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MALT1 targeting suppresses CARD14-induced
psoriatic dermatitis in mice
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Abstract

CARD14 gain-of-function mutations cause psoriasis in humans and
mice. Together with BCL10 and the protease MALT1, mutant
CARD14 forms a signaling node that mediates increased NF-kB
signaling and proinflammatory gene expression in keratinocytes.
However, it remains unclear whether psoriasis in response to
CARD14 hyperactivation is keratinocyte-intrinsic or requires
CARD14 signaling in other cells. Moreover, the in vivo effect of
MALT1 targeting on mutant CARD14-induced psoriasis has not yet
been documented. Here, we show that inducible keratinocyte-
specific expression of CARD145%%* in mice rapidly induces epider-
mal thickening and inflammation as well as increased expression
of several genes associated with psoriasis in humans. Keratino-
cyte-specific MALT1 deletion as well as oral treatment of mice with
a specific MALT1 protease inhibitor strongly reduces psoriatic skin
disease in CARD145'38* mice. Together, these data illustrate a kera-
tinocyte-intrinsic causal role of enhanced CARD14/MALT1 signaling
in the pathogenesis of psoriasis and show the potential of MALT1
inhibition for the treatment of psoriasis.
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Introduction

Psoriasis is a skin disease with both autoinflammatory and autoim-
mune components that is characterized by red, scaly, and sharply
demarcated plaques which appear in a relapsing, remitting pattern.
It is a common disease which affects 2-3% of the world population.
Furthermore, psoriasis is often linked with comorbidities such as
psoriatic arthritis and imposes a heavy psychological burden [1,2].
Current therapies for psoriasis mainly consist of immunosuppres-
sive small molecules such as cyclosporine and methotrexate, or
biologics that target key cytokines such as IL-17a, IL-23, and TNF.

Even though the treatment options have increased over the past few
years, they are still not effective for all patients, can be associated
with unwanted side effects, and have a high production cost,
demonstrating the need for alternative treatments [3].

According to the current view on the pathogenesis of psoriasis,
the disease is mainly maintained by a pathogenic interplay between
keratinocytes and immune cells such as dendritic cells, T cells, and
neutrophils. Activation of dendritic cells in the skin results in IL-12
and IL-23 production, leading to recruitment and activation of Th17
cells, which produce inflammatory mediators such as IL-17a and
TNF. These stimulate keratinocyte hyperproliferation and secretion
of cytokines and chemokines, leading to further recruitment of
immune cells and thus resulting in a chronic inflammatory loop
[2]. However, the factors that kindle these processes are still not
entirely clear.

Genetic effects play a substantial part in the etiology of psoriasis.
This is illustrated by the strong association of several single nucleo-
tide polymorphisms and psoriasis susceptibility loci (PSORS) with
psoriasis [4]. Caspase recruitment domain-containing protein 14
(CARDI14) is a gene that is located in the PSORS2 locus and for
which several gain-of-function mutations have been associated with
psoriasis and pityriasis rubra pilaris in humans [5-8]. Transgenic
expression of psoriasis-associated mutants of CARDI4 leads to
excessive proinflammatory signaling in keratinocytes in vitro [9,10],
and heterozygous mice harboring mutant CARD14*F138,
CARD14%138% or CARD14%2!3 were recently shown to spontaneously
develop a psoriatic phenotype [11,12]. CARDI14, also known as
CARMA?2, is closely related to CARD9, CARD10 (CARMA3), and
CARDI11 (CARMAI1) [13], which upon activation, each form an
oligomeric CBM signaling complex with B-cell lymphoma 10
(BCL10) and mucosa-associated lymphoid tissue lymphoma translo-
cation protein 1 (MALT1). In this CBM complex, MALT1 acts as a
scaffold for other proteins that mediate NF-xB and JNK/p38 MAP
kinase signaling [9,10]. CBM complex formation also activates
MALT1 protease activity, resulting in the cleavage of a limited
number of substrates whose cleavage is believed to further fine-tune
inflammatory signaling (reviewed in refs. [14] and [15]). The
biological relevance of MALT1 protease activity is highlighted by
the autoimmune phenotype of mice expressing catalytically inactive
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MALT1 (reviewed in ref. [16]). On the other hand, inhibition of
MALT1 suppresses T- and B-cell activation and prevents disease
development in preclinical models of autoimmune disease and
oncogenic MALTI1-driven lymphoma, illustrating the therapeutic
potential of MALT1 inhibition [17-22].

We have previously demonstrated that inhibition of MALT1
proteolytic activity reduces CARD14%'*%*.induced secretion of
inflammatory cytokines in primary human Kkeratinocytes [9]. To
further investigate whether targeting MALT1 might be a valid strat-
egy in the treatment of psoriasis, we have created transgenic mice
that inducibly express a human psoriasis-associated hyperactive
CARD14"1%8A mutant specifically in keratinocytes [7] and tested the
effect of genetic or pharmacological inhibition of MALT1. We show
here that inducible expression of CARD14*!3%* in keratinocytes is
sufficient to cause psoriasis-like skin inflammation in mice, illustrat-
ing a keratinocyte-intrinsic effect of CARD14%'?%#, Using this elegant
novel mouse model, we demonstrate that genetic deletion of MALT1
as well as oral treatment with a small compound MALT1 inhibitor
suppresses CARD14%*%*.induced psoriasiform inflammation, high-
lighting the therapeutic potential of MALT1 targeting for the treat-
ment of psoriasis.

