Journal of Clinical Immunology (2022) 42:634-652
https://doi.org/10.1007/510875-021-01191-4

ORIGINAL ARTICLE q

Check for
updates

Expanding the Clinical and Immunological Phenotypes and Natural
History of MALT1 Deficiency

Asena Pinar Sefer'>3 . Hassan Abolhassani**® . Franziska Ober’ - Basak Kayaoglu® - Sevgi Bilgic Eltan'>3 .
Altan Kara® - Baran Erman’®"" . Naz Surucu Yilmaz® - Cigdem Aydogmus'? - Sezin Aydemir'3.

Louis-Marie Charbonnier'* - Burcu Kolukisa'>® - Gholamreza Azizi'® - Samaneh Delavari* - Tooba Momen'¢ -
Simuzar Aliyeva'” - Yasemin Kendir Demirkol'® - Saban Tekin'® - Ayca Kiykim'2 - Omer Faruk Baser®° .

Haluk Cokugras'® - Mayda Gursel® - Elif Karakoc-Aydiner'?3 . Ahmet Ozen'?3 . Daniel Krappmann’ -

Talal A. Chatila'* - Nima Rezaei*?' - Safa Baris'*>

Received: 22 August 2021 / Accepted: 2 December 2021 / Published online: 26 January 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Purpose MALT1 deficiency is a combined immune deficiency characterized by recurrent infections, eczema, chronic diar-
rhea, and failure to thrive. Clinical and immunological characterizations of the disease have not been previously reported
in large cohorts. We sought to determine the clinical, immunological, genetic features, and the natural history of MALT-1
deficiency.

Methods The clinical findings and treatment outcomes were evaluated in nine new MALT1-deficient patients. Peripheral
lymphocyte subset analyses, cytokine secretion, and proliferation assays were performed. We also analyzed ten previously
reported patients to comprehensively evaluate genotype/phenotype correlation.

Results The mean age of patients and disease onset were 33 +17 and 1.6 +0.7 months, respectively. The main clinical find-
ings of the disease were recurrent infections (100%), skin involvement (100%), failure to thrive (100%), oral lesions (67 %),
chronic diarrhea (56%), and autoimmunity (44%). Eosinophilia and high IgE were observed in six (67%) and two (22%)
patients, respectively. The majority of patients had normal T and NK cells, while eight (89%) exhibited reduced B cells.
Immunoglobulin replacement and antibiotics prophylaxis were mostly ineffective in reducing the frequency of infections
and other complications. One patient received hematopoietic stem cell transplantation (HSCT) and five patients died as a
complication of life-threatening infections. Analyzing this cohort with reported patients revealed overall survival in 58%
(11/19), which was higher in patients who underwent HSCT (P =0.03).

Conclusion This cohort provides the largest analysis for clinical and immunological features of MALT1 deficiency. HSCT
should be offered as a curative therapeutic option for all patients at the early stage of life.

Keywords Inborn errors of immunity - primary immunodeficiency - MALT1 - combined immune deficiency - immune
dysregulation - recurrent infections - skin involvement - failure to thrive - hematopoietic stem cell transplantation

Introduction (BCL-10), then each assembled to the caspase recruitment
domain (CARD)-containing coiled-coil proteins to generate
CARD-BCL-10-MALT1 (CBM) signalosome, which plays

as the main driver for the activation of NF-xB in immune and

The mucosa-associated lymphoid tissue lymphoma trans-
location protein 1 (MALT1) is a caspase-like cysteine pro-

tease, expressed broadly and plays an essential role in nuclear
factor-kB (NF-kB) activation [1]. During cell activation,
scaffold MALT1 protein is recruited to B-cell lymphoma 10
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nonimmune cells [2, 3]. Homologous tissue-specific CARD
proteins (like CARD9, CARD10, CARD11, and CARD14)
coupled with ubiquitously expressed BCL-10 and MALT1
conduct broad effector functions. This signalosome controls
the activation and differentiation of lymphocytes, recruitment
of immune cells, and releasing of proinflammatory cytokines
from hematopoietic and non-hemopoietic cells [4, 5]. Apart
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from scaffold protein function, MALT1 also acts as protease
thereby controlling NF-kB activity by cleaving various sub-
strates, resulting in activation or termination of the signaling
[3, 6].

Inborn errors of immunity (IEI) are a group of diseases con-
sisting of approximately 450 genetic disorders causing devel-
opmental or functional defects in the immune system [7, §].
The group of IEI presenting with combined cellular defects has
been strictly expended in the last two decades. This phenom-
enon helps us to understand the molecular basis of the immune
system in more detail, thus providing early diagnosis and better
disease management. In 2013, Jabara et al. described a biallelic
loss-of-function (LOF) MALT variant (OMIM #615,468) in
two siblings who presented as a combined immune deficiency
(CID), resulting in a severe disease course, which led to the
patients’ demise [9]. Later, additional patients with MALT1
deficiency have been described with a combination of recur-
rent bacterial, viral, and fungal infections. Furthermore, those
patients demonstrated various symptoms characterized by oral
lesions, mainly aphthous ulcers, chronic diarrhea, dermatitis,
and failure to thrive, mimicking immune dysregulation, poly-
endocrinopathy, enteropathy, X-linked (IPEX)-like disorder
[9-16].

The immunological features of MALT1 deficiency are
variable and characterized by normal lymphocyte counts,
normal or reduced immunoglobulin (Ig) levels, low antigen-
specific antibody titers, and abnormal T cell proliferation
response to mitogenic stimuli. Lymphocyte subgroup analy-
sis generally showed normal CD3* T and CD16"/CD56*
NK cells, while high T-cell numbers and impaired B-cell
maturation were also described in some patients [3, 17]. Due
to the defective signaling characterized by impaired NF-xB
activation and IL-2 secretion, MALT1-deficient patients
exhibited reduced regulatory T cells (Tregs) and T helper
17 (Ty17) cells [9-16]. Heretofore, the majority of patients
were reported under investigational research studies without
detailed history. Thus, further studies are needed to better
characterize the features of MALT1 deficiency.

Herein, we report clinical and immunological findings
of nine new patients with biallelic LOF MALT] variants.
Our well-defined expansive cohort exhibits a broad clini-
cal and immunological phenotype of the disease and pro-
vides detailed analysis by combining new and ten previously
reported patients. This comprehensive evaluation would
facilitate early diagnosis of the disease and potentially
improves patients’ outcomes.

Materials and Methods

This multicenter study included patients with MALT1 defi-
ciency. The genetic diagnosis was made by whole-exome
sequencing, confirmed by Sanger sequencing, as described

previously [18-24]. Details are provided in the Supplemen-
tary file. Clinical and demographic features of the patients
were documented. The local ethics committee from Mar-
mara University and Tehran University of Medical Sciences
approved the study protocol and written informed consent
was obtained from all patients and/or their parents.

Clinical Evaluation

A questionnaire, including demographic and clinical data
(age at onset of symptoms, age at diagnosis, follow-up
period, family history, past infections, systemic involve-
ments, treatments) was filled for every patient. Clinical and
molecular diagnoses of IEI were performed based on the
European Society for Immunodeficiencies (ESID) and Inter-
national Union of Immunological Societies (IUILS) criteria,
respectively [8, 25, 26].

Immunological Assessments

Peripheral lymphocyte subset analyses, intracellular protein,
and proliferation assays were performed by flow cytometry
as described previously [27-29]. Cytokine secretion was
detected by the enzyme-linked immunosorbent assay. The
plausible effects of variants on 3D protein structure were
investigated based on the predicted unfolding free energy
change [30, 31]. HEK293 transfection and analyses of
MALT1 expression were performed as explained previously
[32]. The details are provided in the Supplementary file.

Statistical Analysis

The data were presented as mean =+ standard deviation and
median with interquartile range. Group comparisons were
performed by unpaired Student’s -test. Within-group,
comparisons were carried out with paired 7-test and 2-way
analysis of variance (ANOVA) with Holm-Sidak’s post
hoc analysis, as indicated. Fisher's exact test was used for
the comparison of categorical values. Analysis of overall
survival was done using the Kaplan—-Meier method (log-
rank test). A statistical significance was considered at a
p-value < 0.05. Statistical analyses were done using Graph-
Pad Prism 8 (GraphPad Software Inc, San Diego, Calif).

Results

Genetic Diagnosis and Variant Analysis

We combined ten previously published cases (P1-P10)
[9-15] and our nine patients (P11-P19) to provide an up-to-

date overview of MALT1 deficiency. We presented detailed
information about a previously reported patient (P14) [16].
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All of our patients had novel homozygous variants (Fig. 1A
and Fig. S1A). Most of the newly identified variants were
missense (P11, P14, P15, P16, P17), while the others were
frameshift (P13 and P19), inframe (P12), and start-loss
(P18). The Combined Annotation Dependent Depletion,
SIFT, Polyphen, MutationTaster, and PROVEAN scores of
all identified variants are provided in Table S1, predicting
a deleterious impact of novel mutations. The other rare and
homozygous variants, which were detected by the WES are
presented in Table S2, indicating no other known IEI genes
mutated in those patients. The variant types were similar
in nature to the previously reported variants, where the

majority of them demonstrated missense changes (P1, P2,
P3, PS5, P6, P7, P8, P10), except for the P4 [11] and P9 [13],
who had compound heterozygous variants (Fig. 1A).

From the variants, which are represented in Fig. 1B,
Leu386Pro (between a beta-strand and alpha-helix) and
Asp535Asn (on alpha-helix) are located on the caspase-like
domain, while Trp580Arg is located at the Ig-like domain on
alpha-helix of MALT1. These residues are defined as buried
in the protein core, based on the solvent-accessible surface
area of the mentioned locations [30]. The potential effects
of these variants on protein structure were investigated
based on the predicted unfolding free energy change [31].
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Fig.1 Variants in MALT1 deficiency are distributed throughout the
gene. A Schematic diagram of MALT1 protein domains, with loca-
tions of previously known homozygous variants (black), compound
heterozygous variants (blue-P4 and green-P9) and variants observed
in our cohort (red). Asterisk (*) indicates a premature stop codon.
The depicted domains are the death domain, three Immunoglobu-
lin (Ig)-like domains, and caspase-like domain. B Reduced intra-
molecular interactions as a result of the identified missense variants
(Trp580Arg, Asp535Asn, and Leu386Pro). Intra-molecular inter-
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actions for hydrogen bonds (purple), ionic bonds (brown), van der
Waals (VDW) bonds (green), hydrophobic interaction (blue), aro-
matic interactions (fuchsia), carbonyl interaction (orange), polar inter-
actions (cyan), and clashes (pink) are depicted. C HEK293 cells were
transfected with MALT1A wild-type (WT) and respective missense
mutants and protein expression was analyzed by Western blotting
using two different anti-MALT1 antibodies and the anti-Strep anti-
body against the Strep-Tactin epitope tag. Representative blots from
three independent experiments are shown
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As shown in Table S3, all of the newly detected missense
variants have a destabilizing effect on the MALT1, support-
ing the potential pathogenicity of the variants [33, 34]. Fur-
thermore, intra-molecular interactions for Trp580Arg and
Leu386Pro cause an apparent reduction in the hydrophobic
interactions and disappearance of a hydrogen bond (Fig. 1B).
Moreover, variation from Asp to Asn at 535 position results
in the disappearance of two ionic bonds compared to the
wild-type. Multiple sequence alignment demonstrated that
all identified variants in our cohort are highly conserved
(Fig. S1B).

While MALT1 mutations leading to a frameshifts (P13,
P19) or loss of start site (P18) are destructive mutants, we
wanted to analyze the effect of missense mutants P11, P14,
P15, P16, P17 on MALT1 protein expression. Since we
lack sufficient amounts of primary cells from the patients
for expression analyses, we cloned the mutations in context
of MALT1A into mammalian expression vector and trans-
fected HEK293 cells. MALT1 expression was analyzed by
Western blotting using two different MALT1 antibodies and
the Strep antibody recognizing the Strep-Tactin (ST) epitope
tag (Fig. 1C). In line with previous results for mutation
WS580S (P3), also the MALT1 W580R (P17) mutation led
to decreased protein expression compared to MALT1 wild-
type (WT). Furthermore, variants L386P (P15, P16), L401LI
(P12), and N485S (P14) provoke reduced MALT1 protein
expression, while MALT1 D535N (P11) was expressed at
equivalent levels compared to MALT1 WT.

The current and previously reported variants were located
mostly in the caspase-like domain and Ig-like domains, fol-
lowed by the death domain. The clinical and immunologi-
cal comparisons between all reported variant types did not
reveal any differences and were not associated with survival
(Table S4, Fig. S1C). Therefore, we concluded that there was
no strong genotype—phenotype relationship that governed
the manifestations of MALT1 deficiency.

Clinical and Immunological Overview of MALT1
Deficiency

Demographic, clinical, and immunological characteris-
tics of our newly identified (n=9) and previously known
(n=10) patients are summarized in Table 1. Detailed clini-
cal and laboratory information of our patients are provided
in the Supplementary file. The mean age of the patients
was 33 + 17 months, and the mean age of disease onset was
1.6+ 0.7 months. There was no significant gender predilec-
tion in our cohort (male/female: 4/5). Of total 19 patients,
52% (n=10) were female, 48% (n=9) were male. All of our
patients had parental consanguinity.

The clinical features observed in MALT1 deficiency
(n=9, Table 1, Fig. 2A and B) were consistent with CID
and all the patients showed onset of disease in the first

6 months of life. The cardinal clinical findings of the dis-
ease were recurrent infections (100%), skin involvement
(100%), failure to thrive (FTT) (100%), oral lesions (67%),
chronic diarrhea (56%), and autoimmunity (44%).

Spectrum of Infections

Recurrent infections were among the most common find-
ings of patients (100%), including bacterial, viral, and fun-
gal infections. All of our patients and previously published
patients had recurrent pneumonia, requiring hospitaliza-
tion. P17 and P19 also had upper respiratory tract infec-
tions characterized by severe otitis media and sinusitis,
respectively. P17 had bronchiectasis and when evaluated
together with previously described patients, 37% of the
patients had bronchiectasis, as a complication of infec-
tions (Table 1).

Severe life-threatening infections were documented
in seven (78%) of our patients. P11 suffered from Aci-
netobacter baumannii meningitis and sepsis, leading to
disseminating intravascular coagulopathy and extremities
necrosis. P12 and P14 had sepsis due to staphylococcal
infections. P13 experienced Candida parapsilosis septic
arthritis. P15 and P17 had a severe necrotizing skin infec-
tion, requiring prolonged hospitalization. P18 suffered
severe meningitis, due to varicella zoster virus (VZV),
causing death. When all previously reported and our
patients were evaluated together, severe life-threatening
infections occurred in 68% of MALT1 deficiency. Notably,
sepsis (53%) and meningitis (21%) were the most common
severe infections.

Gram-positive strains (Staphylococcus aureus and Staph-
ylococcus epidermidis) were the most isolated microorgan-
isms in the site of infections, followed by gram-negative bac-
terial agents (Acinetobacter baumannii and Pseudomonas
aeruginosa). In the review of reported and current patients,
bacterial infections were noticed in 100% of MALT1-defi-
cient patients (Table 1).

In our cohort, fungal infections were described mainly
by candidal infections (n=7, 78%). There were two patients
with Aspergillus infection in the skin (P14) and lung (P17).
Viral infections were observed in four (44%) patients. P11,
P14, P18 suffered from cytomegalovirus (CMV) infection
and Epstein-Barr virus (EBV) was detected in P14 and P18.
P12 showed dermatitis complicated with the Herpes simplex
virus (HSV) and S. aureus. P18 had severe VZV meningitis.
In a total of 19 patients, viral infections were reported in
74%, and CMV was the most common viral agent (47%),
followed by HSV (26%) (Table 1).

Opportunistic infections were not observed in our cohort,
while Pneumocystis jirovecii pneumonia was reported previ-
ously in one patient (P5) [15].
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Recurrent infections
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Fig.2 Clinical phenotypes of our MALT1-deficient patients (n=09).
A The bars are depicted as percentages. Disease symptom clusters
are indicated with different colors. Red bars indicate infections, black
bars show skin manifestations, blue bar demonstrates failure to thrive,
brown bar exhibits oral lesions, pink bars indicate autoimmune mani-
festations, gray bar shows lymphoproliferation, dark green bar depicts
dysmorphic findings. RTI, respiratory tract infection. B Representa-
tive pictures of patients’ phenotypes: Alopecia, generalized eczema

Dermatological Manifestations

Eczema was observed in seven cases (78%) of our cohort,
started in the early period of life, and was considered severe
atopic dermatitis in most patients before diagnosis. Six
(67%) patients had diffuse erythroderma (Fig. 2B). P12 and
P14 also showed seborrheic dermatitis. Skin prick tests for
food allergy were negative, and eczema did not respond to
diet modification and local treatments. Only P18 has a his-
tory of multiple food allergies. P11 showed extensive skin
necrosis leading to extremities amputation (Fig. 2B). Other
skin involvements were alopecia (n=3, 33%) and vitiligo
(n=1, 11%). P13 had widespread progressive vitiligo in the
genital and perianal area, and fingertips (Fig. 2B).

Other Prominent Clinical Findings
Failure to thrive was a common feature among patients

and detected in all of our patients, likewise to the reported
patients. Overall, 17 (94%) of MALT1-deficient patients

and extensive extremity necrosis of P11; erythroderma, facial eczema
complicated with superficial Staphylococcus aureus of P12 before
hematopoietic stem cell transplantation and resolution after trans-
plantation; general appearance and vitiligo on fingertips and perineal
area of P13; facial eczema of P14; colonoscopic examination of P15
revealing hyperemia and beading pattern in ileal and cecal mucosa;
necrotizing skin infection involving right plantar area and phalanges
of P17

had FTT, except P6 [15] and not specified in P10 [14].
Treatment-resistant, recurrent oral lesions such as aph-
thous ulcers, cheilitis, gingivitis, and thrush were other
common findings observed in six (67%) of our patients,
emerging in the early stages of the disease. Accompanied
dysmorphic features were observed in one of our patients,
while described in five cases, previously (Table 1).

Since CBM signalosome is required for the appropri-
ate inflammatory responses and Treg development [5],
IPEX-like chronic and/or intermittent diarrhea was a
common finding of disorder. Five of our patients (56%)
and seven (78%) of previously reported patients suffered
from mild intermittent or severe diarrhea, causing growth
retardation, FTT, malabsorption, and sometimes requir-
ing hospitalization. P12 and P17 also displayed hypoal-
buminemia because of loss from the gastrointestinal tract.
Pathological dysregulation findings such as villus atrophy,
mucosal lymphocyte accumulation, and inflammation were
observed in P12 and P15.
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Laboratory and Immunological Assessments
of MALT1 Deficiency

Laboratory findings of all previously reported and cur-
rent MALT 1-deficient patients are presented in Table 2. In
addition, detailed immunological evaluations of our cohort
are presented in Table 3.

Although all patients presented as CID, lymphopenia
was not detected in our cohort. Whereas due to severe
infections, we usually detected mild leukocytosis in the
peripheral blood (n=6, 78%). Eosinophilia was prominent
in six (67%) patients. Decreased serum Ig levels before Ig
replacement therapy (IgRT) were detected in our cohort;
consistent with previously reported patients (Table 2).
IgE level was high in two (22%) of our patients. Post-
vaccination-specific antibody responses were available in
six patients (Table 3). Pneumococcal antibody responses
were non-protective in two patients (P17, P19), while was
protective in P16; similarly, the tetanus toxoid response
was non-protective in three patients (P15, P17, P19), but
was protective in P16 and P18. Overall, nine of previously
reported and present patients (64% of tested cases) dem-
onstrated impaired vaccine responses.

Flow cytometric analyses are presented in Table 2 and
Table 3. Interestingly, the majority of patients had normal
total T and NK cell frequencies. Eight (89%) exhibited
mild to moderately reduced B cells, and P13 had normal
B cells but showed decreased memory B cells. Compared
to healthy controls, we observed slightly decreased naive
CD4* T and increased memory CD4" T cells in P11, P12,
and P18. These alterations were higher than previously
reported patients (only P5 had low naive CD4" T cells)
[15]. Effector T-cell subtypes and recent thymic emigrants
were detected in the normal range (P13, P18), consist-
ent with previous reports showing normal thymic activity
[12].

MALT]1 dependent signaling [35, 36] and NF-xB activa-
tion [37, 38] are important for the thymic Treg development,
lymphocyte maturation, and proliferation [9, 36]. Therefore,
we evaluated Treg cells, T-cell proliferation responses to mito-
genic stimulus, and cytokine responses in our patients. Our
P11, P12, P13 patients and other reported patients (P4, PS5,
P6, P7, P8) had low CD4" CD25" FOXP3* Treg cells [11,
12, 15] (Fig. 3A). Anti-CD3/CD28 or phytohemagglutinin
(PHA)-stimulated T cells revealed blunted expansion (P13,
P14, P15, P17, P18, P19), and P13 showed reduced cytokine
responses (IL-2, IL-4, IFN-y, IL-6, IL-10, IL-17) (Fig. 3B,
Fig. S2, Fig. S3 and Table 3). Overall, impaired T-cell pro-
liferation was observed in most of the reported and present
patients (P1, P2, P3, P4, PS5, P6, P7, P§, P13, P14, P15, P17,
P18, P19) [9-12, 15]. While P10’s T cells were able to pro-
liferate in vitro in response to PHA, which was described as

@ Springer

hypomorphic variant in nature compared to others with LOF
variants, leading to very low MALT1 protein expression [14].

The CBM complex phosphorylates the NF-xB inhibitor
IxBa, which results in its proteasomal degradation, hence
ensuring the translocation of the NF-kB subunits p50 and p65
into the nucleus, leading to T-cell activation and proliferation
[3]. As aresult of defective MALT1 function, we demonstrated
poor CD25 and inducible T-cell costimulator (ICOS) upregu-
lations in T cells of P13 (Fig. 4A and Fig. S4). Furthermore,
phorbol myristate acetate/ionomycin-mediated short stimu-
lation clearly showed impaired NF-xB activation in P13, as
measured by phospho-p65 level compared to the healthy con-
trol (Fig. 4B and Fig. S5).

Treatments and Outcome

Because of recurrent infections and dysgammaglobulinemia
with inadequate antibody responses, seven (78%) and nine
(100%) of patients were commenced on antibiotic prophylaxis
and IgRT, respectively. The detail of the regiments is presented
in Table 2 and Table 3.

The combined therapies, including IgRT and antibiot-
ics prophylaxis, were mostly ineffective in reducing the fre-
quency of infections and other complications. In our cohort,
only four (44%) patients survived, one of them (P12) received
hematopoietic stem cell transplantation (HSCT) and is pres-
ently more than 1 year after transplantation with the complete
disease control (Fig. 2B and Supplementary File). P13 is doing
well under medications. P17 and P19 are suffering from infec-
tions, chronic diarrhea, and FTT, both are waiting for trans-
plantation. P16 deceased at age 38 months due to respiratory
failure. Four patients died as a complication of sepsis or men-
ingitis (P11, P14, P15, P18), approaching statistical signifi-
cance of better OS probability in patients without meningitis
(P=0.06) (Fig. S6A and B).

When previously reported patients were evaluated, the
HSCT was performed in four (44.4%) by using reduced-inten-
sity conditioning regimens, all of them are alive [10, 11, 15,
39]. In contrast, three (30%) patients without transplantation
were demise due to infections and associated complications.

The pooled overall survival (OS) for present and previ-
ous patients was 58% (11/19), and it was higher in patients
with HSCT compared to non-transplanted cases (P=0.03)
(Fig. 5A and B). The OS probability was not changed in
terms of chronic diarrhea and bronchiectasis (Fig. 5C and
D). According to our results, clinical red flags and diagnos-
tic algorithm for recognizing patients with MALT1 muta-
tions are presented in Fig. 6.
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Table 3 Immunological evaluation and treatment options of the newly defined MALT 1-deficient patients

Parameters P11 P12 P13 P14 P15 P16 P17 P18 P19

Current age (mo) 20 18 36 6 53 38 65 29 40

Age of symptoms (mo) 1 1 1 3 2 1 2 2 1

Complete blood count

Leukocytes (/mm?; 19,700 14,200 15,100 13,800 15,360 11,800 13,900 12,750 11,840
N:4500-12,000)

Lymphocyte (/mm?; 9400 7700 4200 4140 5370 4800 5270 5510 4390
N:1500-8500)

Neutrophil (/mm?>; 7000 5400 7800 8970 9010 6,170 7,920 6,550 6380
1500-8,500)

Eosinophil (/mm?; 510 1010 1920 280 520 620 360 290 710
N:0-500)

Hemoglobin (g/dl; 10.5 12 7.8 17 10.5 11.1 12.5 13 11.7
N:>11)

Thrombocyte (/mm?; 628,000 480,000 401,000 398,000 386,000 452,000 409,000 360,000 374,000
N:150,000-450,000)

Immunoglobulins and
antibody responses

1gG (mg/dl) 440 (376— 570 (605— 532 (604— 157 (294- 180 (304— 480 (605—- 750 (605- 250 (605— 350 (605-

685) 1430) 1941) 1165) 1231) 1430) 1430) 1430) 1430)
IgA (mg/dl) <0.6 17 1(26-296) 15(20-84) 8 (7-123) 25 52 17 5 (30-307)
(9-38) (30-307) (26-296)  (30-307)  (30-307)
IgM (mg/dl) 9 (36-77) 250 13 35 22 17 48 38 5 (66-228)
(66-228)  (71-235)  (33-154) (32-263) (71-235) (66-228)  (66-228)
IgE (IU/ml) 9.9(<50) 2434 22(<50) 5(<50) 2 (<50) NA 890 (<50) 10(<50) 17(<50)
(<50)

Anti-Hbs NA NA NP NA NA NA NA NA NA

Anti-pneumococcus IgG NA NA NA NA NA P NP NA NP

Isohemagglutinin (IgM) NA NA NA NA NP P NP P NP

Anti-tetanus IgG NA NA NA NA NP P NP P NP

Lymphocyte subsets (%)

CD3* T cells 70 (52-77) 88 (58-80) 70 (58-80) 76 (52-77) 79 (52-77) 69 (52-77) 72 (52-77) 75(52-77) 67 (52-77)

CD3*4* T cells 60 (30-58) 51 (30-50) 53 (30-50) 74 (30-58) 53 (30-58) 50 (30-58) 48 (30-58) 62 (30-58) 49 (30-58)

CD3*8* T cells 9 (12-27) 32 (16-31) 14(16-31) 2 (12-27) 24(12-27) 18 (12-27) 22 (12-27) 11(12-27) 17 (12-27)

CD19" B cells 11 (15-28) 5(9-31) 19 (9-31) 5(15-28) 10 (15-28) 8(15-28) 12(15-28) 7(15-28) 5(15-28)

CD16%56" NK cells 16 3-24) 5(5-23) 6 (5-23) 11 (3-24) 9(3-24) 15(3-24) 14(3-24) 10(3-24) 19(3-24)

T4 cell subsets (%)

CD4*CD45RA* 42 (53-98) 51 (56-94) 52(56-94) NA NA NA NA 49 (53-98) NA

CD4*CD45RO* 46 (8-37) 49 (13-36) 34 (13-36) NA NA NA NA 27 (8-37) NA

CD4*CD45RA™CCR7* NA NA 12 (11-20) NA NA NA NA 10 (10-26) NA

CD4*CD45RA™CCR7~ NA NA 40 (9-20) NA NA NA NA 48 (3-16) NA

CD4*CD45RA*CCR7- NA NA 3(3-14) NA NA NA NA 4 (3-12) NA

CD4*CD25*FOXP3* 1.3 (25-6) 0.5(2.5-6) 0.3(2.5-6) NA NA NA NA NA NA

T8 cell subsets (%)

CD8*CD45RA* 81 (46-98) NA 93 (47-98) NA NA NA NA 90 (46-98) NA

CD8*CD45RO™* 16 (5-58) NA 5(10-50) NA NA NA NA 7 (5-58) NA

CD8*CD45RA"CCR7* NA NA 1.5(2-13) NA NA NA NA 4 (3-15) NA

CD8*CD45RA™CCR7~ NA NA 14 (14-49) NA NA NA NA 20(947) NA

CD8*CD45RA*CCR7~ NA NA 27 (5-25) NA NA NA NA 23 (7-25) NA

B cell subsets (%)

CD197CD27 IgD* 92 (71-94) NA 96 (63-86) NA NA NA NA 79 (711-94) NA

CD19*CD27*IgD* 52(2-10) NA 0.2 (4-13) NA NA NA NA 7 (2-10) NA

CD197CD27*IgD" 23(1-11) NA 0.6 (4-13) NA NA NA NA 4 (1-11) NA
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Table 3 (continued)

Parameters P11 P12 P13 P14 P15 P16 P17 P18 P19
CD21°"CD3"" B cells 1 (1-7) NA 2 (2-6) NA NA NA NA 5(1-7) NA
Lymphocyte prolifera-  NA NA SI:0 SL:0 SI:1 NA SI:1.5 SI:1.5 SI:0.5
tion (N: SI: > 3) (anti-CD3/ (PHA) (PHA) (PHA) ( anti— (PHA)
CD28) CD3/
CD28)
Immunoglobulin 400 mg/ 400 mg/ 400 mg/ 400 mg/ 400 mg/ 500 mg/kg/ 500 mg/ 500 mg/kg/ 500 mg/kg/
replacement therapy kg/per kg/per kg/per kg/per kg/per per kg/per per per
3 weeks 3 weeks 3 weeks 3 weeks 4 weeks 4 weeks 4 weeks 4 weeks 4 weeks
Antibacterial prophy- TMP-SMX TMP-SMX TMP-SMX - - Triplet Triplet Triplet Triplet cycle
laxis cycle cycle cycle change
change change change of AZI-
of AZI- of AZI- of AZI- TMP-
TMP- TMP- TMP- SMX-
SMX- SMX- SMX- AMOX
AMOX AMOX AMOX
Antifungal prophylaxis - - Flucona- - - - Flucona-  Flucona-  Fluconazole
zole zole zole
Antiviral prophylaxis Acyclovir  — - - - - - - -
Immunosuppressive - - - - - Corticos-  Corticos-  — Corticoster-
therapy teroids teroids oids
HSCT - + - - - - - - -
Last status Died Alive Alive Died Died Died Alive Alive Alive

AMOX, amoxicillin; AZI, azithromycin; HSCT, hematopoietic stem cell transplantation; Mo, months; NA, not available; NP, non-protective; P,
protective; PHA, phytohemagglutinin; S/, stimulation index; TMP-SMX, trimethoprim/sulfamethoxazole. Parenthetical values indicate refer-
ence ranges. Abnormal values, which are out of the reference ranges shown in a bold manner. CD4* naive T cells (CD4*CD45RAY), CD8*
naive T cells (CD8*CD45RA"), CD4* memory T cells (CD4tCD45RO"), CD8* memory T cells (CD8YCD45RO"), central memory CD4*T
cells (CD4TCD45RACCR7"), effector memory CD4*T cells (CD4*CD45RA™CCR7"), terminally differentiated effector memory CD4*T cells
(CD4*CD45RA*CCRT7"), central memory CD8*T cells (CD8*CD45RACCR7™), effector memory CD8*T cells (CD8"CD45RACCR7"), ter-
minally differentiated effector memory CD8*T cells (CD8*CD45RAYCCR7"), regulatory T cells (CD4*CD25*FOXP3%), naive mature B cells
(CD19*CD2771gD"), non-switched memory B cells (CD197CD27*IgD"), switched memory B cells (CD197CD27*IgD"), autoreactive B cells

(CD21°"CD3"%)

Discussion

This report evaluated the clinical and laboratory features,
and outcomes of nine patients with novel MALT] variants. In
addition, we aimed to create comprehensive diagnostic and
therapeutic approaches to MALT1 deficiency by combining
all defined patients (this report and previously reported).
The most prominent symptoms were recurrent infections,
most commonly affect the lower respiratory tract, caused
frequently by bacterial microorganisms, followed by fungal
and viral infections. Patients also had dermatologic lesions
(eczema, seborrheic dermatitis, erythroderma), chronic diar-
rhea, and FTT. Life-threatening infections, mostly sepsis and
meningitis, can determine patients’ outcomes. All patients
presented as CID, albeit had normal lymphocyte numbers
with variable Ig levels, and had reduced B, Treg, and Ty;17
cells. The definitive treatment of the disease is HSCT. Until
HSCT, patients can benefit from antibiotic prophylaxis and
IgRT but are still susceptible to infections, which determine
the outcome.

