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Background: Common variable immunodeficiency (CVID) is
characterized clinically by inadequate quantity and quality of
serum immunoglobulins with increased susceptibility to
infections, resulting in significant morbidity and mortality. Only
a few genes have been uncovered, and the genetic background of
CVID remains elusive to date for the majority of patients.
Objective: We sought to seek novel associations of genes and
genetic variants with CVID.
Methods: We performed association analyses in a discovery
cohort of 164 patients with CVID and 19,542 healthy control
subjects genotyped on the Immuno BeadChip from Illumina
platform; replication of findings was examined in an
independent cohort of 135 patients with CVID and 2,066 healthy
control subjects, followed by meta-analysis.
Results: We identified 11 single nucleotide polymorphisms
(SNPs) at the 16p11.2 locus associated with CVID at a genome-

wide significant level in the discovery cohort. The most
significant SNP, rs929867 (P 5 6.21 3 1029), is in the gene
fused-in-sarcoma (FUS), with 4 other SNPs mapping to integrin
CD11b (ITGAM). Results were confirmed in our replication
cohort. Conditional association analysis suggests a single
association signal at the 16p11.2 locus. A strong trend of
association was also seen for 38 SNPs (P < 5 3 1025) in the
MHC region, supporting that this is a genuine CVID locus.
Interestingly, we found that 80% of patients with the rare
ITGAM variants have reduced switched memory B-cell counts.
Conclusion: We report a novel association of CVID with rare
variants at the FUS/ITGAM (CD11b) locus on 16p11.2. The
association signal is enriched for promoter/enhancer markers in
the ITGAM gene. ITGAM encodes the integrin CD11b, a part of
complement receptor 3, a novel candidate gene implicated here
for the first time in the pathogenesis of CVID. (J Allergy Clin
Immunol 2015;nnn:nnn-nnn.)
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Common variable immunodeficiency (CVID) is characterized
by susceptibility to bacterial infections caused by inadequate
quantity and quality of immunoglobulins.1 CVID is a primary
immunodeficiency disease that is highly heterogeneous in nature,
although it is believed to result from intrinsic immunologic
deficits. Significant phenotypic heterogeneity in patients with
CVID is demonstrated by variability in age at presentation, as
well as related comorbidities, including autoimmune disease,
malignancy, chronic lung disease, and gastrointestinal disease.2,3

CVID, although relatively rare (prevalence of 1:25,000-
1:50,000), is clinically an important cause of immunodeficiency
because of the significant morbidity andmortality conferred by its
comorbidities. Given its clinical heterogeneity, it is not surprising
that the cause of CVID remains poorly understood and complex.
A number of different genes have been implicated as candidates
for CVID susceptibility in specific patient subsets. These include
genes that act in B-cell receptor signaling (CD19, CD20, CD21,
CD81, PLCg2, TWEAK, and PKCd) or pathways of isotype
switching and somatic recombination (BAFFR, ICOS, MSH5,
TACI, and NFkB2).4-18 Unbiased approaches, including
genome-wide association studies (GWASs) and whole-genome
copy number variation studies of CVID, have had limited success
to date, but among the associations identified is the MHC region
and ORC4L.8,19,20 However, the above associations only account
for a minority of CVID cases. Gaining a better understanding of
the genetic variability underlying CVID might be a first and
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Abbreviations used

CR3: Complement receptor 3

CVID: Common variable immunodeficiency

DC: Dendritic cell

FUS: Fused-in-sarcoma

GWAS: Genome-wide association study

IIBDGC: International Inflammatory Bowel Disease Genetics

Consortium

ITGAM: Integrin CD11b

LD: Linkage disequilibrium

Mac-1: Macrophage receptor 1

MAF: Minor allele frequency

NF-kB: Nuclear factor kB

OR: Odds ratio

QC: Quality control

SLE: Systemic lupus erythematosus

SNP: Single nucleotide polymorphism

critical step to developing personalized approaches to treatment,
comorbidity monitoring, and overall care of patients with CVID.
Therefore the search for novel genetic susceptibility loci in
patients with CVID is a major subject of interest in the world of
immunology.

METHODS

Patients
Because CVID is a rare disease, many of the previous studies were

underpowered and had limited coverage of immunology-specific genes. Our

study included 360 patients with CVID, the diagnosis of which was confirmed

by standard diagnostic criteria. The studywas approved by institutional review

boards at each participating site, and informed consent for DNA collection and

genotyping was obtained from all participants. The patients with CVID were

from 4 participating sites and reported in a previous study.19 The 21,610

healthy control subjects were from the International Inflammatory Bowel

Disease Genetics Consortium (IIBDGC) and were previously described in a

study by Jostins et al21 in 2012.

Single nucleotide polymorphism genotyping and

quality control
All patients with CVID and all control subjects were genotyped on the

Immuno BeadChip from Illumina (iCHIP) platform (San Diego, Calif),22,23

with 196,524 single nucleotide polymorphisms (SNPs) and small indels

targeting genes implicated in patients with autoimmune and inflammatory

diseases based on previous GWASs.21 The design of this chip has been

reported previously.21 This novel array is designed to provide dense coverage

of rare polymorphisms and strong candidate genes for major autoimmune and

inflammatory diseases from prior GWASs. We sought to associate these rare

immune gene SNPswith CVID, as well as with clinical phenotypes, to address

the heterogeneity of CVID in our ongoing study aimed at identifying

susceptibility loci for CVID.

We obtained the cluster egt file from the IIBDGC and applied it to our data.

In the quality control (QC) filtering step, 18,401 SNPs were excluded because

of the low genotyping rate (<95%), and 30 samples (29 cases and 1 control

subject) were removed from further analysis because of the low sample call

rate (<95%). We further filtered out SNPs that deviated from Hardy-Weinberg

equilibrium (P < 1026). To adjust for population stratification, we evaluated

ancestry-informative markers for all samples by using principal component

analysis implemented in EIGENSTRAT24 software. On the basis of these re-

sults, we removed an additional 4 outliers (3 cases and 1 control subjects). We

further performed genome-wide identity-by-descent analysis with linkage

disequilibrium (LD)–pruned SNPs. By using a measure of relatedness Pi-hat

cutoff of 0.25, 29 cryptic related pairs of cases were detected, and 1 sample

from each pair was removed from the analysis. An additional 6,813 SNPs

fall into the IIBDGC’s SNP exclusion list or failed our manual review of

Genome Studio Illumina cluster plots and were also excluded from further

analysis.

According to principal components plotting (see Fig E1 in this article’s

Online Repository at www.jacionline.org), we divided our data set into a dis-

covery cohort and a replication cohort. The discovery cohort was composed of

164 cases and 19,542 control subjects. SNP QC was conducted again within

the discovery cohort, which left 170,212 SNPs, including both common and

rare variants. The replication cohort consists of 135 cases and 2,066 control

subjects. Similar SNP QC resulted in a final collection of 169,914 SNPs in

the replication cohort. We also further conducted principal component

analysis within the discovery and replication cohorts separately.