Results and Discussion

Keratinocyte-specific deletion of MALT1 reduces
CARD145"%*# .induced psoriasiform inflammation

Several CARDI14 gain-of-function mutations have been identified in
psoriasis patients, and mice with heterozygous expression of some
of these mutants (CARD14“F'*®, CARD14"1%%4, or CARD14%?'%%)
were recently shown to spontaneously develop a psoriatic pheno-
type [11,12]. To further investigate the physiological role of MALT1
in CARDI14-induced psoriatic disease, we analyzed the effect of
MALT1 deficiency on the development of disease symptoms
induced by keratinocyte-specific expression of the human
CARD14%13%4 transgene in mice. The CARDI4"%%4 mutation was
chosen because it was identified in a patient with pustular psoriasis
and displays potent activation of NF-xB [7,9]. It was previously
reported that mice carrying a similar mutation in the endogenous
Card14 gene show increased mortality [11,12]. Although the reasons
for this are still unclear, it is not unlikely that mutant CARD14
expression in different cell types or tissues besides skin keratino-
cytes, such as endothelial cells, y3 T cells, Langerhans cells, esopha-
gus, and colon, contributes to the observed lethality [5,23,24]. We
therefore decided to generate conditional CARD14"'3%* transgenic
mice by knocking in the human CARD14*'%%4 ¢DNA preceded by a
loxP-flanked stop cassette under control of the ROSA26 promoter
using RMCE-mediated recombination [25] (Fig 1A), which were
subsequently crossed with male mice expressing Cre recombinase
under the keratin 5 (K5) promoter in order to obtain epidermal
CARD14"!384 expression in the skin [26]. Further crossing of these
mice into mice containing a floxed (fl) Maltl allele was done to
obtain MALT1 deficiency in epidermal cells. We did not observe a
normal mendelian segregation pattern in MALT1 sufficient condi-
tions because no mice expressing both the KScre transgene and
CARD]14F1384 transgene were obtained (Fig 1B) (P < 0.0001, chi-
square test). However, upon caesarian section, pups at E18.5 that
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express the CARD14*135* transgene in skin tissue could be recov-
ered (Fig 1C). Even though these pups did not show any overt
phenotype and were indistinguishable compared to wild-type litter-
mates (Fig 1D), they failed to survive longer than 24 h after birth.
Toluidine blue staining showed that the epidermal skin barrier of
CARD14"384 transgenic mice is intact and histological sections of
the skin did not show clear abnormalities (Fig EV1A and B). Impor-
tantly, mice expressing epidermal CARD14%'3%* in the absence of
MALT1 were born at expected mendelian segregation of the geno-
types (P = 0.9824, chi-square test; Fig 1E) and did not show macro-
scopically visible signs of disease. Body weight and ear thickness of
these mice were comparable to littermate controls, and histological
analysis of ear and skin sections did not indicate epidermal thicken-
ing or inflammation in mice between 4 and 7 months old (Fig 1F-
H). Immunohistochemistry staining for GFP confirmed expression
of the bicistronic CARD14"34/GFP transgene in the epidermis of
the ears (Fig EV1C). Together, these data show that constitutive
KScre-driven CARD14E1384 expression results in perinatal lethality
and highlight an important in vivo role for MALT1 in CARD14
signaling. The quick onset of death of K5cre-CARD1438 express-
ing pups is quite surprising and is unlikely to be attributed to
CARD14E138 expression in the skin only (see also below).

Because the lethality induced by constitutive epidermal expres-
sion of CARD14"*" prevented us from analyzing the effect of
MALTT1 targeting on mutant CARD14-induced psoriasis, we crossed
CARD14"'3%4 transgenic mice with mice containing a Kl4creER
transgene, allowing the tamoxifen-inducible expression of
CARD14F138A in stratified epithelia as found in skin and certain
other tissues such as tongue and esophagus [27,28]. To account for
possibly unanticipated effects of Cre expression, mice that contain
the Kl4creER transgene but not the CARD14%*%* transgene were
used as wild-type controls (Fig 2A ). Mice with both transgenes
(hereafter referred to as inducible epidermal CARD1451384
(1eCARD14%1%84)) were born at normal mendelian ratios and did not
show any sign of disease up to 6 weeks of age. From 6 weeks on,
some mild but significant swelling of the ears was observed in
ieCARD14E138%A mice in the absence of tamoxifen, which might be
caused by leaky expression of the CARD14"!3%4 transgene due to
marginal spontaneous Kl4creER activity. Otherwise, the mice were
healthy and did not show differences in body weight (Fig EV2A). To
investigate the effect of MALT1 deficiency, we also generated
ieCARD14"1384 mice with floxed Maltl alleles, which allow
CARD14%384 induction together with MALT1 deletion in epidermal
cells upon tamoxifen treatment (hereafter referred to as Malt1*<°
ieCARD1451382 mice). Similar to Malt1*/" ieCARD14"138%4 mice,
Malt1%© jeCARD14"*8* mice showed mild ear thickening before
treatment with tamoxifen (Fig EV2B). It should be mentioned that
complete Cre-mediated MALT1 deletion requires two recombination
events, while only a single recombination is needed for
CARD14"13%* transgene expression. Therefore, the minor leaky
Kl4creER activity may not be sufficient to induce complete MALT1
deletion in the absence of tamoxifen. In addition, due to MALT1
protein stability, MALT1 protein expression levels do not diminish
as fast as CARD14"'38 protein expression levels rise. Tamoxifen
treatment of Malt1*/* i{eCARD14"'*** mice increased ear swelling
progressively (twofold), and the ears became red and scaly (Figs 2B
and EV2C). Furthermore, ieCARD14E384 mice showed a rapid
decrease in body weight, up to 18 percent, 4 days after tamoxifen

© 2020 The Authors
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Figure 1. Perinatal lethality of CARD14E138A transgenic mice is rescued by MALT1 deficiency.

A Schematic representation of the Rosa2655 CARDL4-EL38A

transgene construct (LSL = LoxP-stop-LoxP).

B Ratio of genotypes obtained of 1-week-old pups after crossing K5cre™* CARD14E138A™* male mice with K5cre** CARD14E138AT®/* female mice;

CARD14E138A*/* = Rosa26™*, CARD14E138A™8/* = Rosa26-St CARDL4-EL38A/+

Representative Western blot showing CARD14 protein levels in skin and liver lysates of E18.5 pups. Actin is shown as a loading control.
Representative images of K5cre™* CARD14E138A** and K5cre™®* CARD14E138AT®* pups at E18.5.

