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Abstract

Background—Genome-wide association studies have shown a pattern of rare copy number
variations (CNVs) and single nucleotide polymorphisms (SNPs) in patients with common variable
immunodeficiency disorder (CVID), which was recognizable by a Support Vector Machine (SVM)
algorithm. However, rare monogenic causes of CVID may lack such a genetic fingerprint.

Objective—To identify a unique monogenic cause of familial immunodeficiency, and to evaluate
the use of SVM to identify patients with possible monogenetic disorders.

Methods—A family with multiple members with a diagnosis of CVID was screened by whole-
exome sequencing. The proband and other individuals with mutations associated with CVID-like
phenotypes were screened via the SVM algorithm from our recent CVID genome-wide association
study. RT-PCR, protein immunablots, and /n vitro plasmablast differentiation assays were
performed on patient and control EBV lymphoblastoids cell lines.

Results—Exome sequencing identified a novel heterozygous mutation in /RF2BPZ2 (c.
1652G>A:p.(S551N)) in affected family members. Transduction of the mutant gene into control
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human B-cells decreased production of plasmablasts /n vitro, and /RF2BPZ2transcripts and protein
expression were increased in proband versus control EBV-lymphoblastoid cell lines. The SVM
algorithm categorized the proband and subjects with other immunodeficiency-associated gene
variants in TACI, BAFFR, ICOS, CD21, LRBA, and CDZ27 as genetically dissimilar from
polygenic CVID.

Conclusion—A novel /RFBPZ mutation was identified in a family with autosomal dominant
CVID. Transduction experiments suggest that the mutant protein has an impact on B-cell
differentiation, and is likely a monogenetic cause of the family’s CVID phenotype. Successful
grouping by the SVM algorithm suggests that our family and other subjects with rare
immunodeficiency disorders cluster separately and lack the genetic pattern that is present in
polygenic CVID cases.

Keywords

Common variable immunodeficiency; machine learning; primary antibody deficiency; IRF2BP2;
immunoglobulin

Introduction

Common variable immunodeficiency disorder (CVID) is one of the most frequently
diagnosed forms of primary immunodeficiency (PID) that requires clinical intervention.1—3
Defined clinically by low quantity of two immunoglobulin classes (including IgG) and poor
specific antibody production, it has been thought of as an “umbrella diagnosis” due to the
heterogeneity in onset and co-morbidities, including autoimmune disease and risk of
malignancy.* Roughly 5% of cases are familial, and the increasing availability of next
generation sequencing technology has permitted identification of an increasing number of
causative and associated mutations in individuals with CVID-like disease.?>~16

A recent multi-institutional genome-wide array study of CVID showed unique associations
with specific single nucleotide polymorphisms (SNP) and copy number variants (CNV),
with intraexonic duplications in ORC4L being most highly associated with disease.1” The
studied CVID cohort was found to have a unique pattern of SNPs and rare CNV, and a
Support Vector Machine (SVM) algorithm was successfully used to identify this pattern in
CVID patients versus controls. SVM is a learning algorithm used for non-linear
classification and regression analysis.1® It can be trained with a variety of data, and produces
a “hyperplane” for subsequent classification. In the original study, the CVID SVM
hyperplane successfully classified cases with an accuracy of 91%, positive predictive value
of 100%, and negative predictive value of 96%.

Though the SVM results support the polygenic nature of CVID, it was unclear whether
patients with monogenic causes of CVID-like disease or risk alleles for CVID (7AC/,
BAFFR) would lack the genetic fingerprint of the more common polygenic disease. If this
were the case, SVM classification of microarray data could be used to separate monogenic
disorders from the more common polygenic form of CVID, and could therefore be a useful
screening method for identifying cases in which next generation sequencing would be high
yield, thereby guiding the proper workup for unknown CVID cases.
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Methods & Patients

Human sample collection, DNA extraction, and EBV-lymphoblastoid cell line production