Association analysis
After sample and SNP-based QC, association testing was carried out in the

discovery cohort. Logistic regression under the additive model was used for

association analysis, with the first 3 principal components as covariates. The

quantile-quantile plot of null SNP P values (see Fig E2 in this article’s Online

Repository at www.jacionline.org) and an estimated genomic inflation factor

l value of 1.03 do not suggest any substantial population stratification.

Conditional regression analysis, LD estimation, and pairwise epistasis tests

were conducted with PLINK.25 Association analysis was similarly conducted

in the replication cohort. Meta-analysis was performed with PLINK25 and

METAL.26

Imputation
Haplotype phasing was first performed with SHAPEIT v2,27 and local

imputation at the 16p11.2 locus was carried out with reference to the 1000

Genomes database (http://mathgen.stats.ox.ac.uk/impute/data_download_

1000G_phase1_integrated.html) by using IMPUTE2.28,29 Afterward, the

missing data likelihood score test implemented in SNPTEST V2 software29

was conducted for investigating SNP association with CVID phenotype,

with the first 3 principal components as covariates.

RESULTS

Novel locus associated with CVID
We identified a locus on chromosome 16 (Fig 1), with 11 SNPs

surpassing genome-wide significance according to logistic
regression (Table I), to be associated with CVID. The most
significant SNP, rs929867 (P 5 6.21 3 1029; odds ratio [OR],
89.8), is in the gene fused-in-sarcoma (FUS). This maps to an
LD block on 16p11.2, which is a gene-rich region (Fig 2)
containing 10 other SNPs also associated with CVID in our
analysis (P value range5 1.393 1028 to 6.793 1029; OR range,
58.55-87.84; Table I). Four of the identified SNPs reaching
genome-wide significance are mapped in the gene encoding
integrin CD11b (ITGAM), with 2 additional SNPs being close
to this gene as well. Three of the variants in ITGAM are intronic,
whereas a fourth (rs8056264) is a synonymous variant in the
coding region of ITGAM (see Table E1 in this article’s Online
Repository at www.jacionline.org for details). Detailed
inspection of the Genome Studio cluster plots of each SNP
confirmed distinct clusters for each SNP (Fig E3 in this article’s
Online Repository at www.jacionline.org). Consistent with the
minor allele frequency (MAF) of control subjects in our data
set, in the European population of the 1000 Genomes Project,
each of these SNPs had an MAF of less than 0.0001 (see Table
E2 in this article’s Online Repository at www.jacionline.org).
By applying conditional logistic regression on the most
significant SNP, rs929867, all other associations were ablated
(see Table E3 in this article’s Online Repository at www.
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jacionline.org), suggesting a single association signal at the
16p11.2 locus. In concordance with this, no epistatic interaction
was noted among the genome-wide significant SNPs at this locus
(P > .05 for all epistasis tests).

Next, we sought to replicate these findings in the independent
replication cohort. All 11 SNPs identified in the discovery cohort
replicated with nominal P values of less than .05 (Table I). When
the 2 cohorts were combined by means of meta-analysis, all 11
SNPs were found to be genome-wide significant, and 2 additional
genome-wide significant SNPswere uncovered (P5 2.963 1028

and 4.253 1028; OR, 9.22 and 24.91, respectively; Table I). The
genotype status of each patient with CVID carrying the rare
variant allele was further validated by means of Sanger
sequencing together with randomly selected patients with CVID
without the rare variant allele, who were confirmed to have
negative results (see Fig E4 in this article’s Online Repository
at www.jacionline.org).

Using the 1000 Genomes database as a reference, we
conducted imputation around the 16p11.2 locus and uncovered
23 additional SNPs of genome-wide significance in our
meta-analysis (see Table E4 in this article’s Online Repository
at www.jacionline.org), further supporting the importance of
this locus.

Association of the MHC region with CVID
The MHC region has previously been reported to be

significantly associated with CVID.19 We found 2 SNPs in the
MHC region that reached genome-wide significant P values in
the discovery cohort, and a third SNP reached a marginally
significant P value of less than 5 3 1027. However, these SNPs
(rs2517625, rs6933596, and rs7773051) were excluded from the
final analysis because of abnormal Genome Studio cluster plots.
Despite this, we found a strong trend of association by 38 SNPs

(P < 5 3 1025) in this region (chromosome 6: 28-34 Mb) in the
discovery cohort (Fig 1), with the strongest association at
rs879882 (P 5 1.156 3 1026). Meta-analysis yielded 20 SNPs
in this regionwith P values of less than 53 1025 (Table II). These
results support the MHC region as a genuine CVID locus, as
previously reported.19 Additionally, SNPs in the genes CR2,
ICOS,MSH5, and TACI were found to be of nominal significance
(P < .05) in our meta-analysis (Table III). Although known TACI
carriers were included in our patient population, these SNPs are
not covered by the iCHIP and thus did not reach higher
significance in our analysis.We detected the nominally significant
SNP rs61061086 in the gene FLJ16124 (Table III), which was
reported to be one of the top genes associated with CVID in a
previous GWAS.19 Furthermore, the aforementioned conditional
analysis on rs929867 did not ablate the association seen with
SNPs across the MHC region, and there were no epistatic
interactions observed between SNPs at the 16p11.2 and MHC
loci. This suggests that the 2 loci independently affect the risk
of CVID.

Functional annotation of the significant SNPs at the

FUS/ITGAM locus
A number of SNP polymorphisms identified to be associated

with complex diseases have been shown to affect the disease
through regulation of gene expression through the DNA
macromolecular complex. To determine whether any of the
identified SNPs from this study might have a regulatory role,
we searched for prior identified or predicted functional
annotations30,31 among these SNPs by using the software
HaploReg.32 Our results show that the identified genome-wide
significant SNPs associated with CVID susceptibility are
enriched for enhancer markers (see Table E5 in this article’s
Online Repository at www.jacionline.org) and DNase sites

FIG 1. Manhattan plot of genome-wide association results for patients with CVID in the white discovery

cohort. The red line indicates the genome-wide significance threshold.
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(see Table E6 in this article’s Online Repository at www.
jacionline.org) in certain immune cell types, such as B lympho-
cytes. Furthermore, genomic annotation (see Table E7 in this ar-
ticle’s Online Repository at www.jacionline.org) with
HaploReg32 shows each of the genome-wide significant SNPs
to overlap with promoter/enhancer histone markers or transcrip-
tion regulatory motifs, especially in CVID-relevant immune cell
types, suggesting these SNPs might affect transcriptional
regulation in immune cells.

