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Malt1 Protease Deficiency in Mice Disrupts Immune
Homeostasis at Environmental Barriers and Drives Systemic
T Cell–Mediated Autoimmunity
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The paracaspase Malt1 is a key regulator of canonical NF-kB activation downstream of multiple receptors in both immune and

nonimmune cells. Genetic disruption of Malt1 protease function in mice and MALT1 mutations in humans results in reduced

regulatory T cells and a progressive multiorgan inflammatory pathology. In this study, we evaluated the altered immune homeo-

stasis and autoimmune disease in Malt1 protease-deficient (Malt1PD) mice and the Ags driving disease manifestations. Our data

indicate that B cell activation and IgG1/IgE production is triggered by microbial and dietary Ags preferentially in lymphoid

organs draining mucosal barriers, likely as a result of dysregulated mucosal immune homeostasis. Conversely, the disease was

driven by a polyclonal T cell population directed against self-antigens. Characterization of the Malt1PD T cell compartment

revealed expansion of T effector memory cells and concomitant loss of a CD4+ T cell population that phenotypically resembles

anergic T cells. Therefore, we propose that the compromised regulatory T cell compartment in Malt1PD animals prevents the

efficient maintenance of anergy and supports the progressive expansion of pathogenic, IFN-g–producing T cells. Overall, our data

revealed a crucial role of the Malt1 protease for the maintenance of intestinal and systemic immune homeostasis, which might

provide insights into the mechanisms underlying IPEX-related diseases associated with mutations in MALT1. The Journal of

Immunology, 2019, 203: 2791–2806.

P
rimary immunodeficiencies represent a large group of
genetic disorders in which affected individuals suffer from
dysregulated immune responses often resulting in au-

toimmune diseases (1–3). As an example, mutations in the
transcription factor FOXP3, a master regulator of regulatory
T cells (Tregs), result in absence or dysfunction of Tregs and a
lethal, systemic syndrome called immune dysregulation, poly-
endocrinopathy, enteropathy, X-linked syndrome (IPEX) in both
humans (4) and mice (5). Patients frequently demonstrate addi-
tional clinical manifestations, including the failure to thrive as a
result of the enteropathy and deregulated humoral responses
associated with food allergies and a broad variety of autoanti-
bodies (6–9). Beyond FOXP3, defects in multiple other genes
involved in immune homeostasis can give rise to IPEX-like
diseases with diverse sets of clinical manifestations that may

overlap with IPEX syndrome depending on the cellular and
signaling pathways affected by the genetic defect (9). One such
case is loss of function mutations in MALT1, which cause IPEX-
like autoimmune manifestations in humans and are fatal unless
treated with hematopoietic stem cell transplantation (10–14).
The MALT1 paracaspase is a ubiquitously expressed key regu-
lator of canonical NF-kB activation downstream of multiple
receptors such as the TCR, BCR, FcgRs, several C-type lectin
receptors, or G protein–coupled receptors (15–19). Together
with BCL10 and various CARD molecules and upon activa-
tion, MALT1 forms the “CBM” signalosome (20), which acts
as a scaffold for recruitment of effector proteins that ulti-
mately trigger NF-kB–dependent signaling (21–23). In addi-
tion, MALT1 has a protease function that profoundly reshapes
the cellular response to activation by cleavage of a growing
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family of substrates (24, 25). To study the relative contribution
of the scaffolding and protease functions of MALT1, multiple
Malt1 knockout (Malt12/2) as well as Malt1 protease-deficient
(Malt1PD) mouse lines have been generated (26–31). In Malt1PD
animals, a catalytically inactive form of Malt1 retains the ca-
pacity to activate canonical NF-kB responses, but these are
reduced or altered as a consequence of the defective cleavage of
Malt1 substrates (29, 32, 33). Both Malt12/2 and Malt1PD mice
show reduced Treg frequencies and defective Ab responses to
T-dependent and T-independent type 2 Ags (26–29, 34). In
contrast to Malt12/2 mice, which display a generally immuno-
deficient phenotype and are viable, Malt1PD animals develop a
spontaneous and lethal IPEX-like disease associated with
lymphadenopathy, elevated serum IgG1 and IgE levels, expansion
of effector T cells (Teffs), and lymphocytic infiltrates in various
tissues (26–29). Treg deficiency is the leading cause of disease
development in Malt1PD mice because the adoptive transfer of
wild-type (WT) Tregs early after birth prevents the appearance of
disease symptoms (26). Although Malt12/2 mice do not develop a
lethal pathologic condition, these animals still display subclinical
disease features reflected by milder lymphadenopathy and limited
immune infiltrates in various organs (29). Human MALT1 muta-
tions described so far result in unstable or absent MALT1 protein
but paradoxically cause IPEX-like phenotypes similar to those
observed in the Malt1PD mice (10–14). In both MALT1-
deficient patients and the Malt1PD mouse model, the immune
dysregulation caused by partial Treg deficiency seems to
drive lymphocyte effector functions despite profound defects in
adaptive immunity. These parallels prompted us to further
dissect the underlying causes of the disease developing in the
Malt1PD mouse model.
The analysis of Malt1PD mouse lines has revealed some of the

underlying causes of the IPEX-like disease (26–29). Although
agreeing on most observations, some differences were observed
between different Malt1PD lines, such as neuropathological
symptoms like hind limb paralysis (26, 27, 29). This was likely
caused by differences in the design of the lines or alternatively
by the environmental factors related to different housing con-
ditions. Therefore, several questions remained to understand
the pathways driving distinct disease manifestations at specific
anatomical locations and their link to environmental cues. In
this study, we assessed the relative contribution of T and
B lymphocytes to disease development and describe how Malt1
protease deficiency disrupts mucosal immunity and indepen-
dently results in a systemic, ultimately lethal autoimmune
disease. We found that environmental Ags and commensal-
derived pathogen-associated molecular pattern molecules drive
hyper IgG1 and IgE in Malt1PD animals via joint action of the
BCR and the pattern recognition receptor pathways. Finally, we
show that Malt1PD Tregs retained partial in vitro suppres-
sive function and seemed to counteract increased inflammatory
signals in vivo by upregulation of effector molecules and clonal
expansion at specific anatomical sites. Therefore, we propose
that the disease driven by Malt1 protease dysfunction in mice is
a combination of a lethal, T cell–driven genuinely autoimmune
disease and an independent, B cell–driven hyperreaction to
environmental Ags.

Materials and Methods
Mice

Malt1PD (B6-Malt1tm1[C472A]Npa) mice on a C57BL/6 genetic
background have been described previously (29). For experiments
comparing Malt1PD to WT mice, cohoused WT littermates were used
as controls. Germ-free (GF) Malt1PD and WT littermate animals were

bred and housed in flexible film isolators at the Clean Mouse Facility
of the University of Bern. The following parent lines were used to
set up internal breedings with Malt1PD heterozygous animals:
B6.Cg-Foxp3tm2(EGFP)Tch/J (stock no. 006772; purchased from The
Jackson Laboratory) (35), Traj182/2 (B6-Ja281tm1810_0.2Arte) mice
(kindly provided by M. Kronenberg) (36), B10.BR-Tg(IghelMD4)4Ccg
(37, 38), and B10.BR-Tg(TcrHEL3A9)1MmD (both lines were kindly
provided by J. Moreno) (39, 40). Of note, the resulting MD4 BCR
transgenic (tg) 3 Malt1PD and 3A9 TCRtg 3 Malt1PD animals are on
a mixed B10.BR:C57BL/6 genetic background. All experiments using
these animals included the corresponding littermate controls of the
following genotypes: MD4 BCRtg or 3A9 TCRtg, Malt1PD and WT.
We observed no differences in disease kinetics or severity between pure
B6-Malt1PD animals and B6:B10.BR–mixed background Malt1PD
animals. B6.SJL-PtprcaPepcb/BoyJ CD45.1 WT animals (stock no.
002014; The Jackson Laboratory) were purchased from Taconic Europe.
All animal studies were performed in accordance with the animal ex-
perimentation laws and guidelines laid down by the Swiss Federal and
Cantonal Authorities. Health of Malt1PD mice and bone marrow (BM)
chimeras was assessed by visual checks twice weekly. Animals were
euthanized upon body weight loss of .20% or appearance of clinical
symptoms such as hind limb paralysis, eye inflammation, or hunched
posture. Mixed groups of male and female animals were used at the age
of 8–12 wk if not stated otherwise.

Flow cytometry

Stainings of cell suspensions from spleen and lymph node (LN) were
prepared by passing tissues through a 70-mm sieve followed by RBC
lysis using ACK hypotonic solution. Cells were washed once in FACS
buffer (PBS containing 2% FCS, 0.05% NaN3), blocked with mouse Fc
block (clone 2.4G2; BD Biosciences), and stained for 30 min at 4˚C
with the indicated combination of fluorochrome-conjugated Abs. In-
tracellular stainings were performed using the Foxp3 Fix/Perm Buffer
Set (BioLegend). Cells were acquired using a BD FACSFortessa flow
cytometer, and data were analyzed using the FlowJo software. All
populations were pregated on singlets and live lymphocytes based on
their side scatter versus forward light scatter profiles and using ap-
propriate live/dead stains. From live lymphocytes, cells were further
gated on CD4 or CD8 for T cells and on CD19 and B220 for B cells as
indicated on graphs, followed by assessment of the specified activa-
tion markers. In case of CD4+ T cells, populations were further di-
vided based on Foxp3 or Neuropilin1 (Nrp1). Cells isolated from
nonlymphoid tissues were additionally gated on CD45 or CD45.2.
Cells originating from BM chimeras were gated on CD45.1 versus
CD45.2 to differentiate between donor and recipient origin as
specified.

