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Abstract

Background: Prospective genetic evaluation of patients at our referral research hospital presents
clinical research challenges.

Objective: This study sought not only a single-gene explanation for participants” immune-related
presentations, but viewed each participant holistically, with the potential to have multiple genetic
contributions to their immune-phenotype and other heritable comorbidities relevant to their
presentation and health.

Methods: We developed a program integrating exome sequencing, chromosomal microarray,
phenotyping, results return with genetic counseling, and reanalysis in 1505 individuals from 1000
families with suspected or known inborn errors of immunity.

Results: Probands were 50.8% female, 71.5% >18 years, and had diverse immune presentations.
Overall, 327/1000 probands (32.7%) received 361 molecular diagnoses. These included 17
probands with diagnostic copy number variants, 32 probands with secondary findings, and

31 probands with multiple molecular diagnoses. Reanalysis added 22 molecular diagnoses,
predominantly due to new disease-gene associations (9/22, 40.9%). One-quarter of the

molecular diagnoses (92/361) did not involve immune-associated genes. Molecular diagnosis was
correlated with younger age, male sex, and a higher number of organ systems involved. This
program also facilitated the discovery of new gene-disease associations such as SASH3-related
immunodeficiency. A review of treatment options and ClinGen actionability curations suggest that
at least 251/361 (69.5%) of these molecular diagnoses could translate into >1 management option.
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Conclusion: This program contributes to our understanding of the diagnostic and clinical utility
whole exome analysis on a large scale.

CAPSULE SUMMARY:

Comprehensive exome analysis has diagnostic and clinical utility: one-quarter of the molecular
diagnoses in this study were found in genes not associated with inborn errors of immunity.

Keywords

genomics; exome sequencing; chromosomal microarray analysis; copy number variation;
Mendelian disorder; secondary findings; immunology; immune system; genetics; inborn errors
of immunity

INTRODUCTION

The use of genomics in clinical research has evolved substantially over the past decade. For
patients with immune defects, like other rare diseases, a timely molecular diagnosis reduces
unnecessary testing, guides medical management, and facilitates recurrence risk assessment

Q.

Indeed, researchers have successfully leveraged genomics to define hundreds of Mendelian
disorders of the immune system, (2) often illuminating basic biology in the process (3,4).
New mechanisms underlying specific forms of inborn errors of immunity (IEI) have
facilitated precision medicine through novel targeted treatments for rare diseases (5) and key
advances for common diseases (6). And yet, interpretation of next-generation sequencing
(NGS) data from panel, exome, genome, and structural variant assays remains a challenge.
Specifically for patients with IEI, the role of multiple molecular diagnoses (i.e., potentially
leading to “blended phenotypes’), integration of copy number variant (CNV) analysis, and
the utility of re-analysis remains largely unexplored.

A recent review of the application of NGS in IEI examined the molecular diagnostic yield
across fourteen studies using gene panels and/or exome sequencing. Diagnostic yields

were highly variable (15%-79%), depending upon cohort characteristics, gene panel size
(ranging from 12-571) and sequencing approaches. CNV assessment increased diagnostic
yield by 4.2% on average. However, the heterogeneity and lack of methodological detail
regarding assessment of variant pathogenicity highlights the need for a more standardized
analytical approach (7). Limited analysis of exome data through phenotype-directed ‘virtual
IEI panels’ reduces diagnostic yield. In another study of 61 unrelated participants with IEI,
the authors performed an extended analysis of 4,813 disease-associated genes after first
screening 260 IEI-associated genes. Findings unrelated to the immune system comprised
36.8% of the molecular diagnoses from this study (n = 7/19) (8), underscoring the diagnostic
utility of analyses not limited by organ systems.

For this study, we comprehensively evaluated participants’ exomes, returned results to
participants with a written report, and provided counseling. Clinically relevant findings were
defined as primary findings related to a participant’s phenotype, secondary findings (SF) as
recommended by the American College of Medical Genetics and Genomics (ACMG) (9),
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and incidental findings, those which were unsuspected clinically but had strong evidence
supporting pathogenicity. While single gene, Mendelian models of heritable disease have
been highly successful, we recognize that these models are simplistic and cannot explain
the complete genetic architecture of IEl. Recent genomic innovations such as polygenic
models of disease, susceptibility, and modifiers must be studied and then translated into
clinical care. Clinicians and researchers are beginning to consider a more comprehensive
view of their patients’ genomic data, considering not only single-gene etiologies but also
the possibility of multiple other molecular diagnoses, low-penetrance variants, modifiers,
and the use of predictive genomic medicine such as actionable secondary findings and
pharmacogenomics. This clinical sequencing program is a first step in that direction.

We present the results of the first 1,505 participants from 1,000 unrelated families. Our
program encompassed clinical exome sequencing with chromosomal microarray analysis
(CMA), a standardized analytic approach to the entire data set (not only IEI genes) based

on the ACMG variant interpretation guidelines(10), detailed standardized phenotyping using
the Human Phenotype Ontology (HPO) (11), reanalysis, and return of results with genetic
counseling.

METHODS

Population

A total of 1,505 individuals from 1,000 unrelated families were recruited from the National
Institute of Allergy and Infectious Diseases (NIAID) Division of Intramural Research
(DIR) between 2017-2019 to enroll onto a centralized sequencing protocol. The study

was approved by the NIAID Institutional Review Board (NCT03206099). All participants
provided written informed consent.

The primary inclusion criterion was co-enrollment of the proband in another NIAID research
protocol. Collaborating NIAID investigators performed detailed clinical evaluations of
probands, which were subsequently coded using the HPO (details in online repository).
Individuals with molecularly confirmed or clinically diagnosed genetic disorders prior

to enrollment were included. In fact, many participants had extensive prior evaluations,
including genetic testing. The status of prior research-based genetic testing, particularly
when inconclusive, could not always be ascertained. Standardizing the baseline genetic
evaluation across this rich cohort is a goal of our program.

Sequencing and CMA Methods

Research-based exome sequencing was performed on all study participants (details in
online repository). Relevant findings were confirmed by Sanger sequencing or other
appropriate methods meeting Clinical Laboratory Improvement Amendments/College of
American Pathologists (CLIA/CAP) requirements. CNVs were evaluated with an Agilent
180K custom oligonucleotide chromosomal microarray on a subset of participants (details
in online repository). Cases were prioritized for CMA based on clinical judgment regarding
syndromic presentation, early age of onset, or a single high-priority variant identified by
sequencing for a recessive condition.
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Ancestry Inference

We generated genomic ancestry principal components from germline variation using peddy
version 0.4.6 (12) and the 1000 Genomes phase 3 reference panel of 2,504 individuals (13),
and principal components 1, 2, and 3 were plotted using the ggplot2 package in R (14).
Self-reported race and ethnicity were also collected from all participants.

Data Interpretation

Clinical interpretation of variants was performed according to the ACMG guidelines(10)
using the Genomic Research Integration System (GRIS) developed by the NIAID
Bioinformatics and Computational Biosciences Branch (https://www.niaid.nih.gov/research/
bioinformatics-computational-biosciences-branch). GRIS is a custom tool that integrates
seqr [https://seqr.broadinstitute.org/] and PhenoTips [https://phenotips.com/] in a secure
web-based portal. Functional data was used to inform the classification of variants in select
cases, particularly when performed as part of a clinical assay (e.g., dihydrorhodamine testing
for chronic granulomatous disease). Research-based functional testing, which is highly
informative in establishing pathogenicity, was also performed for select cases, although

not pursued systematically. For further detail on data interpretation, quality control, and
illustrative examples for detailed genetic variant assessments, see online repository.

For the purposes of this summary, a case was classified as having a molecular diagnosis in
the following scenarios: (1.) hemizygous or heterozygous pathogenic or likely pathogenic
variant(s) for disorders that include X-linked inheritance in males or autosomal dominant
inheritance in either sex; (2.) two pathogenic or likely pathogenic variants in the same gene
for disorders with autosomal recessive inheritance where segregation data were consistent
with a trans configuration or phase was unknown; (3.) one pathogenic or likely pathogenic
variant plus a variant of uncertain significance (VUS) in the same gene for disorders

with autosomal recessive inheritance where segregation data was consistent with a trans
configuration or phase was unknown.

Reanalysis was performed by using variant- and case-level approaches, consistent with
ACMG guidance (15):

1. The cohort received a targeted variant-level reanalysis in the spring of 2021,
focusing on recently published disease-gene associations and recently published
variants within the Human Gene Mutation Database that were also present in our
database.

2. When additional relatives were added to a case, or a referring team requested it
(typically in cases of evolving phenotypes), case-level reanalysis was performed.

All variants implicated in a molecular diagnosis are submitted to ClinVar under submission
abbreviation: NIAID_CSP.

Statistical Methods

Cohort demographics were assessed using descriptive statistics. Multiple logistic regression
was performed to determine the correlates of molecular diagnosis and receipt of a variant of
uncertain significant with the following model: ~Sex + Age + Inferred ancestry + Top-level
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HPO Term Count + Absence of heterozygosity (AOH) >10 Mb over multiple chromosomes
+ (Age x Sex). All analyses were done in R version 4.0.2 (16). Scripts are included in the
online supplement.

RESULTS

Participants

We performed genetic analyses on 1505 participants (1000 probands and 505 relatives).

All participants received exome sequencing and 430 received CMA (374 probands and

56 relatives). Probands were predominantly adult (71.5% > 18 years; range 0-90 years)

and 50.8% female. Four probands (0.4%) were evaluated posthumously. Participants’
self-identified race and ethnicity is presented in Table 1. Principal component analysis
predicted 796, 70, 66, 51, and 17 out of 1000 probands had genomic ancestry derived

from European, admixed American, African, East Asian, and South Asian superpopulations
(17,18), respectively (see Figure E1 in the Online Repository).

The cohort was predominantly non-consanguineous. Eighteen probands (1.8%) had AOH
suggestive of recent identity by descent, defined as mean AOH length across multiple
chromosomes of >10 Mb(19).

One quarter of probands had at least one previous molecular diagnosis (256 with 260 prior
molecular diagnoses) from prior clinical or research genetic testing.

Probands had a wide range of immune abnormalities ranging from disseminated or recurrent
infections to multi-organ autoimmune, inflammatory, or atopic conditions, either in isolation
or in combination (See Figure E2 and Table E5 in the Online Repository). Approximately
one quarter of the probands (249/1,000) had phenotypes involving more than 11 top-level
HPO categories, which roughly correspond to organ systems. The most common top-level
HPO categories in order of decreasing frequency were the immune system, respiratory
system, digestive system, integument, and cardiovascular system.

Molecular Diaghoses and Other Findings

Findings in the Full Cohort—Approximately one-third of probands 327/1,000 probands
(32.7%) received at least one molecular diagnosis (361 total molecular diagnoses) (Figure
1). Specifically, 296/1,000 (29.6%) probands received a single molecular diagnosis and
31/1,000 (3.1%) received multiple molecular diagnoses; 28/1,000 (2.8%) probands had

two diagnoses and 3/1,000 (0.3%) probands had three diagnoses (See Table E1 in the
Online Repository). The multiple molecular diagnoses more often affected distinct (n =

26) rather than overlapping organ systems (n = 5) for a given participant. An example

of distinct organ systems would be P0002940, who received the molecular diagnoses of
FAS-related autoimmune lymphoproliferative syndrome and SLC12A3related hypokalemic
metabolic alkalosis; an overlapping organ system example would be P0002231, who
received molecular diagnoses related to defects in STA7Z and TNFRSF13B.

Of the molecular diagnoses, 249/361 (69.0%) had autosomal dominant inheritance; the
remaining were either autosomal recessive (79/361, 21.9%) or X-linked (33/361, 9.1%). Of
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note, 77/403 (19.1%) of the variants contributing to these 361 molecular diagnoses had not,
to our knowledge, been previously reported in the literature (Figure 1).

Additionally, 196 variants not constituting a molecular diagnosis (e.g., VUS, single
pathogenic or likely pathogenic allele in recessive condition) were reported in 157 probands
(15.7%) (See Table E4 in the Online Repository).

Molecular diagnoses in genes associated with IEI—Three quarters (270/361,
74.8%) of molecular diagnoses reflected specific patient populations that are investigated
within the NIAID DIR (e.g., GATAZ, FAS, PIK3CD, AIRE, STAT?3) or disorder included
in the 2021 update of the 1UIS gene list (2). The most common molecular diagnoses in
this category included variants in A/RE (n = 25), PIK3CD (n = 22), NLRP3 (n = 20),
TNFRSF13B (n = 15), and FAS (n = 14) (Figure 1).

Molecular diagnoses in genes not implicated in IEl at the time of analysis—For
83/1,000 probands (8.3%), exome sequencing, CMA, and subsequent analyses resulted in
91 molecular diagnoses across 64 genes or genomic regions not included in the 2021 IUIS
list(2) (See Table E2 in the Online Repository). These were comprised of four types of
findings:

1. Findings in genes related to immunology or infectious disease research at our
institution but not on the 1UIS list. These included primary ciliary dyskinesia (n
=10) and K/7-related mastocytosis (n = 7).

2. Findings in novel genes related to IEI. Specifically, these included individuals
with pathogenic variants in GIMAP5 (n = 2) and SASH3 (n = 2).

3. SFs: 32 probands received 33 molecular diagnoses across 15 genes based
on the ACMG recommendations for SFs v2.0 (9) (See Table E2 in the
Online Repository) that were apparently consistent with the proband’s personal
or family history in 18/33 (54.5%) cases. The most common secondary
molecular diagnoses were LDLR-associated familial hypercholesterolemia (n
=7), BRCAZ-associated hereditary breast and ovarian cancer syndrome (n =
7), and MYBPC3-associated hypertrophic cardiomyopathy (n = 3). Of note,
the occurrence of molecular diagnoses related to Loeys-Dietz syndrome were
enriched in this cohort due to an active Loeys-Dietz syndrome research program
at NIAID; participants with molecular diagnoses consistent with Loeys-Dietz
syndrome and recruited from that research program were excluded from this
discussion of S5 (n = 12).

4, Other findings: the remaining 39 probands received 41 molecular diagnoses
outside of the IUIS or ACMG gene lists. These molecular diagnoses included
relatively common genetic disorders such as, multi-gene deletion/duplication
syndromes (n = 6), polycystic kidney disease (n = 2), Charcot-Marie-Tooth
disease (n = 1), GJBZ2-related deafness (n = 1); and exceedingly rare syndromes,
such as FAM111B-related hereditary fibrosing poikiloderma, with tendon
contractures, myopathy, and pulmonary fibrosis (n = 1).
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Participants with prior molecular diagnoses—Given the extensive prior evaluations
performed on this cohort of participants, 256/1,000 (25.6%) probands were referred to

our program with 260 apparent reported prior molecular diagnoses; all were re-sequenced.
Most of these probands (223/256, 87.1%) had molecular diagnoses from the IUIS gene list
(224/260, prior molecular diagnoses, 86.1%). Among these probands with prior molecular
diagnoses, 3/256 (1.2%, excluding the 12 patients with Loeys-Dietz syndrome) had a prior
molecular diagnosis involving a gene on the ACMG SF list. Prior molecular diagnoses
were confirmed in 98.5% of the cases (256/260); the four exceptions were related to a
gene in which variants cannot be reliably detected by NGS or Sanger sequencing due

to a pseudogene (NVCF1, n = 4). In one case with a prior molecular diagnosis, biallelic
LRBA variants were analytically confirmed. However, the pathogenicity classification

was downgraded as being inconsistent with a molecular diagnosis, based upon updated
population-based variant frequency data.

Importantly, in multiple cases (25/256, 9.7%), our exome analyses on participants with prior
molecular diagnoses demonstrated additional, previously unrecognized genetic contributions
to their disease, comprising a total of 28 additional molecular diagnoses. These additional
molecular diagnoses included SFs (n = 11 probands with 12 SFs), likely pathogenic variants
in TNFRSF13B (n = 3 probands), molecular diagnoses from CMA (n = 3 probands), and
other findings (n = 8 probands).

Participants without prior molecular diagnoses—Most of the referred participants
(744/1,000, 74.4%) did not have an apparent molecular diagnosis at the time of enrollment;
an unknown proportion of these participants had prior non-diagnostic genetic evaluations.
In 75/744 (10.1%) we identified at least one molecular diagnosis; of these, two cases
(2175, 2.7%) received two molecular diagnoses. More than a third of these new molecular
diagnoses (30/77, 39.0%) were identified in genes from the 1UIS list. The remaining 47/77
(61.0%) of new diagnoses were not part of the 2021 IUIS list.

CMA contribution to molecular diagnoses—Among probands where CMA was
performed (n = 374), 17 had 18 CNVs that contributed to a molecular diagnosis (17/1,000
= 1.7% of total probands, 17/374 = 4.5% of probands with CMAs) (See Table E4 in

the Online Repository). In 16/18 (88.9%) of these CNVs, CMA findings led directly

to a molecular diagnosis through a heterozygous or homozygous defect, inherited in an
autosomal dominant or recessive pattern, respectively. In 2/17 probands (11.8%), one allele
was identified through exome sequencing and one allele was identified through CMA
(DOCK&-related immunodeficiency and DNAH5-related primary ciliary dyskinesia).

In total, 9/18 (50.0%) of the CMA-based molecular diagnoses were from genes on the IUIS
gene list, including FAS (n = 2), DOCK8 (n = 2, one of which was caused by segmental
uniparental isodisomy), /7TGB2(n = 1), IRF2BP2 (n=1), MAGTI(n=1), IL36R (n =

1) and A/RE (n = 1). One of 18 (5.5%) was from a gene on the ACMG SF list, although
this proband was recruited through the Loeys-Dietz syndrome research program. Nine of 18
(50.0%) were related to other findings such as PMP22-related Charcot-Marie-Tooth disease
(n = 1), DNAH5related primary ciliary dyskinesia (n = 1), copy number gain consistent
with tetrasomy 9p (n = 1), or multi-gene deletion/duplication syndromes (n = 6).
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New gene identification (See Table E3 in the Online Repository)—Our program’s
infrastructure has been key in establishing novel causes of IEI, even within the first

1000 families enrolled. Employing a systematic approach to data sharing across NIAID
research groups, this program facilitated identification of pathogenic defects in SASH3
associated with combined immunodeficiency with immune dysregulation (20). Another
participant from this cohort was identified as having G/IMAP5-related immunodeficiency,
which to date, has only been described in four kindreds (21), [BioRxiv https://doi.org/
10.1101/2021.02.22.432146]. Lastly, participants originally recruited into other NIAID
research protocols and subsequently referred to our program were included in novel gene-
disease associations for NCKAPIL (22) and PIK3CG (23) since the start of this program.

Reanalyses—Using targeted reanalysis, we identified 22 new molecular diagnoses, which
were included in the above descriptions (22/361 molecular diagnoses were identified

by reanalysis, 6.1%). Approximately 15.1 to 34.0 months elapsed between the initial
analysis and reanalysis (median = 23.9 months). Newly described disease-gene associations
accounted for 9/22 (40.9%) molecular diagnoses, including the genes G/IMAPS5 (n = 2),
SASH3(n =2), IL6ST (n =1), NCKAPIL (n=1), SOCSI(n=1), PIK3CG (n = 1), and
PPP3CA (n = 1). Upward re-classification of a variant based on all the current evidence
was also a major driver of new molecular diagnoses, contributing 5/21 (23.8%) cases and
involving the genes STA73(n = 1), DOCK8(n=1), CYBB (n=1), BRIPI(n=1),

and 7NFAIP3 (n = 1). Two additional cases (2/21 or 9.5%) were identified by careful
re-evaluation of the regions implicated by CNV detected via CMA, including an association
of 22q duplication (n = 1)(24) and 1942 deletion including the gene /RF2BP2 (n = 1). As
well, the addition of new segregation data yielded diagnoses involving the genes VWF (n
=1) and HMBS (n = 1), and additional clinical data yielded diagnoses involving the genes
ATPIAI(n=1)and MYH7(n = 1). Finally, a partial update to the ACMG SF list that
included PALBZaccounted for new molecular diagnoses (n = 2) upon reanalysis. In total,
42.9% (9/21) of these new molecular diagnoses were represented in the current 1UIS list
(See Table E4 in the Online Repository).

Correlates of Molecular Diagnosis

Younger age, higher number of top-level HPO terms, and male sex were significantly
associated with a molecular diagnosis, with odds ratios 0.97 [95% confidence interval (Cl):
0.96-0.98; p = 8.63e-10] for each year increase in age; 1.11 [95% ClI: 1.06-1.16; p=
2.86e-05] for each unit increase in top-level HPO term count, and 1.95 [95% ClI: 1.15-3.32,
p=0.014] for male sex). Consistent with this finding, the effect of male sex appeared to

be driven by X-linked molecular diagnoses, as it was no longer significant after removing
participants with X-linked molecular diagnoses from the model (p = 0.085). The median age
of those receiving a molecular diagnosis was 22.0 years versus 43.0 years for those with

an inconclusive analysis. Inferred ancestry and mean AOH were not significantly associated
with a molecular diagnosis or the likelihood of receiving a variant of uncertain significance,
nor was there evidence of an interaction of age and sex.
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DISCUSSION

To our knowledge, this is the largest systematic study of clinical molecular genetic analysis
in families with immune-related phenotypes reported to date from a single center. We
performed exome sequencing on 1,505 participants from 1,000 unrelated families, and
applied CMA in a targeted subset. This approach sought to fully integrate genomics into

the clinical care of our participants, tracking each exome sequencing or CMA request with
CLIA-validated results documented in the electronic medical record and providing genetic
counseling. This transparency, uniformity, and clear delivery of clinical genetic data is
distinguished from sequencing predominantly for research, which tends to be more fluid

or ad hoc to maximize discovery. Throughout this program we sought not only a single

gene or Mendelian explanation for a participant’s suspected IEI, but viewed each participant
holistically, as an individual with the potential to have multiple genetic contributions to their
IEI and other heritable comorbidities relevant to their clinical presentation and future health.

The wide range in diagnostic yield from exome sequencing reported in the literature is
highly dependent upon cohort characteristics, sequencing technology, and analyses (7,25).
We identified a molecular diagnosis in a third of our probands, with young age, male sex,
and multi-system involvement being associated with a greater likelihood of receiving a
molecular diagnosis. This is consistent with prior reports across various clinical settings
(1,26,27). Among the molecular diagnoses, 4.4% were due to CNV, consistent with prior
publications (7). To date, the IEI literature on exome sequencing has largely focused on
molecular diagnostic yield of gene lists summarized by IUIS (2,28,29). A quarter of our
molecular diagnoses fell outside of this category, demonstrating the diagnostic advantage of
analyzing the entire exome. This is consistent with limited prior reports in the IEI field but is
yet to be reported at this scale (1,8).

Many non-1UIS molecular diagnoses were expected given the parameters of the IUIS gene
list. For example, the IUIS list excludes genes causing primary ciliary dyskinesia, which
creates a susceptibility to respiratory infection due to poorly functioning cilia rather than
an IEl (30). Other non-1UIS molecular diagnoses presented opportunities to consider non-
immune genes that that might cause phenotypes overlapping with IEI. For example, we
identified a pathogenic variant in FAM111Bin a proband with mucocutaneous candidiasis,
hypoparathyroidism, hepatitis, pneumonitis, alopecia, vitiligo, and Sjogren’s syndrome --
features sometimes observed in A/RE deficiency (31-33). The FAM111B defect explained
several of these symptoms, as well as myopathy, skin abnormalities, and hemorrhagic
diathesis.

Other non-1UIS molecular diagnoses delineated complex phenotypes (e.g., CAMKZB for
epilepsy; PMPZ22 duplication for peripheral neuropathy; GJBZ for deafness; PKD1 for
polycystic kidney disease). It is possible that these complex-phenotype phenomena were
enriched among our referrals; however, our findings underscore the possibility of extra-
immune molecular diagnoses in individuals referred for IEI and are important considerations
when investigating phenotypic outliers among rare disease cohorts. These observations
demonstrate the utility and power of exome-wide analysis to comprehensively diagnose
complex patients.
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Consistent with prior publications,(34-36) 3% of our probands were found to have a SF (9).
The fact that fewer than half of the families with SFs had a presentation consistent with the
molecular diagnosis underscores the limitations of using clinical history as the sole means
of identifying individuals at risk for actionable disorders. Not only does the return of such
results create an opportunity for the affected families to proactively manage disease risk, but
it also enhances rare disease research. Accounting for co-occurrent, highly penetrant genetic
disorders is critical when characterizing IEI natural history.

Critically, molecular diagnoses are most medically valuable when they translate into
management options. A recent review of IEI treatment options (37) and the ClinGen
Actionability Expert Workgroup curations (clinicalgenome.org/curation-activities/clinical-
actionability), combined with these findings, suggest that 251/361 (69.5%) of the reported
molecular diagnoses could translate into at least one management option including
supportive therapy (n = 139), preventive therapy (n = 176), allogenic hematopoietic stem
cell or other transplant (n = 107), targeted therapy (n = 73), gene therapy (n = 1), or other
evidenced-based management options (referencing diagnoses from the SF list or diagnoses
in genes that have received favorable actionability curations by ClinGen,n =47 and n =

16, respectively). Genomically-informed management of patients with suspected IEI has
the potential to dramatically impact clinical care, considering that 1 in 5 of the molecular
diagnoses described here has a targeted or gene therapy option available. This finding is
consistent with limited prior publications within IEI, none of which also consider the clinical
utility of molecular diagnoses unrelated to IE1(38—40). This topic is yet to be reported on at
this scale to our knowledge.

Scalable reanalysis is a formidable challenge for clinical genetics, and, to our knowledge,
this is the first publication of a systematically implemented reanalysis project across an
immune cohort and one of the largest reports to date. Although is it likely that genomic
re-analysis is conducted systematically on private cohorts among experts in IEl, the details
and results of these activities are yet to be published. Even in the relatively short time
frame of this study, we identified 22 new molecular diagnoses upon reanalysis, mostly
from newly recognized gene-disease associations. A similar yield from reanalysis using
new disease-gene discoveries has been reported in other disease populations (41). It should
also be noted that two of these diagnoses could only be accomplished through concomitant
NGS and CMA, highlighting how implementation of multiple platforms can provide value
in select cases. Overall, these findings demonstrate the feasibility and yield of a targeted
approach to reanalysis.

The molecular diagnoses summarized above have sufficient evidence to indicate
pathogenicity. Beyond these variants, there were numerous VUS, only a fraction of which
have been reported back to participants. There is considerable work needed to investigate
these variants. Many may have importance as new, more effective methods for variant
prioritization emerge (42). Close collaborations between basic and clinical scientists are
crucial, particularly considering that most I1EIs provide uniquely accessible tissue for
functional validation. Furthermore, the possibility of identifying additional rare cases by
genotype underscores the importance of genomic data sharing.
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This study should be interpreted in the context of several limitations. The patients with
suspected IEIs referred the NIH Clinical Center are likely not representative of clinical
populations elsewhere. More granular ascertainment and documentation of prior clinical
and research evaluations at baseline would have provided additional detail for analysis in
this study. Importantly, this study did not assess participant perspectives on the outcomes
of sequencing, nor did it capture longitudinal changes in clinical care concurrent with the
return of exome sequencing results. It is also important to acknowledge that a randomized
study design would provide clearer data on the relative impact of re-analysis on molecular
diagnostic yield. Additionally, although the prospective structure of the program allows

for longitudinal follow-up, technologies, including sequencing platforms, evolved over
time. Genomic contributions to IEI may be further elucidated through other approaches
and future technologies, such as long-read sequencing and de novo genome assembly,
complementary technologies such as RNA-seq (44-46), superior CNV assessment, and/or
deep sequencing for more sensitive detection of mosaicism (47). Additionally, evidence
from genome-wide association studies for autoimmune diseases (48) and other rare disease
investigations suggest that more complex genetic architecture underlies some presentations
(49,50). It is likely that some of the currently unsolved cases from this cohort have polygenic
contributions to their phenotype (51).

We have developed a program of clinical molecular genetic analysis in a large cohort of
participants referred for diverse immunologic phenotypes. This study aids our understanding
of the utility of a broad-based genomic approach to complex phenotypes — all genes
considered for all patients and contributes to a growing literature supporting the use of broad
genetic testing as a front-line test. These genomic data will enrich our understanding of basic
immunity, molecular diagnostics, and clinical care both for the 1000 families included here,
as well as the many families who will be evaluated in the coming years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Implication:

Comprehensive analysis of exome data has diagnostic and clinical utility for patients with
suspected inborn errors of immunity.
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Figure 1 shows the distribution of molecular diagnoses by mode of inheritance. Blue shading
indicates the subset of variants which had not been previously reported in the Human Gene
Mutation Database Pro or reported in the literature in association with disease. Copy number
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Figure 1.

Py -

vumogum ESM_E\/ Jo .EmE:Z

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 April 01.

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Similuk et al.

Page 29

Table 1.
Demographic characteristics of cohort.

DEMOGRAPHICS N %
AGE AT ENROLLMENT

0-17 285 285

18-44 336 336

45-64 255 255

>65 124 124
SEX (% FEMALE) 508 50.8
RACE

AMERICAN INDIAN, ALASKAN NATIVE 8 08

ASIAN 54 54

BLACK OR AFRICAN AMERICAN 54 54

NATIVE HAWAIIAN, OTHER PACIFIC ISLANDER 4 0.4

WHITE 790 79

OTHER 90 9
ETHNICITY

HISPANIC 71071

NON-HISPANIC 883 88.3

UNKNOWN 46 46
LIVING vs. DECEASED STATUS

POSTHUMOUS ENROLLMENT 4 0.4
RELATIVES ENROLLED

PROBAND ONLY 741 741

TRIO 110 11

NON-TRIO RELATIVES 149 149
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