Network and pathway analysis of ITGAM
Because multiple significant SNPs were located in the ITGAM

gene, we conducted a network and pathway analysis around this
gene to further understand its biological function. Using a
FunCoup33,34 search, we found multiple known and predicted
ITGAM functional association partners (ALOX5AP, SELL, C3,
FCER1G, ICAM1, ITGAX, ITGB2, LYN, NCF1, NCF2, NCF4,
PLAUR, TYROBP, VAV1, SPI1, and CYBA). Five of these contain
SNPs with nominally significant associations with CVID in our

TABLE I. Genome-wide significant SNPs at 16p11.2

SNP

Base pair

(hg19)

Closest

gene

Minor/major

allele

Dis MAF

cases

Dis MAF

control subjects Dis OR

Dis

P value

Rep

P value

Meta-analysis

OR

Meta-analysis

P value

rs750953 31094089 ZNF646 C/T 0.0061 0.000102 66.7 2.05 3 1026 1.84 3 1023 24.91 4.25 3 1028

rs929867 31191482 FUS A/G 0.00926 0.000102 89.8 6.21 3 1029 5.50 3 1023 37.33 5.49 3 10210

rs7192718 31237920 TRIM72* T/C 0.00915 0.000128 67.94 1.15 3 1028 2.91 3 1024 33.37 3.64 3 10211

rs10871455 31238690 TRIM72* T/G 0.00915 0.000102 87.84 7.39 3 1029 2.89 3 1024 36.61 3.19 3 10211

rs12934814 31239855 TRIM72* T/C 0.00943 0.000128 72.13 7.11 3 1029 2.42 3 1024 37.9 1.65 3 10211

rs4889637 31258238 ITGAM* C/T 0.00915 0.000128 72.23 7.54 3 1029 2.77 3 1024 35.19 2.35 3 10211

rs4889641 31265541 ITGAM* A/G 0.00915 0.000103 87.6 7.55 3 1029 2.89 3 1024 37.29 3.11 3 10211

rs8063978 31271700 ITGAM C/T 0.00938 0.000128 70.39 9.16 3 1029 5.64 3 1023 32.76 6.67 3 10210

rs4889541 31274551 ITGAM T/C 0.00915 0.000128 68.29 1.12 3 1028 7.98 3 1023 30.51 1.29 3 1029

rs9929801 31283472 ITGAM C/T 0.00915 0.000744 12.12 4.88 3 1025 1.34 3 1024 9.22 2.96 3 1028

rs8045402 31308281 ITGAM T/C 0.00915 0.000154 58.55 1.39 3 1028 3.38 3 1025 30.34 4.73 3 10212

rs8056264 31332655 ITGAM T/C 0.00915 0.000128 73.24 6.79 3 1029 2.96 3 1024 35.38 2.31 3 10211

rs11574629 31362892 ITGAX* G/A 0.00915 0.000103 87.75 7.44 3 1029 3.28 3 1024 37.26 3.50 3 10211

Dis, Discovery cohort; Rep, replication cohort.

*Not directly on gene.

FIG 2. Regional association plot at the 16p11.2 (ITGAM) locus. SNPs are plotted by chromosomal position in

a 400-kb window against their 2log10 transformed P values for association with CVID phenotype in the

discovery cohort. The color of each SNP reflects their LD with the most significant SNP, rs929867.

The r2 values were calculated from the discovery cohort in PLINK.
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study (see Table E8 in this article’s Online Repository at www.
jacionline.org). To further explore the biological implication of
ITGAM association with CVID, we input ITGAM, the nominally
significant CVID susceptibility genes (CR2, ICOS, MSH5,
TNFRSF13B, and FLJ16124), and the nominally significant
ITGAM functional association partners (ITGAX, C3, LYN,
VAV1, and NCF2) into FunCoup33,34 for association network
analysis, the results of which are shown in Fig E5 in this article’s
Online Repository at www.jacionline.org. We also input these
genes into STRING,35,36 another protein-protein interaction
network analysis tool, with similar results. The pathway analysis
tool implemented in FunCoup33,34 demonstrated enrichment of
multiple B cell– and T-cell–signaling pathways, which are highly
relevant to CVID pathophysiology (see Table E9 in this article’s
Online Repository at www.jacionline.org).

Clinical phenotypes of the patients with CVID

carrying rare ITGAM variants
To determine whether these susceptibility SNPs are associated

with certain clinical characteristics or a subgroup of patients with
CVID, we examined the available phenotype information for
patients with the rare ITGAM variant. Results showed that 50%
were female and 80% (n 5 4/5, data not available for n 5 1)
had low switched memory B-cell counts (<2% of B cells3), which
is a higher percentage than seen among the rest of the patients
with CVID (60%, n 5 105/175 with data available) or in the
EUROclass study (58%3; Table IV). Reviewing the clinical
phenotypes of these subjects, we found only 1 subject to have
autoimmune cytopenia (idiopathic thrombocytopenic purpura),
and this patient also had nodular regenerative hyperplasia of the
liver. Two patients had lung disease, 1 had bronchiectasis, and
another was given a diagnosis of lung cancer. A second patient
had cancer (Burkitt lymphoma), and this patient also had systemic
lupus erythematosus (SLE) with lupus nephritis requiring renal
transplantation.

Sanger sequencing of FUS, ITGAM, and ITGAX
To elucidate the genetic association of 16p11.2 with CVID, we

performed Sanger sequencing of the plausible candidate genes at
this locus. We evaluated 2 patients with CVID carrying the rare
variant at all the genome-wide significant SNPs at the 16p11.2
locus and 1 patient with CVID with none of these rare variants.
All exons of the 3 plausible candidate genes (FUS, ITGAM, and
ITGAX) in strong LD with the most significant SNPs were
interrogated by using Sanger sequencing. Again, we confirmed
the C>T synonymous variant of rs8056264 in exon 15 of gene
ITGAM. However, no exonic nucleotide bases were uncovered
that demonstrated corresponding rare variant nonsynonymous
changes that would lead to an amino acid change in the translated
protein product and directly affect gene function in patients with
CVID, suggesting that the association signal at the locus is
capturing some other regulatory effects on gene function yet to
be established.

