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Some twenty years ago, the search began for B-cell lymphoma (BCL)-10 binding partners that connect via homophilic interaction with its N-terminal caspase recruitment domain (CARD) to induce nuclear factor-kappa B (NF-κB) activation. This effort led first to the identification of the protein CARD9. Soon afterwards, similar searches identified CARD10 (aka CARMA3), CARD11 (aka CARMA1) and CARD14 (aka CARMA2), as further BCL10 interactors. These discoveries paved the way for landmark progress in our understanding of NF-κB activation pathways downstream of several cell surface receptors on multiple cell types, focused particularly on antigen receptors on lymphocytes. An additional binding partner, called Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), was also implicated in the CARD-BCL10 pathway. Since then, the resulting “CBM” complex has been recognized as a key node in signaling cascades leading to NF-κB activation, particularly in immune cells.

Mouse models of genetic deficiencies for each CBM component provided the first evidence for their critical role in cell signaling. More recently, studies of human lymphoid malignancies and novel genetic disorders have revealed important new insights. Both gain- and loss-of-function mutations were identified, establishing these CARMA/CARD proteins as key regulators of proliferation and differentiation of immune and non-immune cells, and linking them to human disease. According to the genetic defect involved, dysregulation of CARMA/CARD pathways can lead to a broad spectrum of immune disorders, including severe immune deficiencies, lymphoproliferative disorders, psoriasis and atopy.

The aim of this Research Topic is to summarize and update our current understanding of CARMA/CARD protein biology, from initial discoveries to the most recent insights. It focuses on CARD9 and the CARMA proteins CARD10, CARD11 and CARD14, from genetic, signaling and disease perspectives. BCL10 and MALT1 are also reviewed in this context as critical nodes for CBM signal relay and regulation. This Research Topic also aims to delineate the next key questions in the field to guide future research efforts.
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Editorial on the Research Topic
 CARMA Proteins: Playing a Hand of Four CARDs



Over the past 20 years, enhanced analyses of tumor-specific genomic alterations coupled with elegant biochemical approaches have helped to map essential signaling pathways in healthy and malignant cells. For example, the B cell lymphoma/leukemia 10 (BCL10) gene was identified in 1999 from a recurrent chromosomal translocation noted in non-Hodgkin lymphomas that arise in mucosa-associated lymphoid tissue (MALT). These studies demonstrated that BCL10 could oligomerize via its caspase recruitment domain (CARD) and induce robust activation of nuclear factor of kappaB (NF-κB), a critical family of transcription factors first implicated in lymphocyte differentiation. In <3 years, multiple groups discovered that BCL10 must partner with one of four CARD-containing scaffold proteins (CARD9, CARD10, CARD11, and CARD14) and the MALT1 paracaspase (also discovered from a MALT lymphoma-derived chromosomal translocation) to drive NF-κB signaling in response to various receptor-mediated inputs. Building from murine knockout models, a growing spectrum of malignancies and human immune disorders have been genetically linked to altered signaling through this “CARD-BCL10-MALT1 (CBM) complex.” As this Research Topic attests, indeed this list has expanded exponentially in just the past few years. Drawing from leading investigators in the field, including many involved in the seminal discoveries summarized above, the 10 reviews, three original research articles, and one case report compiled in this Frontiers in Immunology eBook provide a comprehensive and timely examination of CBM complex assembly and signaling. Although we now appreciate that tissue-specific expression of CARMA/CARD proteins dictates function and underlying pathology of associated diseases, this collection also underscores the ubiquity and significance of the CBM signalosome as a central governor of receptor-mediated signaling to NF-κB and additional outputs important for cell proliferation, survival, differentiation, and function.

Two reviews provide an in-depth look at the complex regulation and function of the two subunits shared by all CBM complexes: BCL10 and MALT1. Gehring et al. discuss the discovery and subsequent characterization of BCL10 as the central adaptor protein that channels various innate inflammatory and adaptive antigen receptor stimuli to NF-κB and c-Jun N-terminal kinase (JNK) activation in various immune cells. The formation of CARD-dependent cytoplasmic BCL10 filaments, “seeded” by CARD/CARMA scaffold proteins, constitute an essential platform for MALT1 protease activation and downstream signaling. Informed by studies of T and B cell receptor signaling in lymphocytes, the authors also review the complex post-translational modifications that ensure the orderly extension and degradation of putative BCL10 filaments in vivo that ultimately tune and regulate immune responses. Juilland and Thome provide an up-to-date overview of MALT1, which has been intensively interrogated in recent years as a potential therapeutic target for both lymphoma and autoimmune disease. MALT1 constitutively associates with BCL10, and functions both as a scaffold and protease activated upon CBM assembly and BCL10 filament construction. At least 10 MALT1 substrates have been described to date, with more likely to be identified in future studies. Proteolytic cleavage of many of these proteins (e.g. A20, RelB), including MALT1 itself, typically serves to prolong canonical NF-κB activation, although other MALT1 substrates are implicated in regulating cellular adhesion, mRNA stabilization, and metabolic reprogramming in lymphocytes. Both reviews discuss how loss or mutation of BCL10 or MALT1 contribute to immune deficiency and dysregulation, highlighting the need for further mechanistic studies that will better define the essential functions these proteins fulfill in propagating receptor-directed signals in immune and non-immune cells, and maintaining vigorous yet controlled immune responses.

BCL10 and MALT1 are rendered operational primarily through interactions with multi-domain scaffold proteins known as CARD-MAGUK 1-3 (CARMA1-3) and CARD9. These molecules were initially identified based on high sequence similarity shared between their CARD motifs and that of BCL10, facilitating heterotypic CARD-CARD interactions between the two. As illustrated in several salient articles collected in this eBook, these four CARD/CARMA proteins are structurally and functionally homologous in nucleating CBM complexes for downstream signaling. However, their discrete tissue-specific expression patterns dictate the upstream receptors through which these signals are conveyed in different cell types, resulting in distinct functions that help to shape immunity, inflammation, and tumorigenesis.

Two reviews examine the fundamental role of CARD9 in microbial recognition by myeloid lineage cells of the innate immune system. CARD9 is utilized by several membrane and intracellular pattern recognition receptors specific for molecules derived from both commensal and pathogenic bacteria, fungi and viruses. Based on recent studies of human patients with CARD9 deficiency, Drummond et al. discuss the indispensable function of CARD9 in human anti-fungal immunity. CARD9 facilitates CBM-dependent activation of NF-κB, activation of ERK, and production of multiple pro-inflammatory cytokines upon recognition of fungal cell wall components by SYK-coupled C-type lectin receptors such as Dectin-1. Animals and humans lacking CARD9 are particularly susceptible to pathogenic fungal infections of the oral mucosa, skin, and central nervous system, as well as certain bacterial and viral infections. The authors broadly discuss the multi-faceted role of CARD9 in innate immunity, autoimmune disease, and cancer in humans, informed by both population-based studies and rare variants in patients suffering from uncontrolled, spontaneous fungal infections. This review is complimented by original research from De Bruyne et al. describing a CARD9 founder mutation in a cohort of 11 patients from five Turkish families suffering from various fungal infections. Consistent with a previous report, the authors demonstrate that this specific CARD9 variant (p.Arg70Trp, R70W) fails to stimulate NF-κB. Furthermore, CARD9 R70W also dominantly interferes with WT CARD9 signaling by disrupting BCL10 filament formation and attenuating NF-κB activity, although enough signaling may be preserved to explain the absence of pathology in heterozygous carriers. Remarkably, this dominant negative CARD9 mutant could also repress constitutive NF-κB signaling induced by gain-of-function variants of CARD10, CARD11, and CARD14. Although CARD9 is not co-expressed with these proteins in normal cells, this result beautifully illustrates the evolutionarily conserved requirements for scaffold multimerization and heterotypic CARD-CARD interactions in nucleating signal-competent CBM signalosomes.

In contrast, the review from Hartjes and Ruland focuses primarily on the importance of CARD9 signaling in maintaining homeostasis and a healthy microbiome in the gut. Over the past 10 years, single nucleotide polymorphisms in the human CARD9 gene have been shown to influence susceptibility to inflammatory bowel disease (IBD) and colorectal cancer development. A detailed overview of several studies using murine colitis models reveals how loss or perturbation of Card9 signaling can alter the composition and function of resident myeloid cell populations and contribute to microbial dysbiosis, intestinal inflammation, and tumorigenesis. Future studies that delineate CARD9-dependent signaling pathways in greater molecular detail will hopefully open new therapeutic avenues for treating invasive fungal infections, IBD and colon cancer.

Four articles in this collection highlight CARD11 (a.k.a. CARMA1) as a critical regulator of adaptive immune responses. The expression of CARD11 is largely restricted to lymphocytes, where it primarily functions to bridge antigen recognition through T and B cell receptors (TCR/BCR) with downstream activation of NF-κB, JNK, and mTOR. Bedsaul et al. review the complex events surrounding TCR/BCR-induced CARD11 signaling. This process involves an elaborate intramolecular regulation of closed and open CARD11 protein conformations, which dictates recruitment and subsequent modification of BCL10, MALT1, and additional co-signaling proteins that serve to either activate the IκB kinase (IKK) complex (e.g., TRAF6, caspase 8) or terminate CARD11 signaling (e.g., GAKIN, PP2A). A brief overview of human somatic and germline CARD11 mutations found in lymphoma and immunodeficient patients, respectively, culminates in a list of salient unanswered questions about CARD11 signaling that prompt further structure-function studies. A clever original article by Seeholzer et al. answers this call by implementing a creative approach to investigate the molecular details of CBM assembly in lymphocytes. A fusion protein joining BCL10 directly to the N-terminus of CARD11 promotes chronic MALT1 protease activation in CARD11-deficient cell lines, with differential effects on downstream NF-κB activation in B vs. T cells. Structure-guided mutagenesis of either CARD domain within the BCL10-CARD11 fusion protein helped to clarify how BCL10-MALT1 recruitment to CARD11 and formation of BCL10 CARD-dependent filaments cooperate in a highly integrated process for CBM signaling.

Lu et al. build upon this foundation by providing an exhaustive review of recently described human congenital immune disorders attributed to inherited mutations in CARD11, BCL10, and MALT1. As expected, null mutations in all three genes result in severe combined immunodeficiency, underscoring the importance of CBM signaling for mature B and T cell functions. However, various missense mutations, insertions, and/or deletions that preserve CARD11 protein expression contribute to a surprising spectrum of disease presentations in human patients. Whereas, gain-of-function (GOF) CARD11 mutations congruent with those found in B cell lymphoma cause a selective B cell lymphoproliferative disorder, loss-of-function (LOF)/dominant negative (DN) CARD11 variants were recently discovered in patients with severe atopic disease. The authors compare and contrast the expanding list of phenotypic manifestations described in these patients, revealing shared features of immunodeficiency (e.g., poor humoral responses, susceptibility to certain viral infections) that relate back to dysregulated CBM-dependent signaling to NF-κB and mTOR. An intriguing case report offered by Desjardins et al. adds to this complicated picture by challenging the conventional classification of a single CARD11 mutation as gain or loss-of-function. This study describes a four-generation family that exhibits both B cell lymphocytosis and atopy, linked to a unique inherited CARD11 variant (p.His234_Lys238delinsLeu) that exhibits both GOF and DN activity in T cell signaling assays. Collectively, these articles describe how CARD11 mutations can manifest in distinct and blended features of immune dysregulation, depicting the CARD11 scaffold as a critical fulcrum for balanced T and B cell responses.

Two reviews delve into CARD14/CARMA2 as the pivotal scaffold for CBM signaling in epithelial cells and keratinocytes, focusing on how dysregulation of CARD14 signaling contributes to inflammatory skin disorders such as psoriasis. CARD14/CARMA2 was perhaps the least characterized member of the CARMA/CARD protein family, but recent insights have illuminated how dysregulation of CARD14 can result in skin inflammation. Zotti et al. consider how three alternative splice variants of CARD14 affect NF-κB triggering in response to pathogen-associated molecular patterns (and stimuli yet to be identified), with a short CARMA2 isoform (CARMA2sh) lacking the C-terminal SH3 and guanylate kinase (GUK) domains predominating in human skin. Various GOF CARMA2sh variants linked to psoriasis, pityriasis and other skin disorders are also discussed in relation to an amplified pro-inflammatory NF-κB-dependent gene program in the skin. Importantly, the authors also discuss emerging roles for several proteins in enabling (e.g., TRAF2, DEPDC7) or modulating (e.g., ULK2, RNF7) CARD14 signaling, which may present novel avenues for therapeutic intervention. The article by Israel and Mellett presents a deeper dive into the molecular genetics and clinical features of inflammatory skin disorders caused by numerous human CARD14 mutations described to date. Informed by detailed phenotyping and clinical management of patient kindreds, mouse models of psoriasis harboring synonymous Card14 mutations, and in vitro molecular signaling studies, this review summarizes how different human CARD14 variants can manifest in a heterogeneous spectrum of psoriatic skin diseases. Biologic therapies targeting TNF and the IL-12/IL-23/IL-17 cytokine axis have already proven beneficial in treating these diseases, whereas future specific inhibitors of CARD14 or MALT1 protease may prove to be attractive tools for tamping down inflammation driven by CARD14 GOF mutations.

In contrast to the other CARD/CARMA proteins, CARD10/CARMA3 is ubiquitously expressed in many non-lymphoid tissues and may play an important role in the pathogenesis of several types of cancer. Two salient reviews explore this emerging paradigm, offered from investigators that have led the characterization of CARD10 signaling since its initial discovery. Zhang and Lin provide a general overview of CARD10/CARMA3 in CBM signaling induced by multiple G-protein coupled receptors and receptor tyrosine kinases (RTKs) such as the epidermal growth factor receptor (EGFR), culminating in NF-κB activation in several cell types. The authors also discuss newly recognized partners in CARD10 signaling (e.g., TMEM43), as well as a recently uncovered role for CARD10 in the antiviral interferon response. McAuley et al. discuss knowns and unknowns about how CARD10-dependent signals downstream of a variety of GPCR/RTKs promote solid tumor pathogenesis in non-immune cells. CARD10 overexpression has been noted in many tumor types, affected in part by failed miRNA-mediated modulation. Both reviews also comment on recent reports of receptor-independent CBM signaling in response to DNA damage, and reminds readers of the many unanswered questions surrounding the mechanisms connecting CARD10-dependent CBM signaling to various receptors, and how these might be specifically targeted for anti-cancer therapy.

Finally, an original article from Staal et al. describes the ancient evolutionary origin of CBM signaling in invertebrates, revealing co-evolution of CARD-CC homologs with Bcl10, Syk-like kinases, and type I paracaspases. Careful structure/function analysis of paracaspases from invertebrates and lower vertebrates suggests that MALT1 functions for NF-κB activation evolved recently in jawed vertebrates, despite the appearance of conserved, independent scaffold and protease functions in older invertebrates. Their results highlight the utility of a comparative biology approach for studying CBM complex functions, and point to fascinating alternative CBM-independent roles for MALT1, including neuronal function in C. elegans.

In summary, the articles and reviews in this eBook constitute the most comprehensive, current assessment of CBM complex function in normal and pathologic settings. We hope this collection will inspire future mechanistic studies to identify novel therapeutic approaches to treating myriad diseases connected to dysregulation of this ubiquitous and critical signalosome.
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The CARD–coiled coil (CC)/Bcl10/MALT1-like paracaspase (CBM) signaling complexes composed of a CARD–CC family member (CARD-9, -10, -11, or -14), Bcl10, and the type 1 paracaspase MALT1 (PCASP1) play a pivotal role in immunity, inflammation, and cancer. Targeting MALT1 proteolytic activity is of potential therapeutic interest. However, little is known about the evolutionary origin and the original functions of the CBM complex. Type 1 paracaspases originated before the last common ancestor of planulozoa (bilaterians and cnidarians). Notably in bilaterians, Ecdysozoa (e.g., nematodes and insects) lacks Bcl10, whereas other lineages have a Bcl10 homolog. A survey of invertebrate CARD–CC homologs revealed such homologs only in species with Bcl10, indicating an ancient common origin of the entire CBM complex. Furthermore, vertebrate-like Syk/Zap70 tyrosine kinase homologs with the ITAM-binding SH2 domain were only found in invertebrate organisms with CARD–CC/Bcl10, indicating that this pathway might be related to the original function of the CBM complex. Moreover, the type 1 paracaspase sequences from invertebrate organisms that have CARD–CC/Bcl10 are more similar to vertebrate paracaspases. Functional analysis of protein–protein interactions, NF-κB signaling, and CYLD cleavage for selected invertebrate type 1 paracaspase and Bcl10 homologs supports this scenario and indicates an ancient origin of the CARD–CC/Bcl10/paracaspase signaling complex. By contrast, many of the known MALT1-associated activities evolved fairly recently, indicating that unknown functions are at the basis of the protein conservation. As a proof-of-concept, we provide initial evidence for a CBM- and NF-κB-independent neuronal function of the Caenorhabditis elegans type 1 paracaspase malt-1. In conclusion, this study shows how evolutionary insights may point at alternative functions of MALT1.