Representative image of 6-month-old Malt7™7 K5cre™* CARD14E138A*+ and Malt1™f K5cre™* CARD14E138A™* mice.

C
D
E Ratio of genotypes obtained of 1-week-old pups from crossing MaltZ™ K5cre™* CARD1414E138A** male mice with Malt?" Kscre*’* CARD14E138A™®* female mice.
F
G

Body weight and ear thickness of untreated WT and Malt2™" K5cre™* CARD14E138A™* male and female mice (between 4 and 7 months old). Each symbol
represents one mouse; the line represents the mean value (n > 4 mice per group). WT = Malt?™" K5cre*’* CARD14E138A*"*, Malt1™" K5cre*’* CARD14E138A™8"*, and
Malt1™7 Kscre™®* CARD14E138A* mice. Statistical difference between two groups was determined using a Mann-Whitney U-test (ns: P > 0.05)

H Representative H&E-stained histological sections of ear and skin tissue of Malt1™" Kscre*”* CARD14E138A** and Malt1™" Kscre™* CARD14E138A™* mice (scale bar

represents 100 um).

Source data are available online for this figure.

administration, at which point mice were euthanized to minimize
suffering (Fig 2B). It should be mentioned that no clear macroscopi-
cal signs of psoriatic disease could be observed at other skin regions
4 days after tamoxifen treatment.

In contrast to the clear psoriatic phenotype of Maltl
ieCARD14513%4 mice in the ears, increased ear swelling and loss of
body weight were much less pronounced in tamoxifen-treated
Malt1%%° jeCARD14"'%%* mice (Fig 2B), indicating an important role
for MALT1. Hematoxylin and eosin staining of ear sections showed
acanthosis, hyperkeratosis, and parakeratosis in Maltl*/"
ieCARD14"'3#4 mice, which are histological features of human psori-
asis (Fig 2C) [2,29]. In line with this, blinded measurements showed
that the thickness of the epidermis was significantly increased and
also immunostaining for Ki67, a marker for proliferation, showed an
increased amount of proliferating cells in the basal layer of ear skin
of Malt1*/" {eCARD14*'*** mice (Figs 2D and EV2D). Furthermore,
several large infiltrates of immune cells, reminiscent of Munro’s
abscesses, were visible in the stratum corneum (Fig 2C, arrow-
heads). Thickening of the epidermis and inflammatory cell infiltra-
tion in the stratum corneum were reduced in Malt1®°©
ieCARD14"%%* mice compared to Maltl*’/* ieCARD14%%%* mice
(Fig 2C and D). Flow cytometry analysis of the ears showed that
neutrophils are one of the most abundant infiltrating immune cell
types, which is consistent with the large pustules observed in ear
sections and the acute nature of our model (Fig 2E). Also T cells and
dendritic cells were increased, while the amount of eosinophils,

+/+

which are associated with Th2 immunity, remained very low. Again,
the number of infiltrating neutrophils and dendritic cells was signifi-
cantly reduced in the ears of Malt1"© ieCARD14%'*54 mice (Fig 2E).

mRNA analysis of the ears of Maltl*/* ieCARD14*'*%* mice
showed a strong induction of proinflammatory cytokines and
chemokines that are strongly linked to and expressed during human
psoriasis, such as Il17a, 1123, 1136y, Cxcll, Cxcl2, and Tnf (Fig 2F)
[30]. Furthermore, expression of antimicrobial peptides such as
S$100a8 and Lcn2, which are also highly increased in human psori-
atic lesions, was upregulated (Fig 2F) [31]. As expected, human
transgene CARD14%'%%4 mRNA levels were high in ieCARD14"'354
mice and absent in wild-type mice (Fig 2F). Most importantly,
upregulation of most of the analyzed cytokines, chemokines, and
antimicrobial peptides was much less pronounced in ears of
MALT1-deficient ieCARD14"3®* mice (Fig 2F). Of note, Il17a
mRNA levels were similar in Malt1®™° ieCARD14"'*** and
Malt1™’" ieCARD14E'384 mice, which might reflect equal T-cell
counts in the ears of both mouse lines (Fig 2E and F). Both the
chemokines CXCL1 and CXCL2 and the antimicrobial peptide LCN2
have been shown to recruit and modulate neutrophil activation and
in this way contribute to psoriatic inflammation [32,33]. Therefore,
the reduced Cxcll/2 and Lcn2 levels are in line with the reduced
neutrophil influx in ears of Malt1"© ieCARD14"'*%* mice and might
explain the protective effect of MALT1 deficiency. Taken together,
our data demonstrate that human CARD14"!*%* expression in kerati-
nocytes is sufficient to drive a pathogenic inflammatory cascade

Figure 2. Keratinocyte-specific deletion of MALT1 reduces CARD14E138A-induced psoriasiform inflammation.
A Schematic representation of the experimental induction of CARD14%3¥A transgene using tamoxifen. WT = K14creER™®* Rosa26"/*, ieCARD145*%" = K14creER™®*

RosaZGLSLfCARDlllelSSAA-

B Changes in relative body weight and ear thickness upon CARD145138A

induction with tamoxifen. Malt.

15K0 = Malt1™7 The combined results of five independent

experiments are shown (Malt1** WT n = 17, Malt1™f WT n = 8, Malt1*"* ieCARD1453 n = 18, Malt1™" ieCARD14%%#A p = 12).
C Representative H&E-stained histological sections of ear tissue of tamoxifen-treated mice (scale bar represents 200 pm). Arrowheads indicate infiltrates of

immune cells.

D Epidermal thickness measured on ear sections. Each symbol represents the mean of at least ten measurements for each ear; the line represents the mean value. The

combined results of three independent experiments are shown.

E Analysis of infiltrating immune cells in the ears of tamoxifen-treated mice using flow cytometry. Cell count of neutrophils (CD45" CD3/CD19~ CD64 CD11b* Ly6G™),
eosinophils (CD45" CD3/CD19™ CD64 ™ Ly6G ™ SiglecF*), T cells (CD45" CD3/CD19*, MHCII™), and DCs (CD45* CD3/CD19~ CD64~ MHCII*CD11c*) in single cell

suspensions of the ear (n > 4).