T cell stimulation ex vivo

Pooled cells isolated from spleen of three Malt1PD 3 Foxp3EGFP or
WT littermates were enriched for T cells using the EasySep Mouse
T Cell Isolation Kit (no. 19851; STEMCELL Research). For cytokine
detection, CD4+Foxp32Nrp12 naive T cells, CD4+Foxp3+ Tregs, and
CD4+Foxp32Nrp1+ T cells were sorted using a BD FACSAria and
were stimulated ex vivo with 10 ng/ml PMA and 1 mM ionomycin for
4 h prior to assessment of cytokine concentrations in culture media by
multiplex ELISA (Meso Scale Diagnostics). For detection of intra-
cellular IFN-g by flow cytometry, cells were isolated from spleen,
cervical/mandibular LN (cLN), or mesenteric LN (mLN), FACS
sorted, and stimulated with 10 ng/ml PMA and 1 mM ionomycin
in presence of 10 mg/ml brefeldin A (all Sigma-Aldrich) for 4 h
at 37˚C.

Treg suppression assay in vitro

BM was harvested from a WT mouse, and cells were cultured in
presence of rmGM-CSF to induce differentiation into dendritic cells as
described previously (41). At day 7 cells were harvested and cultured
with a mix of Foxp3EGFP+CD4+CD25+ Tregs sorted from WT 3
Foxp3EGFP or Malt1PD 3 Foxp3EGFP mice and cell trace violet (no.
C34557; Thermo Fisher Scientific)–labeled WT CD4+CD252 Teffs in
presence of 1 mg/ml anti-CD3 Ab (clone 1.45-2C11). A total of 3,000
nonirradiated dendritic cells per well were added to 50,000 Teffs
together with different numbers of Tregs to yield Treg/Teff ra-
tios between 1:1 and 1:20. Proliferation of Teffs was assessed after
5 d of culture by flow cytometry, and the percentage of suppression
was calculated as follows: 100 2 [(% dividing cells 2 % sponta-
neously dividing cells)/(% max dividing cells 2 % spontaneously
dividing cells)3100].
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TCR repertoire sequencing

Foxp3EGFP+CD4+ Tregs were sorted from spleens, mLNs, and cLNs of WT
3 Foxp3EGFP or Malt1PD 3 Foxp3EGFP mice using a BD FACSAria. Per
organ and genotype, three replicate samples were generated of which each
contained pooled cells from two WT 3 Foxp3EGFP or two Malt1PD 3
Foxp3EGFP mice. Prior to the sort, cells were enriched for CD3+ T cells
using the EasySep Mouse T Cell Isolation Kit (no. 19851; STEMCELL
Research), and Foxp3EGFP+ cells were sorted directly into RLT lysis buffer
for subsequent isolation of RNA using the RNeasy Micro Kit (no. 74004;
Qiagen). Quality and quantity of RNA were tested with the Agilent 2100
Bioanalyzer using the RNA 6000 Pico Chip and reagents (no. 5067-1513;
Agilent). 59RACE-based PCR amplification of TCRb V region VDJ se-
quences and Illumina library generation was done using the Smarter
TCRa/b Profiling Kit following the manufacturer’s instructions (no.
634404; Takara Biotech). Briefly, all libraries were subject to two rounds
of seminested PCR amplification, and amplified libraries were purified
using the Agencourt AMPure XP PCR Purification Kit (no. A63881;
Beckman Coulter). Libraries were subjected to one double-size selection
as per the user manual; beads were pelleted using a Magnetic Separator -
PCR Strip (Takara Bio). Library validation was performed on an
Agilent 2100 Bioanalyzer with the DNA 1000 Kit (no. 5067-1505;
Agilent). Libraries were pooled, supplemented with 10% PhiX Con-
trol v3 (Illumina), and sequenced at a final concentration of 12 pM
using the 600-cycle MiSeq Reagent Kit v3 (Illumina) to 2 3 301 base
paired-end reads. Data were analyzed using the MiXCR software
package (42). All statistical analysis was performed using R Statistical
Software (i.e., “ineq” package to calculate the Gini coefficient and
“ggplot2” for generating figures [43]). All sequences are available at
the European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/view/
PRJEB34151; accession number: PRJEB34151).

Depletion of CD4 and CD8 T cells using mAbs

Four-week-old WT and Malt1PD animals on a C57BL/6 background were
treated with mAbs against CD4 (clone GK1-5; 10 mg/kg bodyweight i.p.
twice per wk) or CD8 (clone 2-43; 10 mg/kg bodyweight i.p. twice per wk)
or respective isotype control Ab (rat IgG2b, k) for around 5 wk. Successful
depletion of the corresponding subset was confirmed by FACS on blood
cells.

Serum Ig subtype analysis, ELISpot, and ELISA

Serum preparation. Blood was collected in BD Microtainer tubes (SST
tubes), allowed to clot for 30 min at room temperature, and centrifuged at
14,000 rpm for 2 min to separate the serum from clotted components.

IgG1 and IgE detection from serum. IgG1 and IgE in mouse serum were
quantified using the following two kits and according to the manufacturer’s
protocol: Merck Millipore Mouse Ig Isotyping Magnetic Bead Panel
(catalog no. MGAMMAG-300K and MGAMMAG-300E).

ELISpot for total IgG and IgE. Single-cell suspensions were prepared from
cLN, axillary LN, brachial LN, mLN, and inguinal LN as well as from Peyer
patches as described above (Flow cytometry). BM was prepared by flushing
cells from femur and tibia using a 27-gauge needle and passage of the cells
through a 70-mm cell strainer. IgG- and IgE-secreting cells were detected
using the Mouse IgG ELISpot BASIC Kit (no. 3825-2H; Mabtech) fol-
lowing the manufacturer’s protocol. For detection of IgE-secreting cells,
the anti-IgG Ab set was replaced by the following: IgE (clone R35-72) for
coating and IgE-Biotin (clone R35-118) for detection (both BD).

Anti-cecal or food-derived Ag ELISA. Fresh cecal content was collected,
pooled from four WT mice, weighed, and carefully resuspended in PBS at
0.01 g/ml. The obtained suspension was centrifuged at 4003 g for 5 min to
remove larger particles from bacteria. Bacteria were lysed by physical
disruption through sonication (interval, three times 30 s at 50% on ice),
and the protein concentration was quantified using Bradford protein assay
(Pierce BCA; Thermo Fisher Scientific). A total of 0.5 mg of protein in 50
ml of PBS was used for coating of 96-well half-area plates (polystyrene;
Costar) at 4˚C overnight. To isolate food proteins from mouse chow pel-
lets, 9 g of food was dissolved in 40 ml of PBS and shaken for 4 h at 37˚C
prior to centrifugation of the obtained suspension at 3000 3 g for 10 min
to remove larger particles. The supernatant was recentrifuged at 3000 3 g
for 5 min, and the protein concentration of the resulting suspension was
determined using the BCA assay. A total of 5 mg of protein in 50 ml of
PBS was used for coating of 96-well half-area plates. All plates were
washed four times with PBS + 0.05% Tween 20, blocked for 1 h (10% FBS
in PBS), and subsequently probed with diluted serum (1:5 to 1:20,000)
from WT or Malt1PD animals for 16 h at 4˚C. Cecal content– or food Ag–
binding Igs were detected using biotin-conjugated goat anti-mouse
IgG1 (no. 1070-08; 1/10 000; Southern Biotech) or rat anti-mouse IgE

(no. 553419; 1/250; BD) and avidin-conjugated alkaline phosphatase
(ExtrAvidin, no. E2636; Sigma-Aldrich) plus phosphatase substrate tablets
(no. N2770; Sigma-Aldrich). The reaction was stopped by the addition of
4 M NaOH prior to spectrophotometric analysis at 405 nm (PerkinElmer).

TNP-LPS immunization and ELISA for anti-TNP IgM and IgG

WT (C57BL/6), Malt1PD mice were immunized i.v. with 30 mg of
TNP-LPS (no. T-6769; Sigma-Aldrich) in PBS; total volume: 200 ml/mouse
(n = 5 mice per group). Animals were sacrificed on days 6 and 12
postimmunization. For detection of anti-TNP IgM and IgG in serum,
plates were coated with TNP-BSA (Biocat), probed with diluted se-
rum, and developed using the following Abs: anti-ms IgM-Biotin
(no. 1020-08; Southern Biotech) and anti-ms IgG-Biotin (no. 1030-
08; Southern Biotech) in combination with avidin-conjugated alkaline
phosphatase (ExtrAvidin, no. E2636; Sigma-Aldrich) plus phospha-
tase substrate tablets (no. N2770; Sigma-Aldrich). This reaction was
stopped by the addition of 50 ml of 4 M NaOH prior to spectropho-
tometric analysis at 405 nm (Perkin Elmer).