DISCUSSION
We describe a novel association of CVID with a rare variant

using the iCHIP platform, which densely covers immune disease–
related genes. The genome-wide significant locus discovered at
16p11.2 presents the first SNP association with CVID in a
genome-wide study in a non-MHC region. This locus is
downstream of and in separate LD blocks from the 16p11.2 locus
(29.5-30.1 Mb), which was previously associated with autism,
schizophrenia, and obesity (see Fig E6 in this article’s
Online Repository at www.jacionline.org).37-39 The single
association signal at this locus and genomic annotation
suggests these rare SNPs can affect transcriptional regulation
in lymphocytes. The most significant SNP, rs929867, maps
to the gene FUS, encoding a multifunctional protein component
of the heterogeneous-nuclear-ribonucleoprotein complex. FUS,
belonging to the FET family of RNA-binding proteins, has an
important role in pre-mRNA splicing and nuclear export of
processed mRNA and might consequently help maintain
genomic integrity.40,41 Mutations in FUS have been reported in
amyotrophic lateral sclerosis type 6.42,43

Two SNPs that are significantly associated with CVID in our
study are of particular interest. The SNP rs929867, which has the
best P value in our discovery cohort, is located in the 59
untranslated region of the FUS gene. This region is crucial for
translational regulation in many species44 by regulating
translation efficiency and mRNA stability through secondary
structures and RNA-binding proteins.44,45 It could function as
the binding site for several transcription factors (see Table E7),
such as CCCTC-binding factor (CTCF) and nuclear factor kB
(NF-kB), which both play essential roles in normal B-cell func-
tion.46,47 NF-kB has also been associated with development of
CVID.18 Another SNP, rs8056264, causes a synonymous substitu-
tion in the ITGAM gene. Although synonymous mutations do not
alter the amino acid sequence, they can affect mRNA transport,
splicing, and even translation because of codon use bias.48,49

Using the HaploReg software,32 we found that both SNPs are
conserved sites by using the SiPhy-omega (Site-specific PHYlo-
genetic analysis) algorithm.50 Whether these rare variants truly
affect mRNA or protein levels of FUS or ITGAM needs to be
further explored.

Among the genes in the 16p11.2 locus, ITGAM is the most
attractive candidate, with 4 genome-wide significant SNPs

TABLE II. SNPs in the MHC region with a meta-analysis

P value of less than 5 3 1025

SNP Chromosome

Base

pair

(hg19)

Minor

allele

Meta-analysis

P value

Meta-analysis

OR

rs3130724 6 29118530 A 6.39 3 1026 1.55

rs3129151 6 29138315 T 7.31 3 1026 1.55

rs3129152 6 29138777 C 1.39 3 1025 1.52

rs760804 6 29171039 T 3.86 3 1026 1.57

rs3117426 6 29272012 T 3.15 3 1026 1.58

rs3131036 6 30728290 A 1.05 3 1025 1.49

rs3094117 6 30737486 C 1.56 3 1025 1.47

rs3129981 6 30758857 T 3.05 3 1026 1.67

rs3095089 6 30933794 T 2.66 3 1025 1.54

rs3131932 6 30940328 A 1.88 3 1025 1.44

rs3132579 6 30940989 C 3.03 3 1025 1.57

rs2073721 6 31129616 A 3.73 3 1025 0.61

rs2073723 6 31130078 T 3.38 3 1025 0.61

rs1065461 6 31130502 T 1.00 3 1025 0.58

rs3132528 6 31131569 C 4.81 3 1025 0.61

rs9263805 6 31135735 A 3.15 3 1025 0.61

rs3130501 6 31136453 A 3.48 3 1025 0.61

rs3130502 6 31136666 A 4.87 3 1025 0.62

rs6923313 6 31241370 C 3.63 3 1025 0.68

rs2507997 6 31314781 G 3.69 3 1025 1.47
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mapping to this gene and 2 additional SNPs close to it. ITGAM
encodes integrin aM (CD11b). Integrins are heterodimeric
integral membrane proteins with key roles in adhesion and cell
contact. CD11b, together with b2 integrin (ITGB2/CD18),
forms the leukocyte-specific heterodimer macrophage receptor
1/complement receptor 3 (Mac-1/CR3). CR3 is expressed on
mononuclear phagocytes, neutrophils, natural killer cells, a subset
of B cells, and some T cells.51-54 Its main ligands are intercellular
adhesionmolecules 1 and 2, inactivated C3b, and fibrinogen. CR3
ligation results in proinflammatory responses, such as leukocyte
adhesion, migration, recruitment, and superoxide release.55

Importantly, CD11b is involved in phagocyte adhesion andmigra-
tion, as well as in phagocytosis of opsonized pathogens/particles.
Thus the ITGAM variant might impair these critical functions of
the immune system, and altered trafficking and cell-cell
interactions might predispose to defective immune responses in
patients with CVID. The immunophenotype of ITGAM knockout
mice supports the importance of its function for normal immune
responses. These mice have reduced leukocyte and neutrophil
adhesion, impaired neutrophil degranulation, phagocytosis, and
oxidative burst. Also, the numbers of CD41 T cells are reduced,
as is T-cell proliferation. Importantly, susceptibility and mortality
from pneumococcal infection are significantly increased in these
mice (see Table E10 in this article’s Online Repository at www.
jacionline.org; http://www.informatics.jax.org/diseasePortal/).

Interestingly, the nominally significant ITGAM association
partners, either direct or indirect, identified by our network
analyses include a tyrosine kinase involved in B-cell receptor
signaling (LYN) and a guanine nucleotide exchange factor
important for actin cytoskeletal rearrangements involved in
both B- and T-cell development and activation (VAV1).
Thereby our network analyses demonstrate enrichment of B and
T cell–signaling pathways, including regulation of activation of

both cell types. Finally, FcgR signaling, which has roles in
phagocytosis of opsonized pathogens, also is implicated.

Previous studies have demonstrated reduced numbers of
dendritic cells (DCs) and defective Toll-like receptor (TLR)
signaling in patients with CVID, especially through TLR7 and
TLR9.56,57 TLR7 and TLR9 are expressed on both naive and
memory B cells and can mediate powerful stimulation and
potentiate B-cell activation, possibly allowing for autoreactivity
to self-RNA/DNA. Interestingly, CD11b can both positively
and negatively regulate TLR signaling, depending on the
experimental conditions58-64; furthermore, CR3 can interact
with Fc receptors on neutrophils/macrophages and modulate the
effects of immune complex binding.65 CR3 ligation can also
suppress TLR4 and TLR7/8 signaling through degradation of
downstream components (myeloid differentiation primary
response gene 88 [MyD88] and TIR-domain-containing adapter-
inducing interferon-b [TRIF]),61,66 suggesting negative cross-talk
between the TLR and CR3 pathways. This cross-talk and effects
of TLR stimulation on B cells might influence responses to
self-antigens and thus autoimmunity. Finally, these interactions
might affect B-cell activation through other pathways.