F  mRNA expression levels of the indicated genes in ears relative to reference genes (Hprt1, Rpl13a, and Thpl). Each symbol represents one mouse; the line represents
the mean value (n > 3).

Data information: Statistics: Error bars reflect SEM. Differences between Malt1*/* ieCARD145*3** and Malt1?° ieCARD145%*#A groups were determined using REML
analysis (B) or a Mann-Whitney U-test (D—F) (*P < 0.05, **P < 0.01, ****P < 0.0001).

4 of 12 EMBO reports  21: e49237 | 2020 © 2020 The Authors



Elien Van Nuffel et al

EMBO reports

— 200 110
A DO D2 D4 B > N
2 150 H = 100
E K= %
< =) i
A A 8 100 g o0 e
. - S
Tamoxifen Sacrifice £ 50 2 80
I o
& m
WT ieCARD145138A e ! ' ! L ! : '
S F & S &
Tal+ Tal+ Days after treatment with TAM Days after treatment with TAM
K14CreER™¢ K14CreER Y
+/+ LSL-CARD14-E138A/+ e
Rosa26 Rosa26 — Malt?™ WT ——  Malt1*"* iaCARD14E13%A
== Malt1®*OWT —=—  Malt1EXC jeCARD14E138A
D g - — * Malt?"""wT
c 2 Yovvm Maltr®<OwT
Malt1++ Malt1EKo :c: 40 ;# A Ma’ﬂwt/wt ieCARD14E138A
2 240 v Malt1®%C ieCARD145138A
= 20 wr
- > g s 4
E g 0
[=%
w
—_me . E
% 250 — alt 1Y OWT
s . X g00d = Malt1=<OWT
2 \ oS o m— alt1*?"! jeCARD14E13%A
I Rl g » = g 150 === Malt1*"? ieCARD14%"%5A
o . o, £
5 [l - s 100
3 8 50
am — S 0
* & o o (¢]
& & & 9
NCUEN ol
3 &
® <°
F
1123 17a human CARD14
£ c e ® wt/wt
S i - S - 5 Malt1 WT
§ 15 - § 15 ns 3 0.8 i
2 A 2 v ® —
£ 10 A & 10 g 0o . B Mant1¥OwTt
2 3 .o < 04 ot E138A
2 - . E 5 v g v A Malt1"""'ieCARD14
s el s sk ? s 0.2 AadT Tpgrt
Eoolamawe— — F ol maa it v F g5 o om TV Malt1¥%CjeCARD14E38A
= Cxcl1 = Cxcl2 &
5 15— * ‘5 60— Kkkk g 6
3 [} G
@ T . ] A s 2
: % - |
x 10+ i x 40 - X 4
= A £ <
x 4 A -
£ 54 aby v £ 20 Loy E 2
H 2 2
E Ll ows sss—— s N 0
& & s
Tnf Len2
c [ c
-% 10_ ok kk -% 50_ Al 2 30 k)
£ o] o £ 404 s 8 v
5 6- rves 5 304 ¥ 20 e
2 3 A -1 <=
® 47 : x 20 Z 49 Asa
£ £ i £ by
2 27 e g 104 fas £ e
c;:: Ol e mge = % 0 S % 0 p—
(4 o '3

Figure 2.

© 2020 The Authors

EMBO reports  21: e49237 | 2020

50f12



EMBO reports

mimicking several pathological features of human psoriasis. Most
importantly, our data are the first to demonstrate a keratinocyte-
intrinsic in vivo role of MALT1 in skin inflammation. However, it
should be mentioned that the above described protective effect of
MALT1 deletion on CARD14*'*%%.induced skin inflammation does
not allow us to distinguish between the role of MALT1 scaffold
versus MALT1 proteolytic activities.

The quick onset of death of CARD14%'38* expressing pups as well
as the rapid weight loss of up to 18% over 4 days of tamoxifen-
induced transgene induction in ieCARD14*"*%* mice can hardly be
attributed to health problems in the skin only. Closer examination
showed that the stomach of ieCARD14"'** mice was less filled and
that blood glucose levels were lower 4 days after tamoxifen treat-
ment (Fig EV3A and B), suggesting a defect in eating behavior. We
could not detect a significant difference in body temperature
(Fig EV3C) or transepidermal water loss through the skin
(Fig EV3D). It should be mentioned that K14creER has been shown
to not only target keratinocytes of the skin, but also keratinocytes of
the oral epithelia, tongue, and esophagus, as well as mammary
epithelium, vaginal epithelium, salivary glands, and cornea [27,28].
As high-quality antibodies against CARD14 that can be used for
immunohistochemistry are not available, we performed immunohis-
tochemistry for GFP, which is expressed with CARD14%'%% as a
bicistronic transgene (Fig 1A). This revealed that the transgene is
not only expressed in the ears, but also in the stratified epithelium
of the tongue and the epithelium of salivary glands, and very faintly
in the esophagus (Fig EV3E). In addition, we could detect clear infil-
tration of CD45" inflammatory cells in the tongue (Fig EV3E).
Together these results let us speculate that epithelial expression of
the CARDI14*%* transgene in the oral epithelium induces
inflammatory reactions that lead to irritation and affect eating
behavior and weight loss of ieCARD14"'*** mice. Similar effects
may also explain the observed mortality in pups in which
CARD14"138A expression is under control of K5cre.