Keywords: signal transduction, molecular evolution, protein–protein interaction, structure–function analysis, NF-kappaB, coral bleaching, Nematostella vectensis, Caenorhabditis elegans

INTRODUCTION

The paracaspase MALT1 (PCASP1) was originally identified in humans as an oncogenic fusion with IAP2 in low-grade antibiotic-resistant MALT lymphomas (1). Later, it was discovered that MALT1 is a critical component in T and B cell antigen receptor signaling as part of the CARD-11–Bcl10–MALT1 (CBM) signaling complex that is formed upon antigen stimulation. Antigen receptor signaling via the ITAM (immunoreceptor tyrosine-based activation motif)-binding SH2 domain tyrosine kinase Zap70 activates PKC, leading to CARD-11 phosphorylation and the recruitment of a preexisting Bcl10/MALT1 complex (2–4). MALT1 in the activated CBM complex recruits critical downstream proteins, such as TRAF6, for the activation of NF-κB-dependent gene expression (5) (Figure S1A in Supplementary Material). CARD-11 (also known as CARMA1) belongs to a distinct phylogenetic group of CARD domain proteins, which is characterized by a CARD and a coiled-coil (CC) domain, and this group of proteins will thus be referred to as CARD–CC proteins. Further studies made it clear that MALT1 plays a role in several different CARD–CC/Bcl10/MALT1 signaling complexes, which are composed of specific CARD–CC family proteins [CARD-9 (6), CARD-11 (4), CARD-14 (also known as CARMA2) (7–9), and CARD-10 (also known as CARMA3) (10)] and which are formed upon the stimulation of distinct receptors in several immune and non-immune cells. The use of different CARD–CC proteins in the CBM complexes has been proposed to depend on their cell-type-specific expression (11), although other mechanisms cannot be ruled out. CARD-9, CARD-10, CARD-11, and CARD-14 are the only members of this CARD–CC family in humans, which makes it unlikely that additional similar human CBM complexes will be found. MALT1 has been annotated as a “paracaspase” due to sequence similarity with the true caspases and “metacaspases” (12). A broader survey of paracaspases in the whole tree of life indicates that “paracaspases” should be considered a sub-class of “metacaspases” and that paracaspases have evolved several times independently (13). The name caspase refers to both the structure (cysteine protease) and the function (aspartic acid substrate specificity) of the protein family. The semantic association of metacaspases and paracaspases to caspases is therefore unfortunate, since these similar names inspired false assumptions of common roles and properties of the different protein families (14). Despite the identification of “paracaspase” in 2000, it was not until 2008 that the proteolytic activity of MALT1 was established (15, 16). In contrast to true caspases (but similar to metacaspases and orthocaspases), the PCASP1 cleaves substrates specifically after an arginine residue (17–19). The anti-inflammatory role of many of the known protease substrates coupled with the critical role for MALT1 in pro-inflammatory signaling has sparked an interest in targeting MALT1 protease activity as a therapeutic strategy for autoimmune diseases (20). The proteolytic activity of MALT1 was also found to be critical for certain cancers (21), which has stimulated an interest in MALT1 protease activity as a cancer therapy target as well. Although the MALT1 scaffold function for the recruitment of downstream TRAF6 has been clearly associated to NF-κB activation (22), the MALT1 proteolytic activity plays a more subtle role being required for the activation of a subset of NF-κB-dependent genes (23–26) and the stabilization of specific mRNAs (27). MALT1 belongs to the type 1 paracaspase family, which consists of an N-terminal death domain, immunoglobulin domains, and a paracaspase domain. Type 2 paracaspases only contain the paracaspase domain and are found in non-metazoans and early-branching metazoans like porifera, placozoa, and ctenophora (13). The type 1 family of paracaspases originated sometime during the Ediacaran geological period, preceding the last common ancestor of bilaterians and cnidarians (13, 28, 29). The cnidarians (e.g., jellyfish, sea anemone, hydra, and coral) and bilaterians (e.g., vertebrates, insects, nematodes, mollusks, and ringed worms) form the planulozoan clade (30). In our previous survey of paracaspases and MALT1-associated proteins, type 1 paracaspases and Bcl10 could not be found outside planulozoa (13). Cnidarians typically contain several paralogs of both type 1 and the ancient type 2 paracaspases, whereas bilaterians typically contain a single copy of a type 1 paracaspase. Notable exceptions are the jawed vertebrates, where the type 1 paracaspase got triplicated. Subsequently, two paralogs were lost in the mammalian lineage leaving MALT1 as the single paracaspase in mammals (13). Importantly, some invertebrates, such as the nematode Caenorhabditis elegans, contain a conserved type 1 paracaspase but lack NF-κB (31), which indicates that other roles or mechanisms might be responsible for the conservation of the general domain organization of the type 1 paracaspases (13). Mice deficient for MALT1 do not show any obvious developmental phenotypes and primarily show defects in T and B cell functions (2, 3). In addition to functional studies of MALT1 in human cells, human patients, and mouse models, investigating the evolutionary history of the type 1 paracaspases, their interacting proteins and molecular functions in alternative model systems could provide important clues to yet-unknown roles and functions of human MALT1 (13). Finding those alternative functions of MALT1 could ultimately be important in the context of future MALT1 inhibitor-based therapies (32) and could help identify yet undiscovered issues that might affect patients deficient in MALT1.

RESULTS

CBM Complex Evolution Indicates Ancient Functional Conservation

In order to unravel the evolutionary history of the CBM complex, the sequences of CARD–CC, Bcl10, and other CBM complex-associated proteins were investigated through mining of several sequence databases and through phylogenetic analyses. The CARD–CC and Bcl10 CBM complex components showed coevolution (Figure 1A), whereas MALT1-like paracaspases could be found also in organisms lacking the upstream signaling proteins Bcl10 and CARD–CC (Figure 1; Figures S1–S3 in Supplementary Material). The presence of invertebrate Syk/Zap70 homologs correlates with the presence of Bcl10 and CARD–CC (Figure 1; Figures S1B and S2 in Supplementary Material). Since the N-terminal SH2 domains in Syk and Zap70 are critical for interaction with upstream ITAM domain-containing receptors (33, 34), the overlapping phylogenetic distribution of the CBM complex and Syk/Zap70 indicates an ancient conservation of ITAM-containing upstream receptors linked to signaling via the CBM complex (Figure 1B; Figure S1A in Supplementary Material). By contrast, another invertebrate SH2 domain tyrosine kinase (“Shark”), which has been shown to also mediate ITAM-dependent immune-related signals (35), does not show a correlation with the phylogenetic distribution of the CBM complex components. Another evolutionary conserved class of receptors that can signal via a CBM complex-dependent pathway is the G protein-coupled receptors (GPCRs). Interestingly, a common feature for the currently known GPCR pathways that signal via a CBM complex is that they depend on G12/G13, Gq, and RhoA (36). These components do, however, not show a pattern of CBM coevolution. In an extended analysis of homologs of human CBM-interacting proteins and comparisons to the CBM complex phylogenetic distribution, we identified proteins with phylogenetic distributions that were either not correlated (CBM-independent), correlated (CBM-coevolving), or vertebrate-specific, which might reflect on the original functions of the CBM complex: the CBM-interacting proteins AIP (37), Akt (38), CaMKII (39), caspase-8 (40), β-catenin, and its destruction complex (41), cIAP1/cIAP2 (42), CK1α (43), CRADD (44), CSN5 (45), MIB2 (46), NOTCH1 (47), p62/SQSTM1 (48), RLTPR (49), and Rubicon (50) showed a wide phylogenetic distribution with no indications of a CBM coevolution, indicating important CBM-independent roles. By contrast, A20 (15), DEPDC7 (51), HECTD3 (52), LRRK1 (53), Net1 (54), and RIG-I (55) showed a phylogenetic distribution or BLASTp ranking that correlates with the presence of the CBM complex. Other CBM-interacting proteins like ADAP (56), BINCA (57), CKIP1 (58), RIPK2 (59), and USP2a (60) were poorly conserved in invertebrates and might represent more recently evolved CBM interaction partners. Taken together, these phylogenetic patterns indicate an ancient conserved signaling pathway, possibly via ITAM/Syk/PKC to CBM complex activation (Figure 1B).
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FIGURE 1 | Coevolution and proposed signaling model. (A) Patterns of coevolution of Syk and several CBM complex components in various organisms within the planulozoan clade. Type 1 paracaspases prior to Deuterostomes were annotated as PCASP(n) since currently available invertebrate genome sequences cannot determine whether a distant paracaspase is an ancient PCASP3 paralog or ortholog. One model proposes two ancient type 1 paracaspases, one Bcl10-dependent and one Bcl10-independent. The CARD–CC/Bcl10-dependent type 1 paracaspase shows MALT1-like activities. Deuterostomia (including tunicates, lancelets, vertebrates, and hemichordates), annelids, and mollusks inherited the Bcl10-dependent type 1 paracaspase, whereas most other bilaterian invertebrates kept the Bcl10-independent type 1 paracaspase. The model is based on currently available reliable sequence information and might change with additional data. Analogously, CARD–CC became duplicated and later fused with MAGUK domains in the jawed vertebrates. At this moment, we are uncertain about which of the four jawed vertebrate CARD–CC paralogs (CARD-9, -10, -11, -14) should be considered the ortholog of the ancestral CARD–CC. Also, upstream Syk became duplicated in jawed vertebrates, resulting in Zap70. (B) Proposed signaling model in various organism classes. Nothing is known about upstream activators of type 1 paracaspases in CARD–CC/Bcl10-independent organisms such as arthropods and nematodes.



Organisms With CARD–CC and Bcl10 Have More Vertebrate-Like Type 1 Paracaspase Sequences

While searching for invertebrate homologs of type 1 paracaspases and Bcl10, it became apparent that type 1 paracaspases from species containing Syk, CARD–CC, and Bcl10 (Figure 1; Figures S1B and S2 in Supplementary Material) generally had higher BLASTp scores compared to species from phyla lacking these CBM complex-associated proteins. Phylogenetic analyses of several type 1 paracaspases revealed that type 1 paracaspases from species that contain Bcl10 (cnidarians, mollusks, annelids, hemichordates) often cluster closer to the vertebrate paracaspases, either directly or indirectly by clustering with the invertebrate Pcasp3 orthologs from tunicate and lancelet (13) (Figures S1C and S3 in Supplementary Material), indicating a conserved common Bcl10-dependent paracaspase ancestor. Since the MALT1 N-terminal death domain and immunoglobulin domain are Bcl10 binding (61), a phylogenetic analysis of the sequence N-terminal of the caspase-like domain was performed. This analysis showed a stronger association between paracaspases from Bcl10-containing species, but does not cluster known paralogs within the deuterostomes (Figure S1C in Supplementary Material), such as PCASP3 protein sequences from acorn worm, lancelet, or tunicate. Phylogenetic analyses of full-length paracaspases and of the highly conserved caspase-like domain indicate that the last common bilaterian ancestor had two to three different type 1 paracaspases (Figure S3 in Supplementary Material), which makes it possible that Bcl10-dependent and -independent paracaspases originated before the bilaterians. This is intriguingly similar to the early evolution of the apoptosis network, where the last planulozoan ancestor had multiple paralogs of Apaf-1, and different paralogs were kept in the different lineages (62). Because of the unclear early bilaterian evolutionary history of the type 1 paracaspases, only deuterostome paracaspases, which are clear orthologs of the vertebrate Pcasp3 (13), were currently classified and named as Pcasp3. Until the invertebrate paracaspases can be more accurately classified and numbered, the three cnidarian type 1 paracaspase paralogs were annotated “A” to “C” (Figures 1–5; Figures S1 and S4 in Supplementary Material) in order to avoid possible future name space conflicts.

Recent Evolution of MALT1-Like Activities in Deuterostome Type 1 Paracaspases

MALT1-like protease and NF-κB-inducing scaffold activities in type 1 paracaspases were shown to be present as far back as the last common ancestor of the three jawed vertebrate paracaspase paralogs (13). All type 1 paracaspases have a conserved domain structure ever since Cnidaria (Figure 1A), which indicates ancient conserved functions. To further determine the evolutionary origins of these activities, we functionally analyzed the type 1 paracaspase from lamprey (Petromyzon marinus) (PmPCASP), which represents the paracaspase function in the last common vertebrate ancestor prior to the dramatic expansion of CBM complex-associated proteins that occurred in jawed vertebrates (Figure 1; Figure S2 in Supplementary Material). For the investigation of conserved substrate specificity of paracaspases within the deuterostomes, we also analyzed the paracaspase SkPCASP from the hemichordate acorn worm (Saccoglossus kowaleski). MALT1-deficient HEK293T cells were transiently transfected with constructs expressing paracaspases fused to the ETV6 HLH domain, which is known to induce oligomerization and artificial activation (26), and analyzed for their ability to activate NF-κB-dependent luciferase reporter gene expression (reflecting paracaspase scaffold function) and CYLD cleavage (reflecting paracaspase protease substrate specificity). CYLD is chosen as a model substrate for the evaluation of MALT1-like paracaspase protease activity and specificity since it is a large protein with a single MALT1 cleavage site (R324) and many potential aspecific cleavage sites which are never cleaved by MALT1. CYLD also represents one of the oldest paracaspase substrates (13, 63). The currently most distantly related vertebrate paracaspase with conserved activity, zebrafish (Danio rerio) PCASP3 (DrPCASP3) (13) was used as positive control. Only the activated human MALT1 and zebrafish PCASP3 induced NF-κB-dependent luciferase reporter gene expression (Figure 2A), while the lamprey and hemichordate homologs failed to do so. Moreover, the latter two did not show conserved MALT1-like protease substrate specificity either, as determined by CYLD cleavage (Figure 2B). The very poor expression of SkPCASP, most likely related to its AT-rich nucleotide sequence (64), may hamper the detection of a weak protease activity but scaffold activity should still be visible due to the sensitive luciferase readout. These results do, however, indicate that the NF-κB-inducing MALT1-like scaffold activity and the MALT1-like protease substrate specificity evolved relatively recently, after the last common vertebrate ancestor but before the divergence of the three paracaspase paralogs in the last common jawed vertebrate ancestor (Figures S1B,C in Supplementary Material). The conservation of scaffold activity for TRAF6-mediated NF-κB activation is hard to predict by sequence analysis alone: the isoform-specific Ig2 TRAF6-binding motif (TDEAVECTE) and the C-terminal TRAF6-binding site (PVETTD) in MALT1 (22) are PCASP1-specific, but we know that jawed vertebrate PCASP2 and PCASP3 paralogs still are as efficient in NF-κB induction (13). One TRAF6-binding site (TPEETG) located in the Ig3 domain of human MALT1 is found in all three jawed vertebrate paralogs, but is absent in more distant homologs (Figure 3) and could represent the critical evolutionary event for NF-κB activating MALT1-like scaffold activity.
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FIGURE 2 | Functional conservation of invertebrate paracaspases. (A,C) NF-κB-dependent luciferase reporter gene induction by HLH-paracaspase fusion proteins. The indicated Flag-tagged HLH-paracaspases were expressed in MALT1-deficient HEK293T cells together with an NF-κB-dependent luciferase reporter expression plasmid and a constituitively expressed β-galactosidase reporter gene. Luciferase values are normalized against β-galactosidase and expressed as fold induction compared to samples not expressing a HLH-paracaspase (empty vector: EV). Error bars represent 95% confidence intervals [Student’s t-distribution (65)]. The lower part of the panel shows the expression of each HLH-paracaspase as revealed by Western blotting and development with anti-Flag antibodies. Experiments were repeated four times. (B,D) CYLD cleavage by HLH-paracaspase fusion proteins. MALT1-deficient HEK293T cells were transiently transfected with the indicated HLH-paracaspases together with either human WT CYLD or CYLD (R324A) in which the MALT1 cleavage site is mutated. Cell lysates were analyzed for CYLD expression and cleavage via Western blotting and detection with anti-CYLD antibodies. Full-length CYLD is indicated with a closed arrowhead; cleaved CYLD is indicated by an open arrowhead. To show equal expression levels of each HLH-paracaspase, the blot was also developed with anti-Flag antibodies (lower part). Experiments were repeated three times.
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FIGURE 3 | Domain conservation and TRAF6-binding evolution. (A) Conservation plot of a MUSCLE alignment from a wide selection of type 1 paracaspases from Cnidaria to humans. Conserved segments correspond well to annotated domains. (B) MUSCLE alignment segment of the most conserved TRAF6-binding site in the Ig3 domain. The corresponding sequence is missing in type 1 paracaspase homologs from organisms that diverged before the last common ancestor of jawed vertebrates.



Functional Conservation or Convergent Evolution of MALT1-Like Activities in Distant Type 1 Paracaspases Reveals That MALT1 Scaffold and Proteolytic Activities Can Exist Independently

Based on BLASTp and subsequent phylogenetic analyses, the mollusk paracaspases were identified as the non-deuterostome homologs most closely resembling vertebrate type 1 paracaspases (13). The pacific sea oyster (Crassostrea gigas) was selected as a model and cDNA source (66) for the mollusks. Conversely, the most distantly related species where type 1 paracaspases and Bcl10 could be found are Cnidaria (13). The cnidarian model organism starlet sea anemone [Nematostella vectensis (NvN)] (67) was used as a cDNA source for as distantly related homologous proteins as possible. Neither mollusk (CgPCASP) nor sea anemone type 1 paracaspases (NvPCASP-t1A, NvPCASP-t1B) were able to induce NF-κB in a human cellular background (Figure 2C). We therefore investigated whether downstream signaling components are functionally conserved. The TRAF family of E3 ubiquitin ligases diverged before the cnidarian/bilaterian last common ancestor (68). To investigate whether the type 1 paracaspase–TRAF interaction has undergone lineage-specific divergence, we cloned the Nvn homologs of Traf2 and Traf6 and co-expressed them with the two Nvn type 1 paracaspase paralogs fused to the activating ETV6 HLH domain in HEK293T cells for testing in an NF-κB luciferase reporter assay (Figure 4). NF-κB activation induced by the expression of cnidarian TRAF2 and TRAF6 homologs was equal in the absence or presence of paracaspases, further illustrating the lack of an NF-κB-activating scaffold function in the case of cnidarian paracaspases. Interestingly, the evaluation of MALT1-like protease activity and substrate specificity using human CYLD as a substrate revealed that mollusk paracaspase (CgPCASP) specifically cleaves human CYLD at R324, just like vertebrate paracaspases (Figure 2D), indicating either MALT1-like protease substrate specificity already in the last common bilaterian ancestor (Figure S1B in Supplementary Material), or a convergent evolution of MALT1-like proteolytic activity. On the other hand, the “A” and “B” type 1 paracaspase paralogs from sea anemone (NvPCASP-t1A, NvPCASP-t1B) could not cleave CYLD at all, indicating that paracaspase substrate specificity is not conserved in the cnidarians despite being an organism with a Bcl10 homolog. In conclusion, our data show the presence of MALT1-like catalytic protease activity in organisms that predate the divergence of deuterostomian and protostomian bilaterians and reveal that the MALT1-like catalytic activity can exist independently of the MALT1-like scaffold function leading to NF-κB activation.
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FIGURE 4 | Functional conservation of cnidarian TRAF6 and TRAF2. (A,B) Nematostella vectensis (Nvn) TRAF6 (A) or TRAF2 (B) was expressed in human HEK293T cells together with an NF-κB-dependent luciferase reporter gene and a constitutively expressed β-galactosidase reporter gene plasmids. The TRAF was transfected either alone or together with the indicated Nvn HLH-paracaspase fusion protein. Luciferase values were normalized against β-galactosidase and expressed as fold induction compared to samples not expressing the TRAF. Error bars represent 95% confidence intervals (Student’s t-distribution). The lower part of the panel shows the expression of the TRAF (closed arrow head) and each Flag-tagged HLH-fused type 1 paracaspase (open arrow heads) as revealed by Western blotting and development with anti-Flag antibodies. Experiments were repeated at least twice.



