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Genetic errors of the human caspase recruitment
domain-B-cell lymphoma 10-mucosa-associated lymphoid
tissue lymphoma-translocation gene 1 (CBM) complex:
Molecular, immunologic, and clinical heterogeneity
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Three members of the caspase recruitment domain (CARD)
family of adaptors (CARD9, CARD10, and CARD11) are known
to form heterotrimers with B-cell lymphoma 10 (BCL10) and
mucosa-associated lymphoid tissue lymphoma-translocation
gene 1 (MALT1). These 3 CARD-BCL10-MALT1 (CBM)
complexes activate nuclear factor kB in both the innate and
adaptive arms of immunity. Human inherited defects of the 3
components of the CBM complex, including the 2 adaptors
CARD?Y and CARD11 and the 2 core components BCL10 and
MALT1, have recently been reported. Biallelic loss-of-function
mutant alleles underlie several different immunologic and
clinical phenotypes, which can be assigned to 2 distinct
categories. Isolated invasive fungal infections of unclear cellular
basis are associated with CARDY deficiency, whereas a broad
range of clinical manifestations, including those characteristic
of T- and B-lymphocyte defects, are associated with CARD11,
MALT1, and BCL10 deficiencies. Interestingly, human subjects
with these mutations have some features in common with the
corresponding knockout mice, but other features are different
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between human subjects and mice. Moreover, germline and
somatic gain-of-function mutations of MALT1, BCL10, and
CARDI11 have also been found in patients with other
lymphoproliferative disorders. This broad range of germline
and somatic CBM lesions, including loss-of-function and
gain-of-function mutations, highlights the contribution of
each of the components of the CBM complex to human
immunity. (J Allergy Clin Immunol 2015;uuN: ENN-EEN,)
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The CBM complex is a cytosolic heterotrimer formed by a
caspase recruitment domain (CARD) protein, B-cell lymphoma
10 (BCL10), and mucosa-associated lymphoid tissue lymphoma-
translocation gene 1 (MALT1). Three CARD family adaptor
molecules have been shown to form CBM complexes: CARD9,
CARDI10 (also known as CARD-containing MAGUK protein 3
[CARMAZ3]), and CARDI11 (also known as CARMA1). Human
CARD9 is a 536-amino-acid adaptor protein. It possesses an
N-terminal CARD domain (mediating homophilic interactions
between CARD-containing molecules) and a C-terminal coiled-
coil region that serves as an oligomerization domain. CARD10 is
a 1032-amino-acid protein that binds to BCL10-MALTI.'
CARDI11 is 1154 amino acids long and belongs to both the
membrane-associated guanylate kinase (MAGUK)”? and CARD
families. MALT1 is an 824-amino-acid caspase-like cysteine pro-
tease that contains a CARD domain, 2 immunoglobulin-like do-
mains, and a C-terminal caspase-like domain. Finally, BCL10 is
a 233-amino-acid intracellular signaling protein characterized
by an amino-terminal CARD motif and a Ser/Thr-rich carboxyl
terminus of unknown function.”* The 2 immunoglobulin-like do-
mains of MALT1 bind to BCL10 through a motif composed of a
short stretch of amino acids located just after the CARD of
BCL10. CARD motifs of BCL10 and MALT1 allow binding to
the 3 CARD proteins forming the heterotrimer.

In human subjects and mice the CBM complex mediates
nuclear factor kB (NF-kB) and mitogen-activated protein kinase
activation in a cell type—specific and nonredundant manner after
stimulation of various immune receptors, as described below. The
NF-kB transcription factor plays a critical role in innate and
adaptive immune regulation, cell memory, cell survival/
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Abbreviations used
AR: Autosomal recessive
BCL10: B-cell lymphoma 10
BCR: B-cell receptor
CARD: Caspase recruitment domain
CARMAZ3: CARD-containing MAGUK protein
CBM: CARD-BCL10-MALT1
ConA: Concanavalin A
DC: Dendritic cell
GOF: Gain of function
MAGUK: Membrane-associated guanylate kinase
MALT1: Mucosa-associated lymphoid tissue lymphoma-
translocation gene 1
NF-kB: Nuclear factor kB
NK: Natural killer
PMA: Phorbol 12-myristate 13-acetate
PWM: Lectin from Phytolacca americana (pokeweed)
TCR: T-cell receptor
TLR: Toll-like receptor

apoptosis, and cell-cycle progression. Different cell types contain
different members of the CARD family: CARDY in myeloid
cells,” CARDI0 in epithelial cells,®® and CARDI11 in lympho-
cytes’ (Fig 1). In lymphocytes the CBM complex acts
downstream of the T-cell receptor (TCR) or B-cell receptor
(BCR), controlling lymphocyte activation and adaptive immu-
nity.””'? It has also been implicated in B-cell activating factor re-
ceptor and Toll-like receptor (TLR) 4 signaling in B cells'*'* and
in the signaling of several natural killer (NK) receptors, such as
NK1.1, Ly49H, NKG2D, and Ly49D.]5 16 In myeloid cells the
CBM complex is involved in innate immune responses, in which
it acts downstream from C-type lectin receptors, such as Dectin-1,
Dectin-2, or Mincle,'”** or other receptors, such as FcyR and
TLRs. Finally, the CBM complex is involved in signaling down-
stream of TLR4'7?>*® and G protein—coupled receptor signaling
in epithelial cells (Fig 1).””*® We describe here the broad spec-
trum of clinical and immunologic features of the primary immu-
nodeficiencies caused by inborn errors of 4 of the 5 individual
members of the human CBM complex. Studies of these primary
immunodeficiencies should improve our understanding of the
specific role of each of these components in immunity.