Inhibition of MALT1 proteolytic activity attenuates
CARD145'3*® .induced psoriasis

Therapeutic targeting of MALT1 proteolytic activity by small
compound inhibitors has shown promising effects in preclinical
models of inflammatory disease and cancer [17-22]. However,

Elien Van Nuffel et al

therapeutic targeting of MALT1 in the context of psoriasis has not yet
been reported. The inducible and rapidly developing skin phenotype
of ieCARD14*"*%* mice as well as the causal link with a mutation
present in humans makes these mice particularly interesting to test
the effect of MALT1 small compound inhibitors in psoriatic dermatitis.
We therefore investigated the effect of systemic treatment with MLT-
827, a potent small compound inhibitor of MALT1 proteolytic activity
that has been originally developed by Novartis [34], on the develop-
ment of psoriasiform dermatitis in ieCARD14%'38A mice. MALT1 is
ubiquitously expressed, and systemic treatment with a small
compound MALT1 inhibitor is expected to affect MALT1 activity in
different cell types that may contribute to disease development,
including keratinocytes and T cells. MLT-827 was administered two
times daily by oral gavage, starting at the same time as tamoxifen
treatment (Fig 3A). It should be mentioned that due to some leaky
CARD14"1384 expression, mice already exhibit increased ear thickness
before tamoxifen and MALT1 inhibitor treatment. Using immunoblot
analysis of ear tissue extracts, we could show that CARD14E1384
expression induces cleavage of CYLD and BCL10, two known
substrates of MALT1 [35,36]. Cleavage of both substrates was comple-
tely prevented in mice treated with the MALT1 inhibitor MLT-827
(Fig 3B), illustrating in vivo MALT1 target engagement of the
compound. Compared to vehicle-treated mice, MALT1 inhibitor
treatment almost completely blocked ear swelling induced by
CARD14"1*%* and reduced the accompanying loss in body weight
(Fig 3C). In line with this, hematoxylin and eosin staining of ear
sections showed that the epidermis is less thickened in MALT1 inhi-
bitor-treated mice (Fig 3D and E). However, the reduction in epider-
mal thickening was rather limited compared to the strong reduction in
total ear thickness, suggesting that reduced ear swelling mainly
reflects reduced edema and inflammatory cell infiltration in the skin.
Next, we examined inflammatory cytokine secretion by lymphocytes
of the ear-draining lymph nodes of mice treated with MLT-827. CD3/
CD28-induced IL-6 and IL-17a production was significantly lower in
the lymphocytes isolated from MALTI inhibitor-treated mice when
compared to vehicle-treated mice (Fig 3F), suggesting that MALT1
inhibition can impair the development of a Thl7-response in
CARD14"1*%%.induced psoriasis. Consistent with our earlier results,
mRNA levels encoding several proinflammatory mediators were
strongly upregulated in ears of vehicle-treated ieCARD14%'*%* mice
(Figs 3G and EV4), which was significantly diminished in MLT-827

Figure 3. Inhibition of MALT1 proteolytic activity attenuates CARD14E138A-induced psoriasis.

A Schematic representation of the experimental set-up of CARD145*** induction and MALT1 inhibitor treatment.

B Cleavage of MALT1 substrates CYLD and BCL10 as analyzed by Western blotting of lysates of ear tissue of mice 4 days after treatment with tamoxifen and MALT1
inhibitor or vehicle. Actin is shown as a loading control. Each lane represents one mouse.

C  Changes in relative ear thickness and body weight in vehicle- and MALT1 inhibitor-treated mice upon CARD145** induction. M1 inh = MALT1 inhibitor,
WT = K14creER™* Rosa26™*, ieCARD145*#* = K14creER™®* Rosa26" St CARPI4EI3A: combined results of two independent experiments are shown (WT + vehicle:
n =9, WT + M1 inh: n = 8, ieCARD14"%#* 4 vehicle: n = 9, ieCARD14%** + M1 inh: n = 10).

D, E (D) Representative histological sections of ear tissue stained with hematoxylin and eosin and (E) measurements of epidermal thickness of tamoxifen-treated mice.
Combined results of two independent experiments are shown. Each symbol represents the mean of at least ten epidermal thickness measurements for each ear;

the line represents the mean value.

F IL-6 and IL-17a production by ear-draining lymphocytes upon ex vivo restimulation with anti-CD3/anti-CD28 for 3 days (n > 3 biological replicates).
Heatmap showing relative mRNA expression levels of the indicated genes in ear tissue normalized to reference genes. Values represent median of each group

(n=3).

Data information: Statistics: Data are representative for two independent experiments. Error bars reflect SEM. P-values were determined using REML analysis (C),
two-way ANOVA with Sidak correction for multiple comparisons (D), or a Mann-Whitney U-test (E) (*P < 0.05, ***P < 0.001, ****P < 0.0001).

Source data are available online for this figure.
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treated mice. In particular, the strong inhibition of Il17a, 1123, Cxcll,
and Tnf expression by MLT-827 demonstrates that MALT1 inhibition
can tackle psoriasis-like inflammation induced by CARD14%!3%4,
Furthermore, also the expression of other cytokines such as Il36y,
Il1B, and Il6 and antimicrobial peptides such as S100a8 and Lcn2
was significantly reduced upon MALTI1 inhibitor treatment in
CARD14""*5* mice (Figs 3F and EV4). Together, these data show that
MALT1 proteolytic activity plays a key role in CARD14%13®A-induced
psoriasiform dermatitis and illustrate that MALT1 inhibitor treatment
may be an interesting novel therapeutic approach in psoriasis. It
should be mentioned that in our mouse model MLT-827 treatment is
not only targeting MALT1 in keratinocytes, but also other cell types
that play a role in skin inflammation. For example, T-cell receptor-
induced MALT1 activation mediates T-cell proliferation and Th17 dif-
ferentiation [19,22,37], while MALT1 proteolytic activity has also
been shown to regulate endothelial permeability and activation
[38,39]. Therefore, MALT1 inhibition might attenuate CARD145138A.
induced skin inflammation at multiple levels. Interestingly, a few
early reports describe amelioration of psoriasis features in psychiatric
patients treated with the antipsychotic chlorpromazine, which was
recently shown to also inhibit MALT1 [40-42], further supporting the
use of MALT1 inhibitors for the management of psoriasis. Further-
more, accumulating evidence suggests a more ubiquitous role for
CARD14-MALT1 signaling axis in inflammatory skin conditions. For
instance, CARD14 mutations have not only been identified in psoriasis
patients but also in patients suffering from pityriasis rubra pilaris, a
rare inflammatory skin disease phenotypically related to psoriasis [5],
indicating that MALT1 targeting may also be of interest in psoriasis-
related skin diseases. Noteworthy, while dominant gain-of-function
mutations in CARD14 are associated with psoriasis and related
diseases, loss-of-function mutations in CARDI14 were recently
reported to be associated with a severe variant of atopic dermatitis
[43]. It will be interesting to investigate the effect of MALT1 targeting
in the context of atopic dermatitis to obtain a complete view on the
potential of MALT]1 targeting in inflammatory skin disease. Of note,
several groups have shown that mice expressing a catalytically inac-
tive MALT1 mutant suffer from multiorgan inflammation and autoim-
munity, likely caused by a reduced frequency of regulatory T cells
[19,37,44-46]. In contrast, pharmacological inhibition of MALT1 in
preclinical mouse models did not lead to obvious side effects, suggest-
ing that MALT1 inhibitor treatment may be safe [18,20]. Genetic inac-
tivation of MALT1 may indeed not be representative for
pharmacological inhibition of MALT1 as the latter may affect less the
development of regulatory T cells in the thymus and never lead to a
complete MALT1 inhibition. Nevertheless, it will be important to
closely monitor possible side effects upon long-term systemic treat-
ment with MALT1 inhibitors. Alternatively, in the case of psoriasis, it
might also be possible to deliver MALT1 inhibitors topically, with less
risk of systemic side effects.