Functional Conservation of Bcl10-Induced MALT1 Activity Indicates Complex Molecular Interactions

Bcl10 overexpression is known to activate MALT1 activity in mammals. To further investigate the functional conservation of Bcl10/paracaspase coevolution, we transfected H. sapiens, D. rerio, C. gigas, and Nvn Bcl10 in MALT1-deficient HEK293T cells with or without reconstitution with human MALT1. Strikingly, not only D. rerio Bcl10 (DrBcl10) but also the Nvn Bcl10 (NvBcl10) could induce human MALT1-mediated NF-κB activation (Figure 5A). This result is highly unexpected, since a critical MALT1 Ig domain interaction sequence (residues 107–119 in human Bcl10) that has been identified downstream of the CARD domain in human Bcl10 (61) can only be found in vertebrates. Importantly, the critical 107–119 residues in human Bcl10 are not conserved in D. rerio, demonstrating that alternative additional C-terminal paracaspase binding domains in Bcl10 exist. In contrast to human and D. rerio Bcl10, Nvn Bcl10 does not appear to be cleaved by human MALT1 (Figure 5A). The observation that cnidarian Bcl10 can activate human MALT1 indicates a highly conserved interaction surface between the two proteins. A conserved Bcl10–paracaspase interaction was confirmed with yeast-2-hybrid analysis, where the Nvn type 1 paracaspase “B” paralog readily interacted with both human and Nvn Bcl10 (Figure 5C). By contrast, the Nvn type 1 paracaspase “A” paralog did not show any interaction with Bcl10. Interestingly, this difference in Bcl10 interaction is reflected by the phylogenetic analysis of the N-terminal sequence of type 1 paracaspases, where the cnidarian “B” paralog clusters closer to type 1 paracaspases from vertebrates and Bcl10-containing invertebrate bilaterian species (Figure S1C in Supplementary Material). In contrast to the functional interaction revealed in the NF-κB luciferase assays (Figures 5A,B), no physical interaction could be established between Nvn Bcl10 and human MALT1 by yeast-2-hybrid (Figure 5C) or by co-immunoprecipitation (data not shown). C. gigas Bcl10 failed to induce any NF-κB reporter activity (Figure 5A). In general, samples expressing CgBcl10 show less expression of all transfected components (e.g., MALT1 in Figures 5A,B). This could be due to cell death or other counter-selection in highly expressing cells, which might indicate that CgBcl10 engages in detrimental off-target protein–protein interactions in the human cell background. The invertebrate Bcl10 homologs only show a clear alignment of the CARD domain up until residue 102 of human Bcl10. This N-terminal region has been shown to be required but insufficient for NF-κB induction (61). In addition to the 102 conserved N-terminal residues, all Bcl10 homologs show a proline-rich motif close to the C-terminus. The functional importance of this proline-rich region is, however, unknown, since it is dispensable for MALT1 activation. For further proof that the Bcl10 CARD domain is functionally conserved, we generated hybrid Bcl10 clones where residues 1–102 in human Bcl10 are replaced by the corresponding residues from NvBcl10 or CgBcl10. Hybrid NvBcl10 (NvBcl10 CARD, HsBcl10 C-terminal sequence) showed the same relative level of activation as the wild-type NvBcl10 and hybrid CgBcl10 remained inactive, indicating that the suboptimal induction is due to the CARD domain and not due to lacking protein–protein interaction sequences at the C-terminal part of Bcl10 (Figures 5A,B). Although suboptimal Bcl10 activity (2.5- vs 10-fold MALT1-dependent NF-κB activation), we have demonstrated that the CARD domain, which is critical for paracaspase interaction, is conserved in Nvn. Functional conservation is not always directly related to primary sequence conservation. The very low sequence identity in the corresponding CARD sequence from Nvn (35% identity) is less than the closer related C. gigas Bcl10 CARD (40% identity), which lacks the ability to activate human MALT1. Both distant Bcl10 homologs have acidic residues that correspond to E84, a glutamine corresponding to Q92 and hydrophobic residues corresponding to residues L95, I96, and I99 in human Bcl10, which all are critical for MALT1 interaction (61). On the other hand, only NvBcl10 has an acidic residue that corresponds to the critical D80 residue in human Bcl10. From these experiments, we can conclude that the Bcl10/paracaspase interaction is likely to be ancient and that the critical Bcl10 CARD/paracaspase interaction is highly conserved. We also demonstrate that the non-CARD component of Bcl10 required for MALT1 activation is not dependent on a single highly conserved MALT1-binding peptide sequence downstream of the CARD domain.
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FIGURE 5 | Functional conservation of Bcl10 and CARD–CC proteins. (A) Human MALT1-dependent NF-κB induction by different Bcl10 homologs. The indicated E-tagged Bcl10 homologs were expressed in MALT1-deficient HEK293T cells together with an NF-κB-dependent luciferase reporter expression plasmid and a constituitively expressed β-galactosidase reporter gene. Where indicated (+), human MALT1 was also co-expressed. Luciferase values were normalized against β-galactosidase and expressed as fold induction compared to samples not expressing Bcl10 (EV). Error bars represent 95% confidence intervals (Student’s t-distribution). The expression of E-tagged Bcl10 homologs and human MALT1 was revealed by Western blotting and detection with anti-E-tag or anti-MALT1 antibodies, respectively (lower part). Full-length Bcl10 is indicated by closed arrow heads and cleaved Bcl10 by open arrow heads. MALT1 is indicated by an asterisk. Experiments were repeated two times. (B) Bcl10/CARD-dependent MALT1-mediated NF-κB induction. Wild-type human Bcl10 and hybrid Bcl10 clones where residues 1–102 of human Bcl10 were replaced by the corresponding residues from C. gigas (CgN) or Nematostella vectensis (NvN) Bcl10 were expressed in MALT1-deficient HEK293T cells together with an NF-κB-dependent luciferase reporter expression plasmid and a constituitively expressed β-galactosidase reporter gene. Where indicated, (+) human MALT1 was also co-expressed. Luciferase values were normalized against β-galactosidase and expressed as fold induction compared to samples expressing human wild-type Bcl10 without MALT1. Experiments were repeated two times. (C) Yeast-2-hybrid assay demonstrating conserved interaction between both Nvn and human Bcl10 and type 1 paracaspases. Left panel represents growth on non-selective media and right panel selective growth (-LTHA medium), on which only a combination of bait and prey clones with interacting proteins can grow. As an independent readout, clones with strong bait–prey interactions also stain blue from X-gal. (D) Full-length and C-terminal deletion (ΔC) constructs of human CARD-9 and Nvn CARD–CC were expressed in MALT1-deficient HEK293T cells together with NF-κB-dependent luciferase reporter gene and constitutively expressed β-galactosidase reporter gene plasmids. Where indicated, (+) human MALT1 was also co-expressed. Luciferase values are normalized against β-galactosidase and expressed as fold induction compared to samples not expressing CARD-9 or CARD–CC (EV). Error bars represent 95% confidence intervals (Student’s t-distribution). The lower part of the panel shows the expression of full-length and ΔC-mutant CARD-9 and Nvn CARD–CC constructs, respectively, as revealed by Western blotting and development with anti-Flag antibodies. An aspecific Flag signal at 75 kDa is sometimes visible in the MALT1-deficient HEK293T cells. Experiments were repeated two times.



A Conserved Intramolecular Autoinhibition Mechanism in Vertebrate CARD–CC Proteins

Bcl10 has been shown to be functionally conserved as far back as D. rerio, as is the upstream interaction with CARD–CC proteins (69, 70). We have now shown that Bcl10 and MALT1-like activities from type 1 paracaspases are considerably older (Figures 2 and 5), most likely preceding the Cambrian explosion (30). We were, however, unable to detect an interaction between full-length CARD-9 or Nvn CARD–CC and the Bcl10 clones in a yeast-2-hybrid assay (data not shown), which could be due to intramolecular CARD–CC autoinhibition. In line with this, both wild-type CARD-9 and the Nvn CARD–CC show very low MALT1-dependent activity (~2-fold, Figure 5D) upon overexpression in HEK293T cells, which most probably is due to an intramolecular inhibition of the CARD domain that prevents Bcl10 binding (71). In CARD-11, the linker sequence between the CC and PDZ domain acts as an intramolecular inhibitory domain (70). We hypothesized that the undefined sequence downstream of the CC domain in CARD-9 and the ancestral CARD–CC proteins could fill a similar autoinhibitory function. We therefore generated C-terminal deletion (ΔC) constructs where the sequences downstream of the CC domain of mouse or human CARD-9, -10, -11, -14, and Nvn (NvCARD–CC-ΔC) were removed. The ΔC constructs were co-expressed with human MALT1 in MALT1-deficient HEK293T cells to test their ability to induce MALT1-dependent NF-κB activation. In contrast to CARD-9 and the other vertebrate CARD–CC proteins, the C-terminal deletion was not able to activate NvCARD–CC (Figures 5D and 6), indicating that the MALT1-dependent NF-κB activation downstream of this protein is due to an alternative mechanism. Taken together, we can conclude that the core CBM complex components are evolutionary linked but that functional evaluation of conservation is problematic due to lineage-specific divergence.
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FIGURE 6 | Activation by C-terminal deletions of the CARD–Coiled Coil (CC) protein family members. (A) Structural features of the four mammalian CARD–CC family proteins, activating mutations/modifications in conserved residues, are highlighted in bold text. C-terminal deletion mutants in (B) consist of the CARD (blue) and CC (purple) domains, to the left of the dashed line. (B) Mutants of CARD–CC family members with C-terminal deletions were expressed in human HEK293T cells together with an NF-κB-dependent luciferase reporter gene and a constitutively expressed β-galactosidase reporter gene plasmids. Luciferase values were normalized against β-galactosidase and expressed as fold induction compared to full-length (with intramolecular repression) CARD-9.



CBM Complex Components of the Starlet Sea Anemone (Nvn) Show an Overlapping Expression Pattern

Since the Nvn type 1 paracaspase paralog “B” was found to interact with Bcl10 of both Nvn and human (Figure 5C) and since Nvn CARD–CC showed a MALT1-dependent signaling activity (Figure 5D), it is likely that these three components together form a CBM signaling complex. Investigation of the expression patterns of the two type 1 paracaspase paralogs, Bcl10 and CARD–CC, during Nvn embryo development (11 stages, from unfertilized egg to the juvenile stage at 14 days post fertilization) using in situ hybridization (72) revealed overlapping temporal and spatial expression of the proposed CBM complex components (Figure 7). All four genes showed expression from late planula and onward in a pattern indicating neuronal expression. In addition, all four genes also showed a high expression in the tentacles at the later stages. Although we cannot show the formation of a CBM complex at the protein level in sea anemone, the overlapping temporal and spatial mRNA expression pattern of the proposed CBM complex components is indicative for the existence of such a complex.
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FIGURE 7 | The CBM complex components show overlapping expression in Nematostella vectensis (Nvn). Developing Nvn embryos were stained for the indicated genes via in situ hybridization at 11 different developmental stages, from the unfertilized egg stage to 14 days post fertilization. Representative pictures from 14 days (14d), 10 days (10d), 7 days (7d), late planula (LP), and early gastrula (EG) stages for all 4 CBM complex genes analyzed are shown.



CBM and NF-κB-Independent Functions of Type 1 Paracaspases

Our functional analyses of non-jawed vertebrate deuterostome and other invertebrate type 1 paracaspases indicate that the remarkable domain conservation in this protein family cannot be explained by currently known mechanisms. The nematode model organism C. elegans is a promising system to specifically investigate unconventional functions of type 1 paracaspases because it lacks CARD–CC, Bcl10, and NF-κB. Despite the lack of upstream and downstream proteins in the known paracaspase-dependent signaling pathway, the WormBase phenotype database indicates an important role for the C. elegans type 1 paracaspase (F22D3.6 or malt1) with a “lethal or sterile” mutant phenotype (tm289 vs tm321) in nematodes (73). To investigate this further, we analyzed the life span of C. elegans in which the paracaspase was knocked down by RNAi. We silenced the C. elegans paracaspase gene systemically in the wild-type strain N2 (all tissues except the neurons) and in a strain hypersensitive to neuronal RNAi (TU3311). While systemic knockdown of malt1 showed no effect on life span (Figure 8A), malt1 silencing in the neurons caused a slight but significant reduction of life span (p < 0.05 in all three replicates, Figure 8B), hinting at a vital role of this paracaspase homolog in the C. elegans neurons. Remarkably, paracaspase knockdown in the neuronal RNAi hypersensitive strain also caused an increased motility (Figure 8C). These data indicate the existence of a previously unknown CBM- and NF-κB-independent function of paracaspases in C. elegans and possibly other organisms.
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FIGURE 8 | CBM and NF-κB-independent functions of the type 1 paracaspase malt1 in Caenorhabditis elegans. (A) Wild-type (N2 strain) C. elegans worms were fed E. coli expressing RNAi targeting malt1 (N = 119) and regularly monitored for viability compared to worms fed control RNAi (N = 107). No difference in life span could be detected (p = 0.8194). In these wild-type worms, RNAi is typically targeting every cell except neurons. Silencing in the wild-type N2 strain resulted in approximately 60% reduction of total malt1 expression levels, indicating efficient silencing in the non-neuronal cells. (B) Neuronal RNAi importer transgenic (TU3311 strain; unc-119p:sid-1 transgenic) C. elegans worms were fed E. coli expressing RNAi targeting malt1 (N = 399) and regularly monitored for viability compared to worms fed control RNAi (N = 364). A reproducible and significant (p = 1.4 × 10−7) drop in survival was seen upon silencing malt1 in the neuronal system. (C) Neuronal RNAi importer transgenic (TU3311 strain; unc-119p:sid-1 transgenic) C. elegans worms were fed E. coli expressing RNAi targeting malt1 and monitored for motility, using the Wmicrotracker device, compared to worms fed control RNAi. Panels (A–C) represent pooled results of three biological replicates carried out at 20°C.



DISCUSSION

Extensive CBM Complex-Associated Evolutionary Events in Jawed Vertebrates

The presence of three CARMA paralogs (CARD-10, -11, and -14), the split between Syk and Zap70, the evolution of MALT1-like activities, and the divergence of three type 1 paracaspase paralogs in the vertebrate lineage all seem to have arisen in the last common ancestor of jawed vertebrates (Figure S2 in Supplementary Material), which coincides with the evolution of the vertebrate adaptive immune system (74). Interestingly, CARD-11 shows a conserved and non-redundant function in B cell antigen receptor signaling at least as far back as the last common ancestor of mammals and dinosaurs (75). Since all jawed vertebrates have all three CARMA paralogs, a likely evolutionary scenario for the CARMA proteins is that early in the jawed vertebrate evolution, a CARD-9-like CARD–CC got fused with a ZO-1/Dlg5-like MAGUK protein upstream of the PDZ domain (76). Lampreys are in this respect more similar to invertebrates and only have a single ancestral CARD–CC (Figure 1A) and a single type 1 paracaspase, a PCASP3 ortholog which is related to the parent of the PCASP3 and PCASP(1/2) branches in jawed vertebrates (Figure 1A; Figure S1C in Supplementary Material). At this moment, we cannot determine the sequence of evolutionary events between the last common vertebrate ancestor and the last common jawed vertebrate ancestor leading to the increased complexity of the CBM-associated proteins. For example, we do not know if either the evolution of the CARMA paralogs, or the NF-κB-inducing scaffold function of paracaspases, or the expansion of the paracaspases, or the Syk/Zap70 duplication was the primary cause for the CBM-associated expansion in jawed vertebrates.

Structure–Function Information From Ancient CBM Complex Molecular Interactions

There are already very good structure–function studies done on both the human Bcl10/MALT1 interaction (61) and the human CARD11/Bcl10 interaction (77). Functional characterization of evolutionary distant homologs does, however, provide complementary insights (78, 79). We could, for example, by comparative analysis between CARD–CC proteins generate activated C-terminal deletion mutants in all four jawed vertebrate CARD–CC family members (Figure 6). While in traditional structure–function analyses, single residues predicted to be important are mutated in order to disrupt activity, our identification of functionally conserved distant Bcl10 homologs meant that we could simultaneously “mutate” up to 65% of all residues in the critical interaction domain without completely disrupting activity. To get a better understanding of early Bcl10 structure–function evolution for interaction with CARD–CC and type 1 paracaspases, more sequences from invertebrate genomes are needed (80, 81).

Identification of CBM Complex Regulation and Function Through Comparative Biology

Investigating early-diverging biological model systems for biological function, protein–protein interactions and signal transduction mechanisms can highlight the original and most conserved functions in a native context. It is worth noting that a MALT1 homolog was recently found to be one of the most significantly upregulated genes in the coral Orbicella faveolata after natural bleaching stress, an environmental stress-triggered dysregulated host immune response that leads to dysbiosis (82). By re-analysis of the RNAseq sequences, we could identify the upregulated O. faveolata MALT1 homolog at the base of the cnidarian “B” paralog branch (Figure S4 in Supplementary Material). The other three O. faveolata type 1 paracaspase paralogs did not respond to the natural bleaching stress. The paralog-specific regulation indicates that the different paralogs might serve unique and specialized functions in these early-diverging organisms. This also indicates that cnidarian paracaspases can still be involved in immune-related responses despite lacking MALT1-like protease- and scaffold functions in our models. The expression patterns of Nvn Bcl10 and CARD–CC are intriguing and might indicate an ancient conserved developmental role, since it has been shown that Bcl10 and CARD-10 are involved in neural tube closure during mouse embryo development (83, 84). There are no neurodevelopmental defects in MALT1-deficient mice (3), but the expression profiles of MALT1 (EMAGE: 12681) during mouse development are strongly neuronal (85). In case there is a functional involvement of CBM complex components in the cnidarian nervous system, the reported interaction of the CBM complex with Notch1 would be a likely conserved mechanism (47, 86). The C. elegans phenotype also highlights an important neuronal role for CBM-independent type 1 paracaspase functions and indicates that further investigations on the role and function of malt1 in C. elegans could be highly interesting. It is possible that our RNAi knockdown approach results in a less severe phenotype than the tm289 knockout, but this mutant also disrupts another gene (F22D3.1). Future C. elegans analyses should thus focus on clean malt1 knockout and protease-dead catalytic cysteine knockin mutant worms. Ultimately, identifying the CBM-independent type 1 paracaspase activation mechanism and function in organisms like C. elegans could potentially also lead to the discovery of a novel fifth (Bcl10-independent) MALT1 activation mechanism, apart from the four (CARD-9, -10, -11, and -14) currently known CBM complexes in humans.

