Deficiency of caspase recruitment domain family, member 11
(CARD11), causes profound combined immunodeficiency in

human subjects
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Background: Profound combined immunodeficiency can
present with normal numbers of T and B cells, and therefore the
functional defect of the cellular and humoral immune response
is often not recognized until the first severe clinical
manifestation. Here we report a patient of consanguineous
descent presenting at 13 months of age with
hypogammaglobulinemia, Pneumocystis jirovecii pneumonia,
and a suggestive family history.

Objective: We sought to identify the genetic alteration in a
patient with combined immunodeficiency and characterize
human caspase recruitment domain family, member 11
(CARD11), deficiency.

Methods: Molecular, immunologic, and functional assays were
performed.

Results: The immunologic characterization revealed only subtle
changes in the T-cell and natural Killer cell compartment,
whereas B-cell differentiation, although normal in number, was
distinctively blocked at the transitional stage. Genetic
evaluation revealed a homozygous deletion of exon 21 in
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CARDI11 as the underlying defect. This deletion abrogated
protein expression and activation of the canonical nuclear factor
kB (NF-kB) pathway in lymphocytes after antigen receptor or
phorbol 12-myristate 13-acetate stimulation, whereas CD40
signaling in B cells was preserved. The abrogated activation of
the canonical NF-kB pathway was associated with severely
impaired upregulation of inducible T-cell costimulator, 0X40,
cytokine production, proliferation of T cells, and B cell-
activating factor receptor expression on B cells.

Conclusion: Thus in patients with CARD11 deficiency, the
combination of impaired activation and especially upregulation
of inducible T-cell costimulator on T cells, together with severely
disturbed peripheral B-cell differentiation, apparently leads to a
defective T-cell/B-cell cooperation and probably germinal
center formation and clinically results in severe
immunodeficiency. This report discloses the crucial and
nonredundant role of canonical NF-kB activation and
specifically CARD11 in the antigen-specific immune response in
human subjects. (J Allergy Clin Immunol 2013;131:477-85.)

Key words: CARDII, human, combined immunodeficiency, hypo-
gammaglobulinemia, profound combined immunodeficiency disor-
der, transitional B cell, nuclear factor kB, B cell-activating factor
receptor, inducible T-cell costimulator, germinal center

Combined immunodeficiency disorders (CIDs) affecting the
cellular and humoral immune response in human subjects
predispose patients to common bacterial and opportunistic infec-
tions. Severe forms (severe combined immunodeficiency) present
in the first year of life and are caused by genetic defects affecting
either the recombination of the antigen receptor or receptors of
essential cytokines.' In recent years, several less severe forms of
CID have been discovered, presenting later in life with opportun-
istic infections or alterations of T-cell homeostasis.” Although
some of these patients have hypomorphic mutations of known
severe combined immunodeficiency—associated genes, increas-
ingly, new defects are discovered, altering the signaling of the
T-cell receptor (TCR) or B-cell receptor (BCR) without affecting
T- and B-cell numbers but affecting their function. Thus CD3ry
deficiency often presents with normal T- and B-cell counts.’
Abrogation of TCR-induced calcium response in Orail-deficient*
or stromal interaction molecule 1 (STIM1)—deficient® children
permits normal differentiation of T and B cells but not their
antigen-specific response. Other defects preferentially affect
T-cell subpopulations, whereas total T-cell counts can be normal %
Therefore key signaling molecules downstream of the antigen re-
ceptors are prime candidates underlying profound combined immu-
nodeficiency disorders (pCIDs).
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Abbreviations used
APC: Allophycocyanin
BAFF-R: B cell-activating factor receptor
BCL10: B-cell lymphoma 10
BCR: B-cell receptor
CARDI11: Caspase recruitment domain family, member 11
CD40L: CD40 ligand
CID: Combined immunodeficiency
ERK: Extracellular signal-regulated kinase
FITC: Fluorescein isothiocyanate
GC: Germinal center
gDNA: Genomic DNA
ICOS: Inducible T-cell costimulator
KREC: k-Deleted receptor excision circle
MALTI1: Mucosa associated lymphoid tissue lymphoma transloca-
tion gene 1
NF-kB: Nuclear factor kB
NK: Natural killer
pCID: Profound combined immunodeficiency disorder
PE: Phycoerythrin
PerCP: Peridinin-chlorophyll-protein complex
PMA: Phorbol 12-myristate 13-acetate
TCR: T-cell receptor
TREC: T-cell receptor excision circle
Treg: Regulatory T

Caspase recruitment domain family, member 11 (CARDI11),
belongs to the family of membrane-associated guanylate kinases,
which play a crucial role in the differentiation of both neuronal
and immunologic tissues as scaffold proteins, facilitating the
assembly of clusters of signaling molecules at sites of cell-cell
contact.” Through its interaction with B-cell lymphoma 10
(BCL10) and mucosa associated lymphoid tissue lymphoma
translocation gene 1 (MALT1), CARDI1 is essential in the acti-
vation of the canonical nuclear factor kB (NF-kB) pathway in
lymphocytes.'® In mice with a targeted deletion of Cardll or
carrying a hypomorphic allele, the antigen-independent develop-
ment of T and B cells in thymus and bone marrow, respectively,
was normal, but peripheral activation—dependent proliferation
and differentiation of lymphocytes were altered.'™"" Serum
immunoglobulin levels were low, and after vaccination, Cardl ]
mutant mice mounted only poor responses to T-dependent and
T-independent antigens. 10

Here we report a female patient with a homozygous deletion of
exon 21 in CARDI]I presenting at the age of 13 months with
disturbed B-cell differentiation, hypogammaglobulinemia, and
Pneumocystis jirovecii pneumonia.