MALT1 DEFICIENCY
Clinical findings

The first patients with autosomal recessive (AR) MALT1
deficiency to be reported were 2 siblings from a consanguineous
Lebanese family (P1 and P2).”° Both had experienced recurrent
pulmonary infections since the age of 4 months, resulting in bron-
chiectasis. Both also had mastoiditis, chronic aphthous ulcers,
cheilitis, gingivitis, esophagitis, gastritis, and duodenitis. Despite
a history of vaccination with tetanus and unconjugated pneumo-
coccal polysaccharide vaccines, anti-tetanus antibody and anti-
bodies to all pneumococcal serotypes titers were nonprotective
in both patients. P1 also had meningitis (caused by Streptococcus
pneumoniae and Haemophilus influenzae). Biopsy of the small
intestine showed villous atrophy in Pl and abnormally large
numbers of intraepithelial lymphocytes in P2. Candida albicans
was cultured from the duodenal biopsy sample and stools of P2.
Cytomegalovirus was repeatedly recovered in the urine of both
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patients. Both patients had growth retardation but normal neuro-
logic development. Despite intravenous immunoglobulin replace-
ment therapy, both died from respiratory failure, P1 at 13.5 years
of age and P2 at 7 years of age.

A third patient (P3) was subsequently described by McKinnon
et al.”” This patient, a 15-year-old girl with consanguineous par-
ents of Kurdish descent, presented with growth retardation, an
eczema-like rash since age 2 weeks, and persistent severe derma-
titis, skin infections with Staphylococcus aureus, varicella-zoster
virus, and herpes simplex virus 1. P3 also had severe inflamma-
tory gastrointestinal disease and multiple episodes of pneumonia,
chronic inflammatory lung disease, bronchiectasis, clubbing, and
chronic granulation tissue.

Very recently, a fourth patient (P4) has been reported. This
patient, a male infant with nonconsanguineous parents, had
generalized rash, intestinal inflammation, and severe infections,
including cytomegalovirus pneumonitis.”'

Genetic and immunologic findings

P1 and P2 were homozygous for a missense mutation (S89I)
located in the CARD domain of MALT1. The mutation had no
effect on MALTI mRNA levels, but no protein was detectable in
the lysates of PHA T-cell blasts. P1 and P2 had normal numbers
of CD3"CD4",CD3"CD8*, and CD19™ cells and normal serum
immunoglobulin levels. An analysis of naive and memory T cells
was performed once on CD4™ cells from P1, and the percentages
were within normal ranges (68% CD4"CD45RA™ cells and 38%
CD4"CD45RO™ cells). B-cell subsets were not examined.”” P3
was homozygous for a missense mutation (W580S). This residue
is part of an a-helical linker region, and the aromatic group of
W580 interacts with hydrophobic residues of the caspase-like
domain. The mutation resulted in normal MALTI mRNA
levels but very low protein levels. Lymphocyte numbers were
within the normal range. The proportion of CD31" T cells was
high, with skewing toward the CD4" T helper subset.
CD4*CD25"CD127 "' forkhead box protein 3—positive regulato-
ry T-cell numbers were normal. However, P3 had very low B-cell
counts, with developmental arrest characterized by high percent-
ages of naive B cells and an almost complete absence of marginal
zone B cells and low levels of switched memory B cells. Serum
immunoglobulin levels were normal.*’ P4 was a compound hetero-
zygote with 2 nonsynonymous variants affecting MALT1 exon 10,
a splice acceptor defect (cDNA ¢.1019-2A>G), and a single nucle-
otide deletion, leading to a frameshift within the paracaspase
domain and truncation after 18 missense codons (Y353fs*18).
No protein was detectable in the lysates of PBMCs. P4 showed
expansion of CD4" and CD8™ T-cell populations, with high pro-
portions of naive CD45RA™ T cells. B and NK cells were present,
but immunoglobulin levels were low (Fig 1 and Table I).>”*

Cellular function and comparison with mice

PBMCs from P1 and P2 displayed impaired proliferative
responses to mitogens (PHA, concanavalin A [ConAl], and lectin
from Phytolacca americana [pokeweed {PWM}], and anti-CD3),
or antigens (tetanus toxoid, diphtheria toxin, and Candida spe-
cies). Their T cells (PHA T-cell blasts) did not degrade IkB-a or
produce IL-2 after stimulation with phorbol 12-myristate 13-
acetate (PMA) plus ionomycin (PMA/ionomycin).”” Similarly,
no IkB-a degradation or p65 phosphorylation was observed in pri-
mary T cells from P3 after PMA/ionomycin stimulation. The roles
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FIG 1. Summary of the human CBM complex mutations (MALT1, BCL10, CARD11, and CARD9) and their
effects on different receptors. GPCRs, G protein-coupled receptors.