A family with 3 affected individuals with CVID and unaffected family members were
enrolled in a research protocol approved by the host institutional review board (Children’s
Hospital of Philadelphia). DNA samples from patients with monogenic immunodeficiency
disorders with CVID-like phenotypes were provided by collaborating researchers. DNA was
extracted from patient peripheral blood using a DNAeasy extraction kit (Qiagen, Hilden,
Germany). EBV-immortalized lymphoblastoid cell lines (EBV-LCL) were generated from
peripheral blood mononuclear cells (PBMC) of one individual carrying the /RF2BPZ2
mutation and two samples without the mutation as controls, using a previously published
protocol.19

Genetic studies

Whole-exome sequencing using the Agilent SureSelect Human All Exon 50Mb kit was
performed on the proband and her family. Variants were matched to disease segregation
(which suggested a heterozygous, autosomal dominant pattern), and further narrowed by
exclusion of synonymous mutations, in silico analysis of mutation impact, exclusion of
variants with minor allele frequency greater than 0.5% in public databases (1000 Genomes,
NHLBI 6500 exomes Project) and previously identified in controls by our in-house exome
variant database, tissue expression pattern (BioGPS.org), and ties to known immunologic
pathways.

High throughput SNP genotyping was performed with the Infinitium HumanHap610
Beadchip, and the PennCNV algorithm was used for CNV calls. A support vector machine
algorithm was trained with data from 179 CVID cases and 1917 controls, utilizing the 658
most significantly associated variants from the 2011 study.” Cytogenetic data from the
proband and monogenic cases were subsequently analyzed with the trained algorithm.

RT-PCR and Immunoblotting

RNA was isolated from whole blood obtained from the patient and controls using Trizol
(Applied Biosystems, Grand Island, NY) and RNEasy kits (Qiagen). cDNA was produced
via high capacity Reverse Transcriptase kit (Applied Biosystems), and custom cDNA
primers for /RFZBPZ (both total and isoform 2) and GAPDH were created. Custom primers
are detailed in Supplemental S1. RT-PCR was performed using SYBR Green core reagents
on a QPCR-7900HT system (Applied Biosystems). Gene dose was calculated via the AACT
method.

For Western blot analysis of /RFZBPZ expression, EBV-LCL were lysed with Nonidet P-40
lysis buffer (Invitrogen). Proteins were separated on 4-12% NuPAGE Bis-Tris gels in MOPS
SDS running buffer and transferred overnight onto nitrocellulose membranes (Invitrogen).
The membrane was blocked in 3% BSA and cut into two halves. The top half was incubated
with rabbit anti-IRF2BP2 polyclonal antibody (Abcam), and the bottom half was incubated
with rabbit anti-TATA binding protein monoclonal antibody (Abcam). Subsequently, the
membranes were washed, incubated with secondary Ab for 1 h, and washed again; bound
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Ab was detected with a WesternBright ECL chemiluminescence detection system
(Advansta).

In vitro plasmablast differentiation

Constructs

Plasmablasts were produced from frozen PBMC from the proband and healthy controls as
previously described.2 Briefly, PBMCs were plated at 2.5 x 10° cells per well and treated
with either CD40L (Axxora, Farmingdale, NY) at 500ng/ml, IL-21 (Peprotech, Rocky Hill,
NJ) at 500ng/ml, or CpG ODN (Invivogen, San Diego, CA) at 2.5ug/ml. Cells were
harvested after 7 days of incubation and analyzed via flow cytometry utilizing a
FACSCalibur (BD Biosciences, San Jose, CA). Cells were stained with CD19-FITC, CD27-
APC, and CD38-PE (BD Biosciences). Isotype controls were also utilized. Results were
analyzed using FlowJo (Tree Star Inc, Ashland, OR). Plasmablasts were identified as CD19*
CD27* CD38™* with lymphocyte gating (Supplemental S2).

Plasmids containing wild type and mutant (p.S551N) /RF2BP2with a C-terminal Myc-tag
were purchased (Origene, Rockville, MD). Empty pCMV6 plasmid was also obtained for
control purposes.