Isolation of colonic lamina propria cells and
intraepithelial lymphocytes

Lamina propria (LP) cells and intraepithelial lymphocytes (IELs) were
purified using the Mouse Lamina Propria Dissociation Kit (no. 130-097-
410; Miltenyi Biotec) according to the manufacturer’s recommendations.
Briefly, colons were removed from naive mice, cleaned from feces, opened
longitudinally, and cut into small pieces. Epithelial cells were stripped by
incubating for 20 min in a 37˚C water bath in cell dissociation solution (20
ml of 13 HBSS (w/o) containing 5 mM EDTA, 5% FBS, 1 mM DTT)
under continuous rotation. The supernatant containing IELs and epithelial
cells was kept for further processing. Colonic tissue was then incubated in
a digestion mixture containing 5 ml of HBSS (w), 10% FBS, collagenase D
(1 mg/ml), DNAse I (0.1 mg/ml), and Dispase (0.1 U/ml) per intestine at
37˚C for 45 min. Digested tissue was passed through a 70-mm sieve and
washed before lymphocytes were separated using a 30/37/70% Percoll
gradient (no. 17089101; GE Healthcare). Similarly, IELs were purified
from the supernatant obtained after step 1 using a 30/37/70% Percoll
gradient. Cells were resuspended in complete RPMI 1640 supplemented
with 10% FCS, 1% HEPES, 50 mM 2-ME, 1% sodium pyruvate, and
penicillin and streptomycin (all from Life Technologies) or FACS buffer
for further analysis.

Generation of BM chimeras

Donor BM cells were isolated by flushing cells from femur and tibia
using a 27-gauge needle. Cells were passed through a 70-mm cell
strainer, and RBCs were lysed subsequently using ACK hypotonic
solution. A total of 4 3 106 BM cells derived from female CD45.1
WT mice (B6.SJL-PtprcaPepcb/BoyJ; Taconic) were injected i.v. into
sublethally irradiated (two times 450 rad, 4 h apart) CD45.2+ WT
(WT→WT) or CD45.2+ Malt1PD (WT → Malt1PD) recipient animals.
Control Malt1PD→Malt1PD BM chimeras were made of sublethally
irradiated CD45.2+ Malt1PD recipients receiving CD45.2+ Malt1PD BM
cells, and thus lacked congenic markers. The average age of the recipient
animals on the day of irradiation was 7.3 wk.

WT:Malt1PD mixed BM chimeras were set up by injecting a 1:1 mix of
5 3 106 WT (CD45.1) BM cells and 5 3 106 Malt1PD (CD45.2) BM cells
into sublethally irradiated CD45.1 WT recipients.

Acute dextran sodium sulfate–induced colitis in BM chimeras

WT→WT and WT → Malt1PD BM chimeras were allowed to recon-
stitute for 9 wk with regular body weight assessment before induction of
dextran sodium sulfate (DSS) colitis. Acute colitis was induced by the
supply of 4% (weight per volume) DSS with a molecular mass of 36–50
kDa (MP Biomedicals, Irvine, CA) in drinking water. Animals were
treated with DSS for 5 d (day 0–5) followed by regular drinking water
(day 6–11). Animals were scored daily (disease activity index) and
sacrificed on day 11. The disease activity index (0–10) was calculated
based on body weight loss (0–4), diarrhea (0–3), and bloody stool
(blood in the colon at the day of sacrifice; 0–3).

Statistics

Bar graphs in the figures represent average values + SEM unless indicated
otherwise. Statistical significance between groups was calculated using a
two-tailed unpaired Student t test or ordinary one-way ANOVA (Dunnett
multiple comparisons) using GraphPad Prism (GraphPad Software) and
is indicated in the graphs as follows: *p , 0.05, **p , 0.01, ***p , 0.001,
p , 0.0001. Nonsignificant differences were not indicated.
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Results
Excessive Ig production at barrier sites is driven by
commensal Ags

We and others previously described a lethal inflammatory syn-
drome in Malt1PD mice that leads to death of the animals by
10–20 wk of age (26–29). To understand the kinetics of disease
development, we analyzed spleen and LN cellularity, frequency

of T and B cell subsets, and serum Ig levels in naive Malt1PD
and WT animals starting from 3 wk of age. In line with the
previously reported reduction in thymic and peripheral Tregs in
adult Malt1PD animals (29), we observed a 2–3-fold lower per-
centage of Foxp3+ Tregs in spleens and peripheral LNs of Malt1PD
animals (Supplemental Fig. 1A). The expansion of Ag-experienced
CD44hiCD8+ Teffs as well as the increased cellularity in mLN and

pooled cLN progressively appeared at around 7–9 wk of age as a
potential consequence of the reduction in the Treg compartment
(Supplemental Fig. 1B, 1C). Compared with WT animals, adult
Malt1PD mice display significantly higher serum levels of IgG1 and
IgE (26, 29). The kinetics of serum IgG1 and IgE elevation in
Malt1PD mice correlated with the increased cellularity in mLN and
cLN (Fig. 1A, 1B, Supplemental Fig. 1C, 1D), and both IgG- and

IgE-secreting plasma cells were mainly detected in mLN and cLN
of Malt1PD animals (Fig. 1C). This indicated that formation of
IgG1 and IgE Abs occurred in the LN draining sites exposed to
environmental Ags such as the mouth, the eyes, and the intestinal
tract, likely as a consequence of uncontrolled B cell responses to
these Ags.
To test whether microbiota-derived Ags drive excessive Ab

formation, Malt1PD animals and WT littermate controls were
rederived to GF conditions, and their serum Ig levels were analyzed
at the age of 8–12 wk. GF Malt1PD mice still displayed the typical
clinical symptoms, but these tended to appear with a faster kinetic

compared with Malt1PD animals housed under specific pathogen–
free (SPF) conditions (data not shown). Strikingly, Malt1PD
mice displayed no elevation in serum IgG1 in GF conditions, and
IgE levels were reduced ∼5-fold compared with those observed
in Malt1PD animals housed under SPF conditions (Fig. 1D).
These findings suggested that IgG1 and IgE were directed against
commensal bacterial Ags. Because IgE was still partially elevated

in GF Malt1PD mice, nonmicrobial Ags might also drive hyper
IgE. Therefore, the reactivity of IgG1 and IgE to bacterial or food-
derived proteins was tested by analysis of the binding of serum Igs
from SPF Malt1PD and WT animals to proteins isolated from
either cecal content of WT animals or from standard food pellets.
As hypothesized, Malt1PD serum showed significant IgG1 bind-
ing to cecal Ags that was not detectable in WT serum (Fig. 1E).

Binding of IgE to cecal contents was absent in WT and very low in
Malt1PD serum. When testing binding to food-derived proteins,
serum IgG1 from Malt1PD mice and, to a lesser extent, from WT
mice reacted against food Ags (Fig. 1F). Binding of IgE to food-
derived Ags was observed from Malt1PD serum but not from WT
(Fig. 1F). Overall, these data demonstrate that the elevated serum
IgG1 and IgE observed in our Malt1PD animals reflect excessive

B cell responses to both commensal bacteria-derived and dietary
Ags at barrier sites.
Because humoral responses requiring conventional T cell help or

BCR cross-linking are defective in Malt1PD animals (26–29), we

tested whether IgG1 and IgE Abs were produced via alternative
pathways in these animals. Apart from conventional CD4 T cells,
invariant NKT (iNKT) helper cells are an additional source of
B cell help, specifically for B cells reactive against glycolipids,
including those of microbial origin (44–46). To clarify the rele-
vance of iNKT cell help in mediating B cell activation and Ab

production in Malt1PD animals, we generated Malt1PD mice
deficient in iNKT cells via an intercross with Traj182/2 mice
(36). We observed no difference in serum Ab levels compared
with Malt1PD 3 Traj18+/+ littermate controls (Fig. 1G). Therefore,
iNKT cells are not required to drive elevated IgG1/IgE in Malt1PD
mice. Based on these results, we thus hypothesized that B cells
could be induced to produce IgG1 and IgE in Malt1PD in re-
sponse to environmental Ags via joint activation of BCR and
MALT1-independent pattern recognition receptor pathways
such as TLRs (47). In this line, Malt1PD animals readily pro-
duced both IgM and IgG Abs upon immunization with TNP-LPS
(Supplemental Fig. 2). Thus, hyper IgG1 and IgE in Malt1PD
animals could be induced by an opening of the mucosal barrier
and increased presence of microbial products. Luminal Ags
could drive B cell activation via BCR-dependent recognition of
commensal and food-derived Ags in conjunction with activation
of pattern recognition receptors.

Deficiency of the Malt1 protease in nonhematopoietic cells is
insufficient to disrupt intestinal barrier integrity

The excessive humoral response to cecal and food-derived Ags
observed in Malt1PD animals indicated that a leaky intestinal
barrier may have provided increased access of luminal Ags to the
intestinal immune system. Impaired barrier function could either
result from increased intestinal inflammation (48–50) or be a direct
consequence of defective Malt1 protease signaling in the epithelial
cells. Indeed, increasing evidence supports a vital role for the
CBM complex in both endothelial and epithelial cells downstream
of multiple receptors (17, 18, 51–54). To assess whether Malt1
protease signaling in nonimmune cells influenced epithelial
barrier integrity in the absence of Malt1 protease function in the
immune compartment, we generated BM chimeras. To this end,
7–8-wk-old sublethally irradiated Malt1PD (WT→Malt1PD)
or WT control (WT→WT) recipients were reconstituted with
WT BM. As a control, Malt1PD mice were reconstituted with
Malt1PD BM. As expected, all the Malt1PD→Malt1PD BM
chimeras rapidly developed clinical symptoms and wasting dis-
ease and accordingly had to be euthanized by 3–4 wk following
BM reconstitution (Fig. 2A, right panel). Malt1PD mice are
known to display different degrees of subclinical immune alter-
ations already at the age of 7–8 wk (Fig. 1, Supplemental Fig. 1).
Remarkably, when replacing the Malt1PD immune compart-
ment with WT BM, the Malt1PD pathologic condition could
be rescued in most animals. Indeed, 7 out of 10 WT→Malt1PD
animals survived without apparent disease for up to 9 wk after
reconstitution (Fig. 2A, middle panel). However, three animals
demonstrated disease symptoms, including eye inflammation,
hunched posture, and body weight loss 40 d post BM transfer
and had to be euthanized according to local animal welfare
regulations. The survival of 70% of the WT→Malt1PD BM
chimeras suggested that the immune compartment is the main
component driving the Malt1PD inflammatory disease. We hy-
pothesized that the lack of protection observed in the remaining
animals may reflect an excessively advanced subclinical patho-
logic condition that could not be completely rescued by the
sublethal irradiation and the WT BM transfer process. However,
it remains possible that the nonhematopoietic compartment
contributed to disease progression in these animals.
To address the contribution of the nonimmune compartment to

barrier integrity, we next challenged barrier function in the
surviving WT→WT and WT→Malt1PD BM chimeras. To this
end, colitis was induced experimentally by oral administration of
4% DSS for five consecutive days in drinking water, followed by
6 d of regular drinking water to allow for barrier regeneration.