@ Springer

This cohort demonstrated that MALT 1-deficient patients
have a cluster of symptoms, characterized by recurrent/
severe infections, skin involvement, and chronic enteropathy
with FTT. The symptoms of the disease begin at an early life
period and require early therapeutic interventions [9-15].
The most frequently isolated pathogens are S. aureus, C.
albicans, and CMV. Lymphocyte responses in T and B cells
were impaired in MALT1 deficiency, as showed in patients
and Malt1 knockout (KO) mice [40], leading to low pro-
duction of cytokines, defective proliferation, and reduced
antibody responses, contributing to the patients’ phenotype.
The reduced T-cell proliferation can be rescued by IL-2 sup-
plementation [12]. Pronounced reduction in Ty17 cells is
thought to be the main reason for the tendency of staphylo-
coccal and Candida infections. Expression of CARD14 in
keratinocytes with defective MALT1 can lead to impaired
production of Ty;17, explaining the skin involvement with S.
aureus and C. albicans pathogens. MALT1 is necessary for
mouse marginal zone B and peritoneal B1 cells development
[36]. This can explain the mild to moderate reduction of B
cells in our cohort. Furthermore, KO mice NK cells show
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Fig.3 Reduced Treg and impaired proliferation of T cells in MALT1-
deficient patients. A Flow cytometry analysis of CD4* CD25%
FOXP3* Treg cells in P12 and healthy control. Corresponding per-
centages are indicated in the upper right quadrants, and the sum-
mary of CD4* CD25* FOXP3* staining data from P11, P12, and P13
along with age-matched healthy control (n=7), is shown on the right.

reduced cytokine production, but normal cytotoxicity [41].
These factors can contribute to the mechanisms that pave
a way for the increased viral infection rates in the patients.
Additionally, specific functions of the CARD protein com-
ponent in different cell types can impart an accumulation
of some unique features in MALT1 deficiency, resembling
hyper-IgE syndrome and IEI with chronic mucocutaneous
candidiasis. However, the elevated IgE and eosinophilia are
not observed to be as high in MALT1 deficiency as a hyper-
IgE syndrome.

In our cohort, we observed very early-onset eczema and
diffuse erythroderma, mimicking Omenn syndrome in the
majority of patients. Interestingly, some patients also dem-
onstrated chronic diarrhea, lymphoproliferation, and auto-
immune manifestations, which are mainly localized to the
skin (vitiligo and alopecia). It is well known that the CBM
complex and NF-xB activation are required for the develop-
ment of thymus-derived Treg cells [42, 43] and Malt] KO
mice exhibit very low Foxp3™ Treg cells [36, 44]. Consistent
with the mouse model, Treg development is also impaired

Asterisks indicate significance levels (**p < 0.01, unpaired Student’s
t-test). B T cell proliferation assay with anti-CD3/28 of P13 and three
healthy controls in unstimulated and stimulated (anti-CD3 and anti-
CD28) conditions. Asterisks indicate significance levels (**p < 0.01,
paired z-test)

in human MALT -deficiency, explaining the IPEX-like phe-
notype observed in those patients. It would be also worth
mentioning that mice lacking protease activity (Malt1?P'*P)
show a roughly 60% decrease in CD4* Foxp3* T cells, but
exhibit exaggerated inflammatory responses characterized
by Ty1 and T2 skewing, reflecting by enhanced IgG1 and
IgE levels [36, 40]. Interestingly, KO and Malt1®P’*® mice
demonstrate different lymphocyte compositions in lymphoid
organs, which are dissecting by lacking germinal center and
T-follicular helper cells (Tgy) in the KO phenotype. Dimin-
ished Tgy cells can prevent the production of autoantibodies
due to inappropriate B-cell co-stimulation [45]. This phe-
notype can explain the less spectrum of autoimmune mani-
festations in MALT1 deficiency, which are usually ample in
IPEX patients [46]. Furthermore, MALT1 paracaspase activ-
ity regulates alanine-serine-cysteine transporter 2 requiring
for glutamine influx, thereby controlling the mechanistic
target of rapamycin complex 1 (mTOR1) that is important
for appropriate Treg functioning [47]. Dominant-negative
mutations in CARD1 1, similarly, lead to defective mTORI1
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Fig.4 Defective T cells stimulation in MALT1 deficiency. A Flow
cytometric analysis and summary of percentages of CD25 and induc-
ible T-cell costimulator (ICOS) expression in CD4* T cells in P13
(two technical replicates) and healthy controls (»=6) in unstimulated
and stimulated (anti-CD3 and anti-CD28). Asterisks indicate signifi-
cance levels (***p < 0.001 and ****p < 0.0001, paired r-test). B Flow
cytometric analysis and summary of mean fluorescence intensity

Fig.5 Kaplan—Meier sur- A
vival curves of all new and 1004
defined MALT1-deficient
patients (n=19). Survival
curves demonstrating overall
survival (A), survival analysis
comparing patients with/with-
out HSCT (B), with/without

Overall survival

50
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HSCT, hematopoietic stem cell
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1
250
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p=0.46
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activity by enhanced Ty2 responses [48]. This mechanism
potentially contributes to dysregulated T2 skewing in
MALT1 deficiency.

