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SKIN INFLAMMATION

Keratinocyte-intrinsic BCL10/MALT1 activity initiates
and amplifies psoriasiform skin inflammation
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Psoriasis is a chronic inflammatory skin disease arising from poorly defined pathological cross-talk between
keratinocytes and the immune system. BCL10 (B cell lymphoma/leukemia 10) and MALT1 (mucosa-associated
lymphoid tissue lymphoma translocation protein 1) are ubiquitously expressed inflammatory signaling proteins
that can interact with the psoriasis susceptibility factor CARD14, but their functions in psoriasis are insufficiently
understood. We report that although keratinocyte-intrinsic BCL10/MALT1 deletions completely rescue inflammatory
skin pathology triggered by germline Card14 gain-of-function mutation in mice, the BCL10/MALT1 signalosome
is unexpectedly not involved in the CARD14-dependent interleukin-17 receptor (IL-17R) proximal pathway. In-
stead, it plays a more pleiotropic role by amplifying keratinocyte responses to a series of inflammatory cytokines,
including IL-17A, IL-1B, and TNF. Moreover, selective keratinocyte-intrinsic activation of BCL10/MALT1 signaling
with an artificial engager molecule is sufficient to initiate lymphocyte-mediated psoriasiform skin inflammation,
and aberrant BCL10/MALT1 activity is frequently detected in the skin of human sporadic psoriasis. Together,
these results establish that BCL10/MALT1 signalosomes can act as initiators and crucial amplifiers of psoriatic skin

to original U.S.
Government Works

inflammation and indicate a critical function for this complex in sporadic psoriasis.

INTRODUCTION

Psoriasis is a chronic inflammatory skin disease that affects 2 to 3%
of the general population (I). Debilitating skin lesions and associated
systemic comorbidities severely impair patient quality of life (2).
Histopathologically, the scaling and itching skin of patients with
psoriasis is characterized by hyperproliferative keratinocytes and
mixed inflammatory infiltrates that mainly consist of lymphocytes
and neutrophil granulocytes. Although the pathological interplay
between keratinocytes and the innate and adaptive immune systems
is known to drive pathogenesis, the underlying mechanisms have
been insufficiently defined.

In most cases, psoriasis is based on a complex genetic trait;
therefore, several genome-wide association studies (GWAS) have
been performed (3-6). These studies have revealed that a large number
of psoriasis susceptibility genes are linked to the inflammatory nuclear
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factor kB (NF-«xB) pathway (e.g., CARDI4, NFKBIA, NFKBIZ, REL,
TNFAIP3, and TNIPI) or directly to the interleukin-23 (IL-23)/T
helper 17 (Ty17) signaling axis (e.g., IL12B, IL23A, IL23R, JAK2,
STAT3, TRAF3IP2, and TYK2). Individually, most of these risk fac-
tors confer only a low risk of disease development (odds ratio < 1.5).
However, caspase recruitment domain family member 14 (CARD14)
has not only been linked to psoriasis susceptibility locus 2 (PSORS2)
by GWAS but has also been causally connected to rare forms of
familial psoriasis (7-10) and the related inflammatory skin disease
pityriasis rubra pilaris (11-13), indicating that it controls particularly
important pathways for these disorders.

CARD14 (or CARMA?2) is a proinflammatory signaling molecule
that is physiologically expressed in several cell types in the skin, in-
cluding keratinocytes (7), Langerhans cells (14), dermal yd T cells
(14), and endothelial cells (15); in the placenta (16); and gut (11). This
molecule contains an N-terminal CARD, a central coiled-coil (CC)
and linker domain, and a C-terminal membrane-associated guanylate
kinase (MAGUK) region (17). Psoriasis-associated gain-of-function
(GOF) mutations result in structural alterations within CARD14 that
disrupt intramolecular autoinhibition and lead to constitutive acti-
vation of the NF-kB pathway in vitro and in vivo (18, 19). Recently
developed knock-in mouse models that have psoriasis-associated
Card14 mutations in their germline or in keratinocytes develop
psoriasiform skin inflammation with histopathological features
of human psoriasis, demonstrating that these alterations are suffi-
cient to drive pathology (19-22). In this context, it has been demon-
strated that CARD14 acts proximally at the IL-17 receptor (IL-17R) and
links IL-17R ligation to activation of the canonical inhibitor of nuclear
factor kB (IkB) kinase (IKK)-induced NF-«kB signaling pathway via
a direct interaction with the ubiquitin ligase tumor necrosis factor
receptor—associated factor 6 (TRAF6) and the adapter protein ACT1
(21), which has been suggested to explain the pathogenic role of
CARD14-GOF alterations in inherited skin inflammation (21, 23).
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In addition to interacting with TRAF6 and ACT1, CARD14 also
binds via its CARD domain to the CARD of the adaptor molecule
BCL10 (B cell lymphoma/leukemia 10) (16-18, 24-26), which con-
stitutively interacts with the paracaspase MALT1 (mucosa-associated
lymphoid tissue lymphoma translocation 1) (17). BCL10 and MALT1
form ubiquitously expressed signalosomes, which can be activated
by a large series of upstream stimuli in different cell types (17), in-
cluding antigen receptor signals in lymphocytes; microbial signals
via pattern recognition receptors such as Dectin-1 or via receptor
tyrosine kinases; and G protein-coupled receptors in innate immune
cells and in nonhematopoietic tissues, including the skin (17). Activa-
tion of the BCL10/MALT1 signaling module triggers IKK-mediated
NF-«B signaling as well as the p38 and c-Jun N-terminal kinase
(JNK) cascades (17). In addition, MALT1 functions as a cysteine pro-
tease that can cleave an array of inflammatory regulators to provide
an additional layer of context-specific gene expression control (17).
Although psoriasis-associated CARD14-GOF variants can consti-
tutively assemble and activate the BCLI0/MALT1 module (18, 19),
the molecular and cellular functions of this signalosome in the com-
plex pathogenesis of psoriasis are insufficiently defined.

To explore the roles of BCL10 and MALT1 in inflammatory
skin disease, we engineered a series of conditional mouse mutants
to specifically activate, inactivate, or attenuate BCLI0/MALT]1
signaling in keratinocytes in vivo. We report that although
keratinocyte-intrinsic BCLI0/MALT1 complexes are absolutely
critical for skin inflammation triggered by germline Card14-GOF
mutations, the BCL10/MALT1 complex is unexpectedly not in-
volved in IL-17R proximal events. Instead, it amplifies keratinocyte
responses to multiple proinflammatory cytokines. In addition,
keratinocyte-intrinsic activation of BCL10/MALT1 signaling alone
is sufficient to drive psoriasiform skin inflammation in vivo, and
altered BCL10/MALT1 signaling is frequently detected in human
sporadic psoriasis.

RESULTS

Keratinocyte-intrinsic BCL10/MALT1 signaling mediates
Card144F"*8 and chemically induced skin inflammation
Knock-in mice with a psoriasis-associated germline mutation in the
Card14 locus spontaneously develop chronic skin inflammation
with features of human psoriasis (19-21). Because CARD14 is ex-
pressed in several cell types (7, 11, 14, 15), we first explored the
keratinocyte-intrinsic functions of BCL10 and MALT1 in Card14*F'%
mice by crossing these animals to mice that harbor homozygous
conditional Bcl10 (27) or Malt1 (27) alleles and a keratinocyte-specific
Cre driven by the Keratinl4 promoter (Bcll 0XCKO and Malt1 C'KO)
(28). Compound mutant mice harbor a Card14°E1%8 GOF allele in
all cell types and keratinocyte-specific deletions of either the Bcl10
(Card14°E1%; B 108 KO) (Fig. 1A) or Malt1 locus (Card14°E" ¥ Malt1¥CKO),
Keratinocyte-specific deletion of either Bcl10 or Maltl completely
rescued the chronic skin inflammation driven by Card14**'%, as
Card14**%%Bc110%“%° and Card14*F"3%;Malt1°“*© mice displayed
no macroscopic signs of inflammation (fig. S1, A and B), and the
characteristic ear thickening of Card14“*"* animals was also absent
(Fig. 1, B and C). The histological analysis of Card14***® mice showed
in the presence of BCL10 and MALT1 an acanthotic epidermis with fo-
cal hypogranulosis and mounds of parakeratosis housing neutrophils,
dilated capillaries, and a perivascular infiltrate with lymphocytes and
neutrophils characteristic of psoriasiform skin inflammation. All these
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pathological features were completely absent in the skin of Card14*5"%;
Bcl105K0 and Card 14133 Malt 15¢%O animals (Fig. 1,DandE).