MATERIALS AND METHODS

Sequences of Homologs of Type 1 Paracaspases, Bcl10 and CARD–CC

Protein sequences of type 1 paracaspase, Bcl10 and CARMA/CARD-9 homologs, were retrieved from NCBI,1 Ensembl,2 JGI,3 OIST marine genomics4 (87–89), ReefGenomics5 (90), and ICMB6 (91, 92), using BLASTp (93). Phylogenetic distribution of Bcl10, CARD–CC, and type 1 paracaspases was also confirmed with the HMMER software package7 (94), using the highly conserved CARD and death domain sequences. All full-length sequences used in the analyses can be found in supplemental materials.

Sequence Alignment and Phylogenetic Analysis

Sequence alignments were performed on the full protein sequence, using the different alignment algorithms Clustal Omega8 (95), MUSCLE9 (96). Phylogenetic analyses were performed with PhyML10 (97) and MrBayes11 (98) methods. N-terminal paracaspase sequences were trimmed out from a MUSCLE multiple sequence alignment using Jalview (99). Trimmed N-terminal paracaspase sequences less than 190 residues long were excluded from the phylogenetic analysis. Both alignments and phylogenetic analyses were performed using UGENE12 (100) on Arch13 Linux (101). For the figures, one of the most representative trees (alignment and phylogenetic analysis) was selected. The final trees were re-drawn to unrooted radial cladograms using dendroscope14 (102), and branches were colored using Inkscape.15

RNA Isolation and cDNA Synthesis

RNA of Nvn from various developmental stages was isolated with TRIzol (Thermo Fisher) and pooled. 1.5 μg of total RNA was subjected to 5′-RACE with a GeneRacer kit (Invitrogen) according to the manufacturer’s protocol. RNA was treated with calf intestinal phosphatase to remove the 5′ phosphates from truncated RNAs and non-mRNAs. After dephosphorylation of the RNA with tobacco acid pyrophosphatase, lyophilized GeneRacer RNA Oligo (provided in the kit) was added to the 5′ end of the RNA with RNA ligase. The ligated RNA was reverse transcribed to cDNA using superscript III with random primers and used as templates for PCR amplifications.

DNA Constructs

Plasmids of the cloned genes were deposited in the BCCM/GeneCorner plasmid collection along with detailed descriptions of cloning strategy and plasmid sequence.16 The starlet sea anemone (Nvn) type 1 paracaspase paralog “A” (LMBP: 9589) and zebrafish PCASP3 (LMBP: 9573) were cloned previously. Lamprey (PmPCASP; LMBP: 10451) and the hemichordate acorn worm (SkPCASP; LMBP: 10452) were generated synthetically by Gen9 (www.gen9bio.com). PmPCASP (LMBP: 10453), SkPCASP (LMBP: 10454 & 10455), the Nvn type 1 paracaspase paralogs “A” (LMBP: 9636) and “B” (LMBP: 9825), and pacific oyster (CgPCASP, LMBP: 9826 & 10456) paracaspase were cloned behind the human ETV6 HLH domain for dimerization-induced activation as described previously. Human (LMBP: 9637), zebrafish (LMBP: 9665), pacific oyster (LMBP: 9666), and Nvn (LMBP: 9822) Bcl10 were cloned in the pCAGGS vector with an N-terminal E-tag. For functional characterization of the Bcl10 CARD domain, hybrid Bcl10 clones where human residues 1–102 were replaced with the corresponding sequence from pacific oyster (CgN, LMBP: 10190) or Nvn (LMBP: 10191) were cloned. Also, minimal active Δ119–223 clones of human Bcl10 (LMBP: 10269), pacific oyster (CgN, LMBP: 10263), and Nvn (LMBP: 10264) hybrid Bcl10 were cloned for functional tests. Nvn CYLD (LMBP: 9900) was also cloned in pCAGGS with an N-terminal E-tag. The Nvn homologs of CARD–CC (LMBP: 9854) TRAF6 (LMBP: 9855) and TRAF2 (LMBP: 9856) were cloned in a pCDNA3 vector with N-terminal Flag tag. For further specific cloning purposes, human CARD-9 (LMBP: 9877), Bcl10 (LMBP: 9872), MALT1 (LMBP: 9104, 9105) and Nvn CARD–CC (LMBP: 9873), Bcl10 (LMBP: 9874), PCASP-t1A (LMBP: 9875), and PCASP-t1B (LMBP: 9876) were cloned into gateway-compatible pENTR vectors. For Y2H analysis: Human MALT1 (LMBP: 9880, 9899), Bcl10 (LMBP: 9879, 9885), CARD-9 (LMBP: 9878, 9884), and Nematostella PCASP-t1A (LMBP: 9898) PCASP-t1B (LMBP: 9883, 9888), Bcl10 (LMBP: 9882, 9887), and CARD–CC (LMBP: 9881, 9886) were cloned into the pdGADT7 or pdGBKT7 vectors by Gateway LR reaction. For Nvn ISH analysis: As RNA probe templates, pDEST12.2 clones of Nvn CARD–CC (LMBP: 9908), Bcl10 (LMBP: 9902), PCASP-t1A (LMBP: 9903), and PCASP-t1B (LMBP: 9904) were generated by Gateway LR reaction. For investigations of the CARD–CC activation mechanism through the release of an inhibitory domain downstream of the CC domain, C-terminal deletions of CARD-9 (LMBP: 10457), CARD-10 (LMBP: 10459), CARD-11 (LMBP: 10458), CARD-14 (LMBP: 10460), and NvCARD–CC (LMBP: 10461) were generated.

Cell Culture, Transfection, and Expression Analysis

TALEN-generated MALT1-deficient HEK293T cells (clone #36) (13) and WT HEK293T cells were grown under standard conditions (DMEM, 10% FCS, 5% CO2, 37°C) and transfected with the calcium phosphate method (103). For evaluation of the conservation of cleavage activity, the HLH-fused paracaspase constructs were co-transfected with plasmids encoding wild-type CYLD (LMBP: 6613) or the uncleavable CYLD-R324A (LMBP: 6645) mutant. Cells transfected for cleavage activity evaluations were lysed directly in Laemmli buffer [0.1% 2-mercaptoethanol, 5 ppm bromophenol blue, 10% glycerol, 2% SDS, 63 mM Tris–HCl (pH 6.8)]. For evaluation of the conservation of paracaspase scaffold activity, the HLH-fused constructs were transfected in an NF-κB luciferase assay. For evaluation of NF-κB induction, candidate-inducing constructs were co-transfected with an NF-κB-dependent luciferase reporter expression plasmid (LMBP: 3249) and an actin promoter-driven β-galactosidase expression plasmid (LMBP: 4341) as transfection control. The cells used for luciferase analysis were washed with PBS and lysed in luciferase lysis buffer (25 mM Tris pH 7.8, 2 mM DTT, 2 mM CDTA, 10% glycerol, 1% Triton X-100). For the colorimetric determination (at 595 nm) of β-galactosidase activity, chlorophenol red-β-D-galactopyranoside (Roche diagnostics) was used as a substrate. Luciferase activity was measured by using beetle luciferin (Promega) as a substrate, and luminescence was measured with the GloMax® 96 Microplate Luminometer (Promega). Luciferase data processing and calculation of 95% confidence intervals (Student’s t-distribution) (65) was done in LibreOffice (www.libreoffice.org) Calc. For evaluation of the functional conservation of Bcl10 homologs, the Bcl10 clones were co-transfected with the NF-κB luciferase reporter and β-galactosidase expression plasmids in the MALT1-deficient HEK293T cells with or without reconstitution with human MALT1 (LMBP: 5536). Human CARD-9 (LMBP: 9609) was used as control for evaluations of the functional conservation of CARD–CC proteins. Detection of cleaved CYLD was done with the E10 antibody (Santa Cruz Biotechnology) recognizing the C-terminal 70-kDa cleavage band. Expression of the fused paracaspases was determined with anti-Flag antibody (F-3165, Sigma). Human MALT1 was detected by the EP603Y monoclonal rabbit antibody (Abcam) and the E-tagged Bcl10 clones with anti-E-tag antibody (ab66152, Abcam). All Western blots were developed on an Odyssey scanner (LI-COR).

Yeast-2-Hybrid Assay

The Matchmaker Gold Yeast Two-Hybrid System (Clontech) was used with the Y2H Gold yeast strain to investigate protein–protein interactions. A pre-culture was made the day before transformation, by inoculating about 10 colonies of Y2H gold strain in 5-ml YPDA medium and growing it for about 4 h in a 30°C shaking incubator. The pre-culture was transferred to 35-ml YPDA and grown overnight in a 30°C shaking incubator. On the day of transformation, the overnight culture was diluted to an OD600 of 0.2 in YPDA (10-ml YPDA/transformation) and grown in a 30°C shaking incubator until an OD600 of 0.6–0.8. After a 5-min centrifugation step at 2,100 rpm at 23°C, the yeast pellet was resuspended in 10-ml Milli-Q water and centrifuged again for 5 min. After resuspending the pellet in 1× TE/LiAc, 100 μl of competent cells was mixed with 100 μg denatured salmon sperm DNA, 1 μg bait plasmid, 1 μg prey plasmid, and 600 μl fresh PEG400/LiAc. The yeast–DNA mixtures were incubated in a 30°C shaking incubator for 30 min. The yeast cells were transformed via heat shock at 42°C for 15 min. After a 1-min incubation on ice and a 30-s centrifugation step, the pellet was resuspended in 1× TE and plated on a minimal synthetic drop-out medium (SD) lacking leucine and tryptophan (SD/-Leu/-Trp). After 4 days of incubation at 30°C, colonies were picked and incubated overnight in 200-μl SD/-Leu/-Trp medium in a 96-well plate. Transformed yeast cells were grown overnight in a 30°C incubator. Cultures were then stamped on SD/-Leu/-Trp and SD/-Leu/-Trp/-His/-Ade/+ X-α-gal (40 μg/ml 5-bromo-4-chloro-3 indolyl-β-D-galactopyranoside) plates using an iron 96-well stamp and then incubated for 3–7 days at 30°C until blue colonies were visible.

In Situ Expression Analysis in Nvn

SP6 RNA polymerase (Promega) was used to generate labeled RNA probes. Fixed Nvn embryos were transferred into wells and rehydrated with 60% methanol/40% PBS with 0.1% Tween 20 (PBSTw), 40% methanol/60% PBSTw, and four times with 100% PBSTw. The samples were then digested with 10 μg/ml proteinase K (prepared in PBSTw) for 20 min. The reaction was stopped by two washes with 4 mg/ml glycine. The embryos were washed first with 1% triethanolamine (v/v in PBSTw), twice with 1% triethanolamine/3 μl acetic anhydride, and then twice with 1% triethanolamine/6 μl acetic anhydride. After two washes with PBSTw, the embryos were refixed in 3.7% paraformaldehyde (v/v in PBSTw) for 1 h and washed five times with PBSTw. Samples were prehybridized in 50% PBSTw/50% hybridization buffer (Hybe) [50% formamide, 5× SSC, 50 μg/ml heparin, 0.1% Tween 20 (v/v), 1% SDS (v/v) 100 μg/ml SS DNA and DEPC water] for 10 min, 100% Hybe buffer for 10 min, and 100% Hybe buffer overnight at 60°C. Labeled RNA probes were diluted to 0.5 ng/μl Hybe buffer and denatured at 85°C for 10 min. Hybe buffer was removed from the embryos, and for each reaction, 250- to 300-μl working stock probe was added into the in situ plate. The sieves with embryos were transferred to the in situ plate and sealed to prevent evaporation. The embryos were then incubated at 60°C for 48–72 h. The sieves were transferred to a clean rack filled with fresh preheated Hybe buffer and incubated at 60°C for 10 min. Then, the samples were washed with 100% Hybe buffer and incubated at the hybridization temperature for 40 min. The embryos were washed at the hybridization temperature for 30 min; once with 75% Hybe/25% 2× SSCT [pH 7.0, 0.3 M sodium citrate, 3 M NaCl, and 0.1% (v/v) Tween 20], once with 50% Hybe/50% 2× SSCT, once with 25% Hybe/75% 2× SSCT, once with 2× SSCT, and finally three times with 0.05× SSCT. Prior to the blocking step, the samples were washed three times with 100% PBSTw (each 10 min) at room temperature. To decrease the unspecific background, the samples were blocked in Roche blocking reagent [supplemented with 1% (w/v) 1× maleic acid] for 1 h at room temperature. The embryos were then incubated with antibody solution [Roche anti-digoxigenin-AP (alkaline phosphatase) diluted 1/2,000 in blocking buffer] at 4°C overnight. The sieves were rinsed with blocking buffer and washed 10 times with 100% PBSTw (each 15 min). The embryos were developed in AP substrate solution [5 M NaCl, 1 M MgCl2, 1 M Tris pH 9.5, and 0.1% (v/v) Tween 20] at room temperature. Color development was checked every 10 min for 2 h and AP substrate solution was replaced if an extended developing period was required. Once the probe development reached the desired level, the reaction was stopped by washing with 100% PBSTw. Next, the samples were washed with 100% ethanol for 1 h and rinsed several times with 100% PBSTw. Finally, the specimens were washed with 85% glycerol (in PBSTw) at 4°C overnight and embedded to microscope slides using polyvinyl alcohol hardening mounting medium (10981-100ML, Sigma-Aldrich).

Microscopy

Images were captured with an Axio Scan.Z1 confocal microscope (Zeiss). Images were acquired with a 20× Plan-Apochromat 0.8 NA dry objective, using a Hitachi HV-F202SCL camera.

RNAi Silencing of Malt1 in C. elegans and Phenotypic Analysis

SID-1 is a transmembrane protein, responsible for the passive uptake of dsRNA but this protein is only present in all cells outside the nervous system. Therefore, feeding RNAi is robust in virtually all cells in C. elegans except neurons. To enhance neuronal RNAi, worms [TU3311 strain, uIs60 (unc-119p:yfp + unc-119p:sid-1)] were used which express wild-type sid-1 under control of the pan-neuronal promoter unc-119 (104). Synchronized L1 worms were transferred to NGM plates with RNAi-expressing bacteria (malt1 RNAi sequences: CCTGATCCGGAACAACAAGT and TCCAGCAGATGCTCATCAAC). RNAi efficiency was evaluated by qPCR using the primers TGATGATGAAGAAGGTGTCTCAA and CATCTCAATCGTCTTCTCTGGAT. The control RNAi is the empty vector L4440. To prevent progeny, FUdR (200 μM) was added before worms became adult. Online application for survival analysis was used to perform statistical analysis of the life span assays (105). To test whether RNAi inactivation of malt1 is accompanied by neurotoxicity, we performed a motility study with the WMicrotracker. This device is a high-throughput tracking system to record the amount of animal movement in a fixed period of time. The animal movement is detected through infrared microbeam light scattering. A 24-well plate, filled with nutrient agar, was used. Six wells were seeded with the control RNAi bacteria and six others were seeded with the RNAi bacteria against malt1. Neuronal RNAi-sensitive worms (TU3311 strain) were grown on RNAi bacteria until young adulthood (day 0). Around 100 adult worms were inoculated in each well. The exact number of the worms was counted afterward. Three independent biological replicates were measured over a time period of 20 h. Data acquisition and analysis was performed as described in Ref. (106). The detected signals per hour were divided by the average worm number in each well. The difference in motility was expressed relative to the control.
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Since the B-cell lymphoma/leukemia 10 (BCL10) protein was first described in 1999, numerous studies have elucidated its key functions in channeling adaptive and innate immune signaling downstream of CARMA/caspase-recruitment domain (CARD) scaffold proteins. While T and B cell antigen receptor (TCR/BCR) signaling induces the recruitment of BCL10 bound to mucosa-associated lymphoid tissue (MALT)1 to the lymphocyte-specific CARMA1/CARD11–BCL10–MALT1 (CBM-1) signalosome, alternative CBM complexes utilize different CARMA/CARD scaffolds in distinct innate or inflammatory pathways. BCL10 constitutes the smallest subunit in all CBM signalosomes, containing a 233 amino acid coding for N-terminal CARD as well as a C-terminal Ser/Thr-rich region. BCL10 forms filaments, thereby aggregating into higher-order clusters that mediate and amplify stimulation-induced signals, ultimately leading to MALT1 protease activation and canonical NF-κB and JNK signaling. BCL10 additionally undergoes extensive post-translational regulation involving phosphorylation, ubiquitination, MALT1-catalyzed cleavage, and degradation. Through these feedback and feed-forward events, BCL10 integrates positive and negative regulatory processes that govern the function as well as the dynamic assembly, disassembly, and destruction of CBM complexes. Thus, BCL10 is a critical regulator for activation as well as termination of immune cell signaling, revealing that its role extends far beyond that of a mere linking factor in CBM complexes.
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DISCOVERY OF BCL10 AS AN ADAPTOR FOR CARD-DEPENDENT NF-κB ACTIVATION

The BCL10 gene has been originally cloned from the 1p22 break-point of the chromosomal translocation t(1;14)(p22;q32) associated with mucosa-associated lymphoid tissue (MALT) lymphoma (1). In parallel homology, searches and yeast-two-hybrid screens identified BCL10 (also named c-E10, CIPER, CLAP, or CARMEN) as a protein that is ubiquitously expressed in human tissues and involved in apoptosis by virtue of its N-terminal CARD (2–6). However, while demonstrating that BCL10 overexpression is poorly activating pro-apoptotic pathways, BCL10 oligomerization through the CARD was shown to strongly induce NF-κB activation (1–3). Subsequent work revealed that BCL10 connects through heterotypic CARD–CARD interaction to the CARD-containing scaffold proteins CARMA1 (CARD11), CARMA2 (CARD14), CARMA3 (CARD10), and CARD9 (Figure 1) (7–11). In addition, BCL10 interacts with the MALT1 paracaspase (also known as PCASP1) (12), which was initially discovered from a chromosomal translocation leading to the expression of the oncogenic API2-MALT1 fusion protein in MALT lymphoma (13, 14). Besides its proteolytically active paracaspase domain (15, 16), MALT1 contains a death domain (DD) and two Ig domains (Ig1/2) in the N-terminus that strongly augment NF-κB activation by binding to a region C-terminal to the BCL10 CARD (17). Thus, initial studies mainly based on overexpression indicated that Bcl10 acts as an inducer of IκB kinase (IKK)/NF-κB signaling by bridging CARD-containing scaffold proteins with the MALT1 paracaspase.
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FIGURE 1 | BCL10 structure and interactors. Domain structure of BCL10 with its interacting regions that bind to CARMA/CARDs (CARMA1/CARD11, CARMA2/CARD14, CARMA3/CARD10, and CARD9) and MALT1 are shown. Abbreviations: CARD, caspase-recruitment domain; CC, coiled-coil; MAGUK, membrane-associated guanylate kinase; S/T-rich, serine/threonine-rich region; DD, death domain; Ig, immunoglobulin-like domain; Para, paracaspase domain; BCL10, B-cell lymphoma/leukemia 10; MALT, mucosa-associated lymphoid tissue.