2794 T CELLS DRIVE THE INFLAMMATORY DISEASE IN Malt1PD MICE

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental


FIGURE 1. Excessive IgG1 and IgE production at barrier sites is driven by environmental Ags. (A) Counts of total live cells isolated from mLN from WT

or Malt1PD animals at different ages. Each dot represents a mouse. (B) Age-related evolution of serum IgG1 concentration in WT versus Malt1PD mice.

The results are expressed as the mean6 SEM; each dot represents a mouse. (C) IgG- and IgE-secreting cells among live cells from different organs detected

by ELISpot (age of the animals = 8–12 wk). Pooled data from two independent experiments are shown; lines indicate the mean. (D) IgG1 and IgE serum

concentration in SPF and GF Malt1PD animals and WT littermates. The results are expressed as the mean 6 SEM. (A–D) Each dot represents a mouse.

(E and F) Proteins isolated from the cecal content of WT mice (E) or food pellets (F) were coated onto an ELISA plate and probed for serum IgG1 or IgE

from 8–12-wk-old Malt1PD animals and WT littermates. The results are expressed as the mean 6 SEM (n = 3). (G) Serum concentration of IgG1 and

IgE in WT 3 Trja182/2, Malt1PD 3 Trja182/2, WT 3 Trja18+/+, and Malt1PD 3 Trja18+/+ animals determined at the age of 14 wk. The results are

expressed as the mean 6 SEM; each dot represents a mouse. All data are representative of at least two independent experiments if not indicated

otherwise. *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001. axLN, axillary LN; brLN, brachial LN; iLN, inguinal LN; PP, Peyer patches.
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Interestingly, Malt1PD animals reconstituted with WT BM
(WT→Malt1PD) demonstrated a similar degree of disease
compared with the WT→WT chimeras. We observed no sig-
nificant difference, neither in body weight loss at any time point
(Fig. 2B) nor in colon length and disease score at termination
(day 11) between the two groups (Supplemental Fig. 3A, 3B).
These results demonstrated that Malt1 protease deficiency in
nonhematopoietic cells alone is not sufficient to disrupt in-
testinal barrier integrity and to confer increased sensitivity to
DSS-induced colitis.
Because Treg deficiency was identified as the major driver of

imbalanced systemic immune responses in Malt1PD mice (26–29),
we determined Treg frequency in intestinal tissues such as the
colon LP, IELs, and the mLN of naive Malt1PD animals and
observed drastically reduced frequencies of total Foxp3+ Tregs at
all sites (Fig. 2C). We further evaluated the proportions of in-
ducible Tregs (iTregs) and natural, thymus-derived Tregs (nTregs)
based on their differential expression of Nrp1 (55–57). Com-
pared with WT, there was no difference in the ratios of nTregs
(Foxp3+Nrp1+) to iTregs (Foxp3+Nrp12) within Malt1PD Tregs
(Fig. 2D). When characterizing the local immune alterations, we
found increased proportions of CD8+ T cells within the LP and
among IELs (Fig. 2E). Taken together, our data suggested that
the main factor driving the excessive humoral response to
commensal and dietary Ags is the disrupted intestinal immune
homeostasis rather than a primary leak in the intestine due to an
intrinsic role of Malt1 in intestinal epithelial cells. However,
because of the limitation of our studies with BM chimeras, we

cannot exclude the possibility that nonhematopoietic cells also
contributed to the progression of the disease occurring upon
systemic disruption of Malt1 protease in both immune and
nonimmune cells.

Elevated IgG1 and IgE levels and B cells are not the key
drivers of the Malt1PD inflammatory disease

The above data indicated that alterations in the Malt1PD immune
compartment are the major driver of the Malt1PD inflammatory
disease, in line with previous reports demonstrating that the
combined absence of T and B cells in Rag-deficient Malt1PD mice
prevents the disease (27). Because B cells and excessive (auto-) Ab
production are critical to numerous autoimmune diseases, we in-
vestigated the relevance of the B cell compartment as mediator of
the Malt1PD pathologic condition. To this end, we crossed the
Malt1PD line to MD4 transgenic mice expressing the hen-egg
lysozyme (HEL)–specific BCR (MD4 BCRtg mice) (40). The
resulting offspring harbored a Malt1PD and monoclonal IgD/
IgM–restricted B cell population but retained polyclonal Malt1PD
T cells. Both MD4 BCRtg 3 Malt1PD and littermate Malt1PD
mice with a polyclonal B cell repertoire displayed the typical
features of the progressive, lethal Malt1PD disease, such as
lymphadenopathy and hind limb paralysis. Accordingly, all ani-
mals had to be euthanized because of wasting disease (Fig. 3A).
Production of IgG1 or IgE subtype Abs by both MD4 BCRtg or
MD4 BCRtg 3 Malt1PD B cells was similar and very limited
because of the monoclonal B cell population (37) (Fig. 3B). MD4
BCRtg 3 Malt1PD mice, as well as Malt1PD controls, showed

FIGURE 2. Deficiency of the Malt1 pro-

tease in nonhematopoietic cells is insuffi-

cient to disrupt intestinal barrier integrity. (A)

Body weight of WT→WT, Malt1PD→WT,

or control Malt1PD→Malt1PD BM chimeras

over time. Each line represents a mouse. (B)

Acute DSS colitis was induced in WT

(WT→WT) and Malt1PD (Malt1PD→WT)

BM chimeras from (A) 9 wk after reconsti-

tution by addition of 4% DSS to the drinking

water for 5 d, followed by pure drinking

water until the day of analysis (day 11).

Body weight during the course of acute

DSS colitis (day 0–day 5) and recovery

phase (day 6–day 11). The results are

expressed as the mean 6 95% confidence

interval, n = 7–10. 1+ and 2+ stand for one

or two animals that died at the indicated

time point. (C) Frequency of Foxp3+ Tregs in

CD4+ T cells from mLN, IELs, and colon LP

of naive Malt1PD animals and WT littermates

determined by flow cytometry. The results are

expressed as the mean 6 SEM (n = 3). (D)

Ratio of nTregs versus iTregs in CD4+Foxp3+

cells from the spleen, mLN, IEL, and LP of

Malt1PD mice and WT littermates, assessed

by flow cytometry. The results are expressed

as the mean6 SEM (n = 3–5). (E) Frequency

of CD4+ (left) and CD8+ (right) T cells in

mLN, IEL, and colon LP determined by flow

cytometry. The results are expressed as the

mean 6 SEM (n = 3). All data are repre-

sentative of at least two independent experi-

ments. *p , 0.05, ****p , 0.0001.

2796 T CELLS DRIVE THE INFLAMMATORY DISEASE IN Malt1PD MICE

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900327/-/DCSupplemental


higher cell counts in mLNs and cLNs as compared with WT or
MD4 BCRtg animals. Although the cLN cellularity was reduced
in MD4 BCRtg 3 Malt1PD mice when compared with Malt1PD
littermates, these data suggested that the clonality of the B cell
population had only little impact on the expansion of other
immune cell subsets in Malt1PD animals (Fig. 3C). Thus, the
pathologic condition did not require polyclonal B cells or the
induction of hyper IgG1 and IgE. Together, these data indicate
that the lethal manifestations of disease in Malt1PD mice oc-
curred independently from B cells reacting to commensal, die-
tary, or self-antigens.

T lymphocytes drive the Malt1PD inflammatory disease

Because B cell reactivity did not drive the lethality of Malt1PD
mice, yet when on a Rag2/2 background Malt1PD mice were
protected (27), T cells were the most likely candidates medi-
ating disease. To evaluate this, we crossed Malt1PD mice to
3A9 CD4 TCRtg animals that harbor a TCR specific for HEL
(39) and lack a polyclonal T cell compartment. In contrast to
Malt1PD and to MD4 BCRtg 3 Malt1PD animals, 3A9 TCRtg
3 Malt1PD animals reached .40 wk of age without display-
ing clinical symptoms such as body weight loss, hunched
posture, eye inflammation, or hind limb paralysis (Fig. 4A
and data not shown). Further analysis revealed normal size of
cLNs and a trend for reduced mLN cellularity compared with
Malt1PD mice (Fig. 4B). Similar to Malt1PD mice, 3A9
TCRtg 3 Malt1PD animals displayed reduced Treg numbers
(data not shown), yet this did not unleash self-reactive T cells.
Consistent with the lack of disease symptoms, the distribution
of naive, T effector memory (TEM) and central memory CD4
and CD8 T cells were similar between 3A9 TCRtg and 3A9
TCRtg 3 Malt1PD, as shown for mLN (Fig. 4C). In addition,
serum IgG1 and IgE levels in 3A9 TCRtg 3 Malt1PD ani-
mals were normal (Fig. 4D), and there was no increase in
GL7+PNA+ germinal center (GC) B cells or IgG1-skewed GC
B cells in mLNs (Fig. 4E). Overall, the absence of a polyclonal
T cell compartment abrogated the immune alterations and
clinical manifestations typical of the Malt1PD pathologic

condition, including the activation of B cells and hyperpro-
duction of IgG1 and IgE.
To substantiate the relevance of the T cells and evaluate the

contribution of CD4 and CD8 T cells to the overall Malt1PD
pathologic condition, we next treated C57BL/6 Malt1PD mice with
either CD4- or CD8-depleting Abs. To this end, 4-wk-old Malt1PD
animals were treated with depleting CD4 or CD8 mAbs or a rel-
evant isotype control Ab for around 5 wk. Successful depletion of
the corresponding subset was confirmed by FACS on blood cells
(data not shown). In line with our results from the 3A9 TCRtg
animal studies, Malt1PD animals did not show any clinical signs
of disease during the treatment with either CD4 or CD8-depleting
Abs, and they gained bodyweight to the same extent as isotype
control–treated WT animals (Fig. 4F). As expected, isotype
control–treated Malt1PD mice failed to gain weight. Interest-
ingly, upon cessation of the treatment, both CD4- and CD8-
depleted groups developed clear symptoms of the disease,
albeit with distinct kinetics. Although CD8-depleted Malt1PD
mice started to lose weight 5 wk after cessation of the treat-
ment, CD4-depleted animals started to display the first clinical
signs only 8 wk after treatment stop. Taken together, these data
confirm that T cells are the major drivers of disease and in-
dicate that both CD4 and CD8 T cells contribute to the
Malt1PD pathologic condition.

Malt1PD Tregs retain in vitro functional capacity and
demonstrate an effector phenotype in vivo

Prior research confirmed that the Malt1PD mouse pathological
symptoms can be largely rescued via the transfer ofWT Tregs early
after birth (26), suggesting that the reduction in Tregs is the root
cause of pathogenic cell expansion (29, 58). It remained unknown,
however, whether Tregs are functionally normal in a Malt1PD
situation. To explore the phenotype and function of Malt1PD
Tregs ex vivo, we crossed the Foxp3EGFP reporter mouse (35) to
Malt1PD mice. In an in vitro suppression assay using WT con-
ventional T cells as effectors, Malt1PD Tregs isolated from pooled
spleen and LNs retained substantial suppressive capacity com-
pared with WT Tregs, which demonstrated superior function only

FIGURE 3. B lymphocytes and IgE/IgG1 ele-

vation are irrelevant for the development and

fatal course of the Malt1PD pathologic condition.

(A) Kaplan–Meier survival analysis of WT, MD4

BCRtg, Malt1PD, and MD4 BCRtg 3 Malt1PD

mice (animals were euthanized upon loss of $20%

body weight or appearance of clinical symptoms).

Pooled data from three independent experiments.

(B) Serum concentration of IgG1 and IgE in animals

of strains described in (A) determined at the age of

8–12 wk. Data are representative of at least two

independent experiments. (C) Counts of total live

cells isolated from mLN (left) or cLN (right) of

WT, MD4 BCRtg, Malt1PD, and MD4 BCRtg 3
Malt1PD animals at 8–12 wk of age. Pooled data

from three independent experiments. (A–C) Each

dot represents a mouse; lines indicate the mean.

*p , 0.05, **p , 0.01, ***p , 0.001, ****p ,
0.0001, one-way ANOVA.
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FIGURE 4. T lymphocytes are the key drivers of the Malt1PD inflammatory disease. (A) Kaplan–Meier survival analysis of WT, 3A9 TCRtg, Malt1PD,

and 3A9 TCRtg 3 Malt1PD animals (mice were euthanized upon loss of $20% body weight or appearance of clinical symptoms). Data are representative

of at least two independent experiments. (B) Counts of total live cells isolated from mLN (left) and cLN (right) of WT, 3A9 TCRtg, Malt1PD, and 3A9

TCRtg 3 Malt1PD animals at 8–12 wk of age. Each dot represents a mouse; lines indicate the mean, pooled data from three independent experiments

(n = 7–14). (C) Proportion of CD62L+CD442 naive, CD62L+CD44+ central memory (TCM), CD62L
2CD44+ TEM or CD62L2CD442 intermediate (Tint)

T cells within CD4+ (left) or CD8+ (right) T cells detected by flow cytometry within cells isolated from mLN of WT, Malt1PD, 3A9 TCRtg, and 3A9 TCRtg

3 Malt1PD animals. The results are expressed as the mean 6 SEM, pooled data from three independent experiments (n = 7–14). (D) Serum concentration

of IgG1 and IgE in animals of strains described in (A) determined at the age of 8–12 wk. Data are representative of at least two independent experiments.

Each dot represents one mouse; results are expressed as the mean6 SEM. (E) Frequency of PNA+GL-7+ GC B cells within CD19+B220+ total B cells (left)

and IgG1+ GC B cells within total GC B cells (right) detected by flow cytometry within cells isolated from mLN of WT, 3A9 TCRtg, Malt1PD, and 3A9 TCRtg

3 Malt1PD animals. Each dot represents a mouse; lines indicate the mean, pooled data from three independent experiments (n = 7–14). *p , 0.05, **p , 0.01,

***p , 0.001, ****p , 0.0001, one-way ANOVA. (F) Bodyweight measurement in C57BL6 WT and Malt1PD animals treated with CD4- or CD8-depleting Abs

or the respective isotype control Ab two times per week from 4 wk to ∼9 wk of age (average). At ∼9 wk of age, all Malt1PD isotype control Ab-treated animals had

been euthanized because of the appearance of severe clinical symptoms. Four and nine weeks after treatment stop, the CD8- and CD4-depleting Ab-treated groups,

respectively, were euthanized because of severe clinical symptoms.
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at high Treg to Teff ratios (Fig. 5A, 5B). Malt1PD and WT Tregs
were also able to inhibit the proliferation of Malt1PD Teffs
(Supplemental Fig. 4A). Although Malt1PD Teffs proliferated less

extensively than WT effector cells, and consequently were more
efficiently suppressed, these data suggested that Malt1PD Teffs are
not intrinsically resistant to Treg suppression.

FIGURE 5. Malt1PD Tregs display a tissue-specific activation pattern and retain partial suppressive capacity. (A) Increasing numbers of WT or Malt1PD

CD4+Foxp3EGFP+CD25+ Tregs were added to 105 WT CD4+ Foxp3EGFP2CD252 T cells in presence of nonirradiated BM-derived dendritic cells and an

anti-CD3 Ab. The proliferation of Teffs, as measured by dilution of cell trace violet, was assessed after 5 d by flow cytometry. Teffs and Tregs were sorted

from pooled LNs and spleen. Data are representative of four independent experiments. (B) Percent suppression relative to Treg/Teff ratios. The results are

expressed as the mean 6 SEM (n = 3). Statistical differences were determined using two-way ANOVA. (C–E) Expression of activation markers on WT or

Malt1PD Foxp3EGFP+ CD4+ Tregs assessed by flow cytometry. The results are expressed as the mean 6 SEM (n = 5). Data are representative of three

independent experiments. (C) Dot plots showing expression of CD62L versus CD44 in WT or Malt1PD Foxp3EGFP+ Tregs from cLNs. Bar graph displays

the proportion of CD62L+ Tregs assessed in the indicated organs. (D) Histogram showing expression of GITR in WT or Malt1PD Foxp3EGFP+ Tregs from

cLN. Bar graph displays GITR mean fluorescence intensity on Foxp3EGFP+ Tregs assessed in the indicated organs. (E) Dot plots showing expression of

ICOS versus CD103 in WT or Malt1PD EGFP+ Tregs from cLNs. Bar graph displays % CD103+ICOS+ within Foxp3EGFP+ Tregs assessed in indicated

organs. (F and G) WT or Malt1PD CD4+ Foxp3EGFP+ Tregs were FACS sorted and subjected to deep sequencing after 59RACE-based amplification of

TCRb sequences. (F) Lorenz curve visualization of TCRb sequence diversity in WT or Malt1PD Foxp3EGFP+ Tregs isolated from spleen (left), cLN

(middle), and mLN (right). (G) Evaluation of Treg TCRb sequence diversity based on the Gini coefficient. **p , 0.01, ***p , 0.001, ****p , 0.0001.
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Further phenotyping by FACS revealed an LN-specific activation
pattern for Tregs in Malt1PD animals, as exemplified by reduced
proportions of naive CD62L+ Tregs (Fig. 5C) and increased ex-
pression of GITR (Fig. 5D), CD103, and ICOS (Fig. 5E) specif-
ically in cLN and mLN. Another important determinant of T cell
function is the diversity of the TCR repertoire. Whether a re-
stricted Treg TCR diversity compromises Treg suppressive ca-
pacity in vivo is still a subject of debate (59–63). Given the severe
impairment of thymic Treg development in Malt1PD animals
(26–29), we evaluated whether Malt1PD Tregs in peripheral lymphoid
organs displayed a somewhat restricted TCR repertoire. To test this,
cDNA was generated from sorted splenic and LN-derived
CD4+Foxp3EGFP+ Tregs isolated from Malt1PD 3 Foxp3EGFP

animals or control WT 3 Foxp3EGFP littermates, and amplified
TCR-Vb sequences were subjected to deep sequencing. The
diversity of TCR sequences was evaluated and visualized using
the Gini coefficient and Lorenz curve as previously described
(43, 64). In such a representation, a straight diagonal line in-
dicates maximum diversity (i.e., all clonotypes are present at the
same frequency, whereas repertoire skewing is shown by curves
deviating below the diagonal, meaning individual clones occur
more abundantly). When comparing clonotypes from WT to
Malt1PD Tregs in the spleen we found equal measures of di-
versity in both sample sets, implying that the thymic Treg
output in Malt1PD animals did not significantly impact the Treg
TCR repertoire diversity (Fig. 5F, 5G). In contrast, Malt1PD
Tregs in cLN and mLN demonstrated significantly less diverse
TCR repertoires as indicated by greater deviation from the di-
agonal (Fig. 5F) and lower Gini coefficients (Fig. 5G) compared
with WT Tregs in those LNs. Interestingly, these are the ana-
tomical locations of increased cellularity and IgG1 and IgE Ab
production. Consistent with the increased activation and ex-
pansion of T and B effector cells in cLN and mLN of Malt1PD
animals, Tregs displayed an effector phenotype and restricted
TCR repertoires in enlarged LNs potentially reflecting Ag-induced
activation and clonal expansion in response to the local inflam-
mation. In summary, although Malt1PD Tregs displayed some
in vitro suppressive activity, variable TCR diversity, and an ef-
fector phenotype, they were not able to prevent the expansion of
pathogenic T cells in vivo.

Lack of Tregs favors progressive expansion of CD4+ Nrp1+

Foxp32 T cells

When characterizing the distribution of nTreg versus iTreg
based on the expression of Nrp1 (55–57), we noticed a pop-
ulation of CD4+ Nrp1+Foxp32 T cells (Fig. 6A), which was
found at an elevated frequency in all lymphoid organs of adult
Malt1PD animals (Fig. 6B). These cells appeared early after
weaning and expanded progressively over time (Fig. 6C).
Expression of CD44 and ICOS marked both WT and Malt1PD
CD4+Nrp1+Foxp32 T cells as Ag-experienced, activated T cells,
although only low levels of CD25 were detected (Fig. 6D).
Malt1PD CD4+Nrp1+Foxp32 T cells additionally expressed high
levels of GITR and PD1, concordant with a Teff/memory T cell
phenotype. When we determined the in vitro cytokine profile upon
PMA/ionomycin stimulation, CD4+Nrp1+Foxp32 T cells turned
out to be the major producers of various proinflammatory cy-
tokines in both WT and Malt1PD mice compared with naive
CD4+Nrp12Foxp32 T cells (.95% CD442CD62L+) or CD4+Foxp3+

Tregs, (Supplemental Fig. 4B). IFN-g, however, was more readily
produced by Malt1PD CD4+Nrp1+Foxp32 T cells and CD8+ T cells
than by the corresponding WT subsets (Fig. 6E). These data thus
indicated Th1-skewed T cell responses in Malt1PD animals. Con-
sistently, previous reports demonstrated a crucial role for IFN-g+ cells

in mediating the observed Malt1PD neuropathology (27). In-
terestingly, CD4+Nrp1+Foxp32 T cells did not expand in 1:1
(WT/Malt1PD) mixed BM chimeras (Fig. 6F) and in 3A9
TCRtg 3 Malt1PD animals (Supplemental Fig. 4C), consistent
with their disease-free phenotype. In these settings, either the
presence of WT Tregs or the lack of polyclonal conventional
T cells seemed to prevent the expansion of CD4+Nrp1+Foxp32

T cells. Therefore, IFN-ghiNrp1+Foxp32 CD4+ Teffs were identified
as an expanded subset in Malt1PD mice, which are potentially in-
volved in disease development.
The source of the Nrp1+Foxp32 CD4+ Teff subset is not well

understood. These may originate from either Foxp3+Nrp1+

nTregs losing Foxp3 expression, be derived from Foxp3+Nrp12

iTregs losing Foxp3 and acquiring Nrp1, or differentiate
from Foxp32Nrp1+ or Foxp32Nrp12 CD4+ T cell precursors.
Identifying the exact source of these cells deserves to be further
explored using appropriate tracing or reporter mouse strains.
However, we were intrigued by a similar population of
CD4+Foxp32CD44hi T cells expressing high levels of Nrp1,
folate receptor 4 (FR4), and CD73, which was recently sug-
gested to identify a population of anergic T cells endowed with
a high degree of plasticity and the capacity to convert either into
Foxp3+ Tregs or autoreactive TEM cells (65). Of particular note,
abrogation of the Treg compartment upon transfer of these anergic
cells into T cell–deficient recipients led to the rapid expansion of
IFN-g–producing pathogenic CD4+Foxp32CD44hiFR42CD732

TEM cells and systemic activation of autoantibody-secreting B cells
(65). Although FR42CD732 TEM cells were mostly Nrp12, more
than 80% of FR4hiCD73hi anergic T cells expressed high levels of
Nrp1, thus resembling the CD4+Nrp1+Foxp32 T cell population
expanding in Malt1PD mice. Based on these parallels, we evaluated
if the reduced Treg frequency in Malt1PD mice was associated with
reduced maintenance of anergic cells. In support of this, Malt1PD
animals harbored less (CD4+Foxp32CD44hi) FR4hiCD73hi anergic
T cells than WT mice in spleen and cLNs (Fig. 6G, 6H). The re-
duction in anergic cells was paralleled by the expansion of
CD4+FR42CD732 TEM expressing Nrp1 (Fig. 6I). Reduced anergic
and increased TEM markers were also observed on T cells isolated
from blood or kidneys of Malt1PD animals (data not shown),
indicating that this phenotype was not restricted to specific
anatomical sites or lymphoid organs. Overall, based on these
findings, we propose that the lack of Tregs in Malt1PD mice
impairs the maintenance of T cell anergy, leading to their pro-
gressive conversion into pathogenic CD4+ TEM retaining Nrp1
expression.
In summary, our data determine the Treg deficiency in Malt1PD

animals as the primary cause of both disturbed mucosal immunity
driven by commensal-derived factors, and a systemic, T cell–driven
IPEX-like disease very similar to the pathologies characterizing
human MALT1 mutant patients.

Discussion
Our group and others have extensively described the IPEX-like
syndrome that is consequent to the disruption of Malt1 protease
function in mice (26–29), a disease with many similarities to
the conditions affecting human patients bearing mutations in
the MALT1-encoding gene (11–14, 56). In this study, we further
dissected the triggers and the relative contribution of T and B cells
to immune dysregulation and disease development.
Our data revealed that the excessive humoral immune response

in Malt1PD mice, reflected by elevated serum IgG1 and IgE, was
mainly directed against microbial and food Ags. This was sup-
ported by absence of hyper IgG1 and significant reduction of IgE in
Malt1PD animals when housed under GF conditions, which also
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FIGURE 6. Lack of Tregs favors progressive expansion of CD4+Nrp1+Foxp32 T cells. (A–H) Flow cytometry–based characterization of

CD4+Nrp1+Foxp32 T cells in WT or Malt1PD cells isolated from blood, spleen, cLN, or mLN. (A) Dot plot displaying Foxp3 versus Nrp1 pregated on

CD4+ T cells in cLN. (B) Frequency of CD4+Nrp1+Foxp32 T cells in 8–12-wk-old WT or Malt1PD animals detected in the indicated organs. The results

are expressed as the mean 6 SEM; each dot represents a mouse. (C) Frequency of Nrp1+Foxp32 T cells among CD4+ T cells in cLNs of 3–12-wk-old

WT or Malt1PD animals. (D) Histograms showing expression of PD1, GITR, ICOS, CD25, and CD44 in WT or (Figure legend continues)
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suggested that Ab responses are not primarily directed against
systemic autoantigens. By studying MD4 BCRtg3Malt1PDmice,
which are characterized by a monoclonal B cell repertoire and
defective IgG1/IgE production, we demonstrated that B cells and
elevated IgG1/IgE responses in Malt1PD mice are not the drivers
of the most severe pathological symptoms. These findings contrast
with a B cell–dependent disease component observed in Foxp3-
deficient scurfy mice and human IPEX patients, which develop a
broad set of autoantibodies (66–69). The lack of systemic auto-
antibodies in SPF Malt1PD mice per se can be explained by the
fact that Malt1PD B cell responses to BCR-driven T-dependent
and T-independent type 2 Ags are impaired (Refs. 26–29 and
K. Martin, G. Cvijetic, V. Ottaviani, R. Touil, Y. Kolb, D. Zotos,
F. Bornancin, D. Tarlinton, and T. Calzascia, manuscript in
preparation). Given the intrinsic defect in mounting BCR-driven
B cell responses in Malt1PD mice, we propose that activation of
B cells by Malt1-independent pathways such as through pattern
recognition receptors like TLRs is involved in the generation of
elevated serum Igs in these animals. The complete normalization
of IgG1 and partial reduction of IgE in GF animals indicated that
commensal-derived signals were required for B cell activation to
both microbial and food-derived Ags. The restricted presence of
IgG- and IgE-secreting B cells in LNs draining barrier sites such
as the eyes, the oral mucosa, and the intestine further supports the
localized activation of B cells by environmental Ags. Also, given
the crucial role of Tregs in the establishment of oral tolerance to
dietary Ags (70–72) and the low percentages of both nTregs and
iTregs in mucosal tissues of Malt1PD animals, we suggest that
impaired oral tolerance results in food-reactive IgG1 and IgE in
Malt1PD animals. Based on these data, we propose that Malt1PD
B cells produce IgG1 and IgE Abs to environmental Ags as a
result of impaired oral tolerance and upon activation through a
combination of BCR triggering and microbial-derived innate
signals that activate pattern recognition receptors.
Consistent with a disruption of intestinal immune homeostasis