METHODS

All investigations were performed after informed consent was granted by
the parents. The study was approved by the institutional review board (ITB
0306-10-HMO), according to the declaration of Helsinki. All animal studies
were approved by the animal experimentation ethics committee of the
Australian National University. For additional information, see the Methods
section in this article’s Online Repository at www.jacionline.org.

Signaling assays

For detection of phosphorylated p65 and IkBa, PBMCs were incubated for
2 hours at 37°C. Cells were either left untreated or stimulated with 20 pg/mL
F(ab’), anti-IgM (SouthernBiotech, Birmingham, Ala) for 35 minutes and
with 200 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma, St Louis,
Mo) or recombinant CD40 ligand (CD40L) for 15 minutes at 37°C.
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FIG 1. Pedigree of the CARD11-deficient family. Circles, Female subjects;
squares, male subjects; solid symbols, homozygous subjects; half-solid sym-
bols, heterozygous subjects; crossed-out symbols, deceased subjects. The ped-
igree shows 5 generations of the family. The arrow indicates the index patient.

Phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 was deter-
mined on stimulation with 20 p.g/mL F(ab’), anti-IgM or 200 ng/mL PMA for
5 minutes at 37°C. Fixation and permeabilization were performed with the BD
Biosciences Phosflow intracellular staining kit (BD Biosciences, San Jose, Ca-
lif), according to the manufacturer’s instructions. Subsequently, cells were
stained with antibodies against cell-surface markers and intracellular proteins
and analyzed by using flow cytometry.

Intracellular calcium mobilization was measured, as described previ-
ously.'? PBMCs (2 X 10°) were labeled with Indo-1 (Invitrogen, Carlsbad,
Calif). Subsequent cell-surface staining allowed gating on CD27 1gG IgA ™
nonmemory B cells. Baseline acquisition for 45 seconds was followed by
stimulation with 10 pg/mL F(ab’), anti-IgM. Tonomycin (Sigma) was added
after 8 minutes as a loading control.

Determination of intracellular cytokines

For determination of intracellular cytokines, a BD staining kit for intra-
cellular cytokines was used, according to the manufacturer’s instructions. IL-2
production was detected after stimulation of PBMCs with 100 ng/mL PMA
and 0.75 pg/mL ionomycin in the presence of the protein transport inhibitor
GolgiStop (BD Biosciences) for 13 hours at 37°C. IL-17, IL-4, and IFN-y were
detected after stimulation of cells with PMA (50 ng/pL) and 1 pg/mL
ionomycin for 4 hours at 37°C in the presence of 500 U/mL IL-2 and
GolgiPlug. Subsequent to the stimulation, cell-surface staining was per-
formed. Cells were fixed and permeabilized, according to the manufacturer’s
instructions, and stained for intracellular cytokines.

Activation assays

Invitro stimulation of 5 X 10> PBMCs with 15 wg/mL F(ab’), anti-IgM and
optimal amounts of recombinant CD40L was performed to determine upregu-
lation of activation markers on B cells. Cells were harvested after 2 days and
stained with the corresponding antibodies.

T cells (5 X 10°) were separated and immediately stimulated through CD3/
CD28 beads for 18 hours at 37°C (Invitrogen) to investigate T cell-specific up-
regulation of activation markers. For activation of mouse T cells, 1.5 X 10°
splenocytes were cultured for 18 hours in 96-well plates precoated with
1 pg/mL anti-CD3 or 1 pg/mL anti-CD3 and 10 pg/mL anti-CD28 (all
from BD PharMingen). Subsequent to stimulation, cells were washed and
stained with the appropriate antibodies.

Plasmablast differentiation
PBMC:s of the patient and human cord blood cells (6.25 X 10° cells) were
stimulated with CD40L and IL-21 for 9 days in Iscove medium supplemented
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TABLE I. Peripheral lymphocyte subpopulations
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Cells/pL Normal values, cells/pL Percentage of parental population Normal values (%)
Leukocytes 7,700 7,400-14,300*
Lymphocytes 4,900 1,400-12,100F 63.6 43.0-65.2*
CD4 T cells 2,092 400-7,200 42.7 16-917
Naive cells 1,919 200-7,500 91.7 56-1007
Total memory cells 173 1-650 8.3 0.09-407F
Recent thymic emigrants 1,431 170-7,400 68.4 40-1007
Treg cells 14 20-77 0.65 6-13F
CD8 T cells 1,181 200-2,800 24.1 7-40F
Naive cells 859 30-3,100 72.7 10-1007
Central memory cells 18 5-110 1.5 1-8F
Effector memory cells 2 16-63 1.4 2-100F
Terminally differentiated effector cells 2 55-460 0.1 8-71%
v T cellsi 10.1 <10||
Double-negative T cells§ 1.45 <2.5]|
NK T cellsi 0.044 >0.01||
B cells 990 871-1,553 20.2 16.3-26.8%*
Transitional cells 576 109-278 58.2 9.7-17.9%*
Naive cells 363 586-955 36.7 61.5-68.7*
IgG-switched cells 8 13-55 0.83 1.5-4.2%
IgA-switched cells 0 8-20 0.01 0.8-1.7*
IgM memory cells 34 40-177 341 4.6-15.0*
NK cells 217 55-4,000 4.42 1-967

Patient’s absolute and relative counts of lymphocyte subpopulations are indicated. Percentage refers to the respective parental population. Age-matched reference values are taken

from *van Gent et al,"* +Schatorje et al,'® or are ||internal reference values.
Percentage of CD3" T cells.
§Percentage of CD3" af T cells.

with 10% FCS, 1 pg/mL insulin, 2.5 pg/mL apotransferrin, 0.1% fatty acid
supplement, 1% nonessential amino acids, 2 mmol/L glutamine, and 1 g/
mL reduced glutathione. CD40L and IL-21 were prepared, as previously de-
scribed.'® The phenotype was determined by using flow cytometry.

Immunoglobulin concentrations

Immunoglobulin concentrations were determined by using a sandwich
ELISA. In brief, 96-well plates were coated with anti-human Igmix (Jackson
ImmunoResearch Laboratories, West Grove, Pa) in bicarbonate buffer. Bound
immunoglobulins were detected by using alkaline phosphatase—conjugated
anti-human IgM, IgG, or IgA (Jackson ImmunoResearch Laboratories),
respectively. Immunoglobulin concentrations were calculated from human
IgM, IgG, or IgA standards (N Protein Standard SL; Siemens, Munich,
Germany) processed in parallel.

T-cell proliferation

PBMCs were labeled with 0.5 pumol/L carboxyfluorescein diacetate
succinimidyl ester (Invitrogen), according to standard protocols. Cells were
left untreated or stimulated with 1 pg/mL anti-CD3 (OKT-3; eBioscience, San
Diego, Calif) and 1 pg/mL anti-CD28 (BD Biosciences) or 2.5 wg/mL PHA
(Remel, Shawnee Mission, Kan) for 5 days at 37°C. Cells were harvested,
stained for CD4 and CD8, and subsequently analyzed on a Navios flow
cytometer (Beckman Coulter, Fullerton, Calif).

Mouse strain

The unmodulated mouse strain carrying a hypomorphic allele of Cardll
has been described previously.'® All mice were on a C57BL/6 or B10.BR
background.

RESULTS
Case report

At first presentation, we evaluated a 9-month-old girl born
to consanguineous parents of Palestinian descent with an
upper respiratory tract infection, hypogammaglobulinemia, and

aremarkable family history (Fig 1). She is the youngest of 6 chil-
dren. The firstborn sister failed to thrive and died without diagno-
sis at 3 months of age because of progressive respiratory failure.
The fourth child (male) presented at 6 months of age with men-
ingitis and recurrent pneumonias. At 15 months, he had progress-
ive respiratory distress with high fever and died within a few
days. The only recorded laboratory anomaly was a panhypogam-
maglobulinemia. Three other siblings are healthy with normal
immunoglobulin levels. The index patient had a normal medical
history until the age of 6 months, when she had an upper respira-
tory tract infection. At that time, her laboratory examinations re-
vealed significantly reduced IgG levels (IgG, 0.88 g/L; normal
range for age, 2.17-9 g/L) but normal IgA (0.35 g/L; normal
range for age, 0.11-1.06 g/L) and IgM (0.65 g/L; normal range
for age, 0.35-1.26 g/L) levels. Three months later, laboratory
tests demonstrated panhypogammaglobulinemia but an other-
wise normal immune phenotype, PHA proliferative response,
T-cell receptor excision circle (TREC) copy number (5255 cop-
ies per 0.5 pg of DNA; normal for age, >400 copies), and T-cell
repertoire. She was started on monthly infusions of intravenous
immunoglobulins. At the age of 13 months, she presented with
fever and severe dyspnea caused by P jirovecii pneumonia. After
successful treatment, the patient was started on prophylaxis with
trimethoprim-sulfamethoxazole, and because of the suspicion of
pCID, she was listed for allogeneic bone marrow transplantation.
In parallel, a genetic diagnosis made by means of whole-exome
sequencing and a single nucleotide polymorphism array was
sought.

Immune phenotype of CARD11 deficiency

White blood cell counts at the time of the immunologic
characterization were still unremarkable (Table I).'*!> Flow cyto-
metric analysis of PBMCs depicted normal total CD4 T-cell
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FIG 2. Abnormal lymphocyte homeostasis in CARD11 deficiency. A and B,
CD127_’CD25hI Treg cells gated on CD4"CD3* lymphocytes (Fig 2, A) and
CD38"9"CD10" transitional B cells (top) and CD27/IgD expression gated
on CD19" lymphocytes (bottom; Fig 2, B) of the patient (Pat) compared

with an age-matched control subject (HD). C, BAFF-R expression on the
indicated subpopulations.

counts; CD45RA™ naive and CD45RO™ memory CD4 T cells;
and CD45RATCD317 recent thymic emigrants."> However, the
absolute and relative counts of regulatory T (Treg) cells
(CD47CD25%CD1277) were reduced compared with age-
matched reference values (Fig 2, A).

Among CD8 T cells, absolute numbers and distribution of
naive (CD277CD45RAFCCD7*) and central memory
(CD27"CD45RA™CCDT7") cells were within the normal range.
Effector memory (CD27 CD45RA"CCD7 ) and terminally
differentiated (CD27~ CD45RA*CCD77) T-cell counts were re-
duced according to age-matched reference values in the litera-
ture.'® Also, numbers of natural killer (NK) T cells and CD4/
CDS8 double-negative a/f T cells were normal; only 10.1% /&
T cells was slightly greater than the normal range.

In contrast to the T-cell compartment, the distribution of the
patient’s B-cell subpopulations was strongly distorted (Table I).
Total CD19™ B cells were normal in absolute and relative num-
bers compatible with the previous k-deleted receptor excision cir-
cle (KREC) analysis (4411 copies per 0.5 g of DNA; normal for
age, >1000 copies). The analysis of subpopulations revealed a
striking expansion of transitional CD10"CD38"IgD" B cells,
whereas all subsequent populations were reduced compared
with age-matched reference values (Fig 2, B)." Interestingly,
B cell-activating factor receptor (BAFF-R) expression was
decreased on naive (CD107CD38+IgD+) and transitional B cells
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of the patient compared with the corresponding subpopulations in
an age-matched control subject (Fig 2, C).

CD3~CD16CD56"% NK cell numbers were normal (Table I).
Both CD56"""'CD16~ and CD56“™CDI16" subpopulations
were present.

Molecular characterization of CARD11 deficiency

On the basis of parental consanguinity, we assumed a founder
mutation transmitted in an autosomal-recessive manner. The
DNA single nucleotide polymorphism array resulted in the
identification of multiple homozygous regions comprising thou-
sands of genes. We therefore opted for whole-exome sequencing
in the patient’s DNA sample. While analyzing our data, we heard
of a child with a similar phenotype and a mutation in CARDI11
(Greil et al, unpublished data). Comparing uncovered exons in
several same-batch exome analyses, we noted that exon 21 of
CARDI11 was entirely uncovered in the patient sample but was
well covered (approximately X65) in the control samples.

With CARDI1 as a good candidate, we first sequenced cDNA
from the patient with CARDII-specific primers. Fragments, in-
cluding exon 21, were approximately 140 bp shorter than the ex-
pected size (Fig 3, A). Sanger sequencing of these PCR products
revealed a complete lack of exon 21 (136 bp) in the patient’s
cDNA sequence. All cDNA PCR products without exon 21
were normal in size and sequence. Sequencing genomic DNA
(gDNA) between exons 20 and 22 in the patient detected a homo-
zygous 1377-bp genomic deletion, including the entire sequence
for exon 21 (Fig 3, B). Interestingly, the deletion was flanked by a
stretch of 36 completely identical bases. Both parents and 2
healthy siblings were tested heterozygous for this large deletion.

Although CARDI11 protein expression was readily detectable
in EBV lines of control subjects, no protein could be detected in
the patient’s EBV line (Fig 3, C). Because the antibody was tar-
geted against the N-terminal amino acid 1-221, the deletion of
exon 21, encoding amino acid 902-946, must result in a complete
loss of CARDI11 protein expression.

Signaling in CARD11-deficient T and B cells

The integrity of the canonical NF-kB signaling pathway was
addressed by measuring the degradation of IkBa and the phos-
phorylation of p65 after stimulation of PBMCs with anti-IgM,
CD40L, and PMA, respectively.

Strikingly, degradation of IkBa and phosphorylation of p65
after anti-IgM and PMA stimulation, as seen in B cells of healthy
donors, was completely absent in the patient’s B cells. In contrast,
stimulation with CD40L induced degradation of IkBo and
phosphorylation of p65 comparable with that seen in the healthy
control subject (Fig 4, A).

In line with this, we observed an abolished phosphorylation
of p65 and degradation of IkBa in the patient’s T cells after
PMA stimulation, confirming the nonredundant critical role of
CARDI1 in protein kinase C—dependent signaling in B and
T cells (Fig 4, B). Given the complex interactions of the diverse
signaling pathways downstream of the antigen receptor, we also
examined the integrity of other pathways. Anti-IgM and PMA
stimulation resulted in normal phosphorylation of ERK1/2 in
the patient’s B cells (Fig 4, C). The same was true for T cells after
PMA treatment (Fig 4, D), confirming data from mice that this
signaling pathway is not affected by the deletion of CARDI1.
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FIG 3. Molecular analysis of CARD11 deficiency. A, RT-PCR covering cDNA of exons 16-22 of CARD11 (left)
and schematic representation of the deletion in CARD11, as depicted by the gray shaded box (right). B, PCR
products amplified from gDNA flanking exon 21 of CARD11 of a healthy donor (HD), the patient’s father and
mother, the patient (Pat), and the patient’s brother (left). Sanger sequencing of the gDNA including exon 21
of CARD11 (right). C, Immunoblot for CARD11 protein expression in EBV lines of the patient and 3 control

subjects. B-Actin was used as a loading control.

Also, calcium mobilization in B cells after anti-IgM stimulation
was undistinguishable from that seen in healthy control cells
(Fig 4, E).

B-cell function in the patient with CARD11
deficiency

On stimulation for 48 hours through the BCR, expression of
intercellular adhesion molecule 1 and CD25 was not induced in
the patient’s B cells, whereas stimulation of PBMCs with CD40L
resulted in a comparable upregulation of both activation markers
in the patient’s and control subject’s B cells, confirming their
dependence on NF-«kB on BCR stimulation. The regular upregu-
lation of CD69 and CD86 on stimulation with anti-IgM and
CD40L excluded an overall activation defect (Fig 5, A).

In addition, the patient’s B cells developed into plasmablasts
after stimulation with CD40L and IL-21, which is comparable
with what was seen in cells from human cord blood (Fig 5, B),
demonstrating the capacity of terminal B-cell differentiation de-
spite CARD11 deficiency. Moreover, CARD1 1-deficient plasma-
blasts produced similar amounts of IgG and IgA in vitro, which
was comparable with those seen in cord blood control samples,
whereas IgM levels were increased (Fig 5, C).

T-cell and NK-cell function in CARD11 deficiency
To investigate the effect of CARDI11 deficiency on cytokine
production and activation, we determined IL-2, IL-4, IFN-vy, and
IL-17 production after stimulation with PMA/ionomycin. Al-
though the percentages of IL-2—, IL-17—, and IFN-y—producing
CD4 T cells were reduced compared with those seen in control
subjects, IL-4—producing CARD11-deficient CD4 T cells were
within the normal range (Fig 6, A). Upregulation of CD69, CD25,
CD40L, OX40, and inducible T-cell costimulator (ICOS) was de-
termined on CD4 T cells (Fig 6, B). After TCR/CD28 stimulation,
CD69 and CD40L upregulation was within normal ranges,

whereas the increase in 0X40, CD25, and ICOS expression was
strongly impaired in CARD11-deficient CD4 T cells compared
with that seen in healthy control subjects. Finally, proliferation
of CARD11-deficient CD4 T cells after CD3/CD28 stimulation
was completely abrogated in vitro, whereas CD4 T cells prolifer-
ated after stimulation with PHA, although slightly less than in
control PBMCs (Fig 6, C). Equivalent results were observed for
CDS8 T cells (data not shown).

After PMA/ionomycin stimulation of PBMCs, less NK cells
produced IFN-v in the setting of CARD11 deficiency (Fig 6, D).

Defective Baff-R expression and upregulation of
activation markers in murine CARD11 deficiency

Proposing a crucial role of CARD11 in early peripheral B-cell
differentiation and germinal center (GC) induction through ICOS,
we went back to our Card11 mutant mouse model.' In these mice
both mature and immature B-cell subsets expressed lower levels
of Baff-R, most strongly affecting the T2 transitional B-cell stage
(Fig 7, A).

Because the upregulation of most costimulatory molecules on
murine Cardl1-deficient T cells after anti-CD3/CD28 activation
had not been described previously, we investigated the upregu-
lation of CD69, CD25, CD40L, Ox40, and Icos in Card11 mutant
mice compared with that seen in control littermates. T cells from
naive Card11 mutant mice showed impaired upregulation of all
determined activation markers, especially in response to anti-
CD3/CD28 stimulation, rendering the severe deficiency in
upregulation of costimulatory molecules a key contributing factor
to the disturbed T-dependent responses in Card11 deficiency (Fig
7, B).

DISCUSSION
Here we report the case of a child with a new form of profound
combined immunodeficiency caused by a homozygous deletion
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FIG 4. Signaling in CARD11-deficient lymphocytes. A, Degradation of IkBa
(upper panels) and phosphorylation of p65 (pp65, lower panels) gated on
CD19™ B cells on stimulation, as indicated. B, Degradation of IkBa (upper
panels)and phosphorylation of p65 (lower panels) on stimulation of PBMCs
with PMA (dashed line) and unstimulated conditions gated on CD3™ T cells.
C, Phosphorylation of ERK1/2 (pERK) in CD19" B cells after stimulation.
D, Phosphorylation of ERK in CD3" T cells after stimulation with PMA
and unstimulated. E, Calcium mobilization in CD19"CD27*IgG "IgA™ B cells
on anti-lgM stimulation. Depicted is the bound/unbound Indo-1 ratio.
Arrows indicate time points of the addition of anti-IlgM and ionomycin.
HD, Healthy donor; Pat, patient.

in CARDI 1. The manifestation of the first opportunistic infection
in the context of hypogammaglobulinemia, consanguinity, and a
positive family history prompted a genomic screening for a causal
defect. This search was significantly accelerated with the finding
of CARD11 deficiency in a second child by Greil et al (unpub-
lished data). These 2 children demonstrate that complete
CARDI11 deficiency presents rather early in life with pCID and
not with common variable immunodeficiency, as had been sus-
pected and previously tested unsuccessfully.]6

From a clinical standpoint, it is important to notice that pCID in
the setting of CARDI1 deficiency will be missed by testing for
TREC/KREC copy numbers during newborn screening and by
checking lymphocyte counts later in life because numbers of T, B,
and NK cells might be normal, as in our child. The essential
diagnostic clues are as follows: missing T-cell proliferation to
anti-CD3/CD28 stimulation and abnormal expansion of late
transitional B cells, lack of mature B cells, and hypogammaglob-
ulinemia. CardlI-targeted mouse strains demonstrated that the
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FIG 5. B-cell function in CARD11 deficiency. A, Intercellular adhesion mol-
ecule 1 (ICAM-1), CD25, CD69, and CD86 expression after stimulation of
PBMCs gated on CD19" cells. B, Differentiation of plasmablasts, defined
as CD38"CD27" B cells, after in vitro stimulation of PBMCs with IL-21 and
CD40L (upper panel). IgG* and IgA™ plasmablasts are depicted after gating
on CD38"CD27" B cells (lower panel). C, IgM, IgG, and IgA levels from
cell-culture supernatants of the patient’'s PBMCs or cord blood after
in vitro stimulation with IL-21 and CD40L. HD, Healthy donor; Pat, patient.

defective activation of NF-«kB and c-Jun N-terminal kinase after
antigen receptor and PMA stimulation is the responsible patho-
mechanism in patients with CARDI11 deficiency.'®'""* Simi-
larly, we found defective canonical NF-«kB activation and intact
ERK and calcium activation in the B and T cells of our patient,
endorsing the selective effect of human CARD11 deficiency on
the antigen receptor pathway.

Despite severely disturbed proliferation after TCR stimulation,
the differentiation of peripheral T-cell subpopulations is normal,
except for Treg cells.”*! The differentiation and maintenance of
Treg cells depend on proper IL-2 signals.zz’23 We could demon-
strate that CARDI11-deficient T cells did not produce normal
amounts of IL-2 and upregulation of the IL-2 receptor a chain
(CD25) after TCR stimulation was diminished. Thus reduced
IL-2 production and IL-2 receptor expression might contribute
to Treg cell deficiency in human subjects in addition to the previ-
ously demonstrated direct role of CARDI1 in IL-2 receptor
signaling.?®> IFN-y production was more strongly affected than
IL-4 production in the T cells of our patient. This is in contrast
to recent reports in mice demonstrating a crucial role of
CARDI1 in Ty2 cell differentiation.* Interestingly, also IL-17
was severely reduced, demonstrating a complex dysregulation
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of the effector function of the T-cell compartment. It remains
speculative whether this functional defect contributed to the sus-
ceptibility to P jirovecii infection in our patient because IFN-y
and IL-17 are supposedly involved in the defense against P jiro-
vecii infection.” Regarding NK cell differentiation, NJ cell num-
bers seem to depend on the genetic background of the mouse
model.'”*"?® In accordance with the report by Malarkannan

et al*’ that the CARD11/MALT1/bcl10 complex is involved in
NF-kB—dependent cytokine production in NK cells but does not
affect their differentiation, we observed normal NK cell numbers,
a regular distribution of subsets, but markedly decreased produc-
tion of IFN-vy by the patient’s NK cells.

Most striking are the changes in the B-cell compartment. We
observed a severe developmental block at the IgDJrIthi late



484 STEPENSKY ET AL

1500 ‘@ Card] Junmunm ik
O Cardl 1 . 150007 » Card /1 =
. 040 O Cardll™ . ab
e = [ —
i 1000 0,0 ®q’ ©° 2 10000 ap
2 aa 29 . 8 % oo
= E .
Z ] %o = 50004 Y
o P
imature B cells mature B cells anti-CD3: 1 pg/ml 1 pg/ml
anti-CD28: - 10 pg/ml
® Copy jimbom . 30007 o (g puominm
15004 O Carar ™t —H= — 0 Cardl 1 =,
A QP a
& 52000 3
= 10004 < e é L] -
8 » % £ s B
= e [} = 1000 4 00 ,La
5004 , [ee] o .‘
.
04
T1Beells  T2Beells I3 B cells anti-CD3: 1 pg/ml 1 pg/ml
anti-CD28: 10 pg/ml
4007 o (yrgy Junmiunm
O Cardll"* _sts —
1300 %
g )
3 , &
©200 z
= L "’
= a8
100{ &
anti-CD3: 1 pg/ml 1 pg/ml
anti-CD28: - 10 pg/ml
15007 @ gy uamunm rax
O Cardl1'"* a
3 1000: o%
=]
B sk
2 500 &
~ L)
04
anti-CD3: 1 pg/ml 1 pg/ml
anti-CD28: 10 pg/ml
® Card] Jm/unm wen
30009 o Cardii*
% @
*
32000 =
= of
= A
10004 - “
wh on
anti-CD3: 1 pg/ml 1 pg/ml
anti-CD28: 10 pg/ml

FIG 7. Expression of Baff-R and T-cell activation markers in Card117 mutant
mice. A, Expression of Baff-R on CD93" immature and CD93~ mature
splenic B cells from Card11“"™“"™ mice and age-matched control animals
(top panel). After staining for IgM and CD23, the CD93"* immature B cells
were further divided into T1 (IgM*CD237), T2 (IgM*CD23*), and T3
(IgM'°WCD23™) stages (bottom panel). B, Expression of CD69, CD25,
CDA40L, Ox40, and Icos on 7-amino-actinomycin D-negative CD4" T cells af-
ter stimulation, as indicated. Triangles, Mice from a C57BL/6 background;
circles, mice from a B10.BR background. Statistical analysis was done
with ANOVA, followed by the Bonferroni post-test. MFI, Mean fluorescence
intensity. *P < .05, **P < .005, and ***P < .0005.

transitional B-cell stage affecting all mature B-cell subpopula-
tions in the setting of CARDI11 deficiency. In accordance, all
mouse models demonstrated a reduction in mature B-cell num-
bers.'™!7 This finding was corroborated by the defective B-cell
differentiation seen in mice with targeted deletion of the other
members of the CARD11/MALT1/bcl10 complex.*®*’ The exact
reason for this developmental block remains unknown. In addi-
tion to the BCR signal, B cells depend on BAFF-R expression
and signaling at this stage. Thus also BAFF-R-deficient mice
and human subjects have a block at the transitional stage, and
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mature B-cell numbers are severely reduced.'*%*' Because the
alternative NF-kB pathway downstream of BAFF-R is indepen-
dent of CARD11 and BAFF-R itself is a potential NF-kB target
gene,*” we speculated about a reduced BAFF-R expression on
CARDI11-deficient B cells. Indeed, CARD11-deficient B cells
did not express normal amounts of BAFF-R on the surface.
Whole-exome sequencing excluded any mutations in BAFF-R it-
self, and the analysis of CARD11-deficient murine B cells con-
firmed this finding. Therefore in addition to the disturbed BCR
signal, low BAFF-R expression might contribute to the disturbed
B-cell differentiation beyond the late transitional stage in human
CARDI11 deficiency. This seems to differ from mice, in which the
developmental block at the transitional stage is less prominent,'”
despite reduced BAFF-R expression. This aspect needs to be
revisited more carefully in the different murine models.

The crucial defect in late B-cell differentiation leading to reduced
serum immunoglobulin levels and defective T-dependent and
T-independent immune responses was common to all mouse
models.'®'7* Jun et al'® additionally described poor GC forma-
tion. Similarly, Malt1- and bcl10-deficient mice show insufficient
formation of GC B cells after immunization with T-dependent an-
tigens.>® Again, it remains unknown which mechanisms contribute
to the failure of GC formation. Interestingly, in addition to the re-
duced induction of OX40 and CD25, we found a severe defect in
the upregulation of ICOS after TCR activation and confirmed it
in our mouse model. In contrast to the globally affected upregula-
tion of activation markers in CARDI11-deficient murine T cells,
CDA40L induction on the patient’s T cells was still within the normal
range. Given the essential role of ICOS in GC formation in mice and
human subjects,®*>® it is very tempting to speculate that impaired
ICOS upregulation plays an important role in poor B-cell memory
formation in human CARDI11 deficiency.

Although hypogammaglobulinemia is a common finding in all
reports of CARDI11 deficiency, our data reveal that differentiation
of plasmablasts is not completely dependent on CARDI11 ex-
pression because CD40L/IL-21 stimulation allowed efficient
generation of plasmablast differentiation and immunoglobulin
production in vitro. In this context, it is noteworthy that CD40 ac-
tivation of the canonical NF-kB pathway was normal, and there-
fore CD40-induced B-cell activation is independent of CARD11,
which is in contrast to early reports.18

In the case of our patient, because of the severe clinical
presentation, it was decided to proceed to allogeneic bone marrow
transplantation from her fully matched heterozygous brother. She
underwent successful transplantation and has full donor chime-
rism and normal immunoglobulin levels without evidence of
graft-versus-host disease 5 months later.

In summary, we have discovered a new form of pCID caused by
a genetic deletion in CARD1 1. The described genetic recombina-
tion between homologous regions upstream and downstream of
exon 21 suggests a potential hot-spot mutation in this gene for
which screening in a larger cohort of patients with pCIDs is
worthwhile. In the absence of lymphopenia, the diagnostic clues
in CARD11 deficiency derive from abnormal B-cell differentia-
tion and absent T-cell proliferation after TCR/CD28 stimulation.
Signaling studies reveal defective canonical NF-kB activation
after antigen receptor but not CD40 stimulation. CARD11 is a
crucial scaffold of the adaptive immune system controlling pe-
ripheral B-cell differentiation, a variety of critical T-cell effector
functions, and the GC response. The restricted expression of
CARDI11 in the hematopoietic system makes patients with
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CARDI11 deficiency excellent
transplantation.

candidates for stem cell

We thank the patient and her parents for their support, Mehmet Yabas for
FACS measurement, and J. Hodges and B. Roller for critical reading of the
manuscript.

Clinical implications: CARD11 deficiency presents as combined
immunodeficiency despite normal lymphocyte counts. Diagnos-
tic clues are hypogammaglobulinemia, B-cell phenotype, and

lack of T-cell proliferation to anti-CD3/CD28. The immunodefi-
ciency can be successfully corrected by using hematopoietic
stem cell transplantation.
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METHODS

Cell separation and flow cytometry

PBMCs were separated by means of Ficoll density centrifugation from
EDTA blood and cultured in RPMI 1640 (Biochrom, Cambridge, United
Kingdom) supplemented with penicillin, streptomycin, and 10% FCS, if not
described differently. When necessary, exclusion of dead cells was performed
with 4'-6-diamidino-2-phenylindole dihydrochloride (Sigma) or 7-amino-
actinomycin D (eBioscience) staining.

Quantification of TRECs and KRECs

TREC and KREC numbers were determined by using quantitative RT-PCR.
Reactions in peripheral blood were evaluated with 0.5 g of gDNA extracted
from the patient’s PBMCs. PCR reactions contained TagMan universal PCR
master mix (Applied Biosystems, Foster City, Calif), specific primers (900
nmol/L), and FAM-TAMRA probes (250 nmol/L), as previously described.®!
Quantitative RT-PCR was carried out in an ABI PRISM 7900 Sequence Detec-
tor System (Applied Biosystems). Amplification of RNAse P (TagMan assay,
Applied Biosystems) served as a quality control to verify similar amounts of
gDNA that were used in the assays for both the TREC and KREC analyses.

Molecular genetics analyses

A search for homozygous regions in the DNA of patient was performed
with the Affymetrix GeneChip Human Mapping 250K Nsp Array (Affyme-
trix, Santa Clara, Calif), as previously described.B?

Whole-exome sequencing was performed in DNA from patient 5168 by
using the SureSelect Human All Exon v.2 Kit (Agilent Technologies, Santa
Clara, Calif) on HiSeq2000 (Illumina, San Diego, Calif) as 100-bp paired-end
runs. Image analysis and base calling were performed with the Genome
Analyzer Pipeline version 1.5 with default parameters. The reads were aligned
with DNAnexus software (Palo Alto, Calif) by using the default parameters
with the human genome assembly hgl9 (GRCh37) as a reference, as
previously described.®?

Isolation of RNA was performed from patient and control EBV lines by
using the Quick RNA MicroPrep kit, according to the manufacturer’s
instructions. cDNA was obtained by means of reverse transcription of 100
g of RNA with Superscript RT II (Invitrogen). Focusing on exons annotated
in gDNA in the region of chromosome 7 (2954789-295508) PCR was
performed for cDNA of segment exons 16-22 by using the Qiagen Taq
Polymerase (Qiagen, Hilden, Germany) with primers as follows: forward,
AGCTTCGTGCACTCGGTCAA; reverse, CGGCGCTCGCAGTAGAA.
PCR was performed for 35 cycles at an annealing temperature of 58°C for
50 seconds.

gDNA was isolated from whole blood by using standard methods. Primers
for PCR were chosen to amplify a 4036-bp product surrounding exon 21 with
an annealing temperature of 63°C, as follows: forward, GCCAAGCCCAG
CAGGGCCTGACTGATTGAT; reverse, GCAGTAGAAGGCGCGTACCAG
GCTGTAGG. The resulting PCR product was sequenced in both directions at
an annealing temperature of 63°C by using the Sanger method (BigDye v3.1,
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ABI 3130x1 Genetic Analyzer) with the following primers: forward, GGGA
GACTGAGGCG GGTGGATAACTTGAGG; reverse, TCCCACCTCAGCC
TCCCAAGTGGCTGG.

Immunoblotting

Fifty-microgram whole-cell lysates of EBV-transformed cell lines of the
patient and 2 healthy control subjects were separated by using SDS gel
electrophoresis. CARD11 was detected with a polyclonal rabbit anti-human
CARDI1 antibody, recognizing the C-terminus of the protein (Enzo Life
Science, Farmingdale, NY). Polyclonal rabbit anti-human B-actin (Sigma)
served as a loading control. For detection of primary antibodies, incubation
with horseradish peroxidase—conjugated donkey anti-rabbit antibody (GE
Healthcare, Fairfield, Conn) was followed by detection with SuperSignal West
Chemiluminescent Substrate (Thermo Scientific, Waltham, Mass).

For flow cytometric staining, the following antibodies were used: anti-IgD
fluorescein isothiocyanate (FITC), anti-IgA phycoerythrin (PE; Southern
Biotech), anti-IgG FITC (Dako, Glostrup, Denmark), anti-CD45RA FITC,
anti-CD10 PE, anti-CD19 PE-Cy7, anti-CD3 PE-Cy7, anti-mouse IgG1 FITC,
anti-CD4 PE-Cy7, anti-CD45 Pacific Blue, anti-CD19 Krome Orange (all
from Beckman Coulter), anti-CD21 PE, anti-CD4 Pacific Blue, anti-CD31 PE,
anti-CD25 peridinin-chlorophyll-protein complex (PerCP)-Cy5.5, anti-CD27
Pacific Blue, anti-CDS8 allophycocyanin (APC), anti-CD38 PerCP-Cy5.5,
anti-CD127 Alexa Fluor 647, anti-p65(pS529) Alexa Fluor 488 and anti-IkBo
PE, anti-ERK1/2(pT202/pY204) Alexa Fluor 647, anti-CD27 APC, anti-
CD27 FITC, anti-CD4 APC, anti-mouse IgG1 PE, anti-CD40L PE, anti-
0X40 PE, anti-CD69 FITC, anti-CD25 FITC, anti-IgG PE, anti-CD3 PerCP,
anti-CD27 PerCP-Cy5.5, anti-IFN-y FITC, anti-CD86 PE, anti-CD25
PerCP-Cy5.5 anti-CD8 APC (all from BD Biosciences), anti-IgM CyS5,
IgA DyLight 649 (Jackson ImmunoResearch), anti-CCR7 PE (R&D Sys-
tems, Minneapolis, Minn), anti-CD19 Brilliant violet 421, anti-CD8 Pacific
Blue anti-IL-2 PE, CD38 PE-Cy7, CD27 PerCP-CyS5.5 (all from BioLegend,
San Diego, Calif), anti-ICOS PE, anti—IL-4 APC and anti—IL-17 PE (all from
eBioscience).

For mouse experiments, the following antibodies were used: B220 PerCP,
CDA40L biotin (both from BD PharMingen), IgM PE-Cy7, CD93 APC, CDS8
APC, CD69 PE-Cy7, Icos FITC (all from eBioscience), B220 Alexa Fluor
700, Baff-R PE, CD23 Pacific Blue, CD4 Alexa Fluor 700, Ox40 PE, CD25
APC-Cy7 (all from BioLegend), and Streptavidin Qdots 605 (Invitrogen).
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