of MALT1 in PBMCs from P3 were investigated by testing the ef-
fect of the mutation on paracaspase activity and the scaffold func-
tion central to CBM complex formation. MALT1 paracaspase
activity was studied by assessing the cleavage of its substrate,
BCL10, and was found to be absent in P3.>*> PBMCs from P4
displayed impaired proliferative responses to PHA and ConA.
Moreover, these cells were unable to phosphorylate NF-kB or
degrade IkB. After activation with PMA/ionomycin or anti-
CD3/CD28, P4’s T cells had reduced levels of IL-2 and IFN -’y.31

Like the patients, MaltI-deficient mice had normal numbers of
peripheral T cells with a normal subset distribution but a defective
proliferative response to mitogens or anti-CD3 antibody. The
number of follicular B cells in the spleens of Maltl ™'~ mice
was normal, but there were very few marginal zone B cells and
peritoneal B1 cells, the cells responsible for producing antibodies
against type II T-independent antigens. B-cell activating factor re-
ceptor signaling was impaired in the mutant mice, and immuno-
globulin levels were low, which was at odds with the findings
for the human deficiency. As in humans, Maltl was found
essential for T-cell activation, proliferation, and IL-2 production
in response to TCR ligation. It was also found required for the
NF-kB activation induced by the TCR, but not for TNF-a or
IL-1 signaling (Table I1).%"'"13:19:21.23.27.57-42

BCL10 DEFICIENCY
Clinical findings

In 2014, an Amerindian boy (P5) from Ecuador, who was born
to consanguineous parents, was reported to have AR complete

BCLI10 deficiency. P5 presented with gastroenteritis, otitis, and
respiratory tract infections from the age of 6 months. He was
subsequently hospitalized for severe viral infections: influenza
A and B with pulmonary infiltrate, adenovirus, and respiratory
syncytial virus. He had acute respiratory failure secondary to
infection, oral candidiasis, and diaper dermatitis.

Prolonged diarrhea and chronic nonspecific colitis with mod-
erate lymphocytic infiltration in the lamina propria were observed.
At the age of 2 years and 10 months, P5 had seizures and status
epilepticus. Secondary diffuse leukoencephalopathy was diag-
nosed. At the age of 3 years and 4 months, P5 had from diarrhea
caused by Clostridium difficile, and after 24 hours, he experienced
dizziness, disorientation, and generalized weakness, with focal
abnormal movements. Encephalitis of unknown cause was sus-
pected, and P5 eventually died of respiratory failure.*

Genetic and immunologic findings

P5 had a homozygous splice-site mutation (G/A) affecting the
first G residue of intron 1 of the gene encoding BCLI10
(g.85741978C>T; IVS1+1G>A). This nucleotide is the first
nucleotide of intron 1 and is invariant because it is part of the
donor site for splicing. The BCLI0 mutation resulted in an
absence of wild-type mRNA and protein. This patient was found
to have a profound deficit of memory T and B cells and abnor-
mally small numbers of CD4" central memory T cells and
CD4™ regulatory T cells. Most B cells (97.1%) were naive, which
is consistent with the profound hypogammaglobulinemia
observed in this patient treated with intravenous immunoglobulin
(Fig 1 and Table I).*?
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TABLE I. Summary of the 3 human CMB complex deficiencies associated with CIDs
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Clinical
diagnosis Lymphocyte phenotype Patients Mutation Consanguinity Cellular response
MALTI CID* o Normal total numbers of Siblings P1 and P2 e Homozygous Parents were o Impaired proliferative
T and B cells (both deceased) e Loss of protein expres-  first cousins response of PBMCs to
sion; ¢.266G>T S891 mitogens PHA, ConA,
PWM, and anti-CD3 and
antigens (tetanus toxoid,
diphtheria toxin, and
Candida species)
o Impaired IkB-a
degradation and IL-2
production on TCR
stimulation
cin® e Severe B-cell lymphope- P3 e Homozygous Parents were e Absence of IkB-a
nia; developmental arrest: e Very low levels of pro-  first cousins degradation and p65
small numbers of transi- tein expression; W580S phosphorylation in
tional B cells, increased primary
percentages of naive B T cells after PMA/
cells, almost no marginal ionomycin stimulation
zone and low levels of e Paracaspase activity
switched memory B cells affected
e Absence of T-cell
proliferation and blast
formation after PHA
stimulation and abolition
of IL-2 secretion
cIp?! e Expansion of CD4" and P4 e Compound heterozygote Nonconsanguineous o PBMCs: Impaired

BCL10 CID*

CARD11 CID*

CD8" T-cell populations
with high proportions of
naive CD45RA™ T cells

e B and NK cells were pre-

sent, but immunoglob-
ulin levels were low.

e Normal total numbers of P5 (deceased)

T and B cells but mostly
with a naive phenotype

e Normal T- and B-cell P6

numbers

o Predominantly naive

phenotype of CD4" and
CD8" T cells

e Peripheral blood B cells,

mostly naive, with a
transitional B-cell
phenotype

e Absence of regulatory

T cells

mutations
o Loss of protein expression
e Splice acceptor defect,
cDNA ¢.1019-2A>G,
and a single nucleotide
deletion (Y353fs*18)

parents

Parents were
first cousins

e Homozygous

e Loss of protein expres-
sion, g.85741978C>T;
IVS1+1G>A

Parents were
first cousins

e Homozygous
e Protein detected, Q945X

proliferative responses
to PHA and ConA and
inability to phosphory-
late NF-kB or degrade
IkB

Reduced levels of IL-2
and IFN-vy after activa-
tion with PMA/ionomycin
or anti-CD3/CD28 in T
cells

Normal responses to
TLR1/2, TLR4, TLR2/
6, and Dectin-1 signaling
by MDMs and MDDCs
Impaired TLR4, TLR2/
6, and Dectin-1
signaling in fibroblasts
Blocked T-cell
proliferation in response
to TCR stimulation
Impaired T-cell
proliferation after PBMC
stimulation with T-cell
mitogens (PHA, ConA,
or anti-CD3 mAb)
Strongly impaired
proinflammatory
cytokine production after
LPS stimulation and
weak production after
PMA/ionomycin
stimulation

Disturbed TCR-mediated
T-cell function

(Continued)
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Clinical
diagnosis Lymphocyte phenotype Patients Mutation Consanguinity Cellular response
cIp* e Normal CD4 and CD8 P7 o Homozygous 1377-bp  Parents were e No IkB-a degradation or

T-cell counts but with a
predominantly naive
phenotype, very low
levels of regulatory
T cells, effector memory
cells, and terminally
differentiated effector
cells

e B cells are mostly naive
and transitional

e No protein expression °

genomic deletion first cousins
encompassing the entire

sequence of exon 21

p65 phosphorylation

after anti-IgM and PMA

stimulation

No induction of intracel-

lular adhesion molecule

1 and CD25 in B cells

after BCR stimulation

e Low percentages of IL-2,
IL-17, and IFN-y in CD4
T cells after PMA/
ionomycin stimulation

o Impaired upregulation of
0X40, CD25, and ICOS
expression in response to
TCR/CD28 stimulation

e Abolished proliferation
of T cells in response to
CD3/CD28 stimulation

CID, Combined immunodeficiency; ICOS, inducible costimulator; MDDC, monocyte-derived dendritic cell; MDM, monocyte-derived macrophage.

Cellular function and comparison with mice

Myeloid cells form CARD9-BCL10-MALT1 heterotrimers.
BCL10-deficient myeloid cells displayed a normal pattern of
cytokine production in response to stimulation with TLR1/2,
TLR4, TLR2/6, and Dectin-1. By contrast, BCL10-deficient
fibroblasts (CARD10-BCL10-MALT1 is the heterotrimer formed
in fibroblasts) were unable to translocate the NF-kB p65 subunit
to the nucleus, and cytokine production in response to stimulation
with TLR4, TLR2/6, and Dectin-1 was abolished. Mouse studies
performed on epithelial cells, such as intestinal cells, showed that
IL-8 production on TLR4 stimulation was BCL10 dependent.
However, other studies suggested that TLR4 signaling could
occur through both BCL10-dependent and BCL10-independent
pathways.'”*>***> BCL10 silencing in mouse macrophages re-
sulted in impaired TLR4 responses.”’~’ Furthermore, mouse
Bcl10™'~ dendritic cells (DCs) responded poorly to zymosan in
terms of TNF-a and IL-10 production.’® Finally, by contrast to
the findings for human subjects, some studies on mouse macro-
phages have shown that the Dectin-1 signaling pathway activates
NF-kB through the Syk-CARD9-BCL10 complex.””** Human
BCL10 deficiency affected the final maturation of T and B cells
into memory cells but not the development of naive T and B cells.
Human T-cell proliferation was blocked after TCR stimulation
in vitro. As in human subjects, mouse Bcl10 has been implicated
in NF-kB activation in response to stimulation of the BCR and
TCR.>"***° Despite normal early development in the bone
marrow, mouse mature B-cell levels were low in peripheral
blood.”” Tt has been shown that double-positive thymocytes
differentiate to generate normal numbers of total CD4" and
CD8™ cells, producing normal amounts of TCR-a/TCR-B/CD3
complexes (Table 11).°

CARD11 DEFICIENCY
Clinical findings

In 2 different studies 2 patients (P6 and P7) were found
to have AR CARDI1 deficiency.”* P6 was a girl born to

consanguineous parents of Central European ancestry. At 6
months of age, she presented with severe tachypnea and required
oxygen supplementation and mechanical ventilation. She had se-
vere interstitial pneumonia caused by Pneumocystis jirovecii. P17,
a girl born to consanguineous parents of Palestinian descent, pre-
sented with an upper respiratory tract infection at 9 months of age.
At the age of 13 months, she presented with fever and severe dys-
pnea caused by P jirovecii pneumonia. P7 was treated with intra-
venous immunoglobulin.

A third patient with a compound heterozygous mutation has
also been described, but the data for this patient have yet to be
published.