Flow cytometric analysis confirmed the increased numbers of
skin-infiltrating neutrophil granulocytes and o T cells, including
those expressing IL-17A, in Card14*%* mice, whereas y8 T cell counts
were normal. These pathological infiltrates were also not detected
upon keratinocyte-intrinsic Bcl10 or Malt1 deletion (Fig. 1, F to K,
and fig. S1, C to F). In addition, the IL-17 target genes CxclI, Csf2,
$100a8, Len2, and Tnfwere elevated in the skin of Card14***® mice but
not in the skin of Card14**%;Bcl10°“*© and Card14**"*%;Malt1*©
animals (fig. S1, G to P). Together, these results establish, at the ge-
netic level, that keratinocyte-intrinsic activation of BCL10/MALT1
signaling is absolutely critical for psoriasiform skin inflammation
triggered by a germline Card14-GOF mutation.

To study the role of keratinocyte-intrinsic BCL10/MALT1 signalo-
somes in an alternative and well-established murine model of psoriasis,
we next used Bcl105“¥° mice and treated them with the imiquimod-
containing cream Aldara (29). Imiquimod is a Toll-like receptor 7/9
(TLR7/9) agonist that induces IL-17A-dependent psoriasis-like skin
inflammation (29). The daily topical application of imiquimod to
the back and ears of wild-type mice led, as expected, to strong skin
inflammation with local swelling (Fig. 1, L and M), the infiltration
of neutrophils as well as o T cells and IL-17 A-expressing o8 T cells
(Fig. 1, N to P), and the expression of various cytokines and chemo-
kines, such as Cxcll, Len2, S100a8, and S100a9 (Fig. 1, Q to T), as
previously described (29). In the absence of keratinocyte-intrinsic
BCLI10, this inflammatory response was significantly reduced but
did not abate the signal completely (Fig. 1, L to T).

BCL10/MALT1 activation in keratinocytes drives
psoriasiform skin inflammation
After establishing a keratinocyte-intrinsic requirement of BCL10/
MALTT1 signaling complexes in genetic and chemically induced
skin inflammation, we next were interested in whether selectively
enforced activation of BCL10/MALT]I signaling only within kerati-
nocytes would be sufficient to trigger pathology. To explore this
question in the absence of CARD14-GOF, which could have addi-
tional effects, such as in the IL-17R proximal pathway (21), we en-
gineered an experimental BCL10/MALT1 engager molecule based
on the protein CARD11, which is normally mostly expressed in
lymphocytes in addition to mast cells and in the skin (17, 30, 31). To
create a constitutively active form of CARD11, we deleted the auto-
inhibitory CARD-MAGUK linker domain (32) and termed this
BCL10/MALTI activator CARD114%"¥", To engage BCL10/MALT1
signalosomes in a cell-type specific manner in vivo, we next intro-
duced Card11°¥"" cDNA together with green fluorescent protein
(GFP) cDNA, preceded by a loxP-flanked STOP cassette, in the ubiq-
uitously expressed Rosa26 locus (fig. S2, A and B). For keratinocyte-
specific expression, we crossed these animals with K14Cre mice
(Fig. 2A for schematic). In the offspring (Card11°""™ K¢ mice), we
detected keratinocyte-intrinsic expression of CARD114M™" (fig. $2C).
All Card1 1M K€ mice developed an inflammatory skin disorder
characterized by scaling, thickening, and redness of the ears with
100% penetrance (Fig. 2B). Keratinocytes isolated from Card1 141 KC
mice exhibited increased NF-kB activity (Fig. 2C) and cell-autonomous
inflammatory gene expression without exogenous stimulation (Fi§. 2D).
Crosses of Card11*"™KC mice to Bcl10°°° or Malt1*“*” mice
completely rescued the phenotype (Fig. 2E), demonstrating that the
keratinocyte-intrinsic activation of BCL1I0/MALT1 signaling was
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Fig. 1. Keratinocyte-intrinsic BCL10/
MALT1 signaling mediates mutant
CARD14-triggered and chemically
induced skin inflammation. (A) Sche-
matics of mice with activating germline
mutation in the murine Card14 gene
without (Card14°€"%,8¢/10°“"ET) or with
keratinocyte-intrinsic deletion of Bc/10
(Card14“€73,Bc110¥¥9). (B and C) Ear
thickness of K14Cre (B) Card14£"3;
Bcl10"“ET, Card 14°€7%8,B¢110"“*©, and
Bcl10°“*% and (C) Card 14*5™E:Malt 1 HET,
Card14°€"3:Malt1““*, and Malt1"¢*0
mice. n.s., not significant. (D and E) Rep-
resentative histological sections show-
ing acanthotic epidermis with focal
hypogranulosis and mounds of para-
keratosis housing neutrophils, a few
mitoses in the basal epidermis, dilated
capillaries and perivascular infiltrates
with lymphocytes and neutrophils in
the ears of (D, middle) Card14€"3%;
Bcl10¥“HET and (€, middle) Card 14°€7%%;
Malt1*HET mice. No skin alterations were
observed in (D, bottom) Card14%€%;
Bcl10¥“*© and (E, bottom) Card 14€73;
Malt1¥*© mice and (DandE, top) K14Cre
littermate controls. (F and G) Quantifi-
cation by flow cytometry of Ly6G*
CD11b" neutrophil granulocytes from
the ears of K14Cre (F) Card 14473,
Bcl10"“"T and Card 14°638,8c/10¢“*% and
G) Card 145 Malt 1M and Card 14%5;
Malt1“*© mice. (H and 1) Quantification
by flow cytometry of TCRy-TCRB" af
T cells from the ears of K14Cre (H)
Card14°638:Bc/10°“ M and Card14°€1%%,
Bcl10“* and (1) Card 14638 Malt 1KCHET
and Card14AE’38;IVlaIt7KC'KO mice. (J and
K) Quantification by flow cytometry of
IL-17A* TCRy—TCRB* aB T cells from the
ears of K14Cre (J) Card14°E738:Bc110/CHET
and Card 145" 8¢/10°“* and (K) Card 14°6'%:
Malt1““MET and Card14%€"38:Malt14¢*O
mice. (L and M) Back and ear skin
thickness of K14Cre and Bcl10°“*° mice
before and after 5 days of imiquimod
treatment. (N) Quantification by flow
cytometry of Ly6G*CD11b* neutrophil
granulocytes from the backs and ears of
K14Cre and Bcl10¥°* mice after 5 days
of imiquimod or sham treatment. (O and
P) Quantification by flow cytometry
of (O) TCRy—TCRB* ap T cells and (P)
IL-17A* TCRy-TCRB" aB T cells from
the ears of K14Cre and Bcl10¥“*° mice
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after 5 days of imiquimod or sham treatment. (Q) Relative mRNA expression in the back and ears of K14Cre and Bcl10¥¢© mice after 5 days of imiquimod or sham treatment.
(Rto T) Relative mRNA expression in the ears of K14Cre and Bcl10C mice after 5 days of imiquimod or sham treatment. Each data point represents (B, C, F to M, O, P, and
R to T) a single mouse or (N and Q) a treated organ (back or ear) of a mouse. Means + SD. Data are (F to K) representative of or (L to T) pooled from n =2 independent
experiments. (B, C, F to K, and N to T) Ordinary one-way analysis of variance (ANOVA) with Tukey’s post hoc test or (L and M) two-way ANOVA with Sidak’s post hoc test.

Scale bars, 200 um.
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Fig. 2. BCL10/MALT1 activation in keratinocytes drives psoriasiform skin inflammation. (A) Schematics of mice with conditional expression of Card1144™¢" cDNA from
the Rosa26 locus. In keratinocytes, where the K14 promoter drives Cre expression, Cre-mediated excision of the STOP cassette results in Card1 pALinker expression and thereby
activation of keratinocyte BCL10/MALT1 complexes. (B) Representative image of the ears of Card1 jALinkerKC e, (C) NF-kB luciferase reporter assay in keratinocytes isolated
from Card 171457 C mice and K14Cre littermate controls that were cultured and transfected with NF-xB and control luciferase reporter plasmids. A.U., arbitrary units.
(D) Relative mRNA expression in keratinocytes isolated from Card1 jALinkerKC ice and K14Cre littermate controls. (E) Ear thickness of Card1 12LPkerKC carg 1 jALinkerKC.p 7 gKC-KO
and Card1 IALi"ke"KC;MaIrIKC'KO mice and K74Cre littermate controls. (F) Representative histological sections (left, bottom) showing acanthotic epidermis with hypogranu-
losis and slight hypokeratosis, basal mitoses in the epidermis, and perivascular infiltrate with lymphocytes and neutrophils in the ears of Card 1714t C mice. (Left, top)
No skin lesions were observed in K14Cre littermates. Representative histological sections from the ears of (right, top) Card1 IA”"ke"KC;BcI70KC'KO and (right, bottom)
Card1 14t KCpalt 1¥KO mice showing the absence of epidermal thickening and inflammatory infiltrates. (G) Baker’s psoriasis histology scores based on the examination
of the ears of Card1 145" C mice and K14Cre littermate controls. Each data point represents a single mouse (C to E and G). Means + SD. Data are representative of n = 2
(C and D) independent experiments. (E) Ordinary one-way ANOVA with Tukey’s post hoc test or (C and D) Student’s t test. Scale bars, 200 um.

responsible for driving this disease. Histopathological analysis of  (fig. S3, B and C). In particular, IL-17A-producing off T cells were
Card1 145" KC mice demonstrated acanthosis, lymphocytic and  expanded (Fig. 3C), whereas the numbers of IL-17A" v3 T cells were
neutrophil granulocytic infiltration, and increased vascularization, not increased (fig. S3D). Moreover, mRNA expression analyses of
which are classical characteristics of psoriasis (Fig. 2, F and G).  the inflamed skin tissue revealed the up-regulation of Il17a transcripts
Quantification of the histological signs observed in K14Cre;Card11*""*" (Fig. 3D), whereas the expression of the Ty;1 and Ty2 signature cyto-
mice using the psoriasis histology score developed by Baker et al.  kines Ifng and Il4 was not increased in Card11*M"KC animals
(33) confirmed the resemblance to psoriatic lesions (Fig. 2F), which  (Fig. 3, E and F). We also found increased expression of Ccl20 (Fig. 3G),
were completely absent in animals lacking either keratinocyte BCL10  a major chemokine attracting CCR6" and IL-17A-expressing T cells
or MALT1 (Fig. 2G). (34), which might explain their high numbers in the skin. In line

Similar to patients with psoriasis, Card114""* "€ animals showed ~ with enhanced IL-17A-mediated pathology, the IL-17 target genes
increased numbers of neutrophil granulocytes in the skin (Fig. 3A  CxclI and Cxcl5 as well as Csf2 were also up-regulated in the inflamed
and fig. $3A) and af T cells (Fig. 3B and fig. $3B), whereas dermal  skins of Card11**" X mice (Fig. 3H), which likely explains the high
v8 T cell counts were comparable with those in control littermates numbers of infiltrating granulocytes. Additional IL-17 target genes,
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(fig. S3, E and F). Furthermore, treat- 8 o 2 o

ment of Card1 11" K€ animals with

anti-IL-17A significantly decreased

the skin thickness (Fig. 3I) and reduced neutrophil granulocyte
numbers to wild-type levels (Fig. 3]). Thus, keratinocyte-intrinsic
activation of the BCL10/MALTI signalosome by CARD1144nker
drives Ty17-dominated psoriasiform skin inflammation with key
characteristics of human psoriasis.

Enforced BCL10/MALT1 signaling in keratinocytes triggers
lymphocyte-mediated pathology

To understand the mechanisms of keratinocyte-intrinsic CARD11
BCL10/MALT1-induced skin inflammation and to specifically ex-
plore the role of lymphocytes in this pathology, we next crossed
Card11°M"*™KC mice with Rag2-deficient animals that lack T and
B cells (35). Although Card11*""*XC;Rag2™~ mice showed increased
epidermal thickening and keratinization (Fig. 4A) with an up-regulation
of the keratinocyte activation and proliferation markers Krt6 and
Krt16 (Fig. 4B) (36, 37), expression of the Ty17 target genes Cxcll,
Cxcl5, Csf2, Len2, and Tnf was, in contrast to Cardl 1°F™ K¢ mice,
not increased in Card117""**KC;Rae2™~ animals (Fig. 4C). More-
over, although some ear swelling was detectable, most likely because
of epidermal changes, their ear thickness was greatly reduced in

ALinker /
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comparison with that of Card]l ALinker-KC ice (Fig. 4D), and the
strong neutrophilic infiltration seen in the skin of Card114ker-K¢
mice was not observed in Card1 11K, Rag2™/~ animals (Fig. 4E).
Thus, although keratinocyte-intrinsic CARD114M™ signaling can
drive keratinocyte activation and hyperkeratosis, the presence of
lymphocytes is necessary to induce full psoriasiform pathology.

BCL10/MALT1 signaling in keratinocytes amplifies
secondary cytokine circuits

In psoriasis, lymphocyte-derived cytokines can stimulate keratinocytes,
which then amplify inflammation (38). To test the keratinocyte-intrinsic
roles of BCL10 and MALT1 in secondary cytokine-induced keratino-
cyte responses, we isolated keratinocytes from Bcl10™~ (39) or
Malt1™~ mice (40) and stimulated them with psoriasis-related and
lymphocyte-derived factors IL-17A, IL-1B, or tumor necrosis factor
(TNF) (Fig. 5A for schematic). In the absence of BCL10, IL-17A, IL-1,
and TNF were unable to induce the regular expression of their target
genes Tnf, Cxcl5, and Csf2 (Fig. 5, B to E). Likewise, Malt1-deficient
keratinocytes (40) were also substantially impaired in inducing Tnf,
Cxcl5, and Csf2 expressions upon IL-17A or IL-1B stimulation
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(Fig. 5, F to I). In contrast, Cardl ALinker-KC keratinocytes with
activated BCL10/MALT1 signaling exhibited substantial increases
in the levels of Tnf, Cxcl5, and Csf2 production in response to
IL-17A or IL-1P stimulation (fig. S4, A to C). Thus, although the
enforced activation of the BCL10/MALT1 signalosome in keratinocytes
can amplify inflammatory responses to several cytokines, the pres-
ence of endogenous BCL10 and MALT1 is essential for the normal
keratinocyte response to IL-17A and IL-1p or TNEF. This effect is not

due to altered cytokine receptor expression because Bcll10-deficient
keratinocytes had normal Il17ra, Tnfrsfl, and Il1r expression (fig.
$4, D to F) and the surface expression of the IL-17R was also unaltered
(fig. S4G). Furthermore, Bcl10- or Maltl-deficient keratinocytes
were not completely unresponsive to exogenous stimuli, as the
IL-17A-, IL-1B-, and TNF-induced expression of Nfkbiz (encod-
ing IkBC), which is a gene also linked to psoriasis pathogenesis
(41, 42), was unaffected in the absence of BCL10 or MALT1 signaling
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Fig. 4. Enforced BCL10/MALT1 signaling in keratinocytes
D p E B triggers a lymphocyte-mediated pathology. (A) Representa-
- < 0.0001 P =0.0011 . R . . . . R L
c 1 Q 4 tive histological section showing acanthotic epidermis with
e 08 u] 516" o hyperkeratosis but no neutrophil granulocyte infiltration in the
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(fig. S4, H and I). The regulatory function of the BCL10/MALT1
signalosome in keratinocytes appears to be conserved between mice
and humans, as the small interfering RNA (siRNA)-mediated
knockdown of BCL10 or CARDI14 in primary human keratinocytes
also decreased IL-17A-induced TNF, CXCL5, and CSF2 expressions
(Fig. 5, ] to M).

BCL10/MALT1 signalosomes in keratinocytes release specific
negative regulators of inflammation

Because CARD14 signals together with ACT1 and TRAF6 to IL-17R-
induced canonical NF-xB activation (21), we next explored whether
BCL10 and MALT]1 are also involved in the IL-17R proximal path-
way. Unexpectedly, although BCL10 and MALT1 were essential for
IL-17A-induced cytokine production (Fig. 5, B to I), both proteins
were completely dispensable for IL-17A-induced IKK activation, for
subsequent IkBa phosphorylation and for NF-«xB p65 phosphoryla-
tion (Fig. 6, A and B). In addition, we also observed normal IL-17A-
induced p38 and JNK kinase activation in Bcl10- and Malt1-deficient
keratinocytes (Fig. 6, A and B). Likewise, although the BCL10/MALT1
complex controlled IL-18- and TNF-induced cytokine responses in
keratinocytes (Fig. 5, B to I), BCL10 was dispensable for IL-1B- and
TNEF-induced IKK activation, IkBo phosphorylation and NF-xB
p65 phosphorylation, as well as p38 and JNK activation (Fig. 6, C
and D). Thus, the BCL10/MALT]1 signalosome is not involved in
IL-17R-, IL-1R~, or TNF receptor-induced proximal events that lead
to canonical NF-kB, JNK, or p38 activation.

To define the specific roles of BCL10 in keratinocyte responses,
we next performed RNA sequencing (RNA-seq) analysis of Bcl10-
proficient and Bcl10-deficient keratinocytes after IL-17A stimula-
tion. First, we created an IL-17A response gene signature using a list
of genes that are up-regulated by IL-17A stimulation of normal human
keratinocytes (43), which we termed IL17_NHEK. As expected, IL-17A
stimulation induced significant enrichment of this IL17_NHEK sig-
nature in both Bcl10”~ and Bcl10™~ murine keratinocytes, as shown
by gene set enrichment analysis (GSEA) (Fig. 6E and fig. S5A).
However, direct comparison of Bcl10"~ and Bcl10™~ keratinocytes
demonstrated a stronger enrichment of IL17_NHEK in Bcl10 com-
petent keratinocytes than in Bcl10-deficient cells (Fig. 6F and fig. S5B),
demonstrating that BCL10 is required for full expression of the
keratinocyte IL-17 response.

Because BCL10/MALT1 complexes can, in principle, amplify
signals from inflammatory pathways by inactivating the negative
inflammatory regulators A20 (44) and CYLD (45) in multiple cell
types, we next studied the proteolytic processing of these MALT1
substrates in primary murine keratinocytes. In line with published
data (46), we observed constitutive processing of both A20 and
CYLD in wild-type keratinocytes, as demonstrated by faster-
migrating specific bands in Western blots (Fig. 6, G and H). Al-
though A20 and CYLD processing was not further enhanced by
IL-17A stimulation, it was absent in Bcl10- and Malt1-deficient ke-
ratinocytes (Fig. 6, G and H), indicating that A20 and CYLD pro-
cessing was mediated by MALT1 protease activity. Consistent with
this hypothesis, enforced activation of BCL10/MALT1 signaling in
Card11°""rKC keratinocytes enhanced A20 and CYLD cleavage
(Fig. 6I). Furthermore, we also detected MALT1-mediated, consti-
tutive proteolytic processing of the MALT1 substrate RelB (47) (fig.
S5C). Regnase-1 is an additional MALT1 substrate in lymphocytes
(48). IL-17A stimulation of Bcll 07" and Malt1™/~ keratinocytes in-
duced normal degradation of Regnase-1 (Fig. 6, ] and K), which was

Kurgyis et al., Sci. Immunol. 6, eabi4425 (2021) 26 November 2021

previously demonstrated to be induced by IKK-mediated Regnase-1
phosphorylation (49). Moreover, the absence of keratinocyte BCL10/
MALTI complexes allowed regular induction of the IL-17A target
gene Nfkbiz (fig. S4, D and E), further indicating that the BCL10/
MALTI complex controls only selective keratinocyte responses
to cytokines.

To directly evaluate whether the failure to inactivate negative reg-
ulators of inflammation underlies the decreased cytokine produc-
tion in Bcl10- or MaltI-deficient keratinocytes, we next inactivated
the stabilized A20 in Bcl10” keratinocytes using RNA interference
(Fig. 7A). siRNA-mediated A20 inactivation allowed normal IL-
17A-induced Cxcl5 and Csf2 expression in Bcl10-deficient keratino-
cytes and increased the expression of Tnf (Fig. 7, B to D). This effect
was however not due to altered expression of Il17ra and Traf3ip2
(encoding for ACT1) because their expression was not altered by the
presence of BCL10 or A20 (fig. S6, A and B). Furthermore, not all
IL-17A responses were affected, as BCL10-independent induction of
Nfkbiz was not increased upon A20 siRNA treatment (Fig. 7E).

Next, we used keratinocytes from an additional knock-in mouse
line that harbors a point mutation in the MALT1 catalytic domain
(Malt1 paracaspase-mutant or Malt1™™ mice), in which the MALT1
protein is expressed from the endogenous MaltI locus at normal
levels and is able to assemble into BCL10/MALT1 complexes but is
specifically im};aired in its proteolytic functioning (50). Keratino-
cytes from Malt1™~ mice showed severely diminished up-regulation
of Tnf, Cxcl5, and Csf2 upon IL-17A stimulation (Fig. 7, F to H),
demonstrating on a genetic level that the proteolytic function of
MALT1 is key for the keratinocyte inflammatory response.

To explore the role of the MALT1 protease in the increased cytokine
responses in keratinocytes with activated BCL10/MALT1 signaling,
we then pharmacologically inhibited the MALT1 proteolytic function
in Card1 134"k KC keratinocytes with mepazine (51, 52). Mepazine
treatment led to diminished IL-17A-induced Tnf, Cxcl5, and Csf2
expressions but did not interfere with the up-regulation of Nfkbiz
(fig. S6, C to F). A comparable effect was observed in mepazine-
treated Card144E1%® keratinocytes (fig. S6, G to J). Last, to study the
keratinocyte-intrinsic functions of the MALT1 protease in skin inflam-
mation in vivo, we engineered mice that expressed protease-mutated
MALT1 together with CARD114M"ker on%y in keratinocytes but not
in other cell types (Card1 141" "KC; ppa]t1"MKC mice). Keratinocyte-
intrinsic MALT] protease inactivation stronglg attenuated psoriasiform
skin inflammation, as Card1 1" K€, Mqlt 1" mice exhibited sig-
nificantly reduced ear swelling (Fig. 71), local inflammatory cytokine
production (Fig. 7]), and neutrophil infiltration (Fig. 7K).