BCL10 MEDIATES ADAPTIVE AND INNATE IMMUNE ACTIVATION BY VARIOUS CBM COMPLEXES

The generation of BCL10−/− mice gave insights into the physiological role of BCL10. As a result of defective neural tube closure, BCL10 deficiency leads to embryonal lethality in approximately one-third of the animals (18). Interestingly, even though the phenotype is not shared with other CARMA/CARD proteins or MALT1, failure of neural tube closure is seen in TRAF6 KO mice with a similar penetrance (19). In TRAF6 deficient animal, it has been attributed to a reduction in programmed cell death in the developing of the central nervous system, suggesting that deregulation in apoptotic processes may be responsible for embryonal defects in BCL10 KO mice. However, cells from BCL10-deficient mice displayed normal susceptibility to a number of apoptotic stimuli, indicating that BCL10 does not directly affect apoptosis signaling (18). Born BCL10−/− mice are viable and reveal no gross developmental defects. Even though BCL10 promotes survival of thymocytes, it is dispensable for overall T or B cell lineage commitment (18, 20). However, more detailed immune phenotyping showed that BCL10 is required for the proper development of regulatory T cells, natural killer (NK), and NKT cells as well as marginal zone (MZ) and B1 B cells (21, 22). T and B lymphocytes from BCL10-deficient mice are defective in NF-κB signaling, fail to upregulate cytokines like IL-2, and do not proliferate in response to TCR and BCR stimulation, which leads to blunted antigen responses and severe immune deficiency (18, 22). Similar signaling defects have been observed in mice lacking CARD11 or MALT1, indicating that BCL10 together with these two proteins orchestrates antigen signaling to mount an efficient adaptive immune response (23–28). In line, antigen stimulation induces the assembly of the higher-order CBM-1 signaling complex consisting of the core subunits CARMA1/CARD11, BCL10, and MALT1 (Figure 2) (29). The CBM-1 complex is lymphocyte-specific, because CARD11 expression is largely restricted to lymphoid tissues (8, 9).
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FIGURE 2 | Different CARMA/caspase-recruitment domains (CARDs) connect to B-cell lymphoma/leukemia 10 (BCL10)-mucosa-associated lymphoid tissue (MALT)1 in response to distinct upstream stimuli BCL10/MALT1 complex recruitment to different CARMA/CARD proteins is dependent on activation of various receptor types forming distinct CBM complexes. All signaling pathways converge upon formation of CBM complexes leading to IκB kinase/NF-κB and JNK activation similarly.



As part of the CBM-1 complex, BCL10 is also required for efficient glutamine uptake by the amino acid transporter ASCT2 and an optimal activation of the protein kinase mammalian target of rapamycin (mTOR) in CD4 T cells after TCR/CD28 co-stimulation (30). In this pathway, the CBM-1 complex regulates the differentiation of naive CD4 T cells into Th1 or Th17 cells independent of its role in canonical IKK/NF-κB signaling. By utilizing shRNA or CARD11 KO Jurkat T cells, a second study confirmed the role of CARD11 and MALT1 in regulating TCR/CD28-induced mTOR activation, but BCL10 appeared to be dispensable for the pathway, which may be due to inefficient knockdown (31). Notably, the study demonstrated that MALT1 protease activity is required for mTOR activation in T cells. The exact pathway connecting CBM-1 and mTOR remains elusive, but the data point to a critical role of MALT1 substrate cleavage independent of IKK activation.

Besides its role in the lymphoid CBM-1 complex, BCL10 controls a number of other immune and pro-inflammatory pathways via its recruitment to various CARMA/CARD–BCL10–MALT1 complexes (Figure 2). In NK cells, BCL10 also in conjunction with CARD11 triggers NF-κB signaling and cytokine production upon antibody binding to FcRγ (32). By coupling Fcε receptor I (FcεRI) stimulation to NF-κB activation and secretion of the cytokines IL-6 and TNFα, BCL10 contributes to IgE-associated chronic allergic diseases, but the CARMA/CARD scaffold channeling FcεRI responses is unknown (33, 34). Chen et al. also reported on a moderate impairment of mast cell degranulation in BCL10−/− cells, which was not seen in the previous study and these differences may be attributed to the different markers used for detecting degranulation. In myeloid cell the alternative CARD9–BCL10–MALT1 (CBM-9) signalosome mediates FcγR stimulation as well as anti-fungal responses from C-type lectin receptors like Dectin-1 (CLEC7A) and Dectin-2 (32, 35, 36). In addition, BCL10 acts as a core component of the CARMA3/CARD10–BCL10–MALT1 (CBM-3) signaling complex that links G-protein-coupled receptor (GPCR) activated by lysophosphatidic acid, angiotensin II, or thrombin that induce pro-inflammatory gene expression also in non-immune cells (37–43). Moreover, the CBM-3 complex is crucial for NF-κB activation and tumor progression after epidermal growth factor stimulation in breast cancer cells (44). Aside from extracellular ligands, excess of intracellular free fatty acids resulting from high fat diet increases cellular diacylglycerol to promote atypical CARMA3/CARD10–BCL10-dependent, but MALT1-independent NF-κB activation in hepatocytes and thereby BCL10 deficiency contributes to insulin resistance (45). How such a CB-3 subcomplex triggers downstream signaling needs to be resolved. Finally, recent data demonstrated psoriasis associated mutations in CARMA2 (CARD14) are promoting formation of the CARMA2/CARD14–BCL10–MALT1 (CBM-2) complex to induce chronic inflammation in keratinocytes (46, 47). However, it is presently unclear what physiological stimuli and upstream signaling pathways govern CBM-2 complex activation. Taken together, BCL10 is recruited to different CARMA/CARD scaffolds to channel TCR/BCR, FcR, and GPCR signaling to induce immune and pro-inflammatory gene activation.

The crucial role of BCL10 for adaptive and innate immune activation was also observed in a human patient carrying a homozygous splice-site mutation that caused complete absence of BCL10 mRNA and protein (48). The autosomal–recessive BCL10 deficiency in humans caused combined immunodeficiency that largely mirrored the phenotype of BCL10−/− mice with respect to lymphocyte signaling and activation. Profound deficits in memory B and T cells were observed in the patient that were much more prominent than in BCL10−/− mice, most likely because the animals are housed in a largely sterile environment.

Conflicting results have been obtained regarding the requirement of BCL10 for innate toll-like receptor (TLR) pathways. Whereas MZ B cells, but not follicular (FO) B cells, fail to activate NF-κB in response to the TLR4 ligand lipopolysaccharides (22), the role of BCL10 for TLR signaling in myeloid cells is less clear. Hara et al. reported blunted TLR2, TLR4, TLR7, and TLR9 responses in CARD9 and BCL10-deficient dendritic cells (DCs), but Gross et al. failed to see any effects on TLR signaling in bone marrow-derived DCs (36, 49). Biochemical analyses showed that BCL10 can deliver full TLR4 responses in epithelial cells (50), suggesting that the effect of BCL10 may differ depending on the cell type and the exact stimulatory conditions. Interestingly, TLR and Dectin-1 signaling pathways are normal in human myeloid cells from a BCL10-deficient patient, but signaling is impaired in epithelial cells and fibroblast from the same patient, supporting the notion that the requirement for BCL10 in some of these pathways may be cell type specific (48). However, the exact mechanism how BCL10 influences MYD88-dependent innate responses and whether this is directly associated with assembly of a distinct CBM complex or results from more indirect effects is unclear.

ONCOGENIC BCR SIGNALING IN LYMPHOMAS RELIES ON BCL10

Originally, BCL10 was cloned from the chromosomal translocation t(1;14)(p22;q32) found in MALT lymphoma (1). The translocation juxtaposes the intact BCL10 gene next to the IGH enhancer, which promotes overexpression and nuclear translocation of BCL10 (1, 51). In line, heterologous expression of BCL10 in B cells of mice induces NF-κB and B cell hyperplasia (52). However, translocation and mutations in BCL10 are rare events and genetic alterations may not have a strong contribution for lymphomagenesis (53). Still, as part of the CARD11-containing CBM-1 complex, BCL10 is an essential factor for survival of the activated B cell type of diffuse large B cell lymphoma (ABC DLBCL) that are addicted to chronic BCR signaling (54). In ABC DLBCL cells, BCL10 channels oncogenic signaling driven by somatic mutations in CARD11 or the BCR adaptors CD79A/B to MALT1 protease activation and anti-apoptotic NF-κB [for review, see Ref. (55)]. Thus, even though somatic BCL10 mutations are rare, uncontrolled BCL10 activation in B cells contributes to lymphomagenesis.

BCL10 FILAMENTS—HIGHER-ORDER ASSEMBLY TO PROMOTE AND AMPLIFY TCR SIGNALING

Immunofluorescence microscopy after overexpression showed that BCL10 exhibits a clear pattern of distinct inter-connected cytoplasmic filaments (56). Mutations in the CARD of BCL10 abrogated these BCL10 assemblies and NF-κB activation, suggesting that cellular filament formation is an essential step for BCL10 activation. Subsequent work in T cells demonstrated that BCL10 is enriched in cytoplasmic structures called POLKADOTS (punctate and oligomeric killing or activating domains transducing signals) upon TCR stimulation (57, 58). The BCL10 foci are highly dynamic platforms for information exchange between BCL10 and CBM-1 signalosome binding partners such as CARD11 and TRAF6 to foster TCR-mediated signaling towards NF-κB.

The architecture and assembly of the BCL10 filaments was uncovered by cryo-electron microscopy (Figure 3) (59, 60). In vitro BCL10 assembles into helical filaments with a left-handed symmetry and three to four BCL10 subunits per helical turn. The hollow helix is formed by three types of homotypic CARD–CARD interactions and point mutations in the interfaces abolish BCL10 filament formation as well as MALT1 and NF-κB activation in T cells, highlighting the importance for filament assembly in vivo (60). Indeed, heterotypic CARD–CARD contacts between CARD11 and BCL10 are selectively localizing to the tip of the BCL10 filaments, and thereby CARD11 acts as the molecular seed that nucleates BCL10 filaments (59, 60). In the first step, the positively charged CARD11 surface recruits the negatively charged BCL10 surface (60, 61). Subsequently, the CARD11-bound BCL10 exposes its basic CARD surface to engage BCL10 monomers again via their negatively charged surfaces ensuring a unidirectional assembly of the growing filaments. The unidirectional growth was confirmed by time-lapse confocal microscopy (59). In line with this model, CARD11 significantly decreases the lag time for BCL10 nucleation, but had no impact on the speed of the extension of the BCL10 filaments. Interestingly, the star-shaped networks indicate that multiple filaments can emanate from one seed, which may rely on the oligomeric status of CARD11 (59, 60).
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FIGURE 3 | Assembly mechanism of the higher-order CBM-1 complex. Upon antigen receptor ligation on lymphocytes, CARD11 is released from its inactive state by phosphorylation and initial homotypic CARD–CARD oligomerization. CARD11 clusters at the cell membrane, induce the recruitment of pre-assembled BCL10-MALT1 complexes, and serve as a molecular seed for the formation of BCL10 filaments. BCL10–MALT1 filaments provoke NF-κB and JNK activation. In parallel, MALT1 protease is activated, which catalyzes cleavage of various cellular substrates. Abbreviations: CARD, caspase-recruitment domain; CC, coiled-coil; MAGUK, membrane-associated guanylate kinase; S/T, Ser/Thr-rich region; DD, death domain; Ig, immunoglobulin-like domain; Para, paracaspase domain; BCL10, B-cell lymphoma/leukemia 10; MALT, mucosa-associated lymphoid tissue.



To foster downstream signaling, the BCL10 core is decorated by MALT1 and TRAF6 in an all-or-none fashion, leading to filaments with a strongly enlarged diameter (59). However, the resolution of BCL10–MALT1–TRAF6 filaments is not yet sufficient to characterize the exact binding surfaces that facilitate these interactions in the context of the CBM holo-complex. Regarding the BCL10–MALT1 interface either deletions in the DD or Ig1/2 domains in MALT1 or mutations and deletions in the CARD and Ser/Thr-rich C-terminus of BCL10 are impairing the interaction (17, 62, 63). Thus, the efficient BCL10–MALT1 binding is most likely relying on the overall conformation of both proteins. The BCL10–MALT1 filaments appear to present a dynamic surface for the clustering of signaling components like the E3 ligase TRAF6 that binds to the C-terminus of MALT1 and catalyzes MALT1 poly-ubiquitination to recruit the IKK complex and induce NF-κB activation (29, 64, 65). It needs to be noted that TRAF6 deficiency does not hamper TCR/CD28-induced NF-κB signaling in murine CD4 T cells (66). Nevertheless, mutation of the TRAF6 binding motifs in MALT1 abolish NF-κB activation in Jurkat T cells as well as murine CD4 T cells (67), strongly arguing that other E3 ligase(s) can compensate for the loss of TRAF6 in primary T cells. Further work is needed to elicit the exact architecture, the assembly, and the dynamics of BCL10 filaments and the CBM holo-complex, to understand mechanistically how different players are integrated to shape activation and termination of immune signaling.

CONTROL OF CBM COMPLEX DYNAMICS BY POST-TRANSLATIONAL REGULATION OF BCL10

Initial phosphorylations of CARMA/CARD scaffolds have been demonstrated to control the recruitment of pre-assembled BCL10–MALT1 and thus CBM complex assembly after stimulation (68, 69). Subsequently, BCL10 is regulated by a variety of post-translational processes including phosphorylation, ubiquitination, complete degradation, and C-terminal cleavage (Figure 4).
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FIGURE 4 | Positive and negative regulations of BCL10. Positive and negative regulating post-translational modification sites (phosphorylation and ubiquitination) and MALT1 cleavage site are depicted. Upper box highlighted in green shows modifications of BCL10 associate with positive impact on T cell activation. The red lower box summarizes negative regulatory effects that impinge on BCL10. Abbreviations: CARD, caspase-recruitment domain; S/T-rich, serine/threonine-rich region; BCL10, B-cell lymphoma/leukemia 10; MALT, mucosa-associated lymphoid tissue.



BCL10 Phosphorylation Balances TCR Signaling

B-cell lymphoma/leukemia 10 is prone to extensive phosphorylations upon T cell activation, which initially was suggested to foster NF-κB signaling (70, 71). Calmodulin kinase II (CaMKII) was found to associate with BCL10 and promote NF-κB signaling by phosphorylating threonine 91 in the CARD domain (72). Phospho-defective or -mimetic mutations were not interfering with CARD11 association, but it needs to be determined if threonine 91 is accessible in the context of the BCL10 filament and if phosphorylation affects filament structure and/or downstream signaling. Recently, GSK3β was also identified as a BCL10 kinase that augments CBM-1 complex formation and NF-κB activation in T cells, but the exact phosphorylation sites still need to be mapped and their functional relevance needs to be determined (73).

Other work demonstrated that BCL10 phosphorylations are largely counteracting CBM-1 signaling, and thereby exert negative regulatory roles on T cell activation (63, 74–76). The protein kinases IKKβ can catalyze BCL10 phosphorylation at multiple serines (134, 136, 138, 141, and 144) in the C-terminus and phospho-defective mutations lead to increased signaling and IL-2 production, indicating that IKKβ besides its positive role for NF-κB signaling can also put a brake on T cell activation (63). Especially phosphorylation of serine 138, which is also modified by CaMKII, is decreasing NF-κB activation (74, 76). Interestingly, C-terminal phosphorylations impair binding of BCL10 to MALT1, suggesting BCL10 phosphorylation balances signaling by structurally remodeling the CBM-1 complex (63). Phosphorylation at serine 138 was also suggested to enhance BCL10 turnover by a proteasome-independent mechanism (76), but an effect of this phosphorylation on BCL10 stability was not confirmed in other studies (77–79). The discovery of Calcineurin as a BCL10 phosphatase in T cells lends strong support to the negative control of BCL10 by protein kinases (78, 80). Inhibition by cyclosporine A or knockdown of Calcineurin augments IKKβ- or CaMKII-catalyzed BCL10 phosphorylation and persistent phosphorylation of serine 138 after TCR stimulation impedes IKK/NF-κB signaling, providing proof for the counterbalancing effect of BCL10 phosphorylation (78, 80).

Phosphorylation of BCL10 at serine 138 has also been implicated in TCR-induced actin polymerization and cell spreading of T cells (79). Furthermore, FcγR-mediated actin polymerization and phagocytosis in macrophages was impaired by BCL10 knockdown. Interestingly, this process was independent of CARD11 and MALT1, pointing to a role of BCL10 outside the CBM complex (79). Subsequent work confirmed the NF-κB-independent role of BCL10 in actin and membrane remodeling downstream of FcR in human macrophages by complexing with clathrin adaptors and recruiting the phosphatase OCRL that controls phosphatidylinositol-4,5-bisphosphate and F-actin turnover (81). The protein kinases controlling actin polymerization through serine 138 phosphorylation are unknown, but it is tempting to speculate that with IKKβ and CaMKII the same kinases that counteract NF-κB signaling by phosphorylating in this region, may also exert positive effects on actin polymerization. Certainly, further work is needed to understand the physiological relevance of BCL10-dependent actin polymerization for innate and adaptive immune responses.