Isolation and transduction of Human B-cells

Results

Primary human B-cells were obtained from sorted PBMC from healthy donors. Purity was
confirmed by flow cytometry. Cells were transduced by nucleofection utilizing
NuclecofectorR Program U-15 AmaxaR and Human B cell Nucleofector R kit (Lonza,
Allendale, NJ). Transduction was confirmed via Western blotting for the Myc tag.

Clinical History

The proband is a 24 year old woman who experienced recurrent sinopulmonary infections
beginning in early childhood, which worsened in adolescence. She was evaluated
immunologically and found to have gradually worsening hypogammaglobulinemia and poor
vaccine responses between ages 17 to 19 years (Table 1) and was diagnosed with CVID. She
has been maintained on subcutaneous immunoglobulin with good control of infections. She
was diagnosed at age 23 with CVID colitis following onset of chronic diarrhea, and is being
treated with Entocort.

Her family history is notable for CVID in both her father as well as her older brother (Figure
1). The proband’s older brother was diagnosed with CVID at age 16 after experiencing
chronic sinus infections, and has been treated with IVIG therapy. He also has a history of
type | diabetes. The proband’s father was similarly diagnosed with CVID at age 16 in the
setting of recurrent sinus infections which have been well controlled on IVIG therapy. He
also has a history of psoriasis. The paternal grandparents, aunts, and their families are
unaffected, as is the maternal family.
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Immunologic phenotype of the proband and family

Evaluation of the proband at age 18 years showed hypogammaglobulinemia with
undetectable IgM and IgA (Table 1) and poor specific antibody production following
vaccination to S. pneumoniae (1 of 14 serotypes >1.3mcg/ml) and N. meningitidis (0 of 4
strains protective). Of note, her father and brother also had absent IgA and low IgM, and her
brother had undetectable 1gG2. Lymphocyte flow cytometry showed normal total B-cells in
all subjects, but was notable for a relative decrease in switched memory B-cells in the
proband and her father (Table 2).

As decreased B-cell maturation /n vitro has been described in many monogenic
immunodeficiency disorders,29 we sought to test B-cell maturation in the proband.
Stimulation of the patient’s PBMC with 1L-21, CD40L, and CPG for 7 days showed
decreased formation of B-cell plasmablasts (CD19+*CD27*CD38M9") in comparison with
control PBMC in response to all stimulants (Figure 2).

IRB2BP2 mutation co-segregates with disease in the proband and family

Whole exome sequencing of the proband yielded 12 non-synonymous variants that matched
an autosomal dominant pattern of disease. Of these, 5 were predicted to be damaging via /n
sificoanalysis utilizing SIFT and Polyphen2 (Supplemental S3). Three of the variant genes
(AMBP, IRFZBPZ, and PIK3C2G) have been tied to immunologic pathways
(www.genecards.org). The AMBP and PIK3C2G variants were both previously repeated
described in existing public databases, and were deemed unlikely to be causative. Sanger
sequencing confirmed a heterozygous c. 1652G>A:p.(S551N) mutation in /RF2BP2
(Mendelian Inheritance in Man (MIM) 615332; NM_182972.2), which was confirmed to
match the extended familial pattern of disease (Figure 1A, B). The serine residue at this
position is highly conserved across species (Supplemental S4),2% and the p.S551N variant
has not been described in public genomic databases (1000 Genomes, NHLBI 6500 exomes
Project, EXAC v0.3) nor the Baylor Center for Mendelian Genomics Database of over 6,000
exomes.22

The biological disease relevance of the autosomal dominant inheritance pattern for this
variant is supported by the fact that the /RF2BP2 gene is damage-intolerant. No viable
IRF2BP2~/~ mice are known to exist; conditional knockout of the gene is proposed to be
necessary for studying its function.23 Only 3 loss of function variants are reported in the
EXAC database: 2 are heterozygous splice donor changes of unknown significance, and 1 is
a heterozygous frameshift base insertion at amino acid position 586 (downstream from
p.S551N). In the Baylor Center for Mendelian Genomics Database, no frameshift, stopgain,
or splice site variants have been observed in /RF2BPZ. In addition, no individuals have been
identified in the database who carry homozygous or compound heterozygous missense
variants in the gene.