Previous GWASs have revealed associations between different
SNPs in the ITGAM locus and SLE susceptibility,65,67-71 where
studies found phagocytosis by monocytes/macrophages and
firm adhesion of neutrophils to be impaired.65-67,72-74 In patients
with SLE, ITGAM variants influence the risk of renal disease,
autoantibody production, and immunologic manifestations,59

possibly by affecting clearance of apoptotic cells and leukocyte
trafficking. Mac-1 can also induce tolerance through its effects
on DCs, including maturation restriction, antigen-presenting
cell function, and T-cell activation.75,76 Hence decreased
phagocytosis could, through decreased binding of Mac-1 to
inactivated C3b, contribute to both immune dysfunction and

TABLE III. Association results for candidate genes

SNP Chromosome Base pair (hg19) Gene Distance Minor/major allele Meta-analysis P value Meta-analysis OR

rs4618970 1 207661640 CR2 (CD21) 0 C/T .0429 1.27

rs10932030 2 204803483 ICOS 0 C/T .0134 1.94

rs9968356 4 151471789 LRBA 0 A/G .0944 1.42

rs1144708 6 31710020 MSH5 0 T/C .0236 1.22

rs7897947 10 104157711 NFKB2 0 G/T .192 1.14

rs35979293 16 28944700 CD19 0 T/G .235 1.11

rs4889393 16 81844013 PLCG2 0 A/G .128 0.738

rs7214221 17 16859829 TNFRSF13B (TACI) 0 A/G .0107 2.39

rs61061086 2 65710170 FLJ16124 0 G/A 2.85 3 1023 1.33

Statistically significant values are shown in boldface.

Distance, Distance between the SNP and the gene.

TABLE IV. Phenotypic information for patients with CVID patients with the ITGAM rare variants

Patient no.

Age at onset

of symptoms (y) Sex

FHx

of PIDD

IgG

(mg/dL)

IgM

(mg/dL)

IgA

(mg/dL)

CD19

B cells (%)

Switched memory B cells

(CD191CD271IgM2IgD2 [%])

1 3 M No 80 0 14 14.0 0.00

2 NA M No 150 16 <7 2.1 7.32

3 NA F No 197 6 <4 17.8 0.35

4 NA F No 186 16 6 <1.0 0.00

5 NA M Yes NA NA NA NA NA

6 11 F No 120 NA NA NA 1.90

Laboratory values were obtained the time of diagnosis.

F, Female; FHx of PIDD, family history of primary immunodeficiency disease; M, male; NA, not applicable.
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autoimmunity through reduced clearance of apoptotic cells,
activation of DCs, production of inflammatory cytokines, and
uptake and presentation of self-antigens to T cells. Also, dendritic
cell–specific intercellular adhesion molecule 3–grabbing
nonintegrin on DCs can bind CR3 on neutrophils during
cross-talk between these cells.77,78 Another role for CD11b in
tolerance is through restriction of TH17 cell differentiation, a
cell type implicated in autoimmunity.79-81

Our limited phenotypic information does not definitively
indicate a specific immunophenotype for patients carrying the
ITGAM variant; however, our sample size might be too small to
identify such an association. Importantly, 4 of 6 patients had
CVID-related comorbidities, including cancer and lung disease.
Also of note, the majority (80%) had low switched memory
B-cell counts compared with 60% of patients with CVID without
the ITGAM variant. This is interesting in the context of the
possible association of ITGAM dysfunction and autoimmunity
because patients with CVID with low switched memory B-cell
counts are at higher risk of autoimmune disease.

To determine whether rare nonsynonymous exonic variants
might be tagged by the SNP microarray association signal at the
16p11.2 locus, we conducted Sanger sequencing of the 3
plausible candidate genes in this region. However, no
corresponding rare variant nonsynonymous mutation was found.
Therefore we hypothesize that gene regulation at the expression
level of these proteins is the more likely genetic mechanism of
perturbation in patients with CVID rather than direct amino acid
change in a protein product. In addition to the 2 aforementioned
SNPs, rs929867 and rs8056264, the genotyped SNP rs4889637
and the imputed SNPs rs114798394 and rs7202897 are predicted
to alter binding motifs for signal transducer and activator of
transcription (STAT),30 a component of the Janus kinase–signal
transducer and activator of transcription (JAK-STAT) signaling
pathway, which is critical for many key functions of the immune
system.82 Furthermore, among the imputed SNPs, binding factor
YY1 at rs88955230 is required for early B-cell development in
mice,83 and rs2098730 is located at the binding motif for NF-
kB.30 Therefore the rare variants we found could be functional
variants themselves contributing to the pathogenesis of CVID.
A parallel example in this regard would be the SNP rs7903146
in intron 3 of TCF7L2, which is considered a plausible causal
variant for type 2 diabetes.84,85 Furthermore, intronic variants in
FUS, ITGAM, and ITGAX could affect alternative splicing, which
would not be captured by our Sanger sequencing analysis. In view
of the above, coupled with the finding that patients with CVID
with the associated variant have a lower percentage of switched
memory B cells, our leading hypothesis is that the associated var-
iants affect gene regulation and subsequent protein dosage.
Alternatively, it is possible that more distal genes in LD with
the gene-rich region of 16p11.2 or even more distal genes based
on chromosome conformation in 3-dimensional space are acting
as enhancers through chromosome looping.

As in our previous GWAS,19 the MHC locus stands out at or
close to the genome-wide significance level, and SNPs in the
gene FLJ16124 were nominally significant in both studies. The
unique SNP coverage in the iCHIP platform allowed
identification of the ITGAM locus in this study, whereas the
previously applied platform (HumanHap 610) had few SNPs in
this region (53 in the region of chr16:31,100,000-31,500,000).
Previously, the focus has been exclusively on common variants
(MAF > 5%). Similarly, the nominally significant signals of other

loci in our previous study only have sparse SNP coverage on the
iCHIP (1-2 common variants at each locus), and therefore
associations at those loci were not detected in this study.

In summary, our results suggest that the variants uncovered at
the 16p11.2 locus involve CD11b and thus could affect many
important pathways, such as TLR signaling, with modulating
effects on immune responses, B- and T-cell activation, and
autoimmunity in patients with CVID. This is supported by our
pathway and network analyses, phenotype data, and known
knockout mouse phenotypes, making ITGAM an exciting
candidate gene for functional evaluation. Further understanding
of the autoimmune phenomena in patients with CVID would
greatly affect the care of these patients because prediction models
and treatments for these are scarce to date. Hopefully, further
understanding of this pathway and its implications in patients
with CVID can improve the future care of these patients.

We thank all the participants enrolled in this study. We also thank the

IIBDGC for access to the genotype information of the control subjects used in

this study.

Key messages

d We report the results of an association analysis of CVID
through dense genotyping of immune-related loci, the first
of its kind in patients with CVID.

d We identified an association of CVID with rare variants at
the FUS/ITGAM (CD11b) locus on 16p11.2 in a cohort of
360 patients with CVID and 21,610 healthy control
subjects.

d The locus is enriched for promoter/enhancer histone
markers, supporting the hypothesis that it might
contribute to the pathogenesis of CVID.

d ITGAM encodes the integrin CD11b, an important mole-
cule for cellular contact and adhesion. Knockout mouse
models in the literature support the importance of
ITGAM function for normal immune responses.
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Table E1. Genotype counts and Fisher exact test results for 16p11.2 SNPs78

Discovery cohort Replication cohort Meta analysis

SNP (gene) Genotype
Cases

(N=164)
Controls

(N=19542)
Fisher Exact

P-value
Cases

(N=135)
Controls

(N=2066)
Fisher Exact

P-value
Meta P-

value
OR

rs750953
CT 2 4

1.01x10-3 4 5
1.37x10-3 5.10x10-9 22.43

TT 162 19533 131 2059

rs929867
AG 3 4

1.88x10-5 2 5
6.42x10-2 6.10x10-9 26.80

GG 159 19535 133 2060

rs7192718
TC 3 5

3.12x10-5 3 6
1.46x10-2 8.76x10-10 22.76

CC 161 19502 132 2056

rs10871455
TG 3 4

1.95x10-5 3 6
1.46x10-2 1.01x10-9 24.05

GG 161 19535 132 2059

rs12934814
TC 3 5

2.84x10-5 3 5
1.03x10-2 2.87x10-10 26.23

CC 156 19525 132 2053

rs4889637
CT 3 5

3.11x10-5 3 6
1.47x10-2 8.79x10-10 22.75

TT 161 19524 132 2053

rs4889641
AG 3 4

1.96x10-5 3 6
1.49x10-2 1.08x10-9 23.91

GG 161 19490 132 2042

rs8063978
CT 3 5

2.90x10-5 2 6
8.15x10-2 1.11x10-8 22.62

TT 157 19493 132 2055

rs4889541
TC 3 5

3.11x10-5 2 5
6.43x10-2 5.76x10-9 24.86

CC 161 19520 133 2057

rs9929801
CT 3 29

2.39x10-3 6 16
1.65x10-3 5.64x10-8 7.80

TT 161 19465 129 2045

rs8045402
TC 3 6

4.65x10-5 4 7
3.27x10-3 1.37x10-10 20.56

CC 161 19492 131 2053

rs8056264
TC 3 5

3.10x10-5 3 6
1.45x10-2 8.56x10-10 22.80

CC 161 19536 132 2060

rs11574629
GA 3 4

1.96x10-5 3 6
1.46x10-2 1.02x10-9 24.03

AA 161 19506 132 2059

OR=odds ratio.91011121314151617181920212223
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Table E2. Comparison of minor allele frequency for significant SNPs in cases, controls,24
and European population of 1000 genome dataset showing absence.2526

SNPs Minor /Major Allele MAF cases MAF controls eur.MAF (1000G)
rs750953 C/T 0.0061 0.000102 0.0000
rs929867 A/G 0.00926 0.000102 0.0000

rs7192718 T/C 0.00915 0.000128 0.0000
rs10871455 T/G 0.00915 0.000102 0.0000
rs12934814 T/C 0.00943 0.000128 0.0000
rs4889637 C/T 0.00915 0.000128 0.0000
rs4889641 A/G 0.00915 0.000103 0.0000
rs8063978 C/T 0.00938 0.000128 0.0000
rs4889541 T/C 0.00915 0.000128 0.0000
rs9929801 C/T 0.00915 0.000744 0.0000
rs8045402 T/C 0.00915 0.000154 0.0000
rs8056264 T/C 0.00915 0.000128 0.0000

rs11574629 G/A 0.00915 0.000103 0.0000
MAF=minor allele frequency; eur.MAF(1000G)=minor allele frequency in the European population of 1000 Genome project.27282930313233343536373839404142434445464748495051525354555657585960
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Table E3. Conditional association analysis results.6162
SNP P-value r2

rs7192718 0.9995 0.875
rs10871455 NA 1
rs12934814 0.9995 0.875
rs4889637 0.9995 0.875
rs4889641 NA 1
rs8063978 0.9995 0.875
rs4889541 0.9995 0.875
rs8045402 0.9992 0.778
rs8056264 0.9995 0.875

rs11574629 NA 1
P-value=P-value in association analysis conditional on rs929867; r2= r2 with rs92986763646566676869707172737475767778798081828384858687888990919293949596979899
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Table E4. Additional genome-wide significant SNPs based on imputed genotype in meta-100
analysis.101102

Marker BP (hg19) Allele1 Allele2 Effect StdErr P-value Direction1

rs7202897 31220869 T C 4.23 0.59 6.69x10-13 ++
rs6565224 31247924 T C 22.11 2.08 2.49x10-26 ++

rs146286805 31256485 T C 17.33 1.86 9.61x10-21 ++
rs2098730 31257101 T C -17.24 1.85 1.22x10-20 --
rs2081224 31257478 A G 17.18 1.85 1.41x10-20 ++
rs889552 31260113 T C 16.69 1.82 5.30x10-20 ++

rs78652532 31262373 A G -16.68 1.82 5.45x10-20 --
rs75887269 31271991 T C 16.14 1.94 9.29x10-17 ++
rs3948508 31272117 C G -16.16 1.94 8.98x10-17 --

rs41374952 31282980 T C 15.24 1.89 7.34x10-16 ++
rs78685891 31298689 A G 15.65 1.92 3.12x10-16 ++

chr16:31299154:D 31299154 G GA 15.65 1.92 3.12x10-16 ++
rs80178085 31299626 T C 16.08 1.94 1.16x10-16 ++
rs7198540 31302834 T C 16.02 1.93 1.22x10-16 ++

chr16:31303692:I 31303692 A AT -16.01 1.93 1.25x10-16 --
chr16:31304673:D 31304673 G GTCT 13.83 1.67 1.17x10-16 ++
chr16:31304674:D 31304674 T TCTTC 14.31 1.7 3.27x10-17 ++

rs59668899 31311339 A C 13.86 1.67 1.09x10-16 ++
rs149312445 31312157 T C 16.25 1.95 7.23x10-17 ++
rs77769416 31338940 A T 17.98 2.05 1.53x10-18 ++

rs114798394 31355894 A G 16.83 1.98 1.91x10-17 ++
rs75466689 31360963 T C -18.28 2.06 6.81x10-19 --
rs74015510 31366848 A G 17.84 2.09 1.40x10-17 ++

BP=base pair; Allele1=effect allele; Allele2=reference allele; StdErr=standard error; P-value=meta-analysis P-value.103
1.the direction of effects are represented by either the + or the – sign compared to the reference allele in the discovery cohort and104
replication cohort respectively.105106107108109110111112113114115116117118119120121122123124125126127128129130
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Table E5. Significant SNPs at 16p11.2 locus are enriched for enhancers in immune cell131
types.132

Obs=observed; Exp=expected; Fold=fold of enrichment; P=P-value.133134135136137138139140141142143144145146147148149150151152153154155156157158159160161162163164165

Cell type All enhancers Strongest enhancers

ID Description Obs Exp Fold P Obs Exp Fold P

CD34.MBP1508 Mobilized CD34 Primary Cells.Donor RO 01508 3 0.3 10.2 2.77x10-3 1 0.1 8.5 1.11x10-1

CD19.P CD19 Primary Cells 3 0.4 7.1 7.76x10-3 2 0.2 9 2.01x10-2

CD34.P CD34 Primary Cells 2 0.5 4.2 7.91x10-2 2 0.2 11.5 1.27x10-2

SPL Spleen 5 0.6 7.9 2.59x10-4 4 0.4 10.5 4.21x10-4

BN.HM150 Brain Hippocampus Middle.Donor 150 3 0.6 5 2.02x10-2 3 0.3 9.8 3.11x10-3

CD34.MBP1562 Mobilized CD34 Primary Cells.Donor RO 01562 3 0.6 4.7 2.35x10-2 3 0.3 9.7 3.27x10-3

CD34.MBP1536 Mobilized CD34 Primary Cells.Donor RO 01536 3 0.5 5.8 1.35x10-2 1 0.2 6 1.55x10-1

CD34.C CD34 Cultured Cells 3 0.6 4.8 2.23x10-2 3 0.3 10 3.0x10-3

CD15.P CD15 Primary Cells 2 0.5 4.3 7.55x10-2 2 0.3 7.9 2.57x10-2

CD34.MBP1549 Mobilized CD34 Primary Cells.Donor RO 01549 2 0.4 5.6 4.74x10-2 0 0.1 0 1

K562 Leukemia 6 0.6 10 1.3x10-5 5 0.2 26 1.0x10-6

GM12878 B-lymphocyte, lymphoblastoid 4 0.6 6.6 2.45x10-3 2 0.2 9.2 1.94x10-2



6

Table E6. Significant SNPs at 16p11.2 locus are enriched for DNase sites in immune cell166
types.167168

Cell type DNase
ID Description Treatment Production center Obs Exp Fold P

Chorion chorion cells (outermost of two fetal membranes) None Duke 2 0.1 14.8 7.81x10-3

H1-hESC embryonic stem cells None AWG 2 0.2 10.1 1.63x10-2

HUVEC umbilical vein endothelial cells None AWG 2 0.1 15.1 7.52x10-3

GM19240 B-lymphocyte, lymphoblastoid None Duke 2 0.1 14.8 7.84x10-3

GM19239 B-lymphocyte, lymphoblastoid None Duke 2 0.1 21.7 3.71x10-3

GM18507 B-lymphocyte, lymphoblastoid None Duke 2 0.1 23.9 3.08x10-3

Obs=observed; Exp=expected; Fold=fold of enrichment; P=P-value.169170171172173174175176177178179180181182183184185186187188189190191192193194195196197198199200201202203204205206207
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Table E7. Regulatory elements overlapping with significant SNPs at the locus of208
16p11.2.209210

rsID
Promoter
histone
markers

Promoter
histone markers
in immune cell

types*

Enhancer
histone
markers

Enhancer histone
markers in immune

cell types*
DNAse

DNAse in
immune cell

types*
Proteins bound

Motifs
changed

Functional
annotation

rs750953 23 cell types
CC.TPC (CD4+

CD25- Th Primary
Cells)

5 cell types Hdx;T3R intronic

rs929867
88 cell
types

GM12878 (B-
lymphocyte,

lymphoblastoid
); CD4.NP
(CD4 Naive

Primary Cells);
CCCRA.NP

(CD4+ CD25-
CD45RA+

Naive Primary
Cells);

CCC.TMP
(CD4+

CD25int
CD127+ Tmem
Primary Cells);
CD4.MP (CD4

Memory
Primary Cells);

CCCRO.MP
(CD4+ CD25-

CD45RO+
Memory

Primary Cells);
CD8.MP (CD8

Memory
Primary Cells);
CCC.TREGP

(CD4+ CD25+
CD127- Treg

Primary Cells);
CD8.NP (CD8
Naive Primary
Cells); CD3.P
(CD3 Primary

Cells);
CCIP.LSMPTP
(CD4+ CD25-
IL17- PMA-
Ionomycin
stimulated

MACS purified
Th Primary

Cells); CD19.P
(CD19 Primary
Cells); CC.TPC
(CD4+ CD25-

Th Primary
Cells);

2 cell types 111 cell types

GM12878 (B-
lymphocyte,

lymphoblastoid);
Th1 (primary
Th1 T cells);

GM12891 (B-
lymphocyte,

lymphoblastoid);
GM12892 (B-
lymphocyte,

lymphoblastoid);
GM18507 (B-
lymphocyte,

lymphoblastoid);
GM19239 (B-
lymphocyte,

lymphoblastoid);
GM19240 (B-
lymphocyte,

lymphoblastoid);
Adult_CD4_Th0

(CD4+ cells
isolated from

human blood and
enriched for Th0

populations);
CD20+ (B cells);

GM06990 (B-
lymphocyte,

lymphoblastoid);
GM12864 (B-
lymphocyte,

lymphoblastoid);
GM12865 (B-
lymphocyte,

lymphoblastoid);
Jurkat (T

lymphoblastoid
derived from an

acute T cell
leukemia); Th2
(primary Th2 T

cells)

POL2,CTCF,NF
KB,BCL11A,BC
L3,BCLAF1,EG
R1,ETS1,IRF4,M
EF2A,NRSF,OC
T2,P300,PAX5C
20,PAX5N19,PB
X3,POU2F2,SIN
3AK20,SP1,SRF,
TAF1,TBP,TCF1
2,YY1,ZBTB33,
ZEB1,POL24H8,
NANOG,NRF1,T
AF7,TCF4,POL2
B,AP2ALPHA,A
P2GAMMA,CM
YC,GTF2F1,INI
1,MAX,MXI1,P
OL2S2,ELF1,FO
SL2,HEY1,JUN

D,MAFF,CCNT2
,CHD2

CTCF 5'-UTR

rs7192718 1 cell type 6 cell types
GM19239 (B-
lymphocyte,

lymphoblastoid)

ERalpha-
a;Esr2;GR;
HNF4;NRS

F;RAR

rs10871455 3 cell types

Foxp1, GR,
HMG-IY,
Hoxb13,
RREB-1,
THAP1,

YY1,
Zfp105

rs12934814 8 cell types 2 cell types Pax-5

rs4889637 2 cell types
CEBPG;ST

AT

rs4889641
2 cell
types

14 cell types

GM12878 (B-
lymphocyte,

lymphoblastoid);
CD4.MP (CD4

Memory Primary
Cells); CD8.MP
(CD8 Memory
Primary Cells);

CCIP.LSTP (CD4+
CD25- IL17+

PMA-Ionomcyin
stimulated Th17
Primary Cells);
CD19.P (CD19
Primary Cells)

1 cell type Nkx2;Sox

rs8063978 21 cell CD19.P (CD19 10 cell types GM12878 (B- BDP1;BHL intronic
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types Primary Cells);
CD3.P (CD3

Primary Cells);
CCIP.LSTP

(CD4+ CD25-
IL17+ PMA-
Ionomcyin
stimulated

Th17 Primary
Cells)

lymphocyte,
lymphoblastoid);
CD4.MP (CD4

Memory Primary
Cells); CD8.MP
(CD8 Memory
Primary Cells);
CD8.NP (CD8
Naive Primary

Cells); CC.TPC
(CD4+ CD25- Th

Primary Cells)

HE40;NRS
F

rs4889541 9 cell types

GM12878 (B-
lymphocyte,

lymphoblastoid);
CD19.P (CD19
Primary Cells);
CD4.NP (CD4
Naive Primary

Cells)

intronic

rs9929801 2 cell types.

CCIP.LSMPTP
(CD4+ CD25-
IL17- PMA-
Ionomycin

stimulated MACS
purified Th

Primary Cells)

2 cell types
AP-1;Pax-
6;TBX5

intronic

rs8045402
Hoxa5;RX

RA
intronic

rs8056264
BDP1;GAT

A
synonymou

s

rs11574629
2 cell
types

8 cell types

GM12878 (B-
lymphocyte,

lymphoblastoid);
CD19.P (CD19
Primary Cells)

3 cell types

GM18507 (B-
lymphocyte,

lymphoblastoid);
GM19240 (B-
lymphocyte,

lymphoblastoid)

BCL11A,EBF1,E
LF1,IRF4,NFKB,

PU1

* only CVID relevant immune cell types are shown.211212213214215216217218219220221222223224225226227228229230231232233234235236237238
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Table E8. Nominally significant known or predicted functional association partners of239
ITGAM. FunCoup1, 2 search identified genes known or predicted to be functionally240
associated with ITGAM. Among them, 5 genes contain SNPs of nominally significant241
association with CVID in our study.242243

Gene SNP CHR BP (hg19) Distance
Minor
Allele Meta P Meta OR

NCF2 rs699242 1 183546473 0 G 1.17x10-2 0.756
LYN rs117197109 8 56818550 0 G 7.09x10-4 2.20

ITGAX rs2230426 16 31382464 0 C 5.55x10-7 57.05
C3 rs2241391 19 6686504 0 T 3.93X10-2 5.75

VAV1 rs4807901 19 6796734 0 A 1.62x10-2 1.32
CHR= Chromosome; BP=base pair; Distance=Distance between the SNP and the gene; Meta P=Meta-analysis P-value; Meta244
OR=Meta-analysis odds ratio.245246247248249250251252253254255256257258259260261262263264
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Table E9. Enriched pathways. ITGAM, nominally significant CVID candidate genes and265
nominally significant ITGAM association partners were used as input for pathway266
enrichment analysis implemented in FunCoup1, 2. Significantly enriched pathways are267
shown below (q-value < 0.05).268

KEGG signaling Number of Genes q-value
B cell receptor signaling pathway 3 0.0102

Leukocyte transendothelial migration 3 0.0164
GO biological process Number of Genes q-value

negative regulation of B cell proliferation 2 0.00952
regulation of myeloid leukocyte mediated

immunity 2 0.021
negative regulation of B cell activation 2 0.0236

regulation of B cell proliferation 2 0.0325
positive regulation of T cell activation 3 0.0325

negative regulation of mononuclear cell
proliferation 2 0.0338

negative regulation of lymphocyte
proliferation 2 0.0338

negative regulation of leukocyte
proliferation 2 0.0338

positive regulation of lymphocyte
activation 3 0.0368

regulation of B cell activation 2 0.039
regulation of T cell activation 3 0.039

Fc-gamma receptor signaling pathway 2 0.0451269270271272273274275276277278279280281282283284285286287288289290291292293294295
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Table E10. Immunophenotypes of ITGAM knockout mice.296297
Itgamtm1Bll/Itgamtm1Bll Itgamtm1Myd/Itgamtm1Myd Itgamtm1Rws/Itgamtm1Rws

Leukocyte numbers Increased
Leukocyte adhesion Reduced
Neutrophil numbers Increased Increased
Neutrophil adhesion Reduced Reduced

Neutrophil degranulation Reduced Reduced
Neutrophil phagocytosis Reduced Reduced

Neutrophil oxidative burst Reduced
CD4+ T-cell numbers Reduced
CD8+ T-cell numbers Increased

T-cell proliferation Reduced to PHA, ConA and
Staphylococcal enterotoxins

Susceptibility to and
mortality from pneumococcal

infection

Increased

Macrophage adhesion Reduced
Macrophage respiratory burst Reduced298299300301302303304305306307308309310311312313314315
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Figure legends316
Figure E1. Results of principal component analysis. Principal component 1 (PC1, X-axis)317
was plotted against principal component 2 (PC2, Y-axis). After removing outliers,318
samples were divided into a discovery cohort (PC1 > -0.005) and a replication cohort319
(PC1 <= -0.005).320321322
Figure E2. Quantile-quantile plot showing the expected and observed P-values of a list323
null SNPs. The list of null common SNPs was of association with schizophrenia,324
psychosis and reading/mathematics/ability in literature, which are unrelated to CVID.325326327
Figure E3. Genome studio cluster plots for genome–wide significant SNPs at 16p11.2328
locus. For each SNP, both the dbSNP rs number and the iCHIP original SNP id are329
shown. The number of samples in AA, AB and BB clusters of each SNP are indicated.330331332
Figure E4. Sanger sequencing chromatograms of representative rare variants. (A) Five333
cases carry the rare minor allele A at rs929867. (B) Six cases carry the rare minor allele T334
at rs8056264. (C) Seven cases carry the rare minor allele T at rs8045402. Rare minor335
alleles are indicated by red rectangle (carriers) or green rectangle (non-carriers). Based on336
array genotyping, samples S1-S5 carry the rare minor alleles at all the three SNPs tested;337
S6 carry the rare minor alleles at rs8056264 and rs8045402; and S7 only at rs8045402.338
Samples SN1-SN8 are randomly selected cases whose array genotyping does not have339
any of these rare minor alleles.340341342
Figure E5. Network analysis results. ITGAM, nominally significant CVID candidate343
genes and nominally significant ITGAM association partners were used as input for344
network analysis in FunCoup1, 2 (left panel). Similar functional associations were also345
found in network work analysis in STRING3, 4 (right panel). The types of evidence for the346
associations in STRING are shown at the right hand corner.347348349
Figure E6. LD block structure of the large16p11.2 region. The image was downloaded350
from UCSC genome browser track of phased Hapmap CEU LOD. The ITGAM locus351
(31.1Mb-31.4Mb) is in different LD block from the well known 16p11.2 locus (29.5-352
30.1Mb) associated with autism, schizophrenia, and obesity.353354355356357358
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