Besides phosphorylation in the C-terminal Ser/Thr-rich region, IKKβ was shown to trigger phosphorylation of threonine 81 and serine 85 in the CARD of BCL10, which mediates the recruitment of Cullin1-βTRCP1 E3 ligase complex and proteasomal degradation of BCL10 (75). Since the accessibility of these residues in the BCL10 filaments is unclear and the majority of the BCL10 aggregates are removed by selective autophagy (see below) (82), IKKβ-dependent degradation may influence a distinct pool of BCL10 not attached to the CBM complex. Thus, even though the negative regulatory function of BCL10 phosphorylation on TCR activation has been confirmed in different studies, the exact regulations and mechanisms are still not completely resolved.

Balancing of BCL10 Activation and Degradation by Ubiquitination

Upon stimulation of antigen receptor signaling pathways in T and B cells, BCL10 is heavily modified by poly-ubiquitin chains, which have been associated with triggering downstream signaling pathways as well as BCL10 degradation (83–86). Indeed, BCL10 degradation and removal after T cell co-stimulation is required for post-inductive termination of CBM complex signaling (85). Mechanistically, TCR engagement promotes K63-linked ubiquitination of BCL10 leading to p62/Sequestosome-1-dependent autophagy and subsequent lysosomal degradation (82, 85). Also proteasomal BCL10 degradation was suggested to occur upon phosphorylation (75), but the efficient removal of the higher-order BCL10 filaments that form cellular clusters after lymphocyte stimulation can most likely only be achieved by selective autophagy and the delivery to lysosomal vesicles (57, 60, 82). Of note, MALT1 is spared from selective autophagy despite its constitutive association with BCL10 (82). How MALT1 is secluded from lysosomal destruction is not understood, but it may involve dissociation from hyper-phosphorylated BCL10 (63).

As mentioned earlier, ubiquitination of BCL10 is also required for T cell activation (86). Lysines 31 and 63 in the CARD domain serve as attachment sites of poly-ubiquitin chains, which promote the efficient recruitment of the IKK regulatory subunit NEMO (IKKγ) to BCL10 and IKK/NF-κB signaling (86). Thus, in conjunction with MALT1 ubiquitination, ubiquitin chains attached to BCL10 are mediating optimal IKK/NF-κB signaling after assembly of the CBM-1 complex in T cells (29, 86). Adding to the complexity, mutation of lysines 31 and 63 also leads to the stabilization of BCL10 in T cells after stimulation, suggesting that the same lysine residues are required for activation and termination of CBM-1 signaling (86).

A number of E3 ligases have been suggested to catalyze BCL10 poly-ubiquitination. Upon overexpression HECT E3 ligases NEDD4 or ITCH counteract TCR/CD28-induced NF-κB activation by promoting BCL10 poly-ubiquitination and degradation (84, 85). Indeed, ITCH deficiency is enhancing BCL10 turnover in primary T but not B cells and ITCH or NEDD4 are recruited to BCL10 via the protein kinase TAK1 independent of its kinase activity (77). TAK1 overexpression also decreases BCL10 amounts in ABC DLBCL cell lines that are characterized by chronic BCR signaling. In these tumor cells, kinase inactive TAK1 is responsible for BCL10 degradation and NF-κB inactivation. At the same time, TAK1 activity induces JNK signaling and both processes are required to induce cell death, and thereby counterselect BCR-addicted lymphoma cells (77).

Also cIAP2 induces BCL10 degradation, but inhibition of cIAP1/2 by antagonist did not affect BCL10 turnover in B cells (77, 84). In fact, in ABC DLBCL tumor cells cIAP1/2 antagonists interfere with NF-κB-dependent pro-survival signaling by preventing the conjugation of K63-linked poly-ubiquitin chains on lysine 31/63 of BCL10 (87). However, since both lysine residues are also involved in degradation of BCL10, it is presently unclear how cIAP-dependent processes are balanced. In addition, most likely through K63-linked auto-ubiquitination, cIAPs recruit the linear ubiquitin chain assembly complex (LUBAC) consisting of HOIP (RNF31), HOIL-1 (RBCK1), and SHARPIN to the CBM-1 complex in ABC DLBCL cells (87, 88). Linear methionine (Met)-1 linked ubiquitination of NEMO by the LUBAC was initially found to be critical for TNFα-dependent NF-κB signaling and several studies demonstrated that LUBAC also controls NF-κB activation and survival of ABC DLBCL cells (88, 89). Furthermore, HOIP catalyzes linear ubiquitination of BCL10 in chronically activated ABC DLBCL as well as T and B cells in response to TCR and BCR stimulation, respectively (87, 90, 91). NF-κB activation is reduced after TCR/BCR cross-linking in HOIP-deficient T and B cells (89–91) and at least partially overlapping attachment sites on BCL10 have been mapped for Met1- and K63-linked ubiquitination (K14, K31, and K63 in BCL10) (91). However, neither HOIP deficiency nor mutation of BCL10 attachment completely abolished NF-κB activation, suggesting that Met-1 or K63 ubiquitination of BCL10 may not be essential but modulate CBM-1 activity. In fact, one study suggested that LUBAC may have a scaffolding function that facilitates NF-κB activation independent of HOIP catalytic activity (89).

A number of BCL10 E3 ligases have been identified, but much less is known about deubiquitinating enzymes (DUBs) counteracting BCL10 ubiquitination. In vitro the Met-1-selective DUB OTULIN can remove linear ubiquitin chains from BCL10 (91), but its role in vivo is unclear as T and B lymphocytes from conditional OTULIN KO mice are not chronically activated (92). BCL10 ubiquitination and degradation is enhanced in Jurkat T cells lacking the components of the COP9-signalosome (CSN), a multimeric complex with isopeptidase activity (93). Since the CSN is primarily influencing ubiquitin conjugation by deneddylating Cullin-RING E3 ligases complexes, the CSN may affect BCL10 stability indirectly. Finally, the ubiquitin-specific protease 9X (USP9X) interacts with BCL10 in activated T cells and silencing of USP9X augments BCL10 ubiquitination and impairs NF-κB signaling in T cells (94). Even though USP9X counteracts the assembly of K48-linked ubiquitin chains on BCL10, this does not lead to decreased BCL10 stability. At present, it is unclear how the regulation by USP9X is connected to the previously described E3 ligases and ubiquitination events, but augmented K48-ubiquitination may compete for the attachment of activating ubiquitin chains with other topologies to BCL10 and thus may promote a dysfunctional CBM-1 response.

Taken together, BCL10 acts as a platform that integrates many components of the ubiquitin system, which control BCL10 activity and stability in lymphocytes and lymphoma cells. Even further BCL10 E3 ligases, like mind bomb-2 or RNF8/RNF168 have been identified, but their role in BCL10-dependent immune signaling is unclear (95, 96). The exact order of events and the contribution of individual ubiquitin ligases and DUBs during the activation and termination phases of immune cell signaling are still to be explored.

BCL10 Cleavage by the MALT1 Protease

Upon activation, MALT1 protease cleaves a number of substrates with key functions in signaling as well as transcriptional and post-transcriptional regulation (Figure 3) (97). MALT1 protease also catalyzes cleavage of BCL10 at arginine 228 removing the last five amino acids from the C-terminus of BCL10 after T cell stimulation (16). C-terminal truncation of BCL10 is also visible in ABC DLBCL cells that are characterized by constitutive MALT1 activity (98, 99). Even though MALT1 protease activity enhances expression of NF-κB target genes like IL-2 in T cells, cleavage of BCL10 is not critical in this process. However, MALT1-dependent cleavage of BCL10 was required for integrin-dependent adhesion of T cells to fibronectin, which is important for the efficient contact of T cells to antigen-presenting cells (16). Interestingly, also thrombin-induced monocyte adhesion is dependent on endothelial BCL10 and thus an intact CBM-3 signalosome, but a putative involvement of the MALT1 protease and BCL10 in this process is unknown (37). Since CBM-dependent NF-κB regulation upregulates several genes controlling adhesion (e.g., ICAM-1, VCAM), it needs to be sorted out whether differences in adhesion may result from differential target gene expression after expression of cleavage defective BCL10 or MALT1 inhibition. To elucidate the physiological relevance of MALT1-catalyzed BCL10 cleavage, a mouse model expressing a cleavage resistant BCL10 R228A variant would be required.

CONCLUSION AND OUTLOOK

Since its discovery an enormous amount of data has been gathered that support the key function of BCL10 as the linker of all CBM complexes. By connecting to the scaffold proteins CARD11, CAR14, CARD10, and CARD9, BCL10 filaments channel antigenic stimulation in lymphocytes and distinct innate and inflammatory stimuli in many other cells to the NF-κB and JNK signaling pathways. BCL10 is the essential adaptor to initiate downstream signaling as well as MALT1 protease activity and substrate cleavage, which is balancing immune cell activation. Thus, BCL10 is mediating the known effects of the CARD scaffolds and acts as the bridge of all CARMA/CARDs involved in immune signaling. BCL10 is prone to numerous post-translational modifications, processing, and degradation, which control binding of interaction partners, stability and activity, highlighting that the role of BCL10 goes far beyond its function as the CBM linker. However, despite first proteomic analyses revealing BCL10 interactions and modifications in activated B cells (90), we are lacking a clear picture about the BCL10 regulation during immune cell activation. Global analyses are needed that cover the dynamics of BCL10 modifications, interactions, localization, and degradation, to elucidate the exact order of events. Moreover, we are still lacking a clear understanding how BCL10 filaments and thus the CBM holo-complexes are assembled und how this highly dynamic signalosome channels to downstream signaling pathways. More structural and functional analyses as well as high resolution imaging are required to elucidate these processes. Several studies demonstrated functions of BCL10 in actin polymerization, phagocytosis, cell adhesion, DNA damage response, fatty acid signaling, or neural tube closure, which are presumably independent of known CARMA/CARDs and/or MALT1 (18, 45, 79, 100). It will be very interesting to explore how and to what extend BCL10 engages with other partners and functions outside the CBM complexes. Overall, in depth analyses are needed to evaluate how this important immune cell machinery can be exploited therapeutically to modulate immune responses for the treatment of autoimmune diseases, chronic or acute inflammation, and hematologic malignancies.
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The scaffold proteins CARMA1-3 (encoded by the genes CARD11, -14 and -10) and CARD9 play major roles in signaling downstream of receptors with immunoreceptor tyrosine activation motifs (ITAMs), G-protein coupled receptors (GPCR) and receptor tyrosine kinases (RTK). These receptors trigger the formation of oligomeric CARMA/CARD-BCL10-MALT1 (CBM) complexes via kinases of the PKC family. The CBM in turn regulates gene expression by the activation of NF-κB and AP-1 transcription factors and controls transcript stability. The paracaspase MALT1 is the only CBM component having an enzymatic (proteolytic) activity and has therefore recently gained attention as a potential drug target. Here we review recent advances in the understanding of the molecular function of the protease MALT1 and summarize how MALT1 scaffold and protease function contribute to the transmission of CBM signals. Finally, we will highlight how dysregulation of MALT1 function can cause pathologies such as immunodeficiency, autoimmunity, psoriasis, and cancer.
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INTRODUCTION

The past few years have seen considerable advances in our understanding of the role of MALT1 in different biological processes. It is now well accepted that MALT1 acts downstream of various receptors in a complex composed of CARMA (CARD-containing MAGUK) proteins, the adaptor protein BCL10 and MALT1 itself. These so-called CBM complexes are crucial for the regulation of the classical NF-κB pathway (also called canonical or NF-κB1 pathway) and other biological processes that will be covered in this review. We will first introduce the receptors that signal via CBM complexes and then describe the role of MALT1 in CBM-dependent signal transmission and its role in the activation of a variety of downstream signals. Finally, we will highlight how dysfunction of MALT1 can cause pathological alterations, which may be amenable to treatment with MALT1 inhibitors that are presently under development.

VARIOUS RECEPTORS SIGNAL VIA CARMA/CARD PROTEINS AND MALT1

MALT1 is a ubiquitously expressed protease that resides in the cytoplasm as a catalytically inactive BCL10-bound proenzyme. It is recruited into CBM signaling complexes upon the stimulation of specific receptors, namely those containing one or more immunoreceptor tyrosine-based activation motifs (ITAMs), G-protein-coupled receptors (GPCRs), or receptor tyrosine kinases (RTKs) (Figure 1) (1).
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FIGURE 1. Signaling via MALT1 downstream of various receptors and CARMA/CARD proteins. CBM complexes composed of MALT1, BCL10 and the indicated CARMA/CARD proteins are formed downstream of receptors containing immunoreceptor tyrosine-based activation motifs (ITAMs), G-protein-coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs). Once formed, the CBM complex activates downstream signaling events via the scaffold and protease function of MALT1. The CBM complex of T and B cells is best characterized, while CBM complexes in other cellular contexts are less well studied. Open questions that remain to be addressed are annotated with a red question mark. Deregulated activation of the pathway results in different diseases, as summarized in the lower panel of the figure. BCR, B cell receptor; DC, dendritic cell; EGFR, epidermal growth factor receptor; FcR, Fc receptor; Mφ, macrophage; MC, myeloid cell; NK, natural killer; OSCAR, osteoclast associated receptor; PKC, protein kinase C; TCR, T cell receptor; TREM-1, triggering expression by myeloid cells 1; RA, rheumatoid arthritis.



Various immunoreceptors of the innate and adaptive immune response activate MALT1. A common feature of such receptors is the presence of one or more ITAMs, which is crucial for transmembrane signal transmission (2). The ITAM can be present in the cytoplasmic tail of the immunoreceptors, as is the case for the zymosan receptor Dectin-1 present on dendritic cells (DC), or the FcεRI on mast cells. Alternatively, the ITAM can be present in a receptor-associated signaling subunit. For example, in CD3 chains associated with the T-cell receptor (TCR), the CD79 chains associated with the B-cell receptor (BCR) and the FcRγ chain associating with the myeloid cell receptor Dectin-2 or the natural killer (NK) cell receptors NK1.1/Ly49D/Ly49H/NKG2D (2, 3). Upon receptor triggering, Src family kinases phosphorylate the ITAMs, thereby providing a docking site for Syk family kinases. Once recruited, Syk kinases induce the downstream signaling events, which converge toward the activation of PKC family kinases, PKC-dependent phosphorylation of the CARMA/CARD protein and the subsequent formation of a CBM complex, for which the composition is specific for different receptor types (Figure 1).

A common feature of all receptors signaling via CBM complexes is the use of MALT1 as a scaffold protein for the IKK-dependent activation of the heterodimeric transcription factors of the NF-κB1 subtype, p50-RelA and p50-cRel (referred to as NF-κB). As a scaffold protein, MALT1 binds the ubiquitin ligase TRAF6, which subsequently modifies itself, BCL10, and the IKK subunit NEMO by K63-linked polyubiquitin chains (4–7). These modifications are required for the downstream activation of the IKK complex (4, 6), which phosphorylates the NF-κB inhibitor, IκBα, to trigger its proteasomal degradation (8, 9). The protease activity of MALT1 makes an additional contribution to the intensity and persistence of the NF-κB response by cleaving the proteins A20 and RelB, which act as negative regulators of NF-κB activation (10, 11). However, whether all CBM-dependent signaling pathways rely on the protease activity of MALT1, or whether some receptors only rely on the MALT1 scaffold activity remains poorly understood.

The relevance of MALT1 protease activity is strongly evidenced for ITAM-containing receptors, which promote activation of lymphoid and NK cells via CARMA1/CARD11 (11–13) and myeloid cells via CARD9 (13, 14). The protease activity of MALT1 also plays a role outside the immune system, in the activation of keratinocytes (15). Stimulation of keratinocytes with zymosan, which triggers the ITAM-containing receptor Dectin-1, leads to CBM complex activation and MALT1 protease activity via CARMA2/CARD14. This suggests that all ITAM containing receptors signal via both the scaffold and protease activity of MALT1 in immune and non-immune cells.

A variety of GPCRs (such as AT1R, Par-1, PAFR, ETA, ETB, CXCR2, CXCR4, LPA1-6) and RTKs (the EGFR and HER2/neu) have been shown to trigger the formation of a CBM complex comprising CARMA3/CARD10 (Figure 1) [see (1) and references therein]. Whether the protease function of MALT1 is involved or not in the transmission of the signaling pathway of these receptors is not well understood. For one GPCR (the thrombin receptor PAR1), the protease activity of MALT1 was found to be crucial for the regulation of the integrity of epithelial barriers, whereby stimulation of epithelial cells with thrombin lead to MALT1 proteolytic activity and CYLD cleavage (16), in addition to the previously described formation of a CBM complex comprising CARMA3 (17). These findings suggest the possibility of a broader involvement of the protease activity of MALT1 in CBM-dependent GPCR signaling. In contrast, signaling via the human EGFR2 (HER2), a receptor tyrosine kinase (RTK), has been proposed to depend mainly on the scaffold activity of MALT1 (18). It is possible that MALT1 cleaves a distinct subset of substrates in epithelial cells, or that MALT1 activation requires co-stimulation of the EGFR and another, yet to be identified co-receptor. A need for co-stimulation is observed in T cells, where optimal CBM complex assembly and activation of MALT1 protease activity requires the synergistic stimulation of both, the TCR and the costimulatory receptor CD28 (11, 12, 19, 20). Whether MALT1 protease activity is activated downstream of RTK merits further exploration.

MULTIPLE ELEMENTS CONTROL THE ASSEMBLY AND ARCHITECTURE OF THE CBM COMPLEX

A common feature of receptors that signal via MALT1 is their capacity to induce the formation of a specific type of CBM signaling complex. In resting cells, the members of the CBM complex reside in an inactive form in the cytoplasm. The catalytically inactive proenzyme MALT1 binds constitutively to BCL10, while the CARMA/CARD scaffold proteins are kept in a monomeric inactive form due to intramolecular inhibitory interactions. The inducible assembly of the CBM complex requires specific protein domains present in each CBM component (Figure 2). The CARD proteins CARMA1 (CARD11), CARMA2 (CARD14), and CARMA3 (CARD10) are structurally similar. Each contains an N-terminal CARD, followed by a coil-coiled (CC) domain and a C-terminal region that shares features with proteins of the membrane-associated guanylate kinase (MAGUK) family, which contain a PDZ (PSD95, Dlg1, ZO-1), SH3 (Src homology 3), and GUK (guanylate kinase) domain. CARD9 contains a CARD and coiled-coil motif but lacks the C-terminal MAGUK features (21–25). An important structural feature of BCL10 is its N-terminal CARD that allows its inducible association with a CARMA/CARD component (21–25). Additionally, BCL10 contains a C-terminal region with a short sequence of amino acids (107-118) that is necessary for its constitutive interaction with MALT1 (21, 26). MALT1 contains an N-terminal death domain (DD) of unknown function, followed by two immunoglobulin (Ig)-like domains required for BCL10 binding, a caspase-like protease domain and a third Ig domain that plays a regulatory role for the protease function (27, 28) (Figure 2).


[image: image]

FIGURE 2. Structure and function of the CBM complex. In resting conditions, MALT1 and BCL10 interact constitutively, while CARMA1 is dissociated from the other components of the CBM. PKC-mediated phosphorylation triggers a conformational opening and oligomerization of CARMA1, leading to the recruitment of preformed MALT1- BCL10 complexes. The E3 ligase TRAF6 is further recruited and polyubiquitinates MALT1 and BCL10. This favors the recruitment of the IKK and TAB2/3-TAK1 complexes and the downstream activation of NF-κB and AP-1. N-terminal phosphorylation of BCL10 by IKKβ enhances NF-κB activation, while a C-terminal phosphorylation disassembles MALT1 from BCL10. BCL10 can undergo both, linear polyubiquitination and K63-linked polyubiquitination, which are important for IKKγ/NEMO recruitment. Monoubiquitination activates MALT1 protease function. Once activated, MALT1 cleaves several substrates including BCL10 (after R228) and itself (after R149). The CBM signal is thought to be amplified by formation of filamentous BCL10 structures initiated by CARMA1 nucleation. BCL10 filaments are decorated with MALT1, most likely in its dimeric form. Double-headed arrows indicate interactions. Arrows indicate P, phosphorylations; Ub, ubiquitination.



The inducible assembly of the CBM complexes seems to depend on a common, conserved mechanism that requires the receptor-induced activation of PKC family members (29, 30). These Ser/Thr kinases (and likely other kinases) phosphorylate the CARMA/CARD proteins in the linker region (Figure 2, illustrated here for CARMA1 (CARD11)) (29–31). This in turn is thought to weaken an inhibitory intra-molecular interaction between the CARD and linker domain, thereby promoting a CARD-mediated association with BCL10 and the formation of the CBM complex (29–31). Similar mechanisms are thought to control activation of CARMA3 (26), CARMA2 (15), and CARD9 (32), but whether PKC family members directly phosphorylate CARMA2 or CARMA3 is not known. CBM complex formation depends on homotypic CARD-CARD interactions between the CARMA/CARD proteins and BCL10 (21–23, 25, 26) and possibly on an additional interaction of the protease domain of MALT1 with the CC domain of CARD proteins as was demonstrated for CARMA1 (33). The CC region of CARMA1 has been shown to mediate oligomerization that is required for TCR-induced NF-κB activation (30, 34). Structural architecture studies and modeling suggest that the CC domain-mediated oligomerization of CARMA1 nucleates the oligomerization of BCL10 into helical filaments. BCL10 filaments are formed in a cooperative manner and stabilized through homotypic interactions formed between the CARD motifs of adjacent BCL10 monomers in the filament (35). MALT1 is constitutively associated with BCL10, and therefore forms part of these filamentous structures (Figures 2,3) (35). Although not filamentous in nature, oligomeric signaling complexes containing proteins with CARD motifs, such as the apoptosome, inflammasome, and pyddosome, have been proposed to be key to the activation of proteases of the caspase family (36). Therefore, a prime purpose of the formation of BCL10-MALT1 filaments is likely to allow the oligomerization-dependent activation of MALT1. Crystallographic data from several groups support the idea that active MALT1 forms a dimer that is stabilized by interactions between the protease domain (37, 38). It is tempting to speculate that BCL10 filaments form a scaffold that permits additional interactions between MALT1 dimers leading to its proteolytic activation (Figure 2). MALT1 activation strictly requires monoubiquitination in its Ig3 domain that promotes its activation in an intra-or intermolecular manner (39). Exactly how this monoubiquitination contributes to MALT1 activation within the context of the oligomeric BCL10-MALT1 fibers remains unexplored. Although this has not yet been formally addressed, it is likely that similar oligomerization-dependent protein complexes control CBM-driven signaling for all CARMA/CARD proteins.
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FIGURE 3. MALT1 scaffold and protease functions. (A) Antigen receptor triggering leads to the formation of the CBM complex that acts as a recruiting platform for the ubiquitin ligase TRAF6 and the linear ubiquitin chain assembly complex (LUBAC). TRAF6-dependent K63-linked polyubiquitination promotes IKK complex activation by recruiting TAB2/3 together with TAK1 into proximity of the IKK complex. The TAB2/3-TAK1 complex also promotes AP-1 signaling through MKK7 and JNK activation. The CBM complex additionally recruits the LUBAC complex via a CARMA1-HOIP interaction. This is thought to support NF-κB signaling through linear ubiquitination of BCL10, which promotes the physical recruitment of IKKγ/NEMO. (B) Once CBM complex formation has initiated the early signaling events, the signal is most likely amplified and propagated by BCL10 oligomerization and filament formation, and through the protease function of MALT1. Filaments might support the protease function of MALT1 by promoting its dimerization and monoubiquitination. Filaments might also favor or control access of active MALT1 to cellular substrates. The protease activity of MALT1 controls NF-κB activation, AP-1 activation, mRNA stability, and cellular adhesion. This is mediated by the cleavage of the depicted substrates (depicted in blue, also for cleaved BCL10 and autoprocessed MALT1).



MALT1 FUNCTION IS DETERMINED BY ITS MULTIDOMAIN STRUCTURE

The MALT1 gene was originally identified as the target of recurrent translocations in MALT lymphomas (40–42). Later on, in silico studies uncovered that MALT1 shares homology with caspases and metacaspases and therefore falls into a category of caspase-like proteases coined paracaspases (27, 43). The partial structure of the MALT1 caspase-like domain together with the third Ig domain has been recently solved and confirms the expected structural similarities between the protease domains of MALT1 and caspases (37, 38).

Apart from sharing structural homology, several other aspects of MALT1 function are shared with caspases, including cysteine-dependent protease activity (11, 12) a requirement for dimerization (38, 44), and the capacity to auto-process (45, 46). Like caspases, MALT1 contains a protease domain with a catalytic dyad comprising two amino acids that are essential for catalysis, namely C464 and H415 (27). Monomeric MALT1 is inactive and, as for caspases, requires dimerization via the caspase-like protease domain for enzymatic activity (38, 44, 47) (Figure 3B). Interestingly, MALT1 has been recently shown to undergo autoprocessing. However, unlike caspases, which autoprocess within the protease domain, MALT1 cleaves itself between the N-terminal death domain and the first Ig domain (45, 46). This does not seem to enhance proteolytic activity but is essential for MALT1-dependent NF-κB activation by a mechanism that is not yet understood (45, 46). In contrast to caspases, the proportion of cellular MALT1 undergoing autoprocessing is very small. It is unclear whether this reflects activation of only a very small proportion of cellular MALT1 or a subtler regulation of its activity, which needs to be investigated in more detail.

Despite the above-mentioned structural similarities between caspases and MALT1, several important differences exist. One major difference between caspases and MALT1 resides in their substrate specificity. While caspases are aspartic acid-specific proteases, MALT1 cleaves its substrates after arginine residues (11, 12, 47). The consensus cleavage site of MALT1 based on known substrates and screening of a tetrapeptide library, is a peptide sequence composed of an arginine at the P1 position, which is in most cases followed by a G or A residue. A hydrophobic residue is usually present at position P4, a rather variable range of amino acids is tolerated at P3 and a preference for serine or proline was found for position P2 (47). The consensus cleavage site could thus be summarized as follows: Φ-X-P/S-R'-G/A.

A second important difference between caspases and MALT1 concerns the regulation of MALT1 function, which is dependent on posttranslational modification (PTM) by ubiquitination. MALT1 is ubiquitinated, upon antigen receptor triggering, within the Ig3 domain and its C-terminal part by either K63-linked polyubiquitination or monoubquitination. MALT1 polyubiquitination mediated by TRAF6 is crucial for the activation and/or physical recruitment of the IKK complex, which phosphorylates the NF-κB inhibitor IκB to initiate its degradation and thus allows the nuclear translocation of NF-κB (4, 6, 7). This K63-linked polyubiquitination of MALT1 likely provides docking sites for the adaptor protein TAB2, which forms a complex with the IKK-activating kinase TAK1 (48). Additionally, the K63-linked ubiquitin chains may serve to physically recruit the IKK complex via its catalytically inactive IKKγ subunit (4, 49). MALT1 mono-ubiquitination on lysine residue 644 (K644), on the other hand, is required for the activation of MALT1 protease activity, most likely by favoring the formation of an active dimeric form of MALT (39).

A third aspect that differentiates MALT1 from caspases is the specific presence of additional protein domains that support its regulation and function. In the N-terminal part preceding the protease domain, MALT1 contains an N-terminal death domain (DD) followed by two Ig-like domains. The C-terminal part following the caspase-like domain contains a third Ig-like domain and a structurally undefined (most likely flexible) C-terminal extension (Figure 2). DDs can serve as protein-protein interaction domains in apoptotic signaling pathways. However, and despite its structural similarity with caspases, MALT1 does not induce apoptosis. This suggests that the MALT1 DD recruits another, yet to be identified, DD-containing protein unrelated to apoptosis. It is also possible that this domain plays an inhibitory role, since MALT1 autoprocessing, which removes the DD, is required for optimal NF-κB activation (45, 46). Additional unique features of MALT1 are the presence of three Ig domains that contribute to protein-protein interactions, and the presence of TRAF6 binding motifs. The first two Ig domains of MALT1 are necessary for the binding to BCL10 and are therefore crucial for its ability to induce CBM-mediated NF-κB activation upon engagement of the TCR (24). The region between the second Ig domain and the caspase-like domain contains a motif that is important for TRAF6 binding (4, 5), which is lacking in a recently described MALT1 splice variant (see below) (50) (Figure 2). Additional TRAF6 binding sites are present in the C-terminal extension, which are important for the downstream signaling event (4). The third, C-terminal Ig domain interacts physically with the protease domain and has a particularly important role in MALT1 protease activity, which is regulated by mono-ubiquitination (Figure 2) (39). This and other posttranslational modifications of MALT1 and the CBM complex are important for downstream signaling events that will be discussed below.

THE CBM COMPLEX FORMS A SCAFFOLDING PLATFORM FOR PROTEIN RECRUITMENT

Once assembled, the CBM complex acts as a signaling platform for the recruitment of multiple signaling complexes, including TRAF6, the TAB1/2-TAK1 complex, the IKK complex, and the linear ubiquitin chain assembly complex (LUBAC) (51). These control various aspects of signal transmission that are essential for NF-κB and AP-1 activation.

The activation of NF-κB requires both the physical recruitment of the IKK complex and its activation by the Ser/Thr kinase TAK1. Recent data suggest an important role for both TRAF6 and the LUBAC complex in promoting IKK recruitment (4, 52). The LUBAC complex is composed of three subunits known as HOIL1 (heme-oxidized IRP2 ubiquitin ligase 1), HOIP (HOIL1-interacting protein; also known as RNF31), and SHARPIN (SHANK-associated RH domain interacting protein). The HOIP subunit has an E3 ligase activity, while HOIP and SHARPIN are important for LUBAC complex regulation, such as assuring its proper localization or stability (52, 53). The CBM complex can associate with the LUBAC complex in a transient manner in stimulated T cells, with kinetics that are similar to the association of LUBAC with the IKK complex (54). The stimulation-induced phosphorylation and conformational opening of CARMA1 is thought to lead to recruitment of both, BCL10 and HOIP (55). BCL10 thereby becomes accessible for HOIP-mediated linear ubiquitination on K17, K31, and K63 residues (55). The linear ubiquitination of BCL10 may promote NF-κB activation by providing docking sites for the physical recruitment of NEMO/IKKγ via its UBAN domain (55). However, alternative mechanisms may contribute to IKK recruitment, since another study showed a role for the LUBAC complex in optimal NF-κB activation that was independent of HOIP's ubiquitin ligase activity (54). Indeed, K31 and K63 on BCL10 can be subject to both linear or K63-linked polyubiquitination (7, 55) and the BCL10 modification by K63-linked ubiquitin chains may also contribute, although with lower affinity, to the physical recruitment of NEMO/IKKγ (7, 49, 56).

The CBM-associated E3 ubiquitin ligase responsible for synthesis of K63-linked ubiquitin chains is TRAF6, which associates with oligomeric BCL10-MALT1 complexes (4) and can be physically incorporated into the BCL10-MALT1 filaments in a cooperative manner (57). It has therefore been proposed that BCL10-MALT1 oligomers serve to activate TRAF6 to promote the ubiquitination-dependent activation of the IKK complex (4) (Figure 3). MALT1 is polyubiquitinated by TRAF6 on multiple sites preceding the protease domain and within the Ig3 domain (Figure 2). These polyubiquitination events are critical for NF-κB activation, since mutation of key amino acids important for TRAF6 binding to MALT1 impairs TCR-induced NF-κB activation (4, 5, 50). The TRAF6-mediated polyubiquitination of MALT1 and/or itself is thought to recruit the TAB2/3-TAK1 complex (4), since the adaptor proteins TAB2/3 contain ubiquitin-binding motifs that bind to K63 polyubiquitin chains (58). TAK1, which associates with TAB2/3, is thereby brought into proximity of the IKK complex to phosphorylate the IKKβ subunit. IKKβ phosphorylation activates the IKK complex, which phosphorylates the NF-κB inhibitor IκB, inducing its degradation to allow nuclear entry of NF-κB (4). In parallel, TAK1 contributes to AP-1 activation via the MKK7-JNK pathway (Figure 3) (59).

Interestingly, a recent study suggests a novel regulatory mechanism for MALT1-dependent TRAF6 recruitment by alternative splicing of MALT1 (50). In primary T cells, two MALT1 isoforms can be expressed, namely MALT1A or MALT1B, the latter of which lacks 11 amino acids encoded by exon 7 (50). These 11 amino acids encode for the first TRAF6 binding site, localized between the second Ig like domain and the paracaspase domain of MALT1 (5, 50) (Figure 2). Resting primary T cells express MALT1B, while MALT1A expression is induced upon TCR triggering (50). Therefore, TCR-induced expression of MALT1A likely reinforces the TRAF6-recruiting scaffolding function of the CBM complex (50).

Collectively, these findings support the notion that formation of the CBM complex has a key role in signal transmission as a protein recruitment scaffold.

THE CBM COMPLEX PROMOTES MALT1 PROTEOLYTIC ACTIVITY

The above-described steps of protein recruitment downstream of the CBM complex are most likely early signaling events that occur within the first minutes of lymphocyte stimulation, since peak IκB phosphorylation is detectable within a few minutes after antigen receptor engagement. The scaffolding function of MALT1 may then be amplified and propagated by its assembly with the BCL10 filamentous structures that are nucleated by CARMA1, as depicted in Figures 2, 3. The activation of the MALT1 protease activity most likely depends on further amplification of the signal through filament formation, since optimal MALT1 activity is detectable later than IKK activation, and peaks roughly 30 min after antigen receptor engagement (11, 12, 19, 20). How exactly filament formation could contribute to MALT1 activation remains unknown. Interestingly, monoubiquitination on K644 within the Ig3 domain of MALT1 is required to license MALT1 protease activity (39). Indeed, a point mutation of K644 preventing monoubiquitination of MALT1 has strongly reduced protease activity and an impaired capacity to sustain IL-2 production in activated T cells (39). The incorporation of MALT1 into filaments might promote MALT1 activation in various ways, for example by allowing recruitment of the (unknown) ubiquitin ligase responsible for MALT1 monoubiquitination and/or assuring physical proximity between MALT1 and its substrates (Figure 3).

MALT1 CLEAVES VARIOUS SUBSTRATES WITH DIVERSE BIOLOGICAL CONSEQUENCES

The last 10 years have witnessed impressive progress in the understanding of MALT1 protease function and its role in NF-κB- dependent and -independent aspects of lymphocyte activation. The best-explored function of MALT1 protease activity is its contribution to NF-κB activation. While MALT1 scaffold-dependent IKK activation promotes rapid but transient NF-κB activation, long-lasting NF-κB activation is assured by the MALT1-dependent cleavage of negative regulators of NF-κB, including RelB (10) and A20 (11), together with MALT1 autoprocessing (45, 46) (Figure 3). RelB plays a critical role as an inhibitor of the canonical NF-κB pathway in lymphocytes, by forming transcriptionally inactive complexes with RelA and c-Rel (10). MALT1-dependent RelB cleavage results in RelB proteasomal degradation, thereby favoring RelA-, and c-Rel-dependent NF-κB activation (10). MALT1-dependent cleavage of the deubiquitinating enzyme (DUB) A20, on the other hand, relieves its inhibitory role in NF-κB activation (11). How exactly A20 cleavage promotes NF-κB activation remains incompletely understood. It has been proposed that A20 negatively regulates the scaffolding function of MALT1 by removing the MALT1 polyubiquitination (60), however this function of A20 does not seem to be affected by its cleavage, since MALT1 inhibitors do not affect IKK-mediated NF-κB activation. A third cleavage event that is important for NF-κB activation is MALT1 autoprocessing (45, 46). MALT1 is autoprocessed after R149, between the N-terminal DD and the first Ig domain. This cleavage is essential for NF-κB activation downstream of its nuclear accumulation by mechanisms that are not yet elucidated (Figure 2) (45). Finally, NF-κB can be negatively regulated by the recently identified MALT1 substrate HOIL1, which is part of the LUBAC complex (61, 62). HOIL1 cleavage by MALT1 diminishes linear ubiquitination of cellular proteins, and has thus been proposed to provide negative feedback on the NF-κB pathway (61, 62).

Another important transcriptional pathway that is regulated by MALT1 is the JNK/AP-1 pathway. While the scaffold function of MALT1 is required for JNK activation (63), the protease activity of MALT1 provides an additional layer of control, via the cleavage of the deubiquinating enzyme (DUB) CYLD (64). CYLD cleavage is unlikely to affect JNK activation, since MALT1 knock-in mice showed no defect in inducible JNK phosphorylation (13, 14, 65, 66), Thus, CYLD cleavage regulates AP-1 through another mechanism that remains to be explored (Figure 3). Despite the described role of CYLD in the negative regulation of NF-κB and the fact that CYLD shares certain substrates with A20 (such as TRAF2, TRAF6, RIP1, and IKKγ) (67), CYLD cleavage is not implicated in TCR-dependent canonical NF-κB activation (64).

Several studies have identified additional NF-κB- and AP-1 independent roles for MALT1. One of these roles is the control of the stability of particular subsets of mRNA transcripts. The MALT1-dependent cleavage of the RNAse Regnase-1 (also known as MCPIP-1 or Zc3h12a) (68) and of the two RNA binding proteins Roquin-1 and Roquin-2 (69) has been shown to stabilize mRNAs by distinct mechanisms. Regnase-1 is an RNAse that cleaves stem loop structures in the 3′ untranslated region (UTR) of mRNAs, including the mRNAs of Regnase-1 itself, c-Rel, ICOS, OX40, IL-2, and IL6 (70). T cell specific Regnase-1 knockout mice developed spontaneous inflammation and premature death, demonstrating the crucial role of Regnase-1 in the regulation of mRNA stability during the adaptive immune response (68). Roquin-1 and Roquin-2 proteins bind to mRNAs via their ROQ domain, which recognizes a secondary RNA structure called constitutive decay element (CDE), and regulate gene expression at the posttranscriptional level (71). Roquin-1 and its paralog Roquin-2 are functionally interchangeable (72). To degrade mRNAs, Roquins recruit an mRNA deadenylase complex via their C-terminal part (71) and regulate the half-life of key cytokines, chemokines, and costimulatory proteins such as ICOS, OX40, and TNF (71, 73, 74). Similar to Regnase-1 deficient mice, Roquin mutant mice (expressing a Roquin mutant that cannot bind CDEs), develop autoimmunity (73). Regnase-1 and Roquins regulate mRNA decay of common and Regnase-1- or Roquin-specific mRNAs. During T cell triggering, the combined mRNAse activity of Regnase-1 and the mRNA decay activity of Roquins are overcome by their MALT1-dependent cleavage and degradation (Figure 3) (68, 69).

Finally, the protease activity of MALT1 also regulates transcription-independent cellular functions by the cleavage of BCL10, which promotes lymphocyte adhesion through β1 integrins (11, 12, 19, 20). MALT1-mediated BCL10 cleavage removes 5 amino acids from its C-terminus (11, 12, 19, 20). This cleavage is not required for antigen-dependent NF-κB activation but is important for integrin-mediated T-cell adhesion (11, 12, 19, 20). The molecular mechanisms controlling adhesion via BCL10 remain elusive (Figures 2, 3).

Thus far, 8 different substrates of MALT1 have been functionally described in activated lymphocytes, and two additional substrates (NIK and LIMA1) have been reported as specific substrates of an oncogenic cIAP2-MALT1 fusion protein specifically expressed in MALT lymphoma (75, 76). We can therefore reasonably anticipate that MALT1 has additional substrates with functions that are much wider than anticipated. For example, MALT1 protease function has been suggested to play a key role in metabolic pathways (77). Glutamine uptake is rapidly initiated upon naive T cell activation via the amino acid transporter ASCT2 and this uptake is crucial for activation of the mammalian target of rapamycin complex 1 (mTORc1). Interestingly, both glutamine uptake and mTORc1 activation required proteins of the CBM complex and MALT1 protease activity (77). This suggests a novel role for the MALT1 protease function in the regulation of glutamine uptake via the regulation of mTORc1 and/or ASCT2 (77). Whether this regulation is mediated by one of the already described substrates of MALT1, or whether a yet unidentified MALT1 substrate can modulate the mTORc1 signaling pathway remains to be explored.

MICE LACKING MALT1 EXPRESSION OR ACTIVITY HAVE DISTINCT IMMUNOLOGICAL PHENOTYPES

The protease activity and most of the substrates of MALT1 have been initially identified and characterized in cell lines. However, recent studies using mouse models have lent strong support to the physiological relevance of MALT1 protease activity in adaptive immunity. MALT1-deficient mice show impaired B- and T-cell responses together with defects in the development of particular lymphocyte subsets such as marginal zone (MZ) and B1 B cells (63, 78). Moreover, these mice are resistant to experimental induction of experimental autoimmune encephalitis, a mouse model of multiple sclerosis (79, 80). Mice expressing a catalytically inactive mutant of MALT1 [C472A knock-in mice, subsequently called MALT1-protease inactive (PI) mice] recapitulate these aspects of the immunodeficiency phenotype of the MALT1 knockout mice to a large extent. Lymphocytes isolated from the MALT1-PI mice also revealed defects in NF-κB activation, AP-1 activation, mRNA stability and lymphocyte adhesion that are all consistent with previous studies from cell lines (13, 14, 65, 66, 81). Despite these impaired responses, the lymphocytes isolated from MALT1-PI mice showed normal antigen receptor-mediated activation of IKK or JNK (63, 78). The impaired cellular responses and the associated immunodeficiency phenotype of the MALT1-PI mice results thus principally from the inactivation of the proteolytic activity of MALT1.

In addition to defects in T- and B-cell responses, MALT1-deficient mice have impaired myeloid and mast cell responses upon Fc-receptor stimulation, reduced NK cell responses and defective innate immunity to yeast infections (63, 78, 82–84). The cellular responses of myeloid and NK cells have also been assessed in MALT1-PI mice and found to be defective.

A surprising finding of all four studies reporting MALT1-PI mice, however, is that these mice develop autoimmune symptoms, in particular a severe autoimmune gastritis of early onset, which progresses with age (13, 65, 66). The observed autoimmunity is likely the result of reduced development of natural Treg (nTreg) cells in MALT1-PI mice (13, 65, 66). Indeed, the autoimmune phenotype of MALT-PI mice can be rescued through transfer of wildtype Tregs into newborn MALT1-PI animals (13, 65). An even stronger reduction of nTregs is found in MALT1-deficient mice (13, 65, 66). However, MALT1-deficient mice show no autoimmune pathology, most likely because their lymphocyte responses are more dramatically affected (13, 14, 63, 65, 66). The reduced Treg numbers are likely caused by the absence of MALT1 function during development, since no spontaneous autoimmunity develops in adult mice treated with small molecule MALT1 inhibitors for up to 17 days (85). Indeed, young MALT1-PI mice do not show autoimmune features and are completely resistant to induction of experimental autoimmune encephalitis (13, 65). While the contribution of individual MALT1 substrate(s) to nTreg development remains largely unknown, a recent study suggests that MALT1 autoprocessing is important for nTreg development (46). Indeed, mice expressing an autoprocessing-resistant mutant of MALT1 have a partial Treg deficit that results in enhanced anti-tumor immunity without causing autoimmunity (46).

Mice deficient for the individual CARMA/CARD family members have additional phenotypic features, including a defect in innate immune responses against bacteria, fungi or viruses in CARD9 KO mice (82, 86, 87) and a specific defect in NF-κB signaling upon stimulation of GPCRs in CARMA3-deficient mice (88). Whether these phenotypes depend on MALT1 protease activity remains largely unexplored. In addition, roughly half of CARMA3- and one third of BCL10-deficient mice die prematurely due to a neuronal tube defect, suggesting a common role for CARMA3 and BCL10 in embryonic development (88, 89). This defect is neither present in MALT1-deficient nor in MALT-PI mice and therefore likely depends on MALT1-independent signaling features of CARMA3 and BCL10. CARMA2/CARD14-deficient mice have been recently generated and found to be resistant to psoriasis induction by imiquimod cream or recombinant IL-23 injection (90). The individual contributions of keratinocytes and γδ T cells to the CARMA2/CARD14 dependent-inflammation and the extent to which MALT1 protease activity contributes to inflammatory skin reactions remain to be further investigated.

MALT1 DEREGULATION IS ASSOCIATED WITH IMMUNODEFICIENCY AND LYMPHOMA

A deregulation of MALT1 function is associated with the development of various diseases. Patients with inactivating MALT1 mutations develop immunodeficiency (91–93) or immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX)-like syndrome (94). Patients with an oncogenic activation of the MALT1 signaling pathway, on the other hand, develop lymphoid malignancies or lymphoproliferative disease (Figures 1,4) (95, 96). An increasing number of T and B cell malignancies are now recognized to be driven by constitutive antigen receptor signaling as a result of foreign or self-antigen recognition (97) and/or gain-of function mutations (Figures 4A,B) that trigger CBM complex formation and downstream signaling (95, 98–104). Such mutations can be found in the CBM component CARMA1 itself (98) or in the upstream components of the pathway, including the B-cell receptor-associated CD79 chains (103), the T-cell coreceptor CD28, PLCγ1 and PKCβ (95). Lymphomas with such mutations include the activated B-cell (ABC) subtype of diffuse large B-cell lymphoma (DLBCL) (98, 99, 103, 105, 106), in which chronic active BCR signaling is often combined with oncogenic activation of the TLR signaling component MyD88 (107). Constitutive CBM-dependent signaling is also found in mantle cell lymphomas (MCL) (104, 108, 109), chronic lymphocytic leukemia (CLL) (110), acute T-cell leukemia/lymphoma (ATLL) (102), cutaneous T-cell lymphoma (CTCL) and Sézary syndrome (100, 101), as well as peripheral T-cell lymphomas (PTCL) (111) (Figures 4A,B). The relevance of the CBM complex and MALT1 protease activity were formally shown by silencing of the individual CBM components in ABC DLBCL (112, 113) and MCL (104) cell lines, or by inhibition of MALT1 proteolytic function in ABC DLBCL (113, 114), MCL (104), and CLL (110) cell lines. Interestingly, gain of function mutations of CARMA1 were also reported in patients with a congenital lymphoproliferative disease known as BENTA (B-cell expansion with NF-κB and T-cell anergy) syndrome (115–117) (Figures 4A,B).


[image: image]

FIGURE 4. CARMA/CARD-dependent and-independent MALT1 activation. (A) In the depicted T cell malignancies, gain-of-function mutations in CARMA1 or its upstream regulators or in-frame gene fusions of the T-cell co-receptor CD28 with ICOS or CTLA-4 are thought to promote MALT1 constitutive activation. (B) In the indicated B-cell lymphomas constitutive MALT1 protease activity can be driven by oncogenic mutations in CARMA1, CD79A or CD79B, which may be relevant in combination with self-antigen recognition. A subset of MCL and CLL are also addicted to this pathway by unknown mechanisms. (C) A large proportion of MALT lymphoma harbors a chromosomal translocation leading to formation of an oncogenic MALT1-API2 fusion protein. (D) In primary effusion lymphoma (PEL), NF-κB is activated through viral latency proteins such as K13 and K15, which activate NF-κB directly or via MALT1-BCL10. (A,B), mutations and self-antigen are depicted with a yellow star. (A,D) Open questions are depicted with red question marks. PTCL, peripheral T-cell lymphoma; ATLL adult T-cell leukemia/lymphoma; ABC, activated B-cell subtype; DLBCL, diffuse large B-cell lymphoma; BENTA, B-cell expansion with NF-κB and T-cell anergy; MCL, mantle cell lymphoma; CLL, chronic lymphocytic/leukemia.



In some types of lymphomas, constitutive MALT1 activation is achieved by mechanisms that bypass the classical CBM signaling events. These include chromosomal translocations involving the MALT1 or BCL10 genes, which are found in MALT lymphomas (1). Such translocations can lead to overexpression of the BCL10 or MALT1 genes or, more frequently, to the generation of an oncogenic API2-MALT1 fusion protein. This fusion protein activates the classical (canonical) and alternative (non-canonical) NF-κB pathways through its scaffold and protease function thereby bypassing the BCR-dependent upstream signaling events (1). The API2-MALT1 fusion protein has constitutive protease activity and cleaves NIK (76) and LIMA1α (75), two non-canonical MALT1 substrates recruited by the cIAP2 moiety (Figure 4C). NIK cleavage leads to stabilization of NIK, which promotes activation of the non-canonical NF-κB pathway by phosphorylation and proteolytic maturation of the NF-κB2 precursor p100 into a mature p52 NF-κB2 subunit (76). Cleavage of LIMA1α disrupts the tumor suppressor function of this protein and promotes B cell proliferation and adhesion via the cleavage of its Lim domain, an LMO-like oncogenic protein (75) (Figure 4C). The cleavage of NIK and LIMA1α seems to be a specific oncogenic feature of the cIAP2-MALT1 fusion protein since it is not known to be triggered by antigen receptor-mediated MALT1 activation.

Recently, we have uncovered a role for MALT1 protease activity in the development of primary effusion lymphoma (PEL) (118). PEL is a lymphoid tumor triggered by Kaposi's sarcoma herpes virus (KSHV), an oncogenic virus also known as human herpes virus-8 (HHV8). KSHV-derived tumors derive from latently infected B cells that are characterized by constitutive NF-κB activation, which suppress the lytic program of the virus. The latency program is controlled by different viral latency genes such as K13 and K15, encoding a viral FLIP (Flice-like inhibitory protein) homolog and a membrane protein homologous to the latent membrane protein 2A (LMP2A), respectively. K13 and K15 induce constitutive activation of NF-κB via the protease and scaffold activity of MALT1 (118) (Figure 4D). Pharmacological inhibition or silencing of MALT1 leads to the reactivation of the viral lytic program and induces cell death of PEL cell lines in vitro. MALT1 inhibitors also efficiently block the development of PELs and induce their regression in vivo, in a xenograft model (118). Interestingly, K13 and K15 contribute to MALT1 activation in a CARMA1-independent manner (Figure 4D). Whether K13 and K15 mediate MALT1 activation via other CARMA/CARD proteins, or in an entirely distinct manner, remains to be explored.

MALT1 DEREGULATION IS ASSOCIATED WITH ALLERGY, INFLAMMATORY SKIN DISEASES AND CARCINOMA

Deregulations of MALT1 function are not restricted to the above-described lymphoid pathologies but may also play wider roles in allergies, psoriasis, and various non-lymphoid cancers (Figure 1).

Evidence for a potential contribution of MALT1 to allergic asthma comes from two studies showing that CARMA1 is important in mouse models of allergic asthma (119, 120). CARMA3 has also been shown to play an important role in allergic airway inflammation in mice (121). The exact upstream events triggering CBM activation in these models remain undefined.

CARMA2/CARD14-mediated activation of MALT1 has been shown to play a major role in the activation of human keratinocytes upon exposure to the yeast cell wall component zymosan or S. aureus (15). Interestingly, activating mutations in the CARMA2-encoding gene CARD14 have been found to be associated with development of psoriasis, an inflammatory skin disease, in human patients (122, 123). Since then, an increasing number of studies have reported genetic mutations in CARD14 associated to psoriasis diseases (124). Some of the CARD14 mutations found in patients were shown to enhance NF-κB activation and promote secretion of CCL20 and IL-8, two chemokines known to be associated with psoriasis (123, 124). Similar to CARD11 mutations associated with lymphoid malignancies, CARD14 mutations were mostly found in the CC region. This suggests a similar mechanism of activation, via induction of an active CARD14 conformation and oligomerization necessary for CBM complex formation and downstream signaling events. In support of this model, a recent study showed that a single point mutation in CARD14 E138A, which renders CARD14 hyperactive, was sufficient to drive spontaneous psoriasis disease in mice (125). Inhibition of MALT1 protease activity effectively reduces cytokine and chemokine expression induced by overexpression of this hyperactive CARD14 mutant in human primary keratinocytes (126). Therefore, topical application of MALT1 inhibitors may be a future treatment option for psoriasis patients.

Finally, an increasing number of publications support a role for aberrant MALT1 signaling in the development of non-lymphoid cancers, such as glioblastoma (127), breast cancer (18, 128, 129), melanoma (130), lung cancer (18), and various other carcinomas (1, 131, 132). In these cancers, MALT1 seems to be activated by constitutive signaling from GPCRs or the EGFR via CARMA3 and/or by overexpression of MALT1 through various mechanisms.

For breast cancer, two different subtypes, which are HER2 or angiotensin II receptor (AGTR1) positive, have been described to be addicted to CBM signaling via CARMA3 (18, 128, 129). Interestingly, these two subsets show abnormal expressions of AGTR1 or HER2 in a mutually exclusive manner (128). In AGTR1 and HER2 positive breast cancer cell lines, NF-κB is activated upon stimulation with Angiotensin II or the HER2 ligand heregulin, respectively, in a CARMA3-dependent manner (18, 128, 129). Silencing of CBM components abrogates tumor cell growth, migration, and invasion (18, 128, 129) and affects the tumor microenvironment, since endothelial cell chemotaxis and angiogenesis are abolished (128). AGTR1-positive breast cancers represent 15–20% of all breast cancers (128) and HER2 positive breast cancers form 20–25% of all breast cancers (18, 128, 129, 133). It remains possible that other breast cancer subtypes depend on constitutive signaling by other GPCRs that can trigger NF-κB signaling via CARMA3 (134). In addition to its relevance in breast cancer, CARMA3 has been shown to play a role in lung cancer (18). In this context, EGFR signaling via CARMA3, BCL10, and MALT1 promotes tumorigenesis through effects on NF-κB activation, cell proliferation, migration and invasion. The relevance of the proteolytic activity of MALT1 was not formally assessed in the above-cited models of breast cancer (128) and lung cancer (18). It would thus be interesting to test the potential effectiveness of pharmacological MALT1 inhibitors in these models.

The relevance of MALT1 as a protooncogene has been recently extended to additional malignancies including melanoma (130) and glioblastoma (127), in which MALT1 can be overexpressed. Indeed, MALT1 is highly expressed in a subset of melanoma associated with poor prognosis (130). MALT1 downregulation or inhibition with the MALT1 inhibitor MI-2 (135), diminishes the growth and the dissemination of melanoma cells in the lung (130). While the proliferation of these melanoma cells is NF-κB dependent, the dissemination is JNK/c-Jun-dependent (130). In glioblastoma, it was shown that a subset of tumors with poor outcome expresses low levels of the microRNA miR181d, leading to high NF-κB activation. One of the targets of miR181d is MALT1, which is highly expressed in the miR181d-low tumors (127). Ectopic expression of miR181d and the consequent downregulation of MALT1 suppresses growth of tumor cells (127). These two studies suggest that, like in a subset of MALT lymphomas (136), MALT1 overexpression per se may play a role in promoting carcinogenesis, potentially by spontaneous aggregation-mediated activation of MALT1. Future studies should address how MALT1 promotes cellular transformation in various cancers, whether and how specific substrates of MALT1 contribute to tumorigenesis and if MALT1 inