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Abstract
MALT1 (mucosa-associated lymphoid tissue lymphoma-translocation gene 1) is an intracellular signaling protein that activates
NFκB and is crucial for both the adaptive and innate immune responses. Only 6 patients with immune deficiencies secondary to
inherited mutations in the MALT1 gene have been described.
Purpose
To provide clinical and immunological insights from 2 patients diagnosed with MALT1 immunodeficiency syndrome due to a
novel MALT1 mutation.
Methods
Two cousins with suspected combined immunodeficiency underwent immunological and genetic work-up, including lympho-
cyte phenotyping, lymphocyte activation by mitogen stimulation, and next-generation sequencing (NGS) of T cell receptor
gamma chain (TRG) repertoire. Whole exome sequencing was performed to identify the underlying genetic defect.
Results
Clinical findings included recurrent infections, failure to thrive, lymphadenopathy, dermatitis, and autoimmunity. Immune work-
up revealed lymphocytosis, low to normal levels of immunoglobulins, absence of regulatory T cells, and low Th17 cells. A
normal proliferative response was induced by phytohemagglutinin and IL-2 but was diminished with anti-CD3. TRG repertoire
was diverse with a clonal expansion pattern. Genetic analysis identified a novel autosomal recessive homozygous c.1799T>A; p.
I600N missense mutation inMALT1. MALT1 protein expression was markedly reduced, and in vitro IL-2 production and NFκB
signaling pathway were significantly impaired.
Conclusions
Two patients harboring a novelMALT1mutation presented with signs of immune deficiency and dysregulation and were found to
have an abnormal T cell receptor repertoire. These findings reinforce the link between MALT1 deficiency and combined
immunodeficiency. Early diagnosis is crucial, and curative treatment by hematopoietic stem cell transplantation may be
warranted.
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Abbreviations
CBM CARD9/10/11-BCL10-MALT1
CID combined immunodeficiency
HSCT hematopoietic stem cell transplantation
MALT-1 mucosa-associated lymphoid tissue

lymphoma-translocation gene 1
NGS next-generation sequencing
PBMCs peripheral blood mononuclear cells
SCID severe combined immunodeficiency
TRECs T cell receptor excision circles
TCR T cell receptor

Introduction

Identification of the genetic causes underlying human primary
immunodeficiency (PID) is critical to understanding disease
pathogenesis, diagnosis, and treatment of affected patients [1,
2]. The most unfavorable PID is severe combined immunode-
ficiency (SCID), affecting both T and B cells and, in some
cases, NK cells [3]. While SCID diagnosis is clearly defined,
there is a much larger group of patients diagnosed with an
undefined combined immunodeficiency (CID). These patients
present similarly to those with SCID, but, in contrast, have
circulating T cells. Unlike SCID patients, CID patients can
survive beyond the first year of life without immune restora-
tion [4]. In addition to their susceptibility to infections, CID
patients can present with lymphoproliferative disease, autoim-
munity, atopy, and enteropathy [4–6]. The characteristic im-
munological profile of these patients is one of profound T cell
dysfunction with abnormal cellular and humoral immunity [3,
4]. Diagnosing CID is challenging due to the wide variety of
clinical presentations and spectrum of Tcell dysfunction. As a
result, clinical decision-making, specifically with regard to
hematopoietic stem cell transplantation (HSCT), is especially
difficult.

A prime example of an inborn error of immunity that
causes CID results from mutation of the mucosa-associated
lymphoid tissue lymphoma-translocation gene 1 (MALT1).
Jabara et al. [7] and McKinnon et al. [8] first reported muta-
tions in this gene, and, since then, only a few cases were added
to the literature [9, 10]. MALT1, a part of the CBM complex
(CARD11/BCL-10/MALT1), is a caspase-like cysteine prote-
ase essential for NFκB activation [11–14]. The MALT1 pro-
tein has two major activities. First, it acts as a scaffold,
recruiting different proteins in the NFκB signaling pathway.
Additionally, it serves as a cardinal protease, regulating NFκB
activity by cleaving various substrates [15, 16]. T and B cell
receptor (TCR) activation results in recruitment of the CBM
complex, which in turn leads to the ubiquitination of NEMO
(NFκB essential modulator). This activates the IkB kinase
(IKK) complex, thereby enabling NFκB to undergo nuclear
translocation and initiate gene transcription necessary for

