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The importance of functional validation after next-generation 
sequencing: evaluation of a novel CARD11 variant
To the Editor:
The advent of next-generation sequencing (NGS) techniques such 
as whole exome sequencing (WES) has greatly accelerated the iden-
tification and treatment of rare Mendelian diseases. In particular, 
these approaches have demonstrated immense utility for identifying 
inborn errors of immunity (primary immunodeficiencies [PIDs]). This 
impact is emphasized by the fact that of the estimated 350 gene de-
fects linked to inborn errors of immunity, ~100 have been described 
since the implementation of NGS techniques in 2010.1

Within the broad spectrum of inborn errors of immunity, the 
combined immunodeficiency disorders (CIDs) are caused by a group 
of gene defects that result in dysfunctional lymphocyte activation. 
Nuclear factor-κB (NF-κB) is a central regulator of lymphocyte acti-
vation, proliferation, and differentiation. Its activation is facilitated by 
the assembly of the caspase recruitment domain family member 11 
(CARD11)—B-cell CLL/lymphoma 10 (BCL10)—MALT1 paracaspase 
(MALT1) (CBM) signalosome.2 Confirming the critical role of the CBM 
complex in immunity, patients have now been identified with muta-
tions in each of the three CBM components, resulting in a unifying 

phenotype of aberrant NF-κB activation, abnormal T- and B-cell de-
velopment and function, and recurrent infections.2 CARD11 is unique 
in the range of “CARD11-opathies” that are caused by the three cat-
egories of germline mutations identified in this gene: (i) homozygous 
loss-of-function mutations causing combined immunodeficiency3; (ii) 
heterozygous gain-of-function mutations leading to “B cell expansion 
with NF-κB and T cell anergy” (BENTA) disease4; and (iii) heterozy-
gous CARD11 mutations with dominant-interfering activity resulting 
in severe atopic disease.5 Here, we report the functional impact of a 
homozygous CARD11 variant (c.1798G>T, p.D600Y).

The index patient is an 11-year-old Canadian First Nations boy 
born to unrelated parents. Immediate family history was unre-
markable, with the exception of his mother, who was diagnosed 
with rheumatoid arthritis at age 21. His two younger sisters and 
one younger brother are all reported to be healthy, while an older 
brother died from an accidental injury (Figure 1A). Infectious history 
was notable for several episodes of oral candidiasis until age 2 years, 
an episode of pneumonia requiring hospitalization, and a prolonged 
episode of diarrhea positive for Cryptosporidium spp. He suffered 
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F IGURE  1 Functional characterization of the D600Y CARD11 variant in patient and family B cells. A, Left panel: Family pedigree 
constructed from sequencing whole blood from the patient and each family member. The gray square with a line struck through 
indicates a deceased older brother with no available samples to test. Arrow refers to index patient. Genotypes are indicated beside/
below each individual. Right panel: Schematic representation of the CARD11 protein domains. Red arrow indicates p.D600Y substitution 
site. Inset shows enlargement of substitution region and site (shown in red) aligned to corresponding regions in other species. CARD, 
caspase-associated recruitment domain; RE, repressive element; PDZ, postsynaptic density protein (PSD95), Drosophila disk large tumor 
suppressor (Dlg1), zonula occludens-1 protein (zo-1) domain; L3, linker 3; L4, linker 4; GUK, guanylate kinase domain. B-C, Immunoblotting 
of LCLs stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) and 1 μmol/L ionomycin (P/I) for 15 min (B) or 4 h (C). D, IL-6 
quantification by ELISA for LCLs stimulated for 4 h with P/I. Blue bars indicate heterozygous individuals, red bars indicate homozygous 
individuals, and green bars indicate an individual with wild-type CARD11 genotype. E, LCLs from two patients homozygous for the D600Y 
variant (the index patient and his sister) were stimulated with P/I in a time course ranging from 0 to 60 min and compared to a healthy 
control. F, Immunoblot of LCLs stimulated with a low dose of P/I (25 ng/mL PMA + 0.5 μmol/L ionomycin), a high dose of P/I (50 ng/mL 
PMA + 1 μmol/L ionomycin), α-Ig (10 μg/mL anti-IgM+IgG), or CD40L (10 μg/mL)
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from recurrent otitis media and has had chronic otorrhea intermit-
tently positive for Pseudomonas spp. or Achromobacter spp. After un-
dergoing dental extraction for caries at age 10 years, he developed 
respiratory failure and subsequently ventilator-associated pneu-
monia (with endotracheal tube secretions positive for Methicillin-
sensitive Staphylococcus aureus and Moraxella catarrhalis), as well 
as Actinomyces oris-positive bacteremia. He required a tracheos-
tomy due to ongoing ventilator dependence and critical illness 
myopathy (biopsy confirmed) and remains ventilator dependent. 
The patient also has severe global developmental delay, seizures, 
scoliosis, central sleep apnea, and dysmorphic features, including 
short/abnormally shaped fingers, hypertelorism, epicanthal folds, 
long eyelashes, broad nasal base, and microcephaly. Chromosomal 
microarray showed a normal male genomic profile with multiple 
regions of homozygosity, but no diagnostic copy number changes 
(ISCN: arr(1-22)x2,(XY)x1).

The patient’s clinical immune phenotype was notable for low 
CD19+ B cells (particularly affecting the isotype-switched IgM-IgD- 
memory B-cell population), low CD4+ T cells, increased numbers 
of CD4−CD8− (double-negative) TCRαβ+ T cells, and impaired T cell 
proliferation in response to a panel of mitogens including phyto-
hemagglutinin (PHA), concanavalin A (ConA), and pokeweed mito-
gen (PWM) (Table 1, Table S1). All other tests were unremarkable. 
Collectively, the history of recurrent infections, abnormal B cell de-
velopment, and poor lymphocyte proliferation raised the suspicion 
of an underlying primary immune defect, specifically CID.

Whole exome sequencing of the trio of patient and unaffected 
parents identified that the patient was homozygous for a CARD11 vari-
ant (NM_032415.5, c.1798G>T, p.Asp600Tyr) that was classified as a 
variant of unknown significance (Supporting Information). CARD11 is 
a highly constrained gene that is extremely intolerant of missense and 
loss-of-function variation based on the ExAC database (z-score = 4.35 
for missense constraint, pLI = 1.00 for loss of function). The CARD11 
D600Y variant was an exceedingly rare variant not found in ClinVar, 
dbSNP, EVS (http://evs.gs.washington.edu/EVS/; accessed on April 
2018), or 1000 genome project. It was found once in gnomAD with 
an allele frequency of 4.08 × 10−6 and twice in ExAC with an allele 
frequency of 1.687 × 10−5. Importantly, no individuals homozygous 
for this variant have ever been reported. Consistent with the marked 
change in biophysical characteristics at this position caused by the 
conversion of an aspartic acid (negatively charged) to tyrosine (hydro-
phobic aromatic), the D600Y variant was predicted to be damaging by 
SIFT (score = 0.02), CADD (score = 23.7), MutationTaster, Align GVGD 
(GV = 0.00, GD = 159.94; Class C65), and FATHMM (score = 0.85699), 
though not by PolyPhen-2 (score = 0.086). Multiple sequence align-
ment of the substitution site revealed that the D600 amino acid resi-
due had been moderately conserved during evolution (Figure 1A).

Given its crucial role in immunity, the CARD11 variant was se-
lected for further investigation.3-5 The single base pair substitution 
(NM_032415.5:c.1798G>T), leading to an aspartic acid to tyrosine 
amino acid substitution (NP_115791.3:p.D600Y), was located in re-
pressive element (RE) 3 of the inhibitory domain (ID) of the CARD11 
protein (Figure 1A). Sanger sequencing was performed on both 

whole blood and lymphoblastoid B cells (LCLs) from the patient and 
remaining family members. This confirmed that the parents were 
heterozygous (I-1, I-2), two siblings were heterozygous (II-3, II-4), 
and the eldest sister (II-2) was also homozygous for the same substi-
tution (Figure 1A, Figure S1A-B, Supporting Information). This sub-
stitution did not render the mRNA subject to nonsense-mediated 
mRNA decay, nor did it affect the expression of the protein, sug-
gesting that protein stability or dynamics were intact (Figure 1B, 
Figure S1C, Supporting Information).

As CARD11 plays a major role in both the assembly of the CBM 
signalosome and NF-κB activation, we interrogated the effect of 
the p.D600Y substitution on NF-κB signaling as measured by the 
phosphorylation of downstream signaling effectors (Supporting 
Information). LCLs from all members of the family and a healthy 
control were stimulated for 15 minutes with 50 ng/mL phorbol 
12-myristate 13-acetate (PMA) and 1 μmol/L ionomycin (hence-
forth referred to as P/I) and immunoblotted. The index patient and 
his sister with the same genotype (II-2) exhibited patterns of phos-
phorylation of the p65 subunit of NF-κB, degradation of inhibitor 
of kappa B (IκBα), and phosphorylation of the IκB kinases (IKK) 
α/β that were indistinguishable from other family members and a 
healthy control (Figure 1B). As an internal control to interrogate a 
pathway not dependent on CARD11, we assessed the activation of 
the mitogen-activated protein kinase (MAPK) pathway6 by measur-
ing the phosphorylation of MAPK1/3. As expected, these responses 
did not differ according to CARD11 genotype (Figure 1B). Finally, as 
the phosphorylation of the inhibitory domain of CARD11 by pro-
tein kinase C (PKC) has been shown to regulate NF-κB activation,7 
the phosphorylation of a serine residue (S652) downstream of the 
D600Y substitution site was assessed. This modification was also in-
distinguishable across CARD11 genotypes, suggesting that the ability 
of the D600Y variant to be phosphorylated was intact (Figure 1B).

Next, we investigated whether direct activity of CBM assembly 
was affected in the patient by examining MALT1 paracaspase func-
tion. LCLs were stimulated for 4 hour and blotted for the established 
MALT1 substrate heme-oxidized IRP2 ubiquitin ligase 1 (HOIL1).8 
The cleavage of HOIL1 was intact in all samples tested, suggesting 
that MALT1 activity was unaffected by the D600Y CARD11 vari-
ant (Figure 1C). In addition, both phospho-IKKα/β and phospho-
MAPK1/3 were comparable to the healthy control, indicating that 
even at longer time points, the activation of NF-κB and MAPK path-
ways in patient LCLs was normal (Figure 1C). Downstream target 
genes also appeared to be unaffected by the CARD11 genotypes 
through the measurements of pro-inflammatory cytokine IL-6 secre-
tion (Figure 1D, Supporting Information).

To explore whether there could be kinetic differences in NF-
κB activation, LCLs from the two D600Y homozygous subjects 
(II-1, II-2) and a healthy control were stimulated with P/I across a 
time course and NF-κB and MAPK activity was measured by im-
munoblot. Again, regardless of CARD11 genotype, LCLs derived 
from these patients demonstrated comparable response kinetics 
(Figure 1E). Similarly, expanded primary T cells from all family 
members and a healthy control that were stimulated with P/I for 
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TABLE  1  Immune profile of the patient

Patient Reference Range

Abs. # % Abs. # %

Leukocytes 12.6 — 5-11 —

Neutrophils *9.31 73.9 1.5-8.5 51-82

Monocytes 0.77 *6.1 0.0-0.8 1.0-6.0

Eosinophils *0.77 *6.1 0-0.5 0.0-3.0

Lymphocytes 1.64 *13.0 1.5-6.0 30-40

CD3+ mature T cells *1095 *55 1200-2600 60-76

CD3+CD4+ T helper cells *279 *14 650-1500 31-47

Naive CD4+ — *32.2 — 33.0-73.5

Memory CD4+ — *67.0 — 26.3-66.3

CD4+ central memory — 35.1 — 8.9-34.1

CD4+ effector memory — 60.3 — 33.4-74.1

CD4+ TEMRA — *1.0 — 0.0-0.8

CD3+CD8+ cytotoxic T cells 637 *57.1 370-1100 18-35

Naive CD8+ — *13.2 — 36.3-83.5

Memory CD8+ — *67.1 — 12.9-51.3

CD8+ central memory — *0.2 — 0.6-6.7

CD8+ effector memory — 27.8 — 6.6-76.0

CD8+ TEMRA — *19.9 — 0.0-10.3

TCRa/p+ CD4−CD8− T cells — *7.6 — <2

CD19+ B Cells *200 15 270-860 13-27

CD19+CD27+ memory B cells — 14 — 14-38

IgM+IgD+memory — 12 — 8-26

IgM+IgD+ (of CD27+) — *85 — 44-72

IgM+IgD− memory — 0.5 — 0.8-4.3

IgM+IgD− (of CD27+) — *3.7 — 3.9-16.6

IgM−IgD− memory — *1.4 — 2.4-9.6

IgM−IgD− (of CD27+) — *10 — 16-40

NK cells (CD3−CD56+CD16+) *617 *31 100-480 4-17

Mitogen stimulation CPM SI CPM SI

PHA *45 377 *124 93 720 272

ConA *15 352 *42 99 920 293

PWM *19 007 *52 97 333 283

Serum immunoglobulin

IgG (g/L) 14.9 — 5.46-16.18 —

IgA (g/L) 2.9 — 0.54-3.78 —

IgM (g/L) 0.74 — 0.21-2.63 —

IgE (IU/mL) 174 — <200 —

Specific antibodies (mg/L)

Measles/mumps/rubella +/−/+ — +/+/+ —

α-Tetanus + (2.7) — + —

α-Pneumococcus + (pre: 6.8; post: 19.6) — + —

Clinical immunophenotyping of patient blood. Values deviating from the reference range are indicated with an asterisk. Shown are the absolute num-
bers (Abs. #) and or percentages (%) of each population.
TCR, T-cell receptor, NK, natural killer, PHA, phytohemagglutinin, ConA, concanavalin A, PWM, pokeweed mitogen.
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0 minutes, 5 minutes, 15 minutes, 30 minutes, and 60 minutes did 
not show observable differences in both p65 phosphorylation and 
IκBα degradation, indicating normal lymphocyte response kinetics 
(Figure S1D, Supporting Information).

CARD11 is involved in signal transduction through a variety of 
receptors, including the B cell receptor (BCR) and CD40 receptor. 
Thus, LCLs from the index patient were stimulated with either 10 μg/
mL of a cocktail of anti-IgG+IgM antibodies or 10 μg/mL of CD40L 
for 15 minutes and immunoblotted. CD40L stimulation induced ro-
bust phosphorylation of p65, degradation of IκBα, and phosphoryla-
tion of IKKα/β in both the patient and a healthy control (Figure 1F). 
However, MAPK1/3 was not activated by CD40L, consistent with 
previous reports.3 BCR stimulation caused a moderate increase in 
p65 phosphorylation and IκBα degradation, which was indistinguish-
able between the patient and healthy control. Finally, to exclude the 
possibility of artefacts related to overstimulation with P/I, LCLs from 
the patient, a healthy control, and a MALT1-deficient patient (homo-
zygous p.W580S mutation) known to have defective NF-κB activa-
tion8 were stimulated with both half the standard dose (“Low”) and 
standard dose (“High”) of P/I and blotted. A dose-dependent effect 
was seen in all LCLs except those from the MALT1 patient, which 
exhibited their characteristic diminished response (Figure 1F).

The cost-effectiveness and relative efficiency of WES have led to 
its increased incorporation into clinical diagnostics, medical genetics, 
and research. This has greatly empowered the discovery, research, 
understanding, and treatment of PIDs. However, as many PIDs display 
genetic heterogeneity (different gene mutations causing similar phe-
notypes), genetic pleiotropy (different mutations of one gene causing 
varying clinical/immunologic phenotypes), and incomplete clinical 
penetrance, it is not possible to rely solely on sequence data to secure 
a diagnosis. It is essential to establish a causal relationship between 
genotype and phenotype, especially in the case of novel variants and 
genes. Even with advances in bioinformatics, no algorithm can de-
finitively state whether a variant is disease causing or not. Thus, it is 
imperative that rigorous experimental functional characterization of 
variants be done to avoid assigning a causal role to benign variants.

Here, we present a Canadian First Nations patient (II-1) with re-
current infections and poor lymphocyte proliferation suggestive of 
CID who was found to be homozygous for a novel p.D600Y CARD11 
variant. Although this variant was predicted to be pathogenic by mul-
tiple in silico models, it had no functional impact on assays designed 
to interrogate the function of CARD11 (and the CBM binding partner 
MALT1). Response patterns of NF-κB, MAPK, and cytokine secre-
tion in both B and T cells were intact. Consistent with these findings, 
during the course of these functional experiments, we discovered that 
one healthy sister (II-2) was also homozygous for this novel CARD11 
variant. These results are further supported by the finding that in vitro 
mutation of RE3 alone in murine CARD11 had no functional impact.7

An important consideration in this case is the fact that the pa-
tient was from an Indigenous population that may be absent or 
underrepresented in the population databases used for initial bio-
informatics screening of variants. Previous reports have shown that 
genomics for the purpose of precision medicine fails in diversity, 

and certain poorly represented groups are being misdiagnosed.9 In 
Canada, genomic data from Indigenous peoples are limited, and this 
poses a major public health concern because this impedes diagno-
sis, prophylaxis, and management of various illnesses, as well as the 
identification of affected or at-risk relatives. Some genetic condi-
tions found in First Nations individuals may be unique to specific 
communities, making them extremely challenging to diagnose and 
treat. This deficit could be ameliorated by recruiting small numbers 
of these individuals over time, which has been shown to improve 
diagnostic ability.10

In this report, we have provided further support for the need 
to carefully characterize the functional status of variants found by 
WES, in order to establish a genotype-phenotype relationship. In 
addition, given the relative lack of diversity in large population da-
tabases, especially when it comes to Indigenous populations such 
as the First Nations, there is a need to increase recruitment of 
these populations in order to document unique and specific vari-
ants that may be common in those communities. These factors will 
ultimately strengthen the diagnosis and management of PIDs and 
related diseases.
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Supporting Information1

The importance of functional validation after next generation sequencing: evaluation of a2
novel CARD11 variant3

Lu et al., 20184

METHODS:5

Human blood donors and consent6

Research study protocols were approved by The University of British Columbia Research Ethics7
Board. Six members of the family, including the index patient, parents, three siblings, as well as8
two healthy controls were enrolled.9

Peripheral blood mononuclear cell isolation, B cell immortalization, primary T cell expansion,10
and cell culture11

Human peripheral blood mononuclear cells (PBMCs) were isolated from blood by Ficoll-Plaque12
(GE Healthcare) density centrifugation. Primary immortalized B cells (or lymphoblastoid cell13
lines [LCLs]) were established by Epstein-Barr virus (EBV) transformation (1). Briefly, fresh14
PBMCs were treated with Tacrolimus (Prograf) then cultured in complete RPMI-1640 media (GE15

Healthcare) supplemented with 10% fetal bovine serum (Gibco, Life Technologies), 2mM L-16
glutamine (HyClone, Fisher Scientific), and 1X Penicillin-Streptomycin (Gibco, Fisher Scientific)17
along with supernatant from a viral replication-permissive marmoset cell line B95-8 (ATCC) until18
sufficient B cell blasts were present. Primary T cells were expanded from fresh PBMCs using a19
T cell activation/expansion kit (#130-091-441, Miltenyi Biotec). T cells were cultured in IMDM20

(HyClone, Fisher Scientific) supplemented with 10% FBS, 2mM L-glutamine, -mercaptoethanol,21

and 1x MEM NEAA (Gibco, Life Technologies) along with beads loaded with anti-CD2, -CD3,22
and -CD28 antibodies and expanded in recombinant human IL-2 (#200-02, PeproTech).23

Immunoblotting24

LCLs were stimulated with 50 ng/mL PMA + 1 M ionomycin, 25 ng/mL PMA + 0.5 M25

ionomycin, 10 g/mL anti-IgG+IgM (#109-005-044, Jackson ImmunoResearch), or 10 g/mL26

CD40L (#3583SC, Cell Signaling Technology). Quantification of protein expression and27
phosphorylation was done using standard techniques (2). Briefly, patient and family member28
LCLs were lysed in modified RIPA buffer with Halt protease and phosphatase inhibitors (Thermo29
Scientific) and proteins were then separated by 10% SDS-PAGE and transferred onto a30
polyvinylidene difluoride membrane (Immobilon-FL, EMD Millipore). Membranes were incubated31
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for at least 18 h at 40C with primary antibodies against the following targets: phospho-CARD1132

(Ser652; #5189), CARD11 (#4435), phospho-NF-B p65 (Ser536, #3031), IB (#9242),33

phospho-IKK/(Ser176/180; #2697), and -actin (#3700 or #8457), all from Cell Signaling34

Technology, phospho-MAPK1/MAPK3 (Thr202/Tyr204; #MA5-15174) from Thermo Scientific,35
and HOIL-1 (clone 2E2; #MABC576) from Millipore Sigma. Membranes were then incubated36
with secondary antibodies conjugated with infrared dyes (IRDye 680RD and IRDye 800CW),37
both from LI-COR Biosciences and imaged on a LI-COR Odyssey infrared imager (LI-COR38
Biosciences).39