and barrier function, Malt1PD mice have previously been reported
to display exacerbated disease in the DSS-induced colitis model
(18). This, together with the hyper reactivity of Malt1PD mice
to food and other Ags from the intestinal lumen, prompted us to
investigate whether Malt1 signaling in epithelial cells could render
intestinal tight junctions more permissive for Ags present in the
intestinal lumen. However, although CBM complex activation
plays a role in both endothelial and epithelial cells (17, 19, 52, 73,
74), we could not demonstrate a dominant role for Malt1 signaling
in the nonhematopoietic compartment in driving the exacerbation
of DSS-induced colitis. Instead, we confirmed the hematopoietic
compartment as major driver of the Malt1PD mouse pathologic
condition (26–29) and propose that, rather than defective Malt1
signaling in epithelial cells, the disrupted intestinal immune ho-
meostasis consequent to the global reduction of nTregs and iTregs
in lymphoid organs and in the local gut environment is the main
factor driving the loss of the intestinal barrier and the conse-
quent induction of Abs against commensal Ags. In this context, an

inflammatory microenvironment can indirectly affect mucosal
homeostasis by altering epithelial intercellular junctions and thus
allow for increased accessibility of microbiota- and food-derived
Ags (75). Although our data indicate that Malt1 protease defi-
ciency restricted to nonhematopoietic cells is not sufficient on its
own to disrupt the intestinal barrier, our BM chimera studies do
not rule out a potential contribution of nonimmune cells to the
progression of the disease that occurs in mice characterized by a
systemic Malt1 protease deficiency.
In contrast to our observations, Jaworski et al. reported the

reactivity of serum IgG1 and IgE to glandular stomach tissue Ags
and suggested autoimmune gastritis to be the leading cause of death
in their Malt1PD colony (26). We were unable to confirm the
reactivity of serum IgG1 or IgE to glandular stomach tissue in our
Malt1PD strain. This discrepancy may relate to differences in the
approaches used for the detection of Abs or to differences in an-
imal housing conditions, including variable hygiene levels and the
microbiome. Supporting the relevance of the microbiome, we
observed that GF Malt1PD mice display a faster and more severe
appearance of clinical symptoms, suggesting that microbiota-
derived factors can influence the disease kinetic and its clinical
manifestations (76–78). As an example, commensals were reported
to protect hosts from overt intestinal inflammation by the production
of IL-10 family cytokines (79). With this, early life exposure to
microbes may also influence susceptibility to and the outcome of
specific autoimmune manifestations (80).
The limited contribution of the B cell compartment to the disease

in our Malt1PD colony led us to identify T cells as the drivers of the
severe clinical symptoms. In absence of polyclonal T cells, 3A9
TCRtg 3 Malt1PD animals displayed no signs of overt inflam-
matory disease and no clinical symptoms. Interestingly, the hyper
IgG1/IgE was also absent in 3A9 TCRtg 3 Malt1PD animals,
suggesting that a T cell–dependent component was required for
humoral responses to environmental Ags. Because B cell help
from conventional CD4 T cells is nonfunctional in Malt1PD an-
imals, we evaluated whether iNKT helper cells may drive B cell
responses to microbial Ags of glycolipid nature in Malt1PD mice
(18, 45, 81). However, we found no relevance for these cells for
B cell activation. Overall, our data strongly indicate that B cell
activation is secondary to the T cell–mediated inflammatory en-
vironment and likely driven by bacterial triggers as a consequence
of the opening of the intestinal barrier. In contrast to the systemic
autoimmune disease in Foxp3-deficient individuals, the more re-
stricted and specific immune alterations and clinical manifesta-
tions characterizing the IPEX-like syndrome in Malt1PD animals
likely reflect the lack of systemic autoantibody responses and the
suboptimal properties of T cells consequent to the disruption of
the catalytic function of Malt1.
An additional learning derived from our studies is that Malt1PD

Tregs, albeit reduced, retain substantial suppressive capacity
in vitro. These cells also displayed an activated phenotype and
reduced TCR diversity specifically in LNs affected by the path-
ologic condition. These data suggest that Tregs at these locations

Malt1PD Nrp1+Foxp32 among CD4+ T cells T cells from cLNs. (E) Frequency of IFN-g+ cells within populations of CD4+Nrp12Foxp32 naive T cells,

CD4+Nrp1+Foxp32 T cells, CD4+Foxp3+ Tregs, and CD8+ T cells after 4 h PMA/Ionomycin stimulation of cLN cells isolated from WT or Malt1PD

animals. The results are expressed as the mean 6 SEM (n = 5). Data are representative of at least two independent experiments. (F) Frequency of

Nrp1+Foxp32 T cells among CD4+ T cells T cells in blood of 1:1 (WT/Malt1PD) mixed BM chimeras 9 wk after reconstitution compared with 10–12-wk-

old nonchimeric WT or Malt1PD animals. (G) Dot plots showing the gating on anergic T cells in spleens of WT (upper panel) and Malt1PD (lower panel)

animals at the age of 8–12 wk. CD4 T cells were gated on CD44+Foxp32 cells, which were further divided into CD73+FR4+ anergic T cells (Tanergic) and

CD73lowFR4low TEM. Histograms display expression of Nrp1 in Tanergic versus TEM. (H and I) Frequency of anergic T cells (H) and Nrp1+ cells within TEM

(I) in indicated organs of 8–12-wk-old WT or Malt1PD animals. The results are expressed as the mean 6 SEM (n = 5). Data are representative of at least

two independent experiments. *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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may clonally expand to suppress and oppose the local effector
cell activation. Consistently, previous reports suggest that dis-
tinct sets of Treg TCRs found in diverse locations confer tissue-
specific immunity (60, 82, 83), and expansion of specific TCR
sequences in tissue-draining LNs is characteristic of the acti-
vated effector Treg population (84). Despite the in vitro sup-
pressive activity, variable TCR diversity, and effector phenotype
in vivo, Malt1PD Tregs were unable to prevent the expansion
of pathogenic T cells. Although the reduced frequency of Tregs
in Malt1PD mice may on its own be sufficient to drive the
inflammatory disease, the absence of Malt1 protease function
in Tregs may also impact additional Treg immunoregulatory
mechanisms critical for the maintenance of immune homeo-
stasis in vivo. To this point, four recent studies provided critical
novel insights into the functional consequences of the disruption
of the CBM complex in Foxp3+ Tregs via the genetic deletion of
CARD11, BCL10, or MALT1 or via the genetic inactivation of
the MALT1 protease (85–88). In line with our findings, Cheng
et al. reported that Malt1PD Tregs display an overall normal
in vitro suppression activity, whereas Rosenbaum et al. sug-
gested a partial reduction in in vitro suppressive activity. Im-
portantly, Cheng et al. also demonstrated that despite the overall
normal suppressive activity in vitro, Malt1PD Tregs displayed
impaired in vivo suppressive activity in an adoptive transfer
colitis model. Consistent with this, both groups observed that
the genetic inactivation of the Malt1 protease function selec-
tively in Foxp3+ Tregs is sufficient to drive a severe IPEX-like
inflammatory disease. In line with this, Demeyer et al. (86)
reported that mice characterized by a T cell–restricted Malt1
protease deficiency develop an IPEX-like syndrome similar to
the one reported in mice with a systemic Malt1 protease defect.
Additional data involving the use of Malt1PD Tregs or WT
Tregs treated with a MALT1 inhibitor suggest that inhibition of
the Malt1 protease function results in defective expression of
CTLA4, IL-10, and TGF-b (85, 88). Overall, these studies in-
dicate that CBM components and the MALT1 protease function
are critically required to maintain the optimal suppressive
function and identity of Tregs in vivo. These results highlight
that, despite the normal or partially reduced suppressive activity
of Malt1PD Tregs observed in in vitro suppression assays, these
in vitro systems do not recapitulate the multitude of functional
properties and suppressive mechanisms required by Tregs to
maintain immune homeostasis in vivo. In summary, these novel
reports complement our work and indicate that besides the re-
duced frequency of Tregs in our Malt1PD animals, defects in
their functional properties in vivo also contribute to the ex-
pansion of pathogenic T cells in Malt1PD mice.
A limitation of our system is the use of TCRtg (and BCRtg)

animals instead of specific T cell (and B cell) knockout strains to
dissect the role of B versus T cells. Nevertheless, our data clearly
mark T cells as the drivers of disrupted intestinal immune ho-
meostasis and the systemic inflammation. Consistently, prior re-
search identified IFN-g–producing cells as the subset responsible
for wasting disease, the destruction of Purkinje cells, and the as-
sociated neurological disease, but not for lymphadenopathy (27).
Although innate B cells, intestinal IL-C1, or myeloid cells have
been shown to produce IFN-g in response to cytokines or patho-
gens (89, 90), IFN-g is predominantly released by T and NK cells
(91). As NK cells and other cell subsets capable of producing
IFN-g are still present in 3A9 TCRtg 3 Malt1PD animals, we
suggest that conventional ab T lymphocytes are the main drivers
of the Malt1PD pathologic condition. This is supported also by the
clear delay in disease progression observed upon depletion of
either CD8 or CD4 T cells in Malt1PD mice. Interestingly, CD4+

helper T cells rather than CD8+ Teffs are the driver of the sys-
temic autoimmunity in Foxp3-deficient scurfy mice, and a mixed
Th1/Th2 response caused the death of these animals (92). In
analogy to these results, we previously noticed a mixed Th1/Th2
cytokine expression upon in vitro stimulation of Malt1PD CD4+