Materials and Methods

Rosa26 S CARDI4-ELIBA ¢ ransgenesis

Cloning of RMCE targeting constructs
Plasmids of the cloned genes were deposited in the BCCM/Gene-
Corner plasmid collection along with detailed descriptions of

8 of 12 EMBO reports  21: e49237 | 2020

Elien Van Nuffel et al

cloning strategy and plasmid sequence (http://bccm.belspo.be/ab
out-us/bccm-genecorner). Human CARD145'%%4 (LMBP : 9623) was
cloned into pENTR3C. The ENTR clone was integrated in the
pDV1_RMCE (LMBP: 8870) destination vector using Gateway LR
reactions to generate a RMCE targeting vector for CARD14E138A
(LMBP: 09578).

RMCE targeting

RMCE compatible mouse ES cells (G4 ROSALUC [25]) were
cultured in standard ES-cell medium containing 500 ml Knock-
out™-DMEM (Thermo Fisher Scientific) supplemented with 15%
FBS (Hyclone), 100 uM non-essential amino acids (Thermo Fisher
Scientific), 1x GlutaMAX (Thermo Fisher Scientific), 100 uM B-
mercaptoethanol (Thermo Fisher Scientific), and 2,000 U/ml
leukemia inhibitory factor (Protein Service Facility, VIB). ES cells
were co-transfected with 2.5 pg of a FIpE expressing plasmid and
2.5 g of targeting vector using lipofectamin 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions [47]. G418
selection (200 pg/ml) was applied 48 h after transfection. After 7—
10 days, individual G418-resistant, RMCE-targeted ES-cell clones
were picked and further expanded. Correct targeting events were
confirmed by PCR; the targeted allele generates a band of 560 bp
(primers: FW 5 AAA GTC GCT CTG AGT TGT TAT 3’ and REV
5" GCG GCC TCG ACT CTA CGA TA 3'), as previously described
[25]. Correctly targeted ES cells were aggregated with outbred
Swiss morula, which were then implanted into pseudopregnant
Swiss mice to generate chimeric mice that transmitted the trans-
gene to their offspring.

Mice

Mice were bred and maintained under specific pathogen-free condi-
tions and housed in individually ventilated cages in accordance with
the institutional and national guidelines regarding the care and use
of laboratory animals. Animal protocols were approved by the
ethics committee of Ghent University (EC2017_013, EC2017_102,
and EC2018_056). To induce Cre excision of the Lox-STOP-Lox
(LSL) cassette, hemizygous Rosa26"S--CARPI4EISSA transaenic mice
were bred with hemizygous KScre and Kl4creER mouse strains.
This generated double transgenic mice that constitutively express
CARD14%384 transgene or express CARD14%'*%% transgene indu-
cibly upon tamoxifen treatment in epidermal cells [26,27]. As
controls, littermates that only express the K5cre or K14creER trans-
gene were used.

Malt]"™!a(EUCOMMHmgu/+ (05781 6/N  background) mice were
derived from ES cells purchased from EUCOMM. Maltl tmla mice
were bred with mice of the FLP deleter strain (C57BL6/J back-
ground) to remove the FRT-flanked LacZ and neomycin selection
cassette and to generate the Maltl tmlic floxed allele [48]. Maltl
tmlc mice were bred with Rosa2@™S--CARPI4EISSA transeenic and
K5Cre or Kl4creER transgenic mouse strains to obtain mice with
CARD14"384 transgene-expressing, MALT1-deficient keratinocytes.
To induce expression of the CARD14"'%*# transgene, both male and
female mice of 8-9 weeks old were injected intraperitoneally with
2.5 mg tamoxifen (T-5648, Sigma-Aldrich) dissolved in corn oil
(C8267, Sigma-Aldrich). Mice were weighed, and ear thickness was
measured every other day using a G-1A dial thickness gauge (Pea-
cock, Japan) by an observer blinded to the treatments and
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genotypes. For MALT1 inhibitor treatment, mice were treated two
times per day using oral gavage with 30 mg/kg MALT1 inhibitor
(MLT-827; generously provided by Galapagos n.v., Mechelen)
dissolved in Kolliphor® HS 15 (42966, Sigma)/methylcellulose 0.5%
(AX021233, VWR chemicals) (2/98% ratio) under continuous stir-
ring and protected from light.

Genotyping

The Malt1 floxed allele or knockout allele was genotyped with the
primers MALTcKO-F (GTTTCTCAGGTCTTTAGTTCATGTC), CoML
T-3-R (TATACTCTACATCTCCATGGT), and MALTcKO-R (TTGTTT
TGCAGATCTCTGCC) resulting in 280 bp (WT), 448 bp (FL), and
345 (KO) products. Rosa26"SL-CARPIEISSA transeenes were genotyped
using the following primers: Fwd 5 AACCCTGACGTCTACACCCT 3/,
Rev 5 CACTCGGTCAGCTTGGATGT 3’ resulting in a 95 bp PCR
product.

Histology

Ears, skin, tongue, salivary gland, and esophagus were dissected
and incubated in 4% PFA in PBS at 4°C overnight, followed by
dehydration and embedding in paraffin. Sections of 5 pm were
deparaffinized followed by staining with hematoxylin and eosin.
For immunohistochemistry staining, antigen retrieval was perfor-
med by heating the slides in a citrate-based antigen unmasking
solution (H-3300, Vector Laboratories) and endogenous peroxi-
dase activity was blocked by immersing slides in 3% H,O0,.
Nonspecific binding was blocked by incubating sections in 5%
normal goat serum and 1% BSA. The following primary antibod-
ies were used: anti-GFP (2956, Cell Signaling Technology), anti-
CD45 (ab10558, Abcam), and anti-Ki67 (12202, Cell Signaling
Technology). After overnight incubation with the primary anti-
body at 4°C, the tissue sections were sequentially incubated with
a biotinylated anti-rabbit secondary Ab (E0432, Dako), followed
by incubation with Vectastain Elite ABC kit (PK-6100, Vector
Laboratories), followed by detection with diaminobenzidine chro-
mogen (InmPACT® DAB, SK-4105, Vector Laboratories) and
counterstaining with hematoxylin. Sections were mounted by use
of Entellan mounting medium (Merck Millipore). Images were
acquired with Axio Scan.Z1 slide scanner (Zeiss), and image anal-
ysis was done using Zen lite (Zeiss) software. Average epidermal
thickness was determined as the mean of at least 10 measure-
ments for each sample.

Cytokine production by lymphocytes

For CD3/CD28 stimulation, a 96-well plate was coated overnight at
4°C with 200 pl PBS containing 1 pg/ml anti-CD3 (553057, BD Bios-
ciences) and 1 pg/ml anti-CD28 (553294, BD Biosciences). Single
cell suspensions from ear-draining lymph nodes were obtained by
homogenizing the lymph node through a 70 pum cell sieve. Isolated
lymphocytes were counted, and 200,000 lymphocytes were seeded
in an anti-CD3/CD28-coated plate for in vitro restimulation. After
72 h, the medium was collected and assayed for IL-6 (171-G5007M)
and IL-17a (171-G5013M) production by Bio-Plex Pro (Bio-Rad)
according to manufacturer’s instructions on a Bio-Plex 200 system
(Bio-Rad).
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Western blotting

After sacrifice, ears or back skin were harvested and immediately
frozen and stored at —70°C. To make protein lysates, tissues were
homogenized and lyzed using Precellys 24 (Bertin technologies with
CK26 beads) in Laemmli buffer (50 mM Tris—HCI pH 8, 2% SDS,
10% glycerol). Debris was removed by two centrifugation steps at
16,000 g for 10 min. Pierce™ BCA Protein Assay Kit (23225, Thermo
Fisher Scientific) was used to determine protein concentration.
0.005% bromophenol blue and 5% pB-mercaptoethanol were added
to the samples, and equal amounts of proteins were loaded and
separated by 10% SDS-PAGE. Proteins were then transferred to
nitrocellulose membrane with 0.45 pm pores (Protran, Perkin
Elmer). The membranes were blocked in 5% milk powder in TBS/
0.2% Tween 20 (TBST) for 1 h at room temperature (RT) and
probed with specific primary antibodies in 5% milk powder in
TBST. The following antibodies were used: anti-CARD14 (10400-1-
AP, Proteintech), anti-CYLD (sc-74435, Santa Cruz), anti-BCL10
cleavage-specific (gift from Thijs Baens, Cistim Leuven vzw,
Leuven, Belgium), anti-BCL10 (sc-5273, Santa Cruz), anti-MALT1
(32494, Cell Signaling Technology), and anti-B-actin-HRP (sc-47778,
Santa Cruz). Secondary HRP-conjugated anti-mouse or anti-rabbit
IgG antibody was purchased from Thermo Fisher Scientific (31432
and 31464). Proteins were detected using the Western Lightning
ECL detection system (Perkin Elmer) according to the manufac-
turer’s instructions.