Enzyme-linked immunosorbent assays (ELISA)40

LCLs were stimulated with 50 ng/mL PMA + 1 M ionomycin for 4 h. Supernatants were41

collected and IL-6 was detected by sandwich ELISA (#88-7066-88, ThermoFisher Scientific) (3).42

Identification of CARD11 variant by whole exome sequencing and in silico modelling of43
pathogenicity44

Clinical diagnostic whole exome sequencing was performed (PGxome, Prevention Genetics)45

from DNA of the trio of the index patient and his parents. Briefly, genomic DNA was extracted46
and captured using Agilent Clinical Research Exome hybridization probes (Agilent47
Technologies) and sequenced on the NextSeq500 using 150x100 base pair paired-end reads48
(Illumina). Greater than 97% of target bases were covered more than 20X, and the mean49
coverage of protein coding bases was greater than 120X. Data analysis and interpretation were50
performed using Prevention Genetics proprietary software Titanium-Exome. Sequence reads51
were aligned to the human genome by using Burrows-Wheeler Aligner (4). Variant calls were52
made by GATK Haplotype caller (5, 6) and annotated by SnpEff (7) and proprietary software.53
Results were then filtered and annotated using VarSeq (Golden Helix). Sequence variants were54

assigned one of five interpretation categories: pathogenic, likely pathogenic, variant of uncertain55
significance, likely benign, and benign, as indicated by the American College of Medical56
Genetics and Genomics Guidelines (8). In addition to the CARD11 variant that is the focus of57
this study, the patient was also found to be a heterozygous carrier for likely pathogenic58
mutations in both DPYD (NM_000110.3, c.1679T>G, p.Ile560Ser) and PKHD1 (NM_138694.3,59
c.8_11del, p.Ala3Glyfs*2). However, biallelic mutations in these genes are generally required to60
cause disease. In order to assess whether the CARD11 variant had been discovered previously,61
the p.D600Y variant was searched against the ExAc database (9), ClinVar (10), dbSNP (11),62
EVS (http://evs.gs.washington.edu/EVS/; accessed February 2018), and 1000 genome project63

(12). Allele frequency was checked in both ExAc (9) and gnomAD (9). Pathogenicity was64
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evaluated by SIFT (13), CADD (14), MutationTaster (15), Align GVGD (16), FATHMM (17), and65
PolyPhen-2 (18).66

Quantification of CARD11 transcript abundance67

Total RNA was extracted from LCLs (RNeasy Plus Mini Kit, QIAGEN) and transcribed to cDNA68
(iScript, Bio-Rad). CARD11 transcript abundance was measured by using SYBR Green69

quantitative PCR (Universal SYBR Green Super Mix, Bio-Rad) with CARD11 (exon location 17-70
18) and ACTB (exon location 1-2) primers (PrimeTime, Integrated DNA Technologies) (Fig.71
S1A). This was performed on a 7300 Real-Time PCR System (Applied Biosystems) and relative72

gene abundance was analyzed by comparing to ACTB using the 2-Ct method (19).73

Analysis of NF-B activation by flow cytometry74

Expanded T cells were stimulated over a time course with 50 ng/mL phorbol 12-myristate 13-75

acetate (PMA) and 1 M ionomycin (Sigma-Aldrich). Cells were then stained with anti-CD376

APC-H7 (#560176, BD Biosciences) and anti-CD4 FITC (#555346, BD Biosciences) to identify77
the T cell populations. Cells were then fixed and permeabilized (Cytofix/Perm II, BD78

Biosciences) and stained with a mixture of anti-phospho-NF-B p65 PE-Cy7 (Ser529, #560335,79

BD Biosciences) and anti-IB PE (#560818, BD Biosciences). Compensation settings were80

optimized using compensation particles (#552843, BD Biosciences). Data acquisition was81

performed on an LSRII instrument (BD Biosciences) and analyzed using FlowJo software82
(TreeStar).83

84
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SUPPLEMENTAL FIGURE LEGENDS:135

Supplemental Figure 1. (A) Primers used in directed Sanger sequencing of patient blood for136

the substitution region and primers used in qPCR. (B) Chromatograms of the entire family137
compared to a healthy control shown in the reverse primer direction. (C) Relative transcript138
abundance of CARD11 mRNA measured in lymphoblastoid cell lines (LCLs) generated from the139

entire family and healthy controls. Data points are from three independent RNA isolations and140

cDNA syntheses. (D) IB degradation and p65 phosphorylation of primary CD3+ patient T cells141

stimulated with PMA + ionomycin for 5 min, 15 min, 30 min, or 60 min and assessed by142
phospho-flow cytometry.143