Keratinocyte BCL10/MALT1 signalosomes are active

in sporadic psoriasis

Overall, our analysis in clean genetic mouse models established es-
sential keratinocyte-intrinsic functions of BCL10/MALT1 signal-
ing in inflammatory responses beyond putative selective effects of
inherited CARD14-GOF alterations in the IL-17R proximal pathway.
Because these BCL10/MALT1-mediated functions are required for the
amplification of multiple inflammatory signals and sufficient to drive
psoriasiform skin inflammation, we speculated that keratinocyte
BCL10/MALT]1 signaling could also play a broader role in human
sporadic psoriasis. To explore this hypothesis in primary human
psoriasis skin specimens, we first established a transcriptomic sig-
nature of BCL10/MALT1 activation (Fig. 8A). To this end, we
performed RNA-seq in murine keratinocytes with genetically enforced
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Fig. 5. BCL10/MALT1 signaling in keratinocytes amplifies secondary cytokine circuits. (A) Keratinocytes were isolated from newborn Bc/70”~ and Bcl10™" mice,
cultured and stimulated with the indicated cytokine for 5 hours. (B to I) (B to D and F to H) Relative mRNA expression and (E and 1) cytokine secretion in keratinocytes
isolated from (B to E) Bc/10™~ and Bcl10™" (F to 1) or Malt1*'~ and Malt1~~ mice and stimulated for 5 hours with the indicated cytokines. (J) Western blotting of normal
human epidermal keratinocytes treated with siRNAs against BCL10 or GFP for 72 hours (GFP served as a control). (K) Relative mRNA expression in normal human epidermal
keratinocytes treated with siRNAs against BCL10 or GFP for 72 hours and stimulated with IL-17A for 5 hours. (L and M) Relative mRNA expression in normal human epidermal
keratinocytes treated with siRNAs against CARD14 or GAPDH for 72 hours and stimulated with IL-17A for 5 hours (GAPDH served as a control). (B to ) Each data point
represents a single mouse. Means + SD. Two-way ANOVA with Sidak’s post hoc test. (B to |, L, and M) The data are representative of n =2 independent experiments. (J and K) Data
are representative of n =3 independent experiments.
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Fig. 6. BCL10/MALT1 signalosomes
in keratinocytes inhibit specific
negative regulators of inflam-
mation. (A to D and G to K) Western
blotting of keratinocytes isolated
from (A, C, D, G, and J) Bcl10"~
and Bcl107~, (B, H, and K) Malt1*~
and Malt1™" or () K14Cre and
Card112 ¢ mice and stimulated
with (A and B and G to K) IL-17A,
() IL-1B, or (D) TNF for the indicated
time points. (E and F) Keratinocytes
were isolated from Bcl10"~ (n=2)
and Bcl10™~ (n = 3) mice and left
unstimulated or stimulated for
5 hours with IL-17A. (E) Gene set en-
richment analysis of the NHEK_IL17
gene set in unstimulated versus
IL17A-stimulated, (left) Bc/10%~
and (right) Bel107~ keratinocytes
(F) as well as in Bc/10*~ versus
Bcl107~ keratinocytes. The NHEK_IL17
gene set consists of genes up-
regulated upon IL-17A stimulation
in normal human keratinocytes (43).
(AtoDand GtoK) Data are represent-
ative of n =3 independent experi-
ments. FL, full length; CL, cleaved.
* indicates nonspecific bands.

(CARD11*M"*"_driven)
BCL10/MALT1 activity and
in wild-type keratinocytes.
We termed the set of 293
significantly up-regulated
genes [log, fold change > 1.5
and false discovery rate
(FDR) < 0.05] that were in-
duced by BCL10/MALT1 ac-
tivity BM_activation_KC_UP
(Fig. 8A). Using this signa-
ture for single sample GSEA
on ca. 800 human cell lines
(fig. S7, A to C), we found that
although Bcl10 itself was not
part of the 293 genes defining
BM_activation_KC_UP, BCL10
expression positively cor-
related with BM_activation_
KC_UP in this large dataset.
Therefore, we first analyzed
BCL10 mRNA expression in
three independent transcrip-
tomic datasets from human

psoriatic lesional skin and healthy donor skin (Fig. 8B). We detected
significantly higher BCL10 expression in psoriatic skin than in healthy
skin in all three datasets (Fig. 8C). Moreover, upon comparing
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transcriptomes from paired lesional and nonlesional skin samples of
patients with sporadic psoriasis in three additional datasets (Fig. 8D),
BCL10 gene expression was significantly higher in the lesional than
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Fig. 7. MALT1 paracaspase facilitates keratinocyte inflammatory responses by cleaving negative regulators and thus controls the magnitude of keratinocyte
cytokine responses. (A) Western blotting of keratinocytes isolated from Bc/10*~ and Bc/10™~ mice and treated with siRNAs against A20 or GFP for 72 hours (GFP served
as a control).(B to E) Relative mRNA expression in keratinocytes isolated from Bcl10*~ and Bcl10™”~ mice and treated with siRNAs against A20 or GFP for 72 hours and
stimulated with IL-17A for 5 hours. (F to H) Relative mRNA expression in keratinocytes isolated from Malt1*’~ and Malt1™~ mice and stimulated for 5 hours with IL-17A.
(1and J) (1) Ear thickness and (J) relative mRNA expression in the ears of Card1 144 C.p1ait 1CHET and Card 11247 K Malt 1PMKC mice. (K) Quantification by flow cytome-
try of Ly6G* CD11b* neutrophil granulocytes from the ears of Card 112t C.\1a/t1*HET and Card 1121 KCpait1PMKC mice. Each data point represents a single mouse.
Means + SD. (A to H, J, and K) Data are representative of n =2 independent experiments. (B to H) Two-way ANOVA with Sidak’s post hoc test or (I to K) Student’s ¢ test.

in the nonlesional skin (Fig. 8E). Next, we studied BCL10 protein
expression in a series of skin samples from patients with sporadic
psoriasis using immunohistochemistry. BCL10 protein expression was
significantly increased in lesional epidermal keratinocytes compared
with paired nonlesional epidermal keratinocytes (Fig. 8, F and G).
Moreover, we also found significantly increased MALT1 expression
in psoriatic skin compared with healthy control skin (fig. S8A), as
well as in psoriatic lesional skin compared with the paired nonlesional
skin of patients with sporadic psoriasis (fig. S8B). Encouraged by
these results, we next performed GSEA with the BM_activation_KC_UP
gene signature in human sporadic psoriasis. A significant positive
enrichment of BM_activation_KC_UP was observed in psoriatic
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lesional skin in comparison with healthy donor skin in the investi-
gated datasets (Fig. 8H).

Functional annotation of the 293 target genes of enforced BCL10/
MALT1 signaling in keratinocytes (Fig. 8A) revealed a significant
positive enrichment (FDR < 0.1) of nine KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways, which included TNF, TLR, and
chemokine signaling pathways, as well as molecular pathways
induced by various viruses (table S1). Eight of these nine BCL10/
MALT1-triggered KEGG signatures were previously established as
bona fide characteristics of human psoriatic skin lesions (Fig. 8I)
(53). Conversely, GSEA with the significantly enriched KEGG path-
ways in human lesional psoriatic skin (53) revealed that 10 of the
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Fig. 8. Keratinocyte BCL10/
MALT1 signalosomes are
active in sporadic human pso-
riasis. (A) Keratinocytes were
isolated from newborn K74Cre
and Card1 1257 *C mjce, cultured
and stimulated with IL-17A for
5 hours. RNA-seq analysis re-
vealed that 293 genes were sig-
nificantly (log; fold change > 1.5
and FDR < 0.05) up-regulated
upon BCL10/MALTT activation.
These genes were used to de-
fine the BM_activation_KC_UP
gene set. wt, wild type. (B and
C) Three transcriptomic data-
sets of psoriatic lesional skin
and healthy donor skin were
retrieved from the Gene Expres-
sion Omnibus and analyzed for
BCL10expression. (D and E) Two
transcriptomic datasets of le-
sional and paired nonlesional
skin of patients with sporadic
psoriasis were retrieved from
the Gene Expression Omnibus
and analyzed for BCL10 expres-
sion. (F) Representative immu-
nohistochemical staining of
BCL10in (bottom) lesional and
(top) paired nonlesional skin of a
patient with sporadic psoriasis.
Scale bars, 100um. (G) Quantifica-
tion of BCL10 protein expression
in lesional and paired non-
lesional skin of patients with
sporadic psoriasis. (H) Enrich-
ment plot of the BM activation_
KC_UP gene set in psoriatic
lesional skin versus healthy
donor skin. Transcriptomic data-
sets of psoriatic lesional skin
and healthy donor skin were
retrieved from the Gene Expres-
sion Omnibus. (I) KEGG path-
ways significantly enriched in
differentially expressed genes
(up-regulated) upon BCL10/
MALT1 signaling in keratino-
cytesisolated from Card 7 14Lker*C
mice compared with K14Cre
littermates. The adjusted sig-
nificance of enrichment was
calculated using the DAVID
online tool. KEGG pathways with
black bars are significantly en-
riched in psoriatic lesional versus
nonlesional skin (53). (J) KEGG
pathways enriched in human
psoriatic lesional versus non-
lesional skin (53) are also en-

riched in keratinocytes isolated from Card1
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12 pathways with murine counterparts were also enriched upon en-
forced BCL10/MALTT signaling in murine CARD114™*"_expressing
keratinocytes (Fig. 8K). Together, these results provide the first in-
dications of aberrant BCL10/MALT1 signaling in lesional keratino-
cytes from sporadic human patients with psoriasis.

DISCUSSION

Activating CARDI4 mutations are found in rare cases of patients
with familial psoriasis and pityriasis rubra pilaris (7, 9-11), and re-
spective mutations in the mouse germline (19-21) or in keratinocytes
(22) are sufficient to drive psoriasiform skin inflammation in vivo
with characteristics of the human disease psoriasis. By conditionally
deleting Bcl10 or MaltI only in keratinocytes in germline mutant
mice that harbor pathogenic Card14**"** mutation in all cell types,
we unequivocally demonstrate that the keratinocyte-intrinsic func-
tion of the BCL10/MALT1 complex is absolutely essential to drive
CARD14-GOF-induced skin inflammation. Thus, aberrant signaling
in other putatively CARD14-expressing cell types—such as Langerhans
cells, dermal Y8 T cells, or dermal endothelial cells—is largely negli-
gible for the pathogenesis of this severe inherited disorder.

Because CARD14 can signal together with TRAF6 and ACT1 in
the IL-17R proximal pathway (21), disease-associated CARD14 vari-
ants have been considered a pathophysiological link between pso-
riatic IL-17A stimulation and inflammatory IKK-mediated NF-kB
activation (17, 21, 23). We now provide the first molecular evidence
that BCL10 and MALTI, in contrast to CARD14 (21), are not in-
volved in the IL-17R proximal TRAF6/ACT1 cascade because IL-17A
stimulation of primary Bcl10- or Malt1-deficient keratinocytes trig-
gers regular IKK activation and normal IkBa phosphorylation and
degradation. Likewise, IL-17A-induced mitogen-activated protein
kinase (MAPK) signaling, which is defective in Card14 ™~ keratinocytes
(21), is also intact in Bcll 07" or Malt1™”~ keratinocytes. In contrast,
our study reveals a much more pleiotropic role for BCL10/MALT1
complexes in keratinocyte inflammatory signaling, as these com-
plexes strongly amplify pathophysiological outputs from a series of
psoriasis-relevant cytokines, including not only IL-17A but also
IL-1B and TNF, and potentially others by releasing A20 and CYLD
inhibition, presumably in the proximity of cytokine-activated in-
flammatory signalosomes. Consistent with this model, the blunted
inflammatory responses in Bcl10-deficient keratinocytes could be
restored by inactivating A20. A20 and CYLD have previously been
established as bona fide MALT1 proteolytic targets (44, 45), and A20
and its interacting protein TNIP1 (also known as ABIN1) (3) as well
as CYLD are also located within genetic loci associated with psoriasis
susceptibility (54). Moreover, epidermal loss of A20 or TNIP1 facil-
itates psoriasiform inflammation in mice (55, 56) even in the ab-
sence of CARD14 mutations.

In addition to demonstrating an intrinsic requirement of BCL10/
MALT]1 signaling and protease activity for keratinocyte inflamma-
tory responses, we also provide conclusive genetic evidence that the
selective keratinocyte-intrinsic enforcement of BCL10/MALT1 ac-
tivity with an artificial CARD114"%" engager molecule is sufficient
to drive psoriasiform skin inflammation that features the key character-
istics of the human disease on a histopathological, cellular, and molec-
ular signature level. Thus, BCL10/MALT1 signalosomes themselves
can in principle function at the origin of the psoriatic inflammatory
cascade. On the basis of our genetic findings in conditional knock-
in and knockout mice in the presence or absence of lymphocytes
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(Rag2™"), we propose two distinct functions for BCL10/MALT1
signalosomes within keratinocytes in psoriasis (summarized in Fig. 8K).
First, pathological activation of BCL10/MALT1 signaling within
keratinocytes can provoke acanthosis and hyperkeratosis and trigger
inflammatory responses with cell-autonomous NF-xB activation
and high levels of inflammatory cytokine production. Subsequently,
these events can promote a Ty17-dominated lymphocytic reaction.
Although acanthosis and hyperkeratosis are also detected in the ab-
sence of inflammatory leukocytes, the presence and recruitment of
lymphocytes and the production of IL-17A—presumably by infiltrat-
ing of T cells—are required to drive psoriasiform skin inflamma-
tion and maintain the full phenotype, as the pathology does not
develop in a Rag2-deficient background and is strongly ameliorated
by treatment with anti-IL-17A. These data are further corroborated by
the findings that the psoriasiform phenotype of different Card14-GOF
mouse models is also reversed upon IL-23 or IL-17A blockade (19, 21).
Moreover, in the presence of lymphocyte-mediated inflammatory
conditions, the keratinocyte-intrinsic BCLI0O/MALT1 complex has
a second key function, as it inactivates inhibitory factors such as A20
and CYLD through MALT1 protease activity. Therefore, the BCL10/
MALT]I signalosome licenses pathogenic keratinocytes to fully re-
spond to multiple exogenous inflammatory stimuli, such as IL-17A,
IL-1B, or TNF, with potent production of additional cytokines and
chemokines that subsequently attract and stimulate neutrophils to
propel a vicious cycle to exaggerate debilitating skin disorders.

On the basis of this model, we speculated that BCL10/MALT1
signaling could have a broader role in psoriasis beyond rare familial
CARDI14-GOF-associated cases (57). This hypothesis is supported
by enhanced BCL10 and MALT1 gene expression in lesional com-
pared with nonlesional skin from patients with sporadic psoriasis,
which positively correlates with BCL1I0/MALT1 activity in a large
series of human cell lines. On the basis of in silico prediction, the
promoter region of BCLI0 contains binding sites for the NF-«xB
transcription factor p65 (58), which is highly active in the lesional
psoriatic skin (59). Therefore, we speculate that the increase in
BCLI0 in the lesional psoriatic skin might be mediated via NF-xB/
p65 activity, potentially in a positive-feedback loop. In addition,
and more importantly, transcriptomic profiling of human psoriatic
lesional skin also revealed an intriguing enrichment of the patho-
genic BCL10/MALT1-triggered gene expression signature, which is
characterized by the specific activation of most of the established
hallmark KEGG signatures of psoriasis (53). Together, these data
suggest that uncharacterized environmental and host factors might
pathologically activate keratinocyte-intrinsic BCLI0/MALT1 com-
plexes in psoriasis to promote pathological cross-talk between a
damaged or stressed epidermis and the immune system during
the initiation and/or amplification of skin inflammation. Because
keratinocytes can respond to fungal cell wall components or pathogen-
associated molecular patterns from Staphylococcus aureus with the
activation of BCLI0O/MALT1 signaling in response to innate im-
mune receptor triggering (26) and furthermore express, in addition
to CARD14, its homolog CARD10 (46), which can induce BCL0/
MALT1 activity upon the stimulation of G protein-coupled or
growth factor receptors (46), it is conceivable that such BCL10/
MALT]1 activators could be of either microbial or sterile origin.
While these factors need to be defined in future studies, the bacterial
and fungal microbiomes could play an instigating function in the
stimulation of these pathways, as there is considerable evidence that
alterations in the skin microbiome could play a decisive role in the
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pathogenesis of psoriasis (60) and that the yeast Malassezia furfur is
more abundant in psoriatic skin than in healthy skin (61, 62). In
addition to rare CARD14-GOF variants, common variants have
also been associated with sporadic psoriasis (57). Nevertheless,
in vitro studies of common variants have so far failed to demon-
strate increased activity (57). Therefore, whether these variants con-
tribute to the observed activation of BCL10/MALT1 complexes in
lesional psoriatic skin needs to be further investigated.

In conclusion, rare, monogenic diseases have frequently pro-
vided key insights into biological pathways that enhance our
understanding of common complex traits. Although activating
CARD14-GOF mutations are found in individual cases of familial
inflammatory skin diseases, they not only signal via TRAF6/ACT1
in the IL-17R pathway but also interact with BCL10 and MALT1
and trigger the activation of BCL10/MALT1 signaling with NF-xB
and paracaspase activation (18, 22, 25, 26). By mechanistically
demonstrating in clean genetic models that BCL10/MALT1 com-
plexes play a more general role in inflammatory keratinocyte signal-
ing, our data provide a rationale to further explore the mechanisms
and consequences of keratinocyte BCL10/MALT1 signaling in
sporadic psoriasis. Because MALT1 protease activity is critical for
inflammatory keratinocyte responses and MALT1 protease inhibi-
tors are in preclinical and clinical development for lymphoma treat-
ment (ClinicalTrials.gov Identifier: NCT03900598), our study also
recommends to explore the utility of such inhibitors for the treat-
ment of sporadic psoriasis.

MATERIALS AND METHODS

Study design

This was a preclinical and translational study on the role of kerati-
nocyte BCLI0O/MALT1 complexes in psoriasiform skin inflamma-
tion. Genetically engineered mice were crossed, and the resulting
skin phenotype was characterized by measurement of ear thickness
and gene expression, histopathological examination, and flow cyto-
metric evaluation of infiltrating immune cells. Mice of both sexes,
newborn or aged 8 to 16 weeks, were used for all experiments.
Littermate controls were used whenever possible. For in vitro ex-
periments, keratinocytes were isolated from newborn mice, cul-
tured and stimulated with cytokines, followed bdy gene expression
analysis and cytokine beads assays. Rosa26-SL-CardtALinker mpice con-
tain the cDNA of a constitutive active variant of the murine Card11
gene (the linker domain was excised) in the ubiquitously expressed
Rosa26 gene locus. For the transcriptional analysis of human skin
samples, publicly available datasets of the skin samples of patients
with psoriasis and healthy donors from the Gene Expression Omni-
bus were used. For the immune histology, skin samples of patients
with psoriasis treated at the Department of Dermatology at the
Technical University of Munich were analyzed.

Mice

For the generation of Rosa26"S--C#41ALInker ice  the cDNA of the
murine Cardll gene without the linker domain (32) was cloned
into a Rosa26-targeting vector (63), in which it was preceded by
loxP-STOP-loxP sequences to allow for conditional expression (fig.
S2A), and followed by the cDNA sequence of enhanced GFP. The
targeting vector was linearized and electroporated into E14K mu-
rine embryonic stem cells, followed by clone selection. The clones
were analyzed for homologous recombination by Southern blotting

Kurgyis et al., Sci. Immunol. 6, eabi4425 (2021) 26 November 2021

using a 5’'-flanking Rosa26 probe of the following sequence: 5'-gat
caa aac act aat gaa ctt taa gtc ctg tga agg gta aaa cct cag ata gta aca
aaa agc ttc caa ccc cte ctc aaa caa aaa acc cca agt ctt taa ctt tga tcc
agt ttt cag atg ctg ata tcc ata aat gga tac agt tat gaa ttg cta att ctg gtc
tct tca cta gca aaa agce aaa gea get cag cag tac aat ttc cca gga aag caa
gca agg ttt ctt tcc agce ctg age age cat cac taa gtg cag ttc cct gea gec
aac agc att aat gga cgc tgc act gct gtc ctt ccc tgg aga cag cag cca gca
cta ctc aag ctt ctc acg tag caa cca gag ctc cag agc cag cag ctg ctg ccg
cct tgt ata ctc act cct gtg atc caa cac agg agc aac ctt ttc ttt acc cca ccc
cca ctt ctt aac aca ctt ttt ttt ggg ggg gog goo gaa caa gtg ctc cat gct
gga agg att gga act atg ctt tta gaa agg aac aat cct aag gtc act ttt aaa
ttg agg tct ttg att tga aaa tca aca aat acc aaa ttc caa ata ttc gtt tta
att aa-3’ (fig. S2B) (64). The blastocyst injection of the clones (per-
formed bBI Pol?rGene) and subsequent chimera breeding resulted in
ROS(,I26LS -Cardi1ALinker mice.

Bcl1077, Malt1™'~, Bl10™**, Malt1"***¢, and Malt1"™ mice have
been previously described (27, 39, 40, 50). To conditionally ablate
and/or express genes in epithelial cells, K14Cre mice (28) were used,
which were purchased from the Jackson Laboratory [Tg (KRT14-cre)
1Amc/]]. RagZ_/ ~ and Card14°F® mice were also obtained from
the Jackson Laboratory [B6(Cg)—Rag2tm1'1Cg“/] and C57BL/6
J-Card14™M2Y/1] (19, 35).

Experimentally induced psoriasis-like dermatitis

and neutralization of IL-17A

Aldara (5% imiquimod) cream (50 mg and 5 mg) was applied to
Nair créme-treated dorsal skin and ears of 8- to 9-week-old mice
daily for 5 days, respectively. Control mice were treated with Nair
and Vaseline créme. The ear and dorsal skin thicknesses were mea-
sured using a digital micrometer. The mice were sacrificed on day 6.
For the antibody-blocking experiments, 200 pg of anti-IL-17A
(Novartis) or 200 pg of anti—ciclosporin A control antibody was in-
jected intraperitoneally into 12-week-old mice every other day for
2 weeks. Mice were randomized in all in vivo experiments. The
mice were euthanized on day 14.

Analysis with flow cytometry

For single-cell suspensions derived from skin, the dorsal and ventral
parts of the ears were separated. The ear skin halves and dorsal skin
were then processed as previously described (65). They were briefly
digested with dispase II (Sigma-Aldrich) and then with collagenase
and deoxyribonuclease I (both from Roche) and filtered through a
70-um nylon mesh. Cell suspensions were separated using Percoll
density gradient centrifugation. For intracellular cytokine staining,
cells were stimulated with phorbol 12-myristate 13-acetate (80 ng/ml)
and ionomycin (1 pM; both from Sigma-Aldrich). One hour later,
they were treated with brefeldin A (eBioscience) and incubated for
4 hours at 37°C. For the IL-17R staining, in vitro cultured keratino-
cytes were detached using 0.05% Trypsin-EDTA (Gibco). The cells
were stained with a fixable viability dye (eBioscience) and the fol-
lowing antibodies for flow cytometric analysis: CD3e (145-2Cl1,
#25-0031-82), CD4 (GK1.5, #11-0041-82), CD8a (53-6.7, #45-0081-
82), CD11b (M1/70, #48-0112-82), CD45 (30-F11, #48-0451-82, and
#45-0451-82), CD217/IL-17Ra (PAJ-17R, #17-7182-82), IL-17A
(eBiol7B7, #12-7177-81), Ly6G (1A8, #12-9668-82), T cell receptor
B (TCRB) (H57-597, #47-5961-82), and TCRyS (GL3, #17-5711-82,
all from eBioscience). The data were collected with a FACSCanto 1T
cytometer (BD Biosciences) and analyzed using Flow]Jo software
(Tree Star).
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Histology

Mouse ear biopsy specimens were fixed with 10% phosphate-buff-
ered formalin, embedded in paraffin, and stained with hematoxylin
and eosin according to standard procedures. Immunohistochemistry
of human skin biopsy specimens was performed with anti-BCL10
(331.3, Santa Cruz Biotechnology) antibody using a Bond RXm (Leica,
Wetzlar, Germany) system with a Polymer Refine Detection System.
The psoriasis scores were evaluated according to Baker et al. (33).

Quantitative reverse transcription PCR

RNA was isolated from the ear and dorsal skin of mice using TRIzol
(Invitrogen) and from cultured cells using RLT buffer from an
RNeasy kit (QIAGEN). cDNA was generated using a QScript cDNA
synthesis kit (QuantaBio), and quantitative real-time polymerase
chain reaction (PCR) was performed using Takyon No ROX SYBR
2X MasterMix (Eurogentec) on a LightCycler Instrument II (Roche).
All murine and human PCR data were normalized to the Gapdh
and RPLPO values, respectively. Primer sequences used are the fol-
lowings (5" - 3’): Murine: Gapdh (gtg ttc cta ccc cca atg tg, ggt cct
cag tgt agc cca ag), I117a (atc cct caa agc tca geg tgt ¢, ggg tct tca ttg
cgg tgg aga g), 114 (ggt ctc aac ccc cag cta gt, gce gat gat gat ctc tct caa
gtg at), Ifng (gcc acg gea cag tea ttg a, tge tga tgg cct gat tgt ctt); Ccl20
(gec tet cgt aca tac aga cge, cca gtt ctg ctt tgg atc agc), Csf2 (gge ctt gga
agc atg tag agg, gga gaa ctc gtt aga gac gac tt), Cxcll (ccc act gea ccc aaa
ccg aag, cag gtg cca tca gag cag tct gt), Cxcl5 (get gee cct tec tea gte at,
cac cgt agg gea ctg tgg ac), Len2 (aca ttt gtt cca age tec agg ge, cat gge
gaa ctg gtt gta gtc cg), S100a8 (aaa tca cca tge cct cta caa g, ccc act ttt atc
accatc gca a), Tnf (atg agc aca gaa agc atg atc, tac agg ctt gtc act cga att),
Nfkbiz (tgc tac aca tcc gaa gea aca, cac tge act ctt cag gte tgt), Krt6a (aga
gag ggg tcg cat gaa ct, tea tet gtt aga ctg tct gec tt), Krt6b (agt gee ctg tgt
acg ggg tcg tg, aca gag gta ggg agg gag gag cct), and Krt16 (gag atc aaa
gac tac agc cc, cat tct cgt act tgg tee tg). Human: RPLPO (tcg aca atg gca
gca tct ac, gec ttg atg gea gea ag), CXCLS5 (tgg acg acc ttt tca agg, ctt ccc
tgg gtt cag aga c), CSF2 (tcc tga acc tga gta gag aca ¢, tge tge ttg tag tgg
ctg g), TNF (tct tct cga acc ccg agt ga, cct ctg atg gca cga cca g), and
CARDI14 (cgg gca ctt gct gga ttt g, tcc atg aga ccg cta aag tta ct).

Immunoblotting

Cells were lysed for immunoblotting in radioimmunoprecipita-
tion assay (RIPA) buffer containing protease and phosphatase in-
hibitors (Calbiochem) at the indicated time points. For the detection
of a RelB cleavage product, cells were pretreated with 20 uM MG132
(Sigma-Aldrich) for 60 min. The following antibodies were used:
pIKK1/2 (16A6), pIkBo (5A5), pp65 (93H1), pp38 (D3F9), pJNK
(81E11), BCL10 (C78F1), A20 (D13H3), RelB (C1E4), tubulin (11H10,
all from Cell Signaling Technologies), CYLD (E-10, Santa Cruz Bio-
technology), and Regnase-1 (MAB7875, R&D Systems).

Isolation and culture of keratinocytes

Murine keratinocytes were isolated from neonatal mice as described
in Li (66) and cultured in calcium-free Keratinocyte SFM (Gibco)
supplemented with 0.05 mM CaCl, in collagen-coated (collagen IV
from human placenta, Sigma-Aldrich) flasks. Human keratinocytes
were obtained from the skin of healthy individuals. The epidermis
was separated from the dermis after overnight digestion with dis-
pase (Roche Diagnostics) and then incubated in 0.05% trypsin to
obtain keratinocytes, which were cultured in EpiLife medium (60 uM
CaCl,) supplemented with defined growth supplement (both from
Thermo Fisher Scientific).
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Stimulation, RNA interference, and MALT1 protease
inhibition in keratinocytes

Recombinant murine IL-17A (200 ng/ml), TNF (100 ng/ml), IL-1f
(10 ng/ml), and human IL-17A (50 ng/ul; all from PeproTech) were
used for the stimulation experiments. For RNA interference, kerat-
inocytes were transfected with MISSION esiRNA against A20, BCL10
or GFP (Sigma-Aldrich), or with Silencer Select siRNA against
CARD14 or GAPDH (Thermo Fisher Scientific) using Lipofectamine
3000 (Thermo Fisher Scientific) 72 hours in advance of stimulation.
To inhibit MALT1 paracaspase activity, cells were treated with me-
pazine (10 pM/ml; Sigma-Aldrich) for 6 hours before stimulation.
The cells were harvested for reverse transcription PCR analysis, and
the supernatants were used for cytokine bead assays 5 hours after
cytokine stimulation.

Cytokine bead assay

TNF levels in cell culture supernatants were determined using the
Mouse TNF Enhanced Sensitivity Flex Set Kit (BD Biosciences) ac-
cording to the manufacturer’s instructions. The data were collected
with a FACSCanto II cytometer (BD Biosciences) and analyzed
with Flow]Jo software (Tree Star).

NF-kB luciferase reporter assay

Keratinocytes were transfected with NF-kB luciferase reporter and
PRL-TK (Promega) plasmids using Lipofectamine 3000 (Thermo
Fisher Scientific). Luciferase activity was measured using the Dual-
Glo Luciferase Assay System (Promega).

Transcriptome analyses

For the RNA-seq analyses, keratinocytes were isolated, cultured, and
stimulated, and total RNA was isolated as described above. Library
preparation from 100 ng of total RNA was performed using the
NEBNext Ultra II RNA Library Prep Kit for Illumina and NEBNext
Poly(A) mRNA Magnetic Isolation Module (New England Biolabs),
and SE-75-base pair sequencing was performed on an Illumina
NextSeq550 machine using the NextSeq 500/550 High Output Kit
v2.5 cartridges (Illumina, San Diego, CA, USA). Reads were aligned to
the mm10 genome using HISAT2 (67), and transcriptome assembly
was performed using StringTie (68). Differential expression was
assessed with Deseq2 (69), and the list of differentially expressed
genes was defined as log, fold change > 1.5 and FDR < 0.05. Func-
tional annotation of differentially expressed genes was performed
using DAVID software (https://david.ncifcrf.gov/) (70, 71). GSEA
was performed with GSEA software (72, 73). The following datasets
from the Gene Expression Omnibus were analyzed: GSE114286
(9 healthy controls and 18 psoriatic skin samples), GSE54456 (82 healthy
controls and 92 psoriatic skin samples), GSE66511 (12 healthy con-
trols and 12 paired psoriatic lesional and nonlesional skin samples),
and GSE53552 (24 paired psoriatic lesional and nonlesional
skin samples).

Correlation analysis of BCL10 expression and CBM activation
To investigate whether BCL10 expression correlates with the activation
of BCL10/MALT1 complexes, we turned to the Cancer Cell Line
Encyclopedia database, which contains transcriptomic data of 1077
human cell lines and performed single sample GSEA to look for
enrichment of the BM_activation_KC_UP gene set in each cell line.
Pearson’s linear regression analysis was used to examine a correla-
tion between enrichment of the BM_activation_KC_UP signature
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and Bcl10 expression. The analyzed cell lines are highly heteroge-
neous; therefore, the observed correlation may theoretically derive
from inherent differences in Bcl10 expression among the different
cell line types. Thus, we stratified the cell lines based on their
“origin” using their tgca code and reran the abovementioned analyses
(fig. S7). We included gene sets of the Molecular Signatures Database
containing genes up-regulated upon NF-«xB activation (a direct
consequence of BCL10/MALT1 activation), and we also generated a
sublist of the BM_activation_KC_UP gene set by filtering for genes
involved in immune functions (fig. S7C). In most, albeit not in all
cell line groups, Bcl10 expression significantly and positively cor-
related with the enrichment scores of both NF-xB activation and
the BCL10/MALT1 activation signatures (fig. S7C).

Statistical analysis

Statistical tests were performed using GraphPad PRISM. The statis-
tical tests are described in the respective figure legends. Error bars
represent SD. P < 0.05 was considered statistically significant.

Study approval

Human keratinocytes were isolated from clinically healthy skin
samples from patients undergoing elective operations (one 85-year-
old female patient and male patients aged 78, 73, and 66 years old),
while immunohistochemical staining was performed on skin samples
collected from patients with psoriasis. Samples were collected at the
Department of Dermatology and Allergy, Technical University of
Munich upon informed consent. Ethics approval was obtained from
the Institutional Review Board of the Technical University of Munich
(reference number 82/19S). All work was carried out in accordance
with the Declaration of Helsinki for experiments involving humans.
All animal work was conducted in accordance with the German
Federal Animal Protection Laws and approved by the government of
Upper Bavaria (Regierung von Oberbayern, Munich, Germany, ROB-
55.2-2532.Vet_02-15-26 and ROB-55.2-2532.Vet_02-19-24).

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/sciimmunol.abi4425
Figs.S1to S8

Table S1

Data S1

View/request a protocol for this paper from Bio-protocol.
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