Reported MALT1-deficient patients experienced fungal
infections as onychomycosis and moniliasis [9-12, 15].
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Invasive fungal infections like candida-related pneumonia,
esophagitis, and duodenitis have been also described in
four patients [9-11]. One of our newly defined patients had
Candida parapsilosis septic arthritis, and the other two had
Aspergillosis, while the rest suffered from moniliasis and
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Fig.6 Clinical red flags and
diagnostic algorithm for rec-
ognizing patients with MALT]
mutations. CBM, CARD-
BCL10-MALTI, HIES, hyper-
IgE syndrome, /PEX, immune
dysregulation, polyendocrinopa-
thy, enteropathy, X-linked, WAS,
Wiskott—Aldrich syndrome

Clinical phenotype

Recurrent bacterial,
Candidal and viral infections

Severe infections (meningitis, sepsis)

Eczema
Failure to thrive

Chronic diarrhea

Genetic analysis and validation

Known/novel MALT1 variant

Consider other
CBM-opathies
(CARD9, CARD11, BCL10)

Genetic analysis and validation

onychomycosis. Heretofore, Aspergillus infection has been
only reported in one MALT1-deficient patient [16]. This
type of invasive fungal infection mirrors the important role
of MALT1 in neutrophils, where acts together with CARD9,
which is known to be important for fungal immunity [49].

Functionally, destructive frame shift (P13, P19) or start
site (P18) mutations will lead to a loss of MALT1 func-
tion. Furthermore, with MALT1 W580R (P17), L386P (P15,
P16), L401LI (P12), and N485S (P14), four of five newly
identified MALT1 missense mutations in the caspase-like
and Ig3 domains cause a decrease in MALT1 expression,
which has also been found for other MALT1 variants [3].
For patient P3, it is well documented that decreased stability
of the homozygous MALT1 W580S variant leads to CID,
which resembles the phenotypic changes seen with the other
destabilizing MALT1 missense mutations leading identified
here. Interestingly, MALT1 expression was not affected by
the D535N exchange (P11) in the caspase-like domain, sug-
gesting that this mutation and potentially also some of the
other missense variants, may directly impact on MALT1
function, for instance, MALT1-catalyzed substrate cleavage.
Thus, the level of MALT1 destabilization and functional
impairment can cause partial to complete loss of MALT1
function, which will differentially affect the severity of the
clinical manifestations in the individual patients.

In our cohort, only four (44%) patients survived, delin-
eating the poor prognosis and high fatality of the disease.
HSCT has been conducted on one of our patients and
four previously reported patients (44.4%), all of them are

Oral lesions (ulcers, thrush, gingivitis)

Diagnostic tests
Normal lymphocyte, eosinophilia,
normal T and low B cells
Impaired vaccine responses and T-cell
proliferation
Very low Treg and Ty17 cells
hypogammaglobulinemia

Advanced Diagnostic tests
Defective NF-kB activation in lymphocyte
Low MALT1 protein expression

Normal MALT1 protein

Differential diagnosis
IPEX and IPEX-like syndromes

Other defects (WAS, HIES, STK4 and
CARMIL2 deficiencies)

alive with good condition, highlighting the decisive role
of the HSCT in successful and sustained disease control.
Matched and mismatched donor sources were used dur-
ing transplantation and the majority of patients showed
a high percentage of chimerism without major complica-
tion after transplantation [10, 11, 15, 39]. Interestingly,
one patient demonstrated mixed chimerism with 11.2% of
peripheral blood nucleated donor cells but showed normal
immune reconstitution for T and B cells [15, 39]. This
result explores the minimal required level of MALT1 in
the immune system to prevent disease manifestations and
achieves desirable control. Importantly, prophylactic anti-
microbial agents and IgRT should be started in all of the
patients until HSCT.

The present study has a limitation in terms of verify-
ing the pathogenicity of the genetic variants. While pro-
tein expression of most MALT1 missense mutations was
decreased in a heterologous setting, lack of appropriate pri-
mary patient material precludes an in-depth analysis of the
deleteriousness of the mutations in vivo. Nevertheless, our
patients had clinical pictures of CID, and showing the onset
of disease in the first 6 months of life. All of the patients
had family consanguinity, prioritizing autosomal recessive
disorders. Whole-exome sequencing was evaluated with the
clinical and laboratory findings, and only alterations in the
MALT] gene can explain the phenotype of these patients.

In conclusion, human MALT1 deficiency causes a CID or
IPEX-like disorder characterized by defective NF-kB signal-
ing with lacking paracaspase activity. The defective Treg and
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Ty 17 development accompanied by impaired T- and B-cell
responses determine the clinical phenotype of the patients.
Our study extends the clinical spectrum of the disease by
combining and analyzing all reported MALT 1-deficient
cases. Current experience suggests that MALT1 deficiency
should be envisaged in patients with severe infections, skin
involvement, and chronic diarrhea who have normal lym-
phocyte numbers. HSCT should be provided for all patients
at an early stage of life before end-organ damage to enhance
the survival rates.
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tary material available at https://doi.org/10.1007/s10875-021-01191-4.
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