144
Supplemental Table 1. Extended immunophenotyping of the patient.145

Extended B cell phenotyping, adenosine deaminase and purine nucleoside phosphorylase146
activity, and recent thymic and bone marrow emigrants (RTE, RBME). Asterisks indicate values147
deviating from the reference range. Shown are the cell proportions (%).148
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METHODS:5

Human blood donors and consent6

Research study protocols were approved by The University of British Columbia Research Ethics7
Board. Six members of the family, including the index patient, parents, three siblings, as well as8
two healthy controls were enrolled.9

Peripheral blood mononuclear cell isolation, B cell immortalization, primary T cell expansion,10
and cell culture11

Human peripheral blood mononuclear cells (PBMCs) were isolated from blood by Ficoll-Plaque12
(GE Healthcare) density centrifugation. Primary immortalized B cells (or lymphoblastoid cell13
lines [LCLs]) were established by Epstein-Barr virus (EBV) transformation (1). Briefly, fresh14
PBMCs were treated with Tacrolimus (Prograf) then cultured in complete RPMI-1640 media (GE15

Healthcare) supplemented with 10% fetal bovine serum (Gibco, Life Technologies), 2mM L-16
glutamine (HyClone, Fisher Scientific), and 1X Penicillin-Streptomycin (Gibco, Fisher Scientific)17
along with supernatant from a viral replication-permissive marmoset cell line B95-8 (ATCC) until18
sufficient B cell blasts were present. Primary T cells were expanded from fresh PBMCs using a19
T cell activation/expansion kit (#130-091-441, Miltenyi Biotec). T cells were cultured in IMDM20

(HyClone, Fisher Scientific) supplemented with 10% FBS, 2mM L-glutamine, -mercaptoethanol,21

and 1x MEM NEAA (Gibco, Life Technologies) along with beads loaded with anti-CD2, -CD3,22
and -CD28 antibodies and expanded in recombinant human IL-2 (#200-02, PeproTech).23

Immunoblotting24

LCLs were stimulated with 50 ng/mL PMA + 1 M ionomycin, 25 ng/mL PMA + 0.5 M25

ionomycin, 10 g/mL anti-IgG+IgM (#109-005-044, Jackson ImmunoResearch), or 10 g/mL26

CD40L (#3583SC, Cell Signaling Technology). Quantification of protein expression and27
phosphorylation was done using standard techniques (2). Briefly, patient and family member28
LCLs were lysed in modified RIPA buffer with Halt protease and phosphatase inhibitors (Thermo29
Scientific) and proteins were then separated by 10% SDS-PAGE and transferred onto a30
polyvinylidene difluoride membrane (Immobilon-FL, EMD Millipore). Membranes were incubated31
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for at least 18 h at 40C with primary antibodies against the following targets: phospho-CARD1132

(Ser652; #5189), CARD11 (#4435), phospho-NF-B p65 (Ser536, #3031), IB (#9242),33

phospho-IKK/(Ser176/180; #2697), and -actin (#3700 or #8457), all from Cell Signaling34

Technology, phospho-MAPK1/MAPK3 (Thr202/Tyr204; #MA5-15174) from Thermo Scientific,35
and HOIL-1 (clone 2E2; #MABC576) from Millipore Sigma. Membranes were then incubated36
with secondary antibodies conjugated with infrared dyes (IRDye 680RD and IRDye 800CW),37
both from LI-COR Biosciences and imaged on a LI-COR Odyssey infrared imager (LI-COR38
Biosciences).39

Enzyme-linked immunosorbent assays (ELISA)40

LCLs were stimulated with 50 ng/mL PMA + 1 M ionomycin for 4 h. Supernatants were41

collected and IL-6 was detected by sandwich ELISA (#88-7066-88, ThermoFisher Scientific) (3).42

Identification of CARD11 variant by whole exome sequencing and in silico modelling of43
pathogenicity44

Clinical diagnostic whole exome sequencing was performed (PGxome, Prevention Genetics)45

from DNA of the trio of the index patient and his parents. Briefly, genomic DNA was extracted46
and captured using Agilent Clinical Research Exome hybridization probes (Agilent47
Technologies) and sequenced on the NextSeq500 using 150x100 base pair paired-end reads48
(Illumina). Greater than 97% of target bases were covered more than 20X, and the mean49
coverage of protein coding bases was greater than 120X. Data analysis and interpretation were50
performed using Prevention Genetics proprietary software Titanium-Exome. Sequence reads51
were aligned to the human genome by using Burrows-Wheeler Aligner (4). Variant calls were52
made by GATK Haplotype caller (5, 6) and annotated by SnpEff (7) and proprietary software.53
Results were then filtered and annotated using VarSeq (Golden Helix). Sequence variants were54

assigned one of five interpretation categories: pathogenic, likely pathogenic, variant of uncertain55
significance, likely benign, and benign, as indicated by the American College of Medical56
Genetics and Genomics Guidelines (8). In addition to the CARD11 variant that is the focus of57
this study, the patient was also found to be a heterozygous carrier for likely pathogenic58
mutations in both DPYD (NM_000110.3, c.1679T>G, p.Ile560Ser) and PKHD1 (NM_138694.3,59
c.8_11del, p.Ala3Glyfs*2). However, biallelic mutations in these genes are generally required to60
cause disease. In order to assess whether the CARD11 variant had been discovered previously,61
the p.D600Y variant was searched against the ExAc database (9), ClinVar (10), dbSNP (11),62
EVS (http://evs.gs.washington.edu/EVS/; accessed February 2018), and 1000 genome project63

(12). Allele frequency was checked in both ExAc (9) and gnomAD (9). Pathogenicity was64
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evaluated by SIFT (13), CADD (14), MutationTaster (15), Align GVGD (16), FATHMM (17), and65
PolyPhen-2 (18).66

Quantification of CARD11 transcript abundance67

Total RNA was extracted from LCLs (RNeasy Plus Mini Kit, QIAGEN) and transcribed to cDNA68
(iScript, Bio-Rad). CARD11 transcript abundance was measured by using SYBR Green69

quantitative PCR (Universal SYBR Green Super Mix, Bio-Rad) with CARD11 (exon location 17-70
18) and ACTB (exon location 1-2) primers (PrimeTime, Integrated DNA Technologies) (Fig.71
S1A). This was performed on a 7300 Real-Time PCR System (Applied Biosystems) and relative72

gene abundance was analyzed by comparing to ACTB using the 2-Ct method (19).73

Analysis of NF-B activation by flow cytometry74

Expanded T cells were stimulated over a time course with 50 ng/mL phorbol 12-myristate 13-75

acetate (PMA) and 1 M ionomycin (Sigma-Aldrich). Cells were then stained with anti-CD376

APC-H7 (#560176, BD Biosciences) and anti-CD4 FITC (#555346, BD Biosciences) to identify77
the T cell populations. Cells were then fixed and permeabilized (Cytofix/Perm II, BD78

Biosciences) and stained with a mixture of anti-phospho-NF-B p65 PE-Cy7 (Ser529, #560335,79

BD Biosciences) and anti-IB PE (#560818, BD Biosciences). Compensation settings were80

optimized using compensation particles (#552843, BD Biosciences). Data acquisition was81

performed on an LSRII instrument (BD Biosciences) and analyzed using FlowJo software82
(TreeStar).83

84
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SUPPLEMENTAL FIGURE LEGENDS:135

Supplemental Figure 1. (A) Primers used in directed Sanger sequencing of patient blood for136

the substitution region and primers used in qPCR. (B) Chromatograms of the entire family137
compared to a healthy control shown in the reverse primer direction. (C) Relative transcript138
abundance of CARD11 mRNA measured in lymphoblastoid cell lines (LCLs) generated from the139

entire family and healthy controls. Data points are from three independent RNA isolations and140

cDNA syntheses. (D) IB degradation and p65 phosphorylation of primary CD3+ patient T cells141

stimulated with PMA + ionomycin for 5 min, 15 min, 30 min, or 60 min and assessed by142
phospho-flow cytometry.143

144
Supplemental Table 1. Extended immunophenotyping of the patient.145

Extended B cell phenotyping, adenosine deaminase and purine nucleoside phosphorylase146
activity, and recent thymic and bone marrow emigrants (RTE, RBME). Asterisks indicate values147
deviating from the reference range. Shown are the cell proportions (%).148
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