RNA extraction, cDNA synthesis, and quantitative real-time PCR

After sacrifice, ears were harvested at the base and incubated over-
night in RNA later at 4°C before long-term storage at —70°C. For
RNA extraction, ears were homogenized and lysed using Precellys
24 (Bertin technologies with CK26 beads) in TRIzol reagent (Invitro-
gen). After phenol-chloroform phase separation, RNA was isolated
using RNeasy mini kit (Qiagen). Synthesis of cDNA was performed
using an iScript Advanced cDNA synthesis kit (Bio-Rad), according
to manufacturer’s instructions. Quantitative PCR was performed
with a LightCycler 480 (Roche) using SensiFAST " SYR ® No-ROX kit
(Bioline) with a total of 10 ng of cDNA and 300 nM of specific
primers in a total volume of 10 pl. Real-time PCR reactions were
performed in triplicates. The following specific primers were used
(5'-3): Hprtl forward, AGTGTTGGATACAGGCCAGAC; Hprtl
reverse, CGTGATTCAAATCCCTGAAGT; Tbp forward, TCTACCG
TGAATCTTGGCTGTAAA; Tbp reverse, TTCTCATGATGACTGCAGC
AAA; Rpli3a forward, CCTGCTGCTCTCAAGGTT; Rpll3a reverse,
TGGTTGTCACTGCCTGGTACTT; Il17a forward, GGACTCTCCACCGC
AATGA; Il17a reverse, TCAGGCTCCCTCTTCAGGAC; I123 forward,
CCCGTATCCAGTGTGAAGATG; 1123 reverse, GGGCTATCAGGG
AGTAGAGCA; 119 (1136y) forward, TCCTGACTTTGGGGAGGTT
TT; IL1f9 (I136y) reverse, TCACGCTGACTGGGGTTACT; hCARDI14
forward, GTCAACACGGACGGTTATAAGA; hCARDI14 reverse, GT
TGACCCGGATGTAGAATGAG; S100a7a forward, TGCTCTTGGATA
GTGTGCCTC; S100a7a reverse, GCTCTGTGATGTAGTATGGCTG;
Ccl20 forward, GTACTGCTGGCTCACCTCTG; Ccl20 reverse, CTTCA
TCGGCCATCTGTCTTGTG; Cxcll forward, GAGCCTCTAACCAGTT
CCAG; Cxcll reverse, TGAGTGTGGCTATGACTTCG; Cxcl2 forward,
ACAGAAGTCATAGCCACTCTC; Cxcl2 reverse, TTAGCCTTGCCT
TTGTTCAG; Tnf forward, ACCCTGGTATGAGCCCATATAC; Tnf
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reverse, ACACCCATTCCCTTCACAGAG; Il1f forward, CACCTCA
CAAGCAGAGCACAAG; Il1B reverse, GCATTAGAAACAGTCCAGC
CCATAC; I119 forward, CTCCTGGGCATGACGTTGATT; 1119 reverse,
GCATGGCTCTCTTGATCTCGT; 1122 forward, CAGCTCCTGTCACA
TCAGCGGT; 1122 reverse, AGGTCCAGTTCCCCAATCGCCT; Il6
forward, GAGGATACCACTCCCAACAGACC; Il6 reverse, AAGTGCA
TCATCGTTGTTCATACA; S100a8 forward, AAATCACCATGCCCTCT
ACAAG; S100a8 reverse, CCCACTTTTATCACCATCGCAA; S100a9
forward, ATACTCTAGGAAGGAAGGACACC; S100a9 reverse, TCCA
TGATGTCATTTATGAGGGC; Lcn2 forward, TGGCCCTGAGTGTCA
TGTG; Lcn2 reverse CTCTTGTAGCTCATAGATGGTGC; and Sod2
forward, CAGACCTGCCTTACGACTATGG; SodZ2 reverse CTCGGTG
GCGTTGAGATTGTT. Analysis was done using gBaset+ software
(Biogazelle, Gent, Belgium). Values were normalized to the appro-
priate amount of reference genes, as determined by geNorm analysis
in the qBase software.

Flow cytometry

Ear samples were incubated overnight at 4°C with 200 pg/ml
Dispase II (from Bacillus polymerase grade 2; Roche) with the
dermal side down to facilitate isolation of cells. Next, the ear skin
was manually minced into small pieces and was further digested
with 1.5 mg/ml collagenase type 4 (Worthington Biochemical, Lake-
wood, NJ) and 10 U of DNase (Roche) in RPMI medium buffered
with HEPES and supplemented with 2% FCS. The suspension was
resuspended for 30 min and provided with fresh digestion buffer for
a total of 90 min at 37°C. After digestion, the cell suspension was
passed through 100 and 40 pm cell strainers to remove debris and
clots.

For phenotyping of immune cells in cell suspensions of ear skin,
cells were stained with CD16/CD32 (553142, BD), MHCII-eFluor 450
(# 48-5321-80, eBioscience), CD64-BV711 (Biolegend, 139311),
Siglec F-PE (BD, 552126), CD45-APC-eFluor780 (47-0451-82, eBio-
science), CD8-PerCP-Cy5.5 (45-0081, eBioscience), CD3-PE-Cy5 (55-
0031, Tonbo Biosciences), CD19-PE-Cy5 (15-0193, eBioscience),
CD11c-PE-Cy7 (117317, Biolegend), CD11b-BV605 (563015, BD),
v8-TCR-APC (17-5711, eBioscience), Ly6G-AF700 (561236, BD), and
CD4-APC-eFluor780 (47-0042, eBioscience). Dead cells were
excluded from the analysis by using fixable viability dye eFluor506
(eBioscience), and 123count eBeads (01-1234-42, Invitrogen) were
used for quantification of cells. Acquisition of multi-color samples
was done on an LSRFortessa flow cytometer (BD Bioscience). Final
analysis and graphical output were performed using FlowJo soft-
ware (Tree Star Inc.).

Statistical analysis

Results are expressed as mean + SEM. Statistical analysis between
two groups was done with GraphPad Prism 7 using a Mann-Whit-
ney U-test for unpaired data. Analysis of data from Bio-Plex analysis
was performed with GraphPad Prism 7 using two-way ANOVA to
determine significant differences. Relative body weight and ear
thickness measured at consecutive equally spaced time points were
analyzed as repeated measurements data (also called longitudinal
data) using the residual maximum likelihood (REML) as imple-
mented in Genstat v19 [49]. Briefly, a linear mixed model (random
terms underlined) of the form y = p + genotype + time +
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genotype.time + replicate + mouse.time was fitted to the longitudi-
nal data. The term mouse.time represents the residual error term
with dependent errors because the repeated measurements are
taken in the same individual, causing correlations among observa-
tions. Times of measurement were set as equally spaced, and the
autoregressive model of order 1 was selected as the best correlation
model based on the Aikake information coefficient. Significances of
genotype effects across time (i.e., genotype.time) and of pairwise
differences between genotype effects across time were assessed by
an approximate F-test, of which the denominator degrees of freedom
were calculated using algebraic derivatives as implemented in
Genstat v19.

Data availability

Plasmids were deposited in the BCCM/GeneCorner plasmid collec-
tion along with detailed descriptions of cloning strategy and plasmid
sequence (http://bcecm.belspo.be/about-us/bcem-genecorner).  All
other data are available from the authors upon reasonable requests.

Expanded View for this article is available online.
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