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CommonVariable ImmunodeficiencyDisorders (CVIDs) are themost prevalent cause of primary antibody failure.
CVIDs are highly variable and a genetic causes have been identified in b5% of patients. Here, we performedwhole
genome sequencing (WGS) of 34 CVIDpatients (94% sporadic) and combined themwith transcriptomic profiling
(RNA-sequencing of B cells) from three patients and three healthy controls. We identified variants in CVID dis-
ease genes TNFRSF13B, TNFRSF13C, LRBA and NLRP12 and enrichment of variants in known and novel disease
pathways. The pathways identified include B-cell receptor signalling, non-homologous end-joining, regulation
of apoptosis, T cell regulation and ICOS signalling. Our data confirm the polygenic nature of CVID and suggest
individual-specific aetiologies in many cases. Together our data show that WGS in combination with RNA-
sequencing allows for a better understanding of CVIDs and the identification of novel disease associated
pathways.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Common Variable Immunodeficiency Disorders (CVIDs) are the most
clinically prevalent primary antibody deficiencies, present in about 1 in
25,000 people [1]. CVID is characterised by recurrent infections, low

serum levels of IgG, low IgA and/or IgM and poor specific antibody
responses [2]. CVID is currently a diagnosis of exclusion leaving a highly
heterogeneous patient group in terms of clinical features and complica-
tions. Some patients have a relatively mild phenotype, comprising of
recurrent bacterial infections and infection-related complications while
others suffer from disease related complications such as autoimmune cy-
topenias, polyclonal lymphoproliferation, enteropathy and lymphoidma-
lignancy, indicating underlying immune dysregulation [3].

The heterogeneous disease phenotype of CVID has made resolving
genetic aetiologies challenging. Causative variants of CVID-like primary
antibody failure have been described in CD19 [4–6], CD21 [7], CD81 [8],
CD20 [9], ICOS [10,11] and TNFRSF13C [12], conditions now classified as
specific deficiencies in these genes (Table S1). Mutations in CD27 [13,
14], PLCG2 [15,16], LRBA [17,18], NFKB2 [19,20], PIK3CD [21,22] and
NLRP12 [23] cause CVID-like symptoms often combined with a more ex-
tensive clinical phenotype (Table S1). Variants in TNFRSF13B [24–26],
TNFRSF13C [27], FCGR2A [28] andHLA [29] have been described to predis-
pose to CVID (Table S1). Together these variants only explain the genetic
cause of CVID-like diseases in very few patients and all genes were iden-
tified in familial cases of CVID,while the vastmajority of CVIDpatients are
sporadic. Thewide variety in genes implicated in CVID further underlines
the heterogenic nature of the disease. Further unravelling of the
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underlying genetic causes of sporadic CVID would give additional insight
into the disease, opportunities for better patient stratification and novel
insights into treatment opportunities.

In 2011 Orange et al. published the first genome-wide association
study (GWAS) of CVID to identify genomic regions associated with
CVID development [30]. Analysis of 363 patients and 3031 controls led
to the conclusion that CVID is likely to be a polygenic disease with mul-
tiple novel susceptibility loci implicated. However, as of yet this has not
resulted in further identification and elucidation of genes or variants
that cause or predispose for sporadic CVID emphasizing the difficulties
in studying this highly variable disease.

The development of next generation sequencing techniques has
transformed the identification of the genetic basis of Mendelian dis-
eases. In contrast, identification of the genetic basis remains challenging
in polygenic conditions. Here, we present the first whole genome
sequencing (WGS) data for a cohort of CVID patients to investigate
novel underlying aetiologies. We further leveraged the potential of
WGS by combining the results with global transcriptomic profiling
through RNA-sequencing (RNA-seq). Because of the complex and prob-
able polygenic nature of CVID, we combine the identification of genes
of interest with pathway-based analysis and focus on combining these
results to identify pathways dysregulated in CVID.

2. Material and methods

2.1. Samples

Patientswere recruited into the study through theClinical Immunology
Department at the Oxford University Hospital, Oxford. All patients gave
informed written consent and the studies were performed according to
the Declaration of Helsinki. All 34 patients were of Caucasian origin and
met the ESID diagnostic criteria at the time of enrollment [2]. Themajority
of patients were regularly followed in the Clinical Immunology clinic at 6
monthly intervals over a period of up to 30 years with detailed clinical
information entered into the local database that enabled accurate clinical
phenotyping. A summary of the clinical phenotype and laboratory charac-
teristics of the patient cohort can be found in Table 1 and amore complete
overview can be found in Table S2.

2.2. WGS500

A cohort of 34 CVID patients was selected for WGS as part of the
WGS500project [31]. This is a collaborative project between theUniver-
sity of Oxford and Illumina, which aims to sequence the genomes of 500
individuals with a range of diseases including rare inherited diseases,

Table 1
Overview of clinical information on the 34 CVID patients.

Patient no Sex Age at onset
of symptoms

CD19 counta CD3 counta CD4 counta CD8 counta IgG levelsa IgM levelsa IgA levelsa Clinical phenotype3

Normal 0.1–0.5 0.7–2.1 0.3–1.4 0.2–0.9 6.0–16.0 0.4–2.5 0.8–3.0

C003 F 54 ↓↓ ↓ Normal Normal ↓↓ Normal ↓↓ Polyclonal lymphoproliferation
C006 M 34 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ Polyclonal lymphoproliferation
C018 M 8 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
C019 M 18 Normal Normal Normal ↑ ↓↓ ↓↓ ↓↓ No disease-related complications
C023 M 25 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
C024 F 48 Normal ↓ Normal ↓ ↓↓ ↓↓ ↓↓ No disease-related complications
C028 F 47 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ Polyclonal lymphoproliferation
C032 M 26 ↓ Normal ↓ ↓ ↓ Normal ↓↓ Polyclonal lymphoproliferation
C036 F 19 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
C038 M 5 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
C044 F 31 Normal Normal Normal Normal ↓ ↓↓ ↓ Polyclonal lymphoproliferation;

autoimmune cytopenias
C063 F 48 Normal Normal Normal Normal ↓↓ Normal ↓↓ No disease-related complications
C065 M 5 Normal Normal Normal Normal ↓ ↓ ↓↓ No disease-related complications
C072 F 34 ↓↓ Normal Normal Normal ↓↓ ↓/↓↓ ↓↓ No disease-related complications
C078 M 13 Normal Normal Normal Normal ↓↓ Normal ↓↓ No disease-related complications
C082 F 11 ↓↓ Normal Normal Normal ↓↓ ↓↓ ↓↓b Autoimmune cytopenias
C085 F 37 Normal Normal Normal Normal ↓ ↓↓ ↓↓ No disease-related complications
C089 F 17 ↓↓ Normal Normal Normal ↓↓ ↓ ↓↓ No disease-related complications
D038 M 22 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
D209 M 41 Normal Normal Normal Normal ↓↓ ↓ ↓↓ No disease-related complications
D232 F 44 ↑ ↑ ↑ Normal ↓ Normal ↓↓ No disease-related complications
D269 F 44 Normal ↓ ↓ Normal ↓↓ Normal ↓↓ Polyclonal lymphoproliferation;

autoimmune cytopenias
D276 M 1 ↓↓↓ Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
D325 F 35 Normal ↓ Normal Normal ↓↓ ↓ ↓↓ Polyclonal lymphoproliferation;

autoimmune cytopenias
D334 M 15 Normal Normal Normal Normal ↓↓ ↓ ↓↓ No disease-related complications
D345 F 20 Normal ↑ Normal ↑ ↓↓ ↓ ↓↓ No disease-related complications
D374 M 3 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
D575 M 2 Normal Normal Normal Normal ↓↓ ↓↓ ↓↓ No disease-related complications
D641 F 20 Normal ↓ ↓ Normal ↓↓ ↓/↓↓ ↓↓ No disease-related complications
D667 M 13 Normal Normal Normal Normal ↓↓ ↓ ↓↓ No disease-related complications
D705 F 49 Normal Normal Normal Normal ↓/↓↓ ↓/↓↓ Normal/↓ No disease-related complications
D745 M 5 Normal ↑ ↑ ↑ ↓↓ Normal ↓↓ No disease-related complications
D765 F 30 Normal Normal Normal Normal ↓↓ Normal ↓↓ No disease-related complications
D839 M 25 Normal ↓ Normal Normal ↓↓ ↓ ↓↓ Polyclonal lymphoproliferation

↓ = between lower normal and half lower normal values; ↓↓ = less than half lower normal value; ↓↓↓= undetectable; ↑ = between upper normal value and twice upper normal
value;↑↑ = more than twice upper normal value.

a Values at diagnosis.
b Values at diagnosis not available; values listed are post-infusion of intravenous immunoglobulin, which does not alter IgA levels.
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