cellular activation, including IL-2 secretion. Due to the central
role of the MALT1 protein in this cascade, mutations in the
encoding gene significantly compromise NFκB activity [11].
Other pathways, such as mTORC1, may also depend on the
CBM complex [17]. The current understanding of MALT1
deficiency is far from complete. Our knowledge of this genetic
deficiency arises from the handful of cases reported to date,
which were heterogeneously characterized by recurrent sys-
temic infections, dermatitis, inflammatory bowel disease, fail-
ure to thrive, and variable additional characteristics [7–10].
The immunological phenotype is similarly variable though is
typically characterized by normal lymphocyte counts, normal
or reduced immunoglobulin levels, low antibody titers follow-
ing immunizations, and abnormal Tcell response to mitogenic
stimuli. Previous studies also demonstrated in vitro low IL-2
secretion following TCR stimulation [7, 9, 10], normal or
reduced counts of T regulatory cells [8–10], and low counts
of Th17 cells [8].

In this paper, we describe two related patients who present-
ed with findings suggestive of CID, ultimately found to harbor
a MALT1 mutation not previously described. This research
extends current understanding of MALT1 mutations, specifi-
cally with regard to the associated clinical findings and
resulting abnormal T cell development and activation.

Methods

Clinical Data

Patient information was obtained from the electronic medical
record of our hospital. The guardians were interviewed, and
the authors examined the patients. Informed consent was ob-
tained, and all procedures were performed in accordance with
the ethical standards of the institutional and/or national re-
search committee and with the Helsinki declaration and its
later amendments or comparable ethical standards.

Immune Function

Cell surface markers of peripheral blood mononuclear cells
(PBMCs) were determined by immunofluorescent staining
using flow cytometry (FACS, NAVIOS, Beckman Coulter)
with antibodies purchased from Beckman Coulter.
Lymphocyte proliferation was done in response to phytohe-
magglutinin and anti-CD3 (using tritiated thymidine incorpo-
ration). The cells were harvested three days after collection,
and the samples were counted in a liquid scintillation counter.
All assays were performed in triplicate, and a stimulation in-
dex was calculated as the ratio between stimulated and
unstimulated lymphocyte responses. The resultant stimulation
index was compared with the stimulation index obtained from
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the normal controls. Serum concentration of immunoglobu-
lins was measured by nephelometry.

Quantification of TRECs

TREC analysis was performed using DNA extracted from the
study patients’ PBMCs. The amount of signal joint TREC
copies per DNA content was determined by real-time quanti-
tative PCR. Reactions were performed using 0.5-mcg geno-
mic DNA and PCRs contained in TaqMan universal PCR
master mix (Applied Biosystems), specific primers
(900 nM), and FAM-TAMRA probes (250 nM). RQ-PCR
was carried out in StepOnePlus (Applied Biosystems). The
number of TRECs in a given sample was estimated by com-
paring the cycle threshold value obtained with a standard
curve obtained from PCRs performed with 10-fold serial di-
lutions of an internal standard. Amplification of RNAseP
(Taq-Man assay, Applied Biosystems) served as a quality con-
trol to verify similar amounts of genomic DNA that were used
in the assays.

PMA/Ionomycin Stimulation and Cytokine Production

PBMCs (1 × 106/mL) were incubated with 100 μM PMA and
1 μM ionomycin (Sigma-Aldrich) in 48-well plate, and
GolgiStop (BD Biosciences) was added 1 h later. After 5 h
stimulation, the PBMCs were fixed with paraformaldehyde
and, then, permeabilized with methanol. Cell surface markers
and cytokines were stained and analyzed by BD LSRFortessa.

TCR Repertoire

Representatives of specific TCR-Variable b families were de-
tected and quantified using patients’ PBMCs with flow cy-
tometry (NAVIOS, Beckman Coulter) according to the man-
ufacturer’s instructions (Beta Mark TCR Vb repertoire kit,
Beckman Coulter). Normal control values comprised of 58
healthy people were obtained from the kit.

Quantification of Th17 Cells

IL-17AT cells were evaluated by intracellular staining. Non-
adherent PBMCs (prepared after the removal of adherent
monocytes) were stimulated for 12 h with 40 ng/mL PMA
(Sigma-Aldrich) and 10−5 M ionomycin (Sigma-Aldrich) in
the presence of 1 μg/mL GolgiPlug (BD Biosciences). The
cells were, then, harvested, and extracellular labeling was
achieved by incubating the cells with anti-human CD3-PC7
(Beckman Coulter). Intracellular staining was done using the
PerFix-nc kit (Beckman Coulter) and anti-human IL17-PB
antibody (Beckman Coulter).