Genetic and immunologic findings

P6 had a homozygous premature stop codon mutation, Q945X
resulting in truncation of the essential guanylate kinase—like
domain of CARD11.*® This mutation led to production of a trun-
cated protein in transfected CARD1 1-deficient JPMS50.6 cells. P6
had agammaglobulinemia, but her T- and B-cell counts were un-
expectedly normal. Immunophenotyping revealed a predomi-
nantly naive phenotype in CD4" and CD8" T cells. B cells
from peripheral blood were mostly naive and had a transitional
B-cell phenotype. Regulatory T cells were absent. P7 had a homo-
zygous 1377-bp genomic deletion encompassing the entire
sequence of exon 21, encoding amino acids 902 to 946. The cor-
responding protein was not detected in EBV-transformed B
cells.” Like P6, P7 had hypogammaglobulinemia. She had
normal CD4 and CDS8 T-cell counts, with a predominantly naive
phenotype and very low levels of regulatory T cells, effector
memory cells, and terminally differentiated effector cells. Most
of her B cells were naive transitional B cells (Fig 1 and Table I).*

Cellular function and comparison with mice
Lymphocyte proliferation was strongly impaired after stimu-

lation of PBMCs from P6 with T-cell mitogens, such as PHA,

ConA, or anti-CD3. By contrast, the proliferation induced by the
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TABLE Il. Summary of the main cellular studies of mouse CBM complex deficiencies

Malt1~'~ mice

Bcl10~'~ mouse

Card11~’~ mouse Card9~'~ mouse

Normal numbers and subset
distribution of peripheral T cells.
Defective proliferation in
response to mitogens and
anti-CD3 antibody.

Normal number of follicular

B cells in the spleen but severe
reduction of marginal zone B cells
and peritoneal B1 cells, which
produce antibodies against type II
T-independent antigens.

BAFF receptor signaling
impaired.

o Low immunoglobulin levels.
o Affected T-cell activation,

proliferation, and IL-2 production
in response to TCR signaling.
Required for signal-specific
NF-kB activation induced by

Bcl10~'"/BclI0 silenced in
macrophages and DCs: TLR4
signaling is Bcl10 dependent™’;
in DCs impaired zymosan
signaling®®; in macrophages
Dectin-1/NF-«B signaling is
Bcl10 dependent.”

Bcl10™/™ mice in intestinal cells:
TLR4 signaling is Bcll0
dependent. 13,21,38,39

Normal early development in the
bone marrow and small numbers
of mature B cells in the peripheral
blood.*

Double-positive thymocytes
differentiate to generate normal
total numbers of total CD4" and
CDS8™ cells, expressing TCR-o/
TCR-B/CD3 complexes in normal

the TCR but not TNF-a or IL-1
signaling.'"*°

amounts; normal total T-cell
numbers.

e Blocked T-cell proliferation in
response to TCR signaling.'®

e Selective defect in NF-«kB .
activation, affecting antigen
receptor— or PKC-mediated
proliferation and defective
cytokine production in T and
B cells.

e Normal antigen-independent .
development of T and B cells
in thymus and bone marrow.

Normal development of T- and
B-cell subsets, including
regulatory T cells, recirculating
B cells, mature follicular and
marginal zone B cells, and B1
B cells.

Small numbers of Ty17 cells,
which are involved in adaptive
antifungal immunity.

e Altered peripheral activation— e No significant differences in basal
dependent proliferation and immunoglobulin levels.
differentiation of lymphocytes. e CARDS? is specifically required to

e Disrupted development of CD5*
peritoneal B cells and B-cell
proliferation in response to .
BCR and CD40 signaling.

o Low serum immunoglobulin
levels; after vaccination, poor
responses to T-dependent and
T-independent antigens.

e Reduced mature B cells.

o Defective BCL10 recruitment
to clustered TCR complexes and
lipid rafts, impaired NF-kB
activation, and IL-2 production
on TCR stimulation.”'>*!

transduce zymosan-activated
Dectin-1 signals to NF-«kB.
Impaired cytokine production
after stimulation with zymosan or
whole C albicans in DCs.?"*%4?

BAFF, B-cell activating factor; PKC, protein kinase C.

classical B-cell mitogen PWM was similar to that for healthy
control subjects. In P6 the mutation was loss of function and
disturbed TCR-mediated T-cell function. Studies in PBMCs
showed that mRNA levels after stimulation with LPS (ILIf,
IL6, and CXCLS8) or PMA/ionomycin (IL2, IFNvy, IL4, ILS,
IL10, IL17, and IL22) were very low. Studies on PBMCs from
P7 showed that degradation of IkB-a and phosphorylation of
p65 after stimulation with anti-IgM antibody or PMA were abol-
ished, whereas the response to stimulation with CD40 ligand was
normal. Furthermore, on BCR stimulation, no induction of intra-
cellular adhesion molecule 1 and CD25 was observed in B cells.
After PMA/ionomycin stimulation, the percentages of IL-2—,
IL-17-, and IFN-y—producing CD4" T cells were low. The
upregulation of 0X40, CD25, and inducible costimulator expres-
sion after TCR/CD28 stimulation was also strongly impaired.
Finally, T-cell proliferation in response to CD3/CD28 stimulation
was completely abolished in vitro.**** These immunologic find-
ings for human patients with CARD11 deficiency are consistent
with the phenotype of Cardl 1 ~/~ mice, which display a selective
defect of NF-«kB activation, impairing antigen receptor— or pro-
tein kinase C—induced proliferation and cytokine production in
T and B cells.” In Card11~’~ mice or mice homozygous for a
hypomorphic allele, the antigen-independent development of T
and B cells in the thymus and bone marrow, respectively, was
normal, but peripheral activation, antigen-dependent prolifera-
tion, and lymphocyte differentiation were impaired.'>*' The
development of CD5™" peritoneal B cells was disrupted in these
mice, as was B-cell proliferation in response to the ligation of
both BCR and CD40. Serum immunoglobulin levels were low,
and after vaccination, Cardll mutant mice responded poorly to
T-dependent and T-independent antigens.”' Mature B-cell

numbers were found to be very low in mouse models.”*' The
crucial defect in late B-cell differentiation leading to low serum
immunoglobulin levels and defective T-dependent and T-inde-
pendent immune responses was common to all mouse
models.”">*" Card11™'~ T cells were defective for the recruit-
ment of BCL10 to clustered TCR complexes and lipid rafts,
NF-kB activation, and induction of IL-2 production (Table II).
Thus in both human subjects and mice, CARDI11 plays a key
role in antigen receptor signaling, leading to the activation and
proliferation of B and T cells.*®

CARDS9 DEFICIENCY
Clinical findings

Since with the first description of AR CARD9 deficiency
in 2009, 38 patients with this condition have been reported,
making it by far the most common genetic disorder of the CBM
complex (Table II1).*"”% All these patients displayed selective
susceptibility to various fungal diseases, including mucocuta-
neous candidiasis, superficial, extensive or deep dermatophytosis,
subcutaneous phaeohyphomycosis, Candida species central ner-
vous system or digestive tract infections, or invasive Exophiala
species infection (Table I11).*?

Genetic and immunologic findings

Thirteen different mutations have been identified and have
been found in the homozygous (RISW,52 R35Q,55 R70W,>°
Y91H,”' R101C,° D274fsX60,°* Q289X,°"7%% (Q295X,*"°
and E323del’”) or compound heterozygous (L64fsX59/
Q158X”* and G72S/R373P*) state. The patients analyzed had
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TABLE Illl. Summary of human CARD9 deficiency underlying invasive fungal infections
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Lymphocyte
Clinical diagnosis phenotype No. of patients Mutation Consanguinity Cellular response Reference
o Family with a Complete blood e Large Homozygous Q295X Yes e TNF-a production in Glocker et al,
history of Candida counts in normal consanguineous mutation affecting the response to Dectin-1 2009"
species infections, range and normal multiplex kindred family stimulation affected

CMC and superficial
dermatophytosis
Some family members
had Candida species
infection of the brain.

Patient with
Candida dubliniensis

meningoencephalitis

Families with
histories of deep
dermatophytosis

Patient with
relapsing C albicans
meningoencephalitis

Patients with
invasive Exophiala
disease: E dermatitidis
liver and brain
infection (R18W/
R18W patient) or
E spinifera
subcutaneous, bone,
and lung infection
(E323del/E323del
patient)

T-cell counts
Significantly
lower than

normal mean
proportion of
Tyl7 cells
Normal basal
immunoglobulin
levels

Low levels of Tyl7
cell-derived IL-17

No detectable T- or
B-cell phenotype
Reduced proportion
of IL-17A—producing
T cells

Normal numbers of
neutrophils,
monocytes, and
lymphocytes
Normal Ty17 levels

Normal Ty17 levels

of Iranian origin

o One patient

e Eight unrelated
Tunisian, Algerian,
and Moroccan
families

e French Canadian
patient

o Two unrelated
patients

Family members
display no CARD9
expression

Compound  heterozy- No
gous mutations, G72S

and R373P; both of

these residues of the

CARDO protein are

highly conserved

among vertebrates

o No protein expression
o Eight Algerian and 4 Yes

Tunisian patients:
homozygous mutation
Q289X

Two Moroccan  sib-
lings: homozygous
missense mutation,
R101C

Amino acid
substitution located
only a few amino acids
after the end of the
CARD domain

The R101C mutation al-
lows protein expression,
whereas the Q289X
mutation does not.
Homozygous Y91H No
mutation affecting the
CARD domain
Normal mRNA and
protein levels

R18W: no
E323del: yes

One patient homozy-
gous for the R18W
allele (affecting the
N-terminal CARD
domain) and 1 patient
homozygous for the
E323del allele
(affecting the
coiled-coil domain)
Normal expression of
the R18W mutant
protein

in innate immune cells
Monocytes display no
Candida
species—induced

IL-6 and IL-1 release
(studies performed in
mouse Card9™’~ cells)

Impaired unopsonized Drewniak et al,
C albicans neutrophil 2013*
killing

Lanternier et al,
2013

Low levels of IL-6
production alter
stimulation with
heat-killed C albicans
and heat-killed S
cerevisiae™

Gavino et al,
2014

Normal IL-17 but
reduced GM-CSF
levels after PBMC
stimulation with
Zymosan

Normal ILI and IL6
mRNA induction by
zymosan-stimulated
PBMCs

Impaired R18W/
R18W whole blood
cell IL-6 production in
response to S
cerevisiae, E
dermatitidis, and C
albicans but normal to
zymosan, LPS, §
aureus, VSV, and
PMA/ionomycin

Lantemiﬁ:r et al,
2014

Impaired TNF-a pro-
duction by R18W/
R18W MDDC in
response to fungal li-
gands (curdlan,
zymosan, S cerevisiae,
C albicans, and E de-
matitidis) but normal
to S aureus or LPS
Normal IL-17 T-cell
production

(Continued)
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TABLE lll. (Continued)
Lymphocyte
Clinical diagnosis phenotype No. of patients Mutation Consanguinity Cellular response Reference

e Patient with o Normal levels of T, e Egyptian patient o Homozygous Q289X No Jachiet et al,
extensive superficial B, and NK cells mutation (affecting 2015>
Trichophyton the coiled-coil
rubrum infection domain)
of the skin and nails

e Patients with o Tyl7 cell deficiency e Four Chinese unre- e Two compound No e Reduced IL-6, IL-1B, Wang et al,
subcutaneous lated patients (PA, PB, heterozygous TNF-a and IL-23p19  2014>*
phaeohyphomycosis PC, and PD) mutations in PA macrophage and DC
caused by P (c.191-192insTGCT production on P
verrucosa and ¢c.472C>T, verrucosa activation

p.L64£sX59 and
p-Q158X) and a
homozygous
frameshift mutation
(c.819-820insG,
p.D274£sX60) in PB,
PC, and PD

e mRNA was produced
but not protein.

e Invasive disease of e Patient E: normal e Five patients e Two patients with a Yes e Poor TNF-a and IL-6 Lanternier et al,
the central nervous counts of T and NK (children and homozygous R70W production by 2015
system, digestive cells; B-cell adults) of Turkish mutation (CARD MDDCs in response to
tract, or both caused lymphopenia (2 patients), domain) and lower fungal agonists

by Candida species °
o Candida species

meningoencephalitis

in 3 patients associated

with Candida species

colitis in a fourth

Patients F and G:
normal counts of
T, B, and NK cells
and normal
immunoglobulin
levels

Iranian, Moroccan, or
Pakistani
origin

protein levels

o One patient with a

homozygous R35Q
mutation (CARD
domain) and normal
protein production

o One patient with a

homozygous Q289X
mutation and another
with a homozygous

(curdlan, heat-killed C
albicans, S cerevisiae,
and E dermatitidis)
and impaired TNF-a
and IL-6 production
by whole blood cells
after stimulation with
S cerevisiae, C
albicans, and E
dermatitidis

patient and Candida e Patient H: normal
species colitis in the lymphocyte subsets
fifth

e Patients E, F, G, H,
and I

Normal IL-17
production by whole
blood cells after PMA/
ionomycin stimulation

Q295X mutation (both
coiled-coil domain)

CMC, Chronic mucocutaneous candidiasis; MDDC, monocyte-derived dendritic cell; VSV, vesicular stomatitis virus.

complete blood counts within the normal ranges, with normal
counts of CD3", CD4", and CD8" T cells; memory T cells;
follicular helper T cells; effector memory T cells; regulatory T
cells; B cells; and NK cells and normal basal levels of serum im-
munoglobulins. Most but not all patients had significantly lower
proportions of IL-17—producing T cells than healthy donors
(Fig 1 and Table I1T).*7#8:30-5%

Cellular function and comparison with mice

Glocker et al*’ showed that the mutation identified (Q295X)
impaired the production of TNF-« in response to curdlan (Dec-
tin-1 agonist) stimulation in transfected bone marrow—derived
macrophages from Card9™'~ mice, whereas the wild-type
CARD9Y allele corrected the Dectin-1 signaling defect, and
studies in monocytes showed that Candida species—induced
IL-6 and IL-1( release was abolished. Drewniak et al*® showed
that the release of IL-6 and IL-18 by CARD9 ™'~ leukocytes af-
ter stimulation with C albicans was impaired, whereas that af-
ter stimulation with Staphylococcus aureus was not. They also
reported a significant impairment of C albicans killing by
CARDO9-deficient neutrophils (mostly for unopsonized C albi-
cans). In 2013, Lanternier et al®® showed that IL-6 production
by whole blood stimulated with heat-killed C albicans or
Saccharomyces cerevisiae was impaired. Gavino et al’’

reported an impairment of GM-CSF production by zymosan-
stimulated PBMCs. In 2014 and 2015, Lanternier et al’>”
showed that TNF-a production by monocyte-derived dendritic
cells in response to fungal agonists (curdlan, zymosan, heat-
killed S cerevisiae, C albicans, and Exophiala dermatitidis
stimulation) was impaired. Similarly, Wang et al>* studied mac-
rophages and DCs stimulated with Phialophora verrucosa and
found that levels of IL-1B, IL-23p19, IL-6, and TNF-a
were lower in the patient’s cells than control cells. Table III
summarizes the cellular phenotypes observed in the various
CARDY-deficient patients studied. Card9™'~ mice display
normal development of T- and B-cell subsets, including regula-
tory T cells, recirculating B cells, mature follicular and
marginal zone B cells, and B1 B cells. Like some CARD9Y-
deficient patients, they have small numbers of Tyl7 cells,
which have been implicated in mucocutaneous antifungal
immunity.*’*%7°°* No significant differences in basal immuno-
globulin levels were detected. TCR- and BCR-induced NF-xkB
activation was normal; CARD? is specifically required to trans-
duce zymosan-activated Dectin-1 signals to NF-kB.”**
Card9™"~ mice display impaired cytokine production by DCs
after stimulation with zymosan or whole C alln'cal1s,27’38
demonstrating the importance of CARDY for innate antifungal
immunity (Table m."
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SOMATIC MALT1, BCL10, AND CARD11 AND
GERMLINE CARD11 GAIN-OF-FUNCTION
MUTATIONS

MALT1 was first implicated in MALT lymphoma, a B-cell
lymphoma frequently involving the gastrointestinal tract, in 1983.
This type of tumor constitutes the most common subset of
extranodal non-Hodgkin lymphomas.”® In 1999, chromosomal
translocations of BCLIO (t[1;14][p22;q32] and t[11;18]
[g21;921]) were also shown to be associated with MALT lym-
phomas.””” These translocations generate MALT1 and BCL10
somatic gain-of-function (GOF) mutations, leading to the consti-
tutive activation of NF-kB signaling. BCL10 is also a molecular
determinant of other types of lymphoma.®’®* Somatic GOF muta-
tions affecting the coiled-coil domain of CARD11 have also been
observed in several forms of diffuse large B-cell lymphoma, and as
in MALT1 lymphomas, these mutations cause the constitutive
activation of NF-kB signaling.”” ®® Germline GOF CARD!1 mu-
tations have also been described in other patients.®” These muta-
tions cause a congenital B-cell lymphoproliferative disease. Six
affected patients have been identified, and the data for 2 of these
patients remain unpublished. In the 4 patients described to date,
there is a family history of polyclonal expansion of naive B cells,
splenomegaly, and a potential predisposition to B-cell malig-
nancy.”” All carry a novel heterozygous germline mutation,
E127G, affecting the coiled-coil domain of CARDI11. Another
heterozygous mutation, G116S, was also identified in a different
patient with very similar signs of disease. All these mutations pro-
mote constitutive NF-kB activation, but they render the patients’ T
cells less responsive to antigen receptor-induced activation.
Finally, a third GOF missense mutation, G123D, has been
described in another patient with persistent polyclonal B-cell
lymphocytosis.”” The oncogenic potential of constitutive NF-kB
activation caused by germline CARDII GOF mutations might
promote B-cell malignancy because of the larger number of naive
B cells.”’

CONCLUSION

In this review we have summarized and compared the recently
described human CBM complex deficiencies. Some of these
deficiencies were first reported in studies of single patients.”' In-
depth mechanistic studies can now establish the causal role of
single-gene inborn errors in immunodeficient patients.”'””® Such
studies are essential to determine the role of these genes in human
immunity.”' They reveal both similarities to and differences from
the situation in mice, such as the differences in innate response
found for BCL10 deficiency and differences in immunoglobulin
production for MALT1 deficiency. No germline or somatic muta-
tions of human CARDIO have yet been identified; studies in
Card10~'~ mice have shown these mice to have impaired NF-
kB activation after stimulation with epidermal growth factor
and to display several characteristics of epidermal growth factor
receptor—associated malignancy, including cell proliferation, sur-
vival, migration, and invasion.® The overexpression of CARDI0
has been shown to be associated with cancer.”* Given the speci-
ficity of CARD10 expression in the CBM complex of epithelial
cells, human CARDI10 deficiency would be unlikely to result in
a combined immunodeficiency. Because TLR4 signaling occurs
upstream of the CARD10-BCL10-MALT1 complex in epithelial
cells and some studies have shown TLR4-BCL10 /" status to be

PEREZ DE DIEGO ET AL 9

. s . se 6,17,25,43,44,75 -
associated with inflammation and colitis,®'”>>****7 it could

also be hypothesized that CARD10 defects would be associated
with inflammatory colitis.

Overall, defects of CARD11, BCL10, and MALT1 generate
severe forms of combined immunodeficiency. The BCL10-
deficient patient and 2 of the 4 MALT 1-deficient patients died,
whereas 1 MALT1-deficient patient and 1 of the 2 CARDI11-
deficient patients had undergone bone marrow transplantation and
the other patient is awaiting transplantation. Bone marrow
transplantation appears to be the best treatment for these 3 related
disorders, given the tragic outcomes of patients not treated in this
way. By contrast, in patients with CARD9 deficiency innate
immunity is affected in a very specific way, as shown by the
patterns of susceptibility to invasive disease, which is generally
caused by a single fungal pathogen in each patient (and thus by
diverse fungi at the population level). None of the CARD9-
deficient patients described to date had pulmonary fungal
infection. In one CARD9-deficient patient with C albicans
meningoencephalitis,”’ adjuvant GM-CSF treatment appears to
have been beneficial. In addition, for CARD9-deficient patients
with extensive dermatophytosis, terbinafine has been shown to
be successful as a first-line treatment and posaconazole as a
second-line treatment.”

Finally, the overproduction of MALT1 and BCL10 has been
implicated in MALT lymphoma,”’” and several therapeutic
studies have thus focused on inhibiting expression of the CBM
complex.”® BCL10 deficiency appears to have an effect on lym-
phocytes and fibroblasts but not on myeloid cells. This finding
is highly pertinent and should be taken into account when consid-
ering treatment options for MALT lymphoma because BCL10
inhibition can have consequences for lymphocytes and nonhema-
topoietic cells.

We thank the members of the Laboratory of Human Genetics of Infectious
Diseases and Dr Susana Alemany for helpful advice.
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