T cells (Ref. 29 and T. Calzascia and R. Touil, unpublished
observations). Based on our findings, we propose that both CD4+

Foxp32 T cells expressing Nrp1 and CD8+ T cells contribute to
the pathologic condition in Malt1PD animals. However, at this
stage we have been unable to formally demonstrate the patho-
genicity of either cell subset via adoptive transfer experiments
into Rag22/2 recipient animals. This may reflect the reduced
functionality of Malt1PD T cells, limiting their expansion and
activity after transfer. In the same line, Malt1PD CD4+ T cells
largely failed to induce T cell–mediated colitis upon adoptive
transfer into Rag2-deficient recipient animals (26). The expan-
sion of CD4+Nrp1+Foxp32 T cells was also reported in asso-
ciation with an IPEX-like disease occurring in CD4-specific
TGF-bRII2/2 animals, which are also characterized by re-
duced Tregs (55). CD4+Nrp1+Foxp32 T cells in those mice were
described as activated/memory T cells that could not convert into
Tregs upon thymic injection (18). Also, expression of Nrp1 was
recently described on a CD4+Foxp32CD44+FR4+CD73+ T cell
population that the authors associated with anergic T cells (65).
Interestingly, these cells displayed the capacity to generate
Foxp3+ Tregs upon adoptive transfer into T cell–deficient hosts.
However, upon elimination of Tregs, anergic T cells rapidly
converted into autoreactive IFN-g–secreting TEM cells driving
systemic B cell activation. Based on these similarities we propose
that the expansion of CD4+Nrp1+Foxp32 T cells in Malt1PD mice
reflects the progressive expansion of a subset of ex-anergic T cells
that differentiate into pathogenic effector cells as a consequence of
the Treg reduction. Although such a hypothesis is supported by the
reduced frequency of CD4+Foxp32CD44+FR4+CD73+ anergic
T cells in Malt1PD mice, additional work is required to dem-
onstrate the pathogenicity of FR42CD732Nrp1+ TEM cells and
their direct relationship to anergic cells. Alternative sources of
CD4+Foxp32Nrp1+ T cells may include nTregs or iTregs losing
Foxp3 expression or even CD4+Foxp32Nrp12 subsets. Dedi-
cated studies using appropriate tracing or reporter mouse lines
will be required to address the exact origin of these cells.
Overall, this work establishes the Malt1PD pathologic condi-
tion as a truly T cell–driven autoimmune disease. Nevertheless,
both the activation of autoreactive T cells resulting in systemic
disease and the induction of B cells by environmental Ags as
a result of mucosal immune imbalance have their roots in
the defective regulatory compartment characterizing Malt1PD
animals.
In light of the great interest in pharmacological MALT1 protease

inhibition for the treatment of multiple autoimmune diseases and
lymphoid malignancies (15, 93), it is an important goal to un-
derstand the contribution of the MALT1 protease function to the
maintenance of both intestinal and systemic immune homeostasis.
Given the progressive disease in Malt1PD animals, it remains to
be tested whether long-term treatment using such inhibitors is
safe. Short-term use of the pharmacological inhibitors of the
MALT1 protease, such as MI-2 and mepazine, proved beneficial
for the outcome of DSS-induced colitis in mice due to reduced
proinflammatory cytokine production by myeloid cells in the co-
lon and did not provoke major toxicities (94–96). Similarly,
treatment with mepazine attenuated the onset and progression of
experimental autoimmune encephalomyelitis and was safe in mice
when given over a period of 17 d (97). Despite the protective
effects reported for these inhibitors, their potency is limited and
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their selectivity is questionable (23, 98). Therefore, novel potent
and more selective pharmacological inhibitors are required to
evaluate whether durable MALT1 inhibition in adult individuals
will be safe or impact immune homeostatic mechanisms that will
result in a progressive IPEX-like disease similar to that observed
in Malt1PD mice.
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34. Brüstle, A., D. Brenner, C. B. Knobbe-Thomsen, M. Cox, P. A. Lang,
K. S. Lang, and T. W. Mak. 2017. MALT1 is an intrinsic regulator of regulatory
T cells. Cell Death Differ. 24: 1214–1223.

35. Haribhai, D., W. Lin, L. M. Relland, N. Truong, C. B. Williams, and
T. A. Chatila. 2007. Regulatory T cells dynamically control the primary immune
response to foreign antigen. J. Immunol. 178: 2961–2972.

36. Chandra, S., M. Zhao, A. Budelsky, A. de Mingo Pulido, J. Day, Z. Fu, L. Siegel,
D. Smith, and M. Kronenberg. 2015. A new mouse strain for the analysis of
invariant NKT cell function. Nat. Immunol. 16: 799–800.

37. Goodnow, C. C., J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith-Gill,
R. A. Brink, H. Pritchard-Briscoe, J. S. Wotherspoon, R. H. Loblay,
K. Raphael, et al. 1988. Altered immunoglobulin expression and functional
silencing of self-reactive B lymphocytes in transgenic mice. Nature 334:
676–682.

38. Rodrı́guez-Pinto, D., and J. Moreno. 2005. B cells can prime naive CD4+ T cells
in vivo in the absence of other professional antigen-presenting cells in a CD154-
CD40-dependent manner. Eur. J. Immunol. 35: 1097–1105.

39. Ho, W. Y., M. P. Cooke, C. C. Goodnow, and M. M. Davis. 1994. Resting and
anergic B cells are defective in CD28-dependent costimulation of naive CD4+
T cells. J. Exp. Med. 179: 1539–1549.

40. Nashar, T. O., and J. R. Drake. 2005. The pathway of antigen uptake and pro-
cessing dictates MHC class II-mediated B cell survival and activation. J.
Immunol. 174: 1306–1316.

41. Müller, P., K. Martin, S. Theurich, J. Schreiner, S. Savic, G. Terszowski,
D. Lardinois, V. A. Heinzelmann-Schwarz, M. Schlaak, H. M. Kvasnicka, et al.
2014. Microtubule-depolymerizing agents used in antibody-drug conjugates in-
duce antitumor immunity by stimulation of dendritic cells. Cancer Immunol.
Res. 2: 741–755.

2804 T CELLS DRIVE THE INFLAMMATORY DISEASE IN Malt1PD MICE



42. Bolotin, D. A., S. Poslavsky, I. Mitrophanov, M. Shugay, I. Z. Mamedov,
E. V. Putintseva, and D. M. Chudakov. 2015. MiXCR: software for compre-
hensive adaptive immunity profiling. Nat. Methods 12: 380–381.

43. Shifrut, E., K. Baruch, H. Gal, W. Ndifon, A. Deczkowska, M. Schwartz, and
N. Friedman. 2013. CD4(+) T cell-receptor repertoire diversity is compromised
in the spleen but not in the bone marrow of aged mice due to private and sporadic
clonal expansions. Front. Immunol. 4: 379.

44. Chang, P. P., P. Barral, J. Fitch, A. Pratama, C. S. Ma, A. Kallies, J. J. Hogan,
V. Cerundolo, S. G. Tangye, R. Bittman, et al. 2011. Identification of Bcl-6-
dependent follicular helper NKT cells that provide cognate help for B cell re-
sponses. Nat. Immunol. 13: 35–43.

45. Vinuesa, C. G., and P. P. Chang. 2013. Innate B cell helpers reveal novel types of
antibody responses. Nat. Immunol. 14: 119–126.

46. Bai, L., S. Deng, R. Reboulet, R. Mathew, L. Teyton, P. B. Savage, and
A. Bendelac. 2013. Natural killer T (NKT)-B-cell interactions promote pro-
longed antibody responses and long-term memory to pneumococcal capsular
polysaccharides. Proc. Natl. Acad. Sci. USA 110: 16097–16102.

47. Green, N. M., and A. Marshak-Rothstein. 2011. Toll-like receptor driven
B cell activation in the induction of systemic autoimmunity. Semin. Immunol.
23: 106–112.

48. Beaurepaire, C., D. Smyth, and D. M. McKay. 2009. Interferon-gamma
regulation of intestinal epithelial permeability. J. Interferon Cytokine Res.
29: 133–144.

49. Wang, F., W. V. Graham, Y. Wang, E. D. Witkowski, B. T. Schwarz, and
J. R. Turner. 2005. Interferon-gamma and tumor necrosis factor-alpha synergize
to induce intestinal epithelial barrier dysfunction by up-regulating myosin light
chain kinase expression. Am. J. Pathol. 166: 409–419.

50. Wang, F., B. T. Schwarz, W. V. Graham, Y. Wang, L. Su, D. R. Clayburgh,
C. Abraham, and J. R. Turner. 2006. IFN-gamma-induced TNFR2 expression is
required for TNF-dependent intestinal epithelial barrier dysfunction. Gastroen-
terology 131: 1153–1163.
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