Analysis of T Regulatory Cells

Lymphocytes were obtained from the infants’ peripheral
blood by density gradient centrifugation on Lymphoprep™
(STEMCELL Technologies). For the detection of FOXP3,
the cells were fixed and permeabilized using a FOXP3 stain-
ing buffer set according to the manufacturer’s protocol
(eBioscience). The antibodies used were CD4-FITC,
CD25-PE (BD Biosc i ence s ) , and FOXP3-APC
(eBioscience). Cell samples were analyzed using
fluorescence-activated cell sorting (FACS, NAVIOS, and
Beckman Coulter) and the Kaluza software (Beckman
Coulter).

Next-Generation Sequencing

TCR libraries were generated from patient and control geno-
mic DNA extracted from PBMCs using primers for conserved
regions of V and J genes in the TRG (TCR-gamma) locus
according to the manufacturer’s protocol (Lymphotrack;
Invivoscibe Technologies®, Carlsbad, CA, USA).
Quantified libraries were pooled and sequenced using Mi-
Seq Illumina Technology®. FASTA files from the filtered
sequences were submitted to ImMunoGeneTics (IMGT)
HighV-QUEST webserver® (http://www.imgt.org), filtered
for productive sequences only (no stop codons or frame
shifts), and analyzed [18]. Analyses were performed on
CDR3 amino acid sequences. For TCR repertoires, V and J
gene usage patterns were analyzed. Repertoire diversity was
calculated using Shannon and Gini-Simpson’s diversity
indices [19].

Exome Sequencing Analysis and SANGER Sequencing

High-throughput sequencing for whole exome sequencing
was performed on genomic DNA samples extracted from
PBMCs from patients 1 (P1) and 2 (P2), and coding regions
were enriched with a SureSelect Human All Exon V5 Kit
(Agilent) and, then, sequenced as 100-bp paired-end runs on
an Illumina HiSeq 2500 (Illumina Inc.). We used the BWA
mem algorithm (version 0.7.12) [20] for the alignment of the
sequence reads to the human reference genome (hg19). The
HaplotypeCaller algorithm of GATK version 3.4 was applied
for variant calling, as recommended in the best practice pipe-
line [21]. KGG-seq v.08 was used for annotation of identified
variants [22], and in-house scripts were applied for filtering,
based on family pedigree and local dataset of variants detected
in previous sequencing projects.

The MALT1 mutation was validated by dideoxy Sanger
sequencing in the patients and carriers. Data were evaluated
using Sequencer v5.0 software (Gene Codes Corporation).
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Western Blot Analysis

Western blot analysis was described previously [23]. The total
PBMC was lysed in RIPA buffer, and the soluble fraction was
heat-denatured in LDS sample buffer (Life Technologies) with
0.1 M DTT and loaded onto 4–12% Tris-Bis polyacrylamide
gradient gel. Protein was transferred from gel to PVDF mem-
brane and detected by MALT1 antibody (Cell Signaling
Technology), β-actin, and HRP-conjugated secondary
antibody.

Results

Clinical Description

We present two patients evaluated for suspected immunodefi-
ciency. The patients were first cousins born to a highly con-
sanguineous family of Palestinian origin (Fig. 1). Patient 1
(P1) was born to a pair of healthy second cousins. Birth was
at term and uncomplicated. Shortly after birth, a recurrent
pustular rash was noted. By the age of six months, he had
suffered from recurrent episodes of pneumonia, cellulitis and
abscesses, lymphadenitis, chronic intermittent diarrhea, and
severe failure to thrive. He was referred to our hospital at the
age of 11 months for further evaluation. His examination was
notable for dysmorphic features with hypertrichosis, coarse
facies, deep palmar creases bilaterally, and small toenails. A
diffuse eczematous rash, multiple gluteal abscesses,
onychomycosis, and generalized lymphadenopathy were also
noted. Pneumonia was diagnosed clinically, and urine culture
grew Klebsiella pneumoniae. Aspirate from an enlarged

infected lymph node was positive for Methicillin-resistant
Staphylococcus aureus. Cultures from oral lesions grew
HSV-1 and Candida. Following completion of initial antimi-
crobial therapy, P1 went on to develop numerous additional
infections, including bacterial and viral respiratory infections,
periorbital cellulitis, Staphylococcus aureus and non-typeable
Haemophilus influenza bacteremia, herpetic skin infections,
persistent herpetic kerato-conjunctivitis, and Salmonella and
Campylobacter gastroenteritis. In addition, subsequent exam-
ination showed alopecia involving the scalp and eyebrows.
Computed tomography of the chest and lungs demonstrated
bilateral axillary lymphadenopathy with lung consolidation
and ground glass appearance. Bronchoalveolar lavage showed
no significant findings. Lymph node biopsy showed signs of a
reactive process with no signs of neoplasia. Further lympho-
proliferative, metabolic, and autoimmune investigations were
all normal.

Patient 2 (P2) was born without complications to consan-
guineous healthy parents of Palestinian origin. Family history
was notable for an older sibling who died at one year of age,
apparently due to a severe infection. P2 initially presented at a
few weeks of age to another institution and was treated there
for recurrent severe infections, including pneumonia, menin-
gitis, and urinary tract infections. Chronic diarrhea and oral
thrush were also noted. The patient was referred to our insti-
tution at the age of 5 months for suspected immunodeficiency.
Physical examination was notable for bronchiolitis, severe
failure to thrive, seborrheic dermatitis, onychomycosis, and
vitiligo. Infectious work-up demonstrated positive whole
blood PCR for CMV, and nasal swabs were positive for influ-
enza and parainfluenza viruses on PCR. Chest X-ray demon-
strated bilateral alveolar infiltrates, with a normal-sized

Fig. 1 Pedigree of P1 and P2’s family. Double lines indicate consanguinity (first-degree cousins); filled black circles or squares depict the patients; half-
filled black circles or squares depict carrier state; diagonal lines indicate deceased individuals
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mediastinum, and abdominal ultrasound was normal with no
evidence for hepatosplenomegaly. As with his cousin, further
lymphoproliferative, metabolic, and autoimmune investiga-
tions were all normal.

Currently, both patients are stable on intravenous immuno-
globulin (IVIG) replacement therapy and antibiotic prophy-
laxis, awaiting HSCT.

Immunological Evaluation

The initial immunologic investigation for both patients re-
vealed leukocytosis with lymphocytosis and eosinophilia
(Table 1). Immunoglobulin levels were initially within normal
range, but, over time, P1 developed hypogammaglobinemia
and required monthly IVIG replacement therapy. Post-
immunization titers (HBVand poliovirus vaccine) were unde-
tectable for P1 and within normal ranges for P2. Neutrophil
function studies did not show any abnormality in chemotaxis
or oxidative burst. Immunophenotyping of lymphocytes
showed normal representation of T, B, and NK cells.
Surprisingly, P1 had an elevated fraction of double-negative
T cells (CD3+αβ+ CD4–CD8–) (Table 1). In both patients,
there was an absence of T regulatory cell expression (C3+
CD4+CD25+Foxp3+) and a decrease in the percentage of
Th17 cells. B cell subsets (Table 1) revealed low percentage
of marginal zone B cells (IgD+CD19+CD27+) and high per-
centage of transitional B cells (IgM++CD19+CD38++) com-
pared to control (3.5% vs. 4.1–13.9% and 31% vs. 3.3–16.5%,
respectively). Lymphocyte proliferation test (Table 2) for both
patients was normal following stimulation with phytohemag-
glutinin (PHA) and IL-2 but markedly reduced following
stimulation with anti-CD3. P2’s PBMCs demonstrated de-
creased IL-2 expression following stimulation with PMA
and ionomycin (Fig. 2). In order to evaluate thymus activity
and naïve T cell production, T cell receptor excision circles
(TRECs) were quantified for both patients. In both patients,
TREC levels were within normal ranges (Table 1). The TCR
repertoire was assessed with the traditional TCR-Vβ assay
using flow cytometry. P2 had a completely normal repertoire
whereas P1 had overexpression of TCR (vβ 7.1) with an oth-
erwise normal repertoire compared to healthy controls (Fig.
3).

Next-Generation Sequencing

In order to further characterize the TCR repertoire, high-
throughput immune sequencing of the TRG (T cell receptor
γ chain) repertoire was performed on PBMCs from both pa-
tients and a healthy age-matched control. Of the four chains of
TCR (α, β, γ, δ), the TRG repertoire was specifically selected
for sequencing for the following reasons: it is rearranged ear-
lier in the development of T cells; it is often used for sensitive
and comprehensive detection of clonal expansions [24–26],

and because of the prominent role of γδT cell in skin immu-
nity [26, 27].

As shown in Fig. 4a, both patients expressed a diverse
repertoire with evidence of clonal expansion. We used
Shannon’s H and Simpson’s D indices [19] to measure the
diversity of the repertoires, which are commonly used in ecol-
ogy [28, 29]. These diversity indices take into account the
unique and total sequences and the evenness of the clonal size.
Thus, the Shannon’s H index reflects the overall diversity of
the repertoire whereas the Simpson’s D index focuses on how
unevenly the clones are distributed in a given repertoire due to
presence of clonal expansions, as was previously shown [30,
31]. The Shannon’s H diversity index for both patients’ rep-
ertoires was relatively low compared with the controls (Fig.
4b). Calculation of the Simpson’s D index showed moderate
unevenness in the TRG repertoire for the patients as compared
to the controls (Fig. 4b).

We also analyzed the total and unique number of sequences
of the TRG repertoire. In general, the unique number of se-
quences portrays the number of clones that develop in the
thymus and are released into the peripheral blood, while the
total number of sequences reflects the absolute number of ɣδ
T cells in the peripheral blood. While the unique number of
sequences of the patients did not differ from that of the con-
trols, the total number of sequences was dramatically lower,
suggestive of abnormal peripheral proliferation (Fig. 4c).

In addition, we calculated the various TRGV gene usages
for the unique and total sequences. TRGV10 gene usage was
notable for a significantly low number of unique sequences as
compared with the healthy controls. In contrast, TRGV10
gene usage showed a high number of total sequences in the
patients as compared with the controls. In other TRGV gene
usages, the differences were not significant (Fig. 4d).

We also suspected a link between TRGV10 gene usage and
clonal expansion (Fig. 4d). To assess this, we looked specifi-
cally at the ten most prevalent clones in each patient’s reper-
toire and found that, indeed, the large clones observed in the
patients’ TRG repertoire used the TRGV10 gene and
accounted for a large proportion of the total sequences (Fig.
4e). Taken together, these results indicate abnormal clonal
expansion specifically involving the TRGV10 gene.

Exome Sequencing Analysis, Sanger Sequencing,
and Functional Activity

A homozygous recessive inheritance pattern was suspected
due to the high incidence of family consanguinity. A novel
bi-allelic MALT1 missense mutation (c.1799T>A; p. I600N)
was identified in P1 by WES and confirmed by direct Sanger
sequencing. Direct Sanger sequencing showed that P2 had the
samemutation. Segregation of the identifiedmutation with the
disease phenotype was confirmed within both families (Fig. 1,
Fig. 5a). The I600N residue was found to be highly
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evolutionary conserved (Fig. 5b). TheWES did not reveal any
other mutation known to be involved in immunodeficiency or
immune dysregulation. This mutation, affecting a highly con-
served amino acid (Fig. 5b), is predicted to be deleterious by
several different bioinformatics prediction programs (SIFT,
Polyphen2—HDIV, Polyphen2—HVAR, LRT, Mutation
Taster AND Mutation Assessor). The variant is exceedingly
rare and could not be found in gnomAD nor in our in-house
cohort of 2000 Israeli exomes. CADD score of the mutation

was 28.7 suggesting pathogenicity. The MALT1 mutation is
different from previously described patients (Fig. 5c). Our
patients share clinical and laboratory characteristics with pre-
viously described human cases and animal models with
MALT1 deficiency [9, 10, 32, 33] which supports our hypoth-
esis that the identified homozygous MALT1 variant is a
disease-causing mutation causing loss-of-function effect.
Indeed, Western blot analysis of PBMCs from P2’s whole
blood showed markedly reduced MALT1 protein expression,

Table 1 Immunological work-up of the newly identified MALT-1-deficient patients

Status at presentation P1 P2 Normal rangea

CBC Cells/mL × 10−3

WBC 27.7 23 5.2–11

Monocytes 1.4 1.64 0.2–1

Lymphocytes 12.8 12.6 1.5–6 5

Hemoglobin (g/dL) 8.9 7.3 11–14

Platelets 373 295 150–400

Eosinophils 4.4 0.08 0–0.7

Serum immunoglobulin mg/dL

IgA < 25 < 25 38–222

IgM 25 146 56–208

IgG 177 1110 590–1430

IgE NAc < 5 0–90

T lymphocyte subsets Cells/mm3 × 10−3 (%) Normal rangeb

Lymphocytes 21.3 (46.3) 12.7 (81.8) 2.3–5.4

T (CD3+) 11.56 (86) 10.8 (85) 1.4–3.7 (60–85)

T helper (CD4+) 6.4 (53) 3.9 (31) 0.7–2.2 (36–63)

T cytotoxic (CD8+) 3.6 (25) 6.3 (49) 0.49–1.3 (15–40)

Double-negative (CD4–CD8–CD3+αβ+) 13% 0.3% < 1%

CD3+CD4+CD25+FOXP3+ y cell (%) 0 (0) 0 (0) > 5%

αβ TCR (%) 74 78 58% (26–100%)

γδ TCR (%) 2 8 6% (1–38%)

B (CD 20+) 1.7 (13) 1.65 (13) 0.05–0.3 (5–25)

NK (CD16+CD56+) (%) 5 4 6–30

Th17 (%) 0.2 0.2 > 1.0%

TRECs (copies per 0.5 μg DNA) 1323 1268 > 400

B lymphocyte subsets Cells/mm3 × 10−3 (%) Normal ranged

Lymphocytes NAc 23.0 (71.4) 2.3–5.4

B cells (CD45+CD19+) NAc 2.30 (10) 0.05–0.3 (5–25)

Class switched B cells (IgM−IgD−CD19) NAc 0.09 (3.9) 0.01–0.13 (1.1–10.1)

Naïve B cells (IgD+CD27− CD19) NAc 1.95 (85) 0.5–0.17 (68.1–89.3)

Marginal zone B cells (IgD+ CD19+CD27+) NAc 0.08 (3.5) 0.03–0.17 (4.1–13.9)

Class switched memory B cells (IgM−IgD− CD19+CD27+) NAc 0.036 (1.5) 0.03–0.18 (3.9–13.6)

CD21low B cells (CD21low CD19+CD38−) NAc NAc 0.01–0.06 (1.0–5.7)

Transitional B cells (IgM++CD19+CD38++) NAc 0.714 (31) 0.03–0.20 (3.3–16.5)

a Healthy donors, aged 1–2 years, with percentages/counts presented as median (10th and 90th percentiles) [44]
b Pediatric reference values for the peripheral T cell compartment [45]
c NA, non-available
d Reference values for evaluation of B cell maturation process in the peripheral blood [46]
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similar to that seen in other MALT1-deficient patients with
missense mutations [7] (Fig. 6). While there is no specific do-
main ascribed to the region around amino acid 600, it is note-
worthy that the missense mutation described byMcKinnon et al.
[8] which also affects protein expression is nearby at position
580. Consistent with a mutation disrupting MALT1-mediated
signaling, and despite sample quality from the patient and travel

control which precluded some signaling studies, CD4 T cells
from the patient showed that NFκB and mTORC1 activation
(measured by pS6) were impaired after short-term stimulation
with PMA (Fig. 7). Furthermore, anti-CD3/CD28-mediated ac-
tivation for 24 h showed poor CD25 upregulation, especially
among naïve cells and a sustained defect in pS6 activation among
memory cells as measured by increased side scatter size (Fig. 8).

Fig. 2 Decreased IL-2 secretion in the MALT1 patient after PMA & ionomycin stimulation. Travel control (TC) and MALT1-mutated patient (P2)’s
PMBCs were treated with PMA and ionomycin for 5 h in the presence of BD GolgiStop, and cytokine production was analyzed by flow cytometry

Table 2 Lymphocyte proliferation assay—thymidine incorporation assays documented reduced Tcell proliferation upon stimulation with anti-CD3, as
compared to healthy control

No stimulation (CPM) No stimulation (SI) CD3 (SI) PHA25 (SI) IL-2 (SI) IL-2+ CD3 (SI)

P1 357 1 2.5 150 103.5 74

P2 293 1 2 331.5 103.5 154.5

Control 588 1 56.5 202.5 117.5 138

CPM, counts per minute; SI, all values of stimulation withmitogens are presented as stimulation index—number of counts per minute divided by number
of counts per minute without stimulation
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Discussion

Mutation in MALT1 was first described in association with a
B cell lymphoma of the gastrointestinal tract [34].
Chromosomal translocations of another protein, BCL10, were
later shown to be associated with this type of lymphoma as

well [35]. The connection between these two proteins was
further elucidated with the discovery that, together with
CARD11 [36], they form the CBM intracellular complex that
mediates NFκB activation [37]. Somatic gain-of-function
(GOF) mutations involving genes comprising this complex
lead to the constitutive activation of NFκB signaling,

Fig. 4 Characteristics of the TRG repertoire determined by NGS. a
Graphical presentation of the TRG repertoire using Tree map program
where each square represents a specific clone and the size of each square
represents the frequency of the clone within the repertoire. b Shannon’s H
diversity index and Simpson’s index of unevenness. c The number of

unique and total sequences for the patients and healthy controls (n = 3).
dBar graphs representing the percent of TRGV gene usages of the unique
and total sequences (one-tail t test; * for 0.05 > p > 0.01; ** for 0.01 >
p > 0.001). e Percent of total sequences for the top 10 TRGV10 positive
clones (P1, patient 1; P2, patient 2; C1–C3, healthy controls)

Fig. 3 T cell receptor Vβ repertoire analyses. Flow cytometry analysis of surface membrane expression of 24 T cell receptor β chain’s variable gene
families, in our two MALT1-deficient patients (black bars), compared with the healthy controls (white bars)
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lympho-proliferation, and development of lymphoma [38].
Loss of function of the CBM proteins impairs immune func-
tion in a variety of ways [39]. Recent reviews by Lu et al. [15]
and Juilland and Thome [16] explore the different immuno-
deficiency syndromes associated with mutations in CBM
genes. These reviews emphasize the dual role of MALT1 in
activation of NFκB, both in scaffolding and in protease activ-
ity, and different mutations may cause different disease

phenotypes, as suggested by the data of animal models.
When comparing MALT1 knock-out mice (Malt1−/−) and
MALT1 paracaspase mutated mice (Malt1PD/PD) [32], a dif-
ferent phenotype is observed with a more immunocompro-
mised picture in the former and a more auto-inflammatory
presentation in the latter.

To date, only six patients with immune deficiency resulting
from bi-allelic mutations in MALT1 have been reported
[7–10]. All six suffered from recurrent bacterial, viral, and
fungi infections, eczema, enteropathy, periodontal disease,
and failure to thrive. Several had dysmorphic features
[8–10]. Except for one patient [9], all patients were born to
consanguineous families. All, but one, of these patients had a
missense mutation of the MALT1 gene; the other had a com-
pound bi-allelic mutation [9]. The six patients were all noted
to have evidence of immune dysregulation with poor specific
antibody response to vaccines and decreased T cell prolifera-
tive responses to mitogens. Several patients demonstrated de-
creased expression of IL-2 [9, 10]; another demonstrated B
cell lymphopenia combined with a defect in normal B cell
maturation. Levels of regulatory T cells were assessed and
were low in several reports [9, 10]. In several patients, there
was evidence of reduced MALT1 protein expression and de-
fect in the canonical NFκB signaling [8–10].

In this article, we describe two related patients with a novel
MALT1 homozygous mutation (p.I600N). They share clinical

Fig. 5 Validation of MALT1 mutation. a Sanger sequencing confirmed
the presence of a mutation (c.1799T>A; p. I600N) in peripheral blood
mononuclear cells of both patients (PBMCs). A heterozygous state was
found for P1’s mother and two out of three of his siblings. b Evolutionary

conservation of the mutated I600N residue among different species. c
MALT1 protein structure and position of current and previously
described mutations [7–10]

Fig. 6 P2’s MALT1 protein expression markedly reduced. MALT1
protein from the total PBMCs of whole blood was detected by Western
blot analysis using a MALT1 rabbit polyclonal antibody and β-actin as
loading control. TC, travel control. Molecular weight (M.W.) of MALT1
is about 90 kD
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and immunological features suggestive of lympho-
proliferation and autoimmunity, in addition to increased sus-
ceptibility to viral and bacterial infections, dermatitis, recur-
rent aphthous oral lesions, and failure to thrive. Additional
clinical features included dysmorphic features, hypertrichosis,
and lymphoproliferation with prominent generalized lymph-
adenopathy. These patients also showed clinical signs of au-
toimmunity with manifestations such as alopecia areata and
vitiligo. The immunologic profile demonstrated impaired hu-
moral immunity in P1, a feature common to all the previously
described patients, and an impaired proliferative response to
specific mitogen stimulations. Both of our patients had de-
creased lymphocyte proliferation following anti-CD3 stimula-
tion, which was improved in vitro, with exogenous IL-2 addi-
tion (Table 2). This finding, along with reduced IL-2 produc-
tion, has been noted in previous studies [7, 10] and suggests
that MALT1 mutations may lead to abnormal production of
IL-2, a critical cytokine in T cell proliferation.

Profiling the TCR repertoire using NGS revealed a di-
verse repertoire but with an obvious abnormal clonal expan-
sion pattern. Notably, the more commonly used TCR Vβ
assay failed to detect these abnormalities. Both the
Shannon’s H diversity and the Simpson’s D indices showed

that the repertoire of P1 is more adversely affected than that
of P2, which correlates with the more severe phenotype of
P1. The number of unique sequences of the patients’ TRG
repertoires was similar to those of healthy controls; however,
the number of total sequences was significantly lower. This
is significant as it suggests that the problem arises not in the
thymus but in the peripheral proliferation of T cells (espe-
cially γδTcells). The finding that there is clonal expansion of
γδT cells in the peripheral blood of these patients merits
further study. It is crucial to determine the nature and source
of these expanded clones and whether they are present in the
affected skin lesions and/or gastro-intestinal biopsies. Our
study of the TRG repertoire, as determined by NGS, demon-
strates a skewed repertoire, driven by a breakdown in the
regulation of peripheral adaptive immunity. Additionally,
TCR activation defects were detected in P2 consistent with
defects in the CBM complex. It is notable that several phe-
notypes which can be seen in MALT1 deficiency, including
atopy, sinopulmonary infection, and viral infection, can also
be seen in patients with dominant-negative CARD11 muta-
tions [23, 40, 41]. Similar to CARD11 mutant patients, the
MALT1 mutant patient had a defect in mTORC1 activation,
which had not previously been examined in MALT1 mutant

Fig. 7 mTOR and NFκB signaling pathway in MALT1 patient.
Activation of (CD3+CD8−) T cells signaling molecule after 20 min of
PMA stimulation analyzed by flow cytometry demonstrates decreased

signaling in MALT1 patient compared with the healthy control (PMA1:
1 ng/mL, PMA10: 10 ng/mL). Numbers indicate the mean fluorescence
intensity (MFI), Travel control (TC) and Patient (P2)
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patients. Whether the allergic disease in MALT1 and
CARD11 mutant patients is directly attributable to the
mTORC1 activation defect is a matter of current study, but
the results presented here suggest that glutamine supplemen-
tation, which was able to restore defects in the CARD11
mutant patient cells, might be a therapeutic option for some
of the symptoms in MALT1 deficiency.

MALT1 deficienct patients have substantial heterogene-
ity of severity and phenotypes, even within families, as do
the two cousins reported here. P1 currently exhibits a more
severe phenotype that seems closer to the phenotype
displayed by the animal model of Malt1 protease
deficient/protease dead mice [32, 42]. These mice display
severe inflammation with additional characteristics of
lymphadenopathy and neurodegeneration. They have high-
ly elevated serum concentrations of the inflammatory cy-
tokines, such as IFNγ, and reduced levels of anti-
inflammatory cytokines, such as IL-10 and TNF-α [42,
43]. In addition, severe impairment in regulatory T cells
may contribute to the development of autoimmunity [32].
The clinical discrepancies between the phenotype of the
cousins might be related to disease progression over time,
other modifying genetic changes, and other environmental
factors that may affect the phenotype. Currently, both pa-
tients continue to suffer from recurrent infections despite
prophylactic treatment with IVIG replacement therapy and
antibiotic prophylaxis while they await HSCT. Of the six

patients previously reported, two died in the first two de-
cades of life due to overwhelming infection [7], while the
remaining four underwent successful HSCTwith a reduced
intensity conditioning protocol. Based on the severity of
the disease, HSCT is the preferred treatment in most pa-
tients as it is the only curative treatment option in MALT1
deficiency.

Conclusion

MALT1 deficiency is a rare immunodeficiency syndrome of
the NFκB pathway, characterized by early onset of a com-
bined immune deficiency with severe life-threatening infec-
tions and autoimmune manifestations. The immunologic
profile of affected patients includes humoral deficiency with
either hypogammaglobulinemia or dysgammaglobulinemia,
poor specific antibody responses to vaccines, normal to ab-
sent regulatory T cell numbers, low levels of Th17 cells, and
decreased IL2 production in vitro. Our two newly diagnosed
patients have a novel mutation in the MALT1 gene, further
linking this gene to a specific inborn error of immunity. Our
investigation of these patients extends and further supports
the clinical and immunological data regarding the spectrum
of MALT1 deficiency and provides new insight into this
primary immunodeficiency. Due to the severity of the syn-
drome, HSCT is the preferred treatment modality.

Fig. 8 Phosphorylation in activated CD4+ cells in MALT1 patient. a Live
CD4+ cells were gated on CD45RO and SSC-H to indicate activated
memory (purple box) and naïve (green box) cells. b phospho-S6 and
CD25 inductions were measured in control (red) and P2 (blue) in
activated memory (purple box) and naïve (green box) populations after

incubating the PBMCs in plate-bound anti-CD3 plus anti-CD28 for 24 h.
Decreased inductions were observed in the activated CD4+ cells of the
MALT1 patient after anti-CD3/CD28 stimulation, compared with the
healthy control. Numbers indicate the mean fluorescence intensity (MFI)
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