phenotype or to con-
firm that there are two mutations present in the case of
diseases associated with autosomal recessive inheritance.

7. Genetic testing should not be a pre-requisite confirmatory
test to initiate supportive therapy such as immunoglobulin
replacement in patients in whom clinical testing demon-
strates a need for the therapy. In primary immunodefi-
ciencies where functional testing demonstrates a conclu-
sive need for supportive therapy such as immunoglobulin
replacement or antibiotic prophylaxis, such therapies
should not be withheld while genetic testing results are
pending. Similarly, in patients with a genetically defined
primary immunodeficiency requiring supportive therapy,
the therapy should be continued lifelong without interrup-
tions to reassess immune function or demonstrate contin-
ued need for the therapy.
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