IRF2BP2 transcripts and protein level are increased in the proband

Quantitative PCR of /RFZBPZfrom proband and control EBV lymphoblastoid cell lines
showed a higher expression level in the proband versus normal control (Figure 3A).
Comparative evaluation of transcript levels from isoform 1 versus isoform 2 (which differ in
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the length of exon 1) showed a uniform increase in the /RFZBPZ expression level in the
proband.

Protein immunoblotting for IRF2BP2 in control and proband-derived EBV-LCL showed a
band at the predicted size (61kD) in both samples, with a more prominent band in the patient
versus the control (Figure 3B).

Transfection of mutant IRF2BP2 impacts differentiation of B-cell plasmablasts

Given the decrease in B-cell plasmablast formation /n vitro, we sought to determine whether
mutant IRF2BP2 impacted B-cell maturation. Nucleofection of healthy control B-cells with
the wild type IRF2BP2 led to an increase in development of B-cell plasmablasts after 7 days
particularly with stimulation with CPG (Figure 4A). However, nucleofection with IRF2BP2
p.S551N led to decreased plasmablast development, which was similar to that seen with
nucleofection of empty vector. This suggests that the mutation impairs but does not ablate
plasmablast differentiation.

Proband and other monogenic CVID-like subjects cluster separately from the polygenic
form of CVID by SVM classification

With the finding of a novel variant that segregates with affected individuals in this family,
we next sought to determine if their cytogenetic pattern differed from polygenic CVID using
the pretrained CVID SVM algorithm. Analysis of the top 658 SNP/CNVs by the CVID
SVM algorithm predicted that the proband in family 1 fell outside the region of polygenic
CVID cases on the hyperplane (Figure 4B). Similar analysis was performed for 6 subjects
with several forms of monogenic immunodeficiency resulting in CVID-like disease (LRBA,
IL21, BAFFR, ICOS, and CD27 deficiency) as well as 3 subjects with CVID and mutations
in TACI, and all were similarly predicted to be genetically unique from polygenic CVID
subjects (Table 3).

Discussion

Here we describe a novel variant in /RFZBPZ, which was present in 3 family members with
an autosomal dominant pattern of CVID. The impact of the IRF2BP2 p.S551N mutation on
differentiation of plasmablasts /in vitro suggests that the mutation impacts B-cell maturation
in a dominant fashion, which suggests a monogenic cause of CVID-like immunodeficiency.
We postulate that this is likely a rare variant within the CVID population, as linkage studies
in other cases of familial CVID have not shown associations with the 1942 region (B.
Grimbacher, unpublished data).

IRFZBPZ encodes an 87kD protein, which has been described to act as a transcriptional co-
pressor of the NFAT family, and increased expression has been shown to downregulate
production of cytokines including IL-2 and 1L-4.24 It contains an N-terminal zinc finger, and
a C-terminal RING domain, both of which are essential for repression activity. Position 551
is in the RING domain, which has been shown to be the region of interaction with NFAT.
Mutations in IRF2BP2 have been described in the setting of malignancies including CNS
lymphoma and chondrosarcoma.2%:26 The mechanistic biology of the IRF2BP2 p.S551N
mutation is unclear, though its impact on plasmablast formation particularly following CPG
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stimulation suggests that IRF2BP2 is downstream of TLR9. The low percentage of switched
memory B-cells in the proband and father suggests that IRF2BP2 may have a role in the
development or survival of memory B-cells. Our studies have confirmed that the
introduction of the mutant protein in primary B-cells from healthy individuals interrupts the
normal biology of this cell type (Figure 4A). Further studies will be essential to determine
the exact mechanism and how it might be affecting the normal /RF2BPZ2 interactome.

Learning algorithms such as SVM have been used in multiple facets of medical research,
and have been increasingly used in genetics to predict disease associations with genomic
findings.27-2% SVM may also be a valuable method of screening for monogenic diseases
within polygenic populations by searching for differences in the genetic pattern of SNP and
rare CNV. We previously described the use of this approach in the CVID population.1? In
familial clusters with a high penetrance of disease, SVM may be particularly useful for
screening for monogenic disorders. In this study, the proband and 6 additional subjects with
monogenic immunodeficiencies were found to have a dissimilar pattern of CNV and SNPs
from polygenic CVID by the SVM algorithm. Interestingly, 3 individuals with C104R
mutations in TACI, which imparts a high risk of development of CVID, were also grouped
with the individuals with monogenic disorders. Though these individuals were not screened
for other monogenic immunodeficiency disorders, the fact that all of them were predicted to
be genetically dissimilar from the majority of CVID patients suggests that the presence of
this particular TACI mutation contributes strongly to a unique and limited genetic load
(distinct from polygenic CVID) in the individuals with these risk alleles. Though the SVM
algorithm is unable to separate all cases with high accuracy, testing of the algorithm with the
original discovery cohort suggested a high negative predictive value (96%), suggesting that
the ten predictions are unlikely to be spurious. Further testing will determine the utility of
this method in separating monogenic disorders from polygenic CVID. The same approach
may also be useful for screening for monogenic disorders within populations with early-
onset autoimmune disease such as type | diabetes or inflammatory bowel disease.

In conclusion, we have described a novel mutation in /RFZBPZ, which appears to impact B-
cell maturation, and may represent an autosomal dominant cause of CVID-like
immunodeficiency. Additional study of IRF2BP2 may yield further understanding of its
importance in B-cell development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbrevations

CVID Common variable immunodeficiency disorder
CNV copy number variation
SNP single nucleotide polymorphism

EBV-LCL Epstein-Barr virus immortalized lymphoblastoid cell line
PBMC peripheral blood mononuclear cells

SVM Support vector machine
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Key Messages

. A mutation in /RF2BP2 was identified as a novel cause of autosomal
dominant CVID.

. Machine learning algorithms may be useful in separating patients with
monogenic immunodeficiency from those with CVID based on pattern
of genetic polymorphisms and copy number variants.
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Figure 1.
(A) IRFZBP2c. 1652G>A segregated only in family members diagnosed with CVID. (B)

The resulting p.S551N mutation occurs in the RING domain of /RFZBPZ2 (denoted by the
arrow).
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Figure 2.
(A) Development of B-cell plasmablasts was decreased in the proband versus healthy control

7 days after stimulation with 1L21, CD40L, or CPG. (B) Plasmablasts
(CD19*CD27*CD38**) at day 7 were decreased in the proband at day 7 versus a healthy
control.
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Figure 3.
(A) RT-PCR of /RF2BP2 showed increased transcripts in the proband versus healthy control

(versus actin) with agreement between primers specific for exon 1 (present in isoform 1 of
IRFZBP2) and exon 2 (present in both isoforms 1 and 2). (B) Western blot showed increased
protein expression of IRF2BP2 in lysates of EBV-LCL from the proband versus control.
TATA Binding protein is shown as loading control.
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Figure 4.

(A) Nucleofection of human B-cells with mutant /RF2BPZ2 construct (p.S551N) leads to
reduced plasmablast formation 7 days after CPG stimulation versus wild type /RFZBP2
nucleofection, which reached statistical significance (p<0.02, denoted by *). Data shown
reflects mean percentage of plasmablast formation after 7 days of culture, and represents
five duplicate runs. (B) On the SVM hyperplane, the proband was predicted to fall in the
non-polygenic region.
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Of 9 additional subjects evaluated, all were uniformly grouped as different from polygenic CVID by the SVM

algorithm.
Subject# Immune disorder Mutation CVID algorithm prediction
1 CD27 deficiency p.Trp8X Non-polygenic
2 LRBA p.Arg1683X Non-polygenic
3 LRBA p.1s02657Ser Non-polygenic
4 BAFFR ¢.189-96del Non-polygenic
5 ICOS €.126-568 del Non-polygenic
6 CD21 €.1225+1G>C Non-polygenic
7 TACI mutation p.Cys104Arg (heterozygous) Non-polygenic
8 TACI mutation p.Cys104Arg (heterozygous) Non-polygenic
9 TACI mutation p.Cys104Arg (heterozygous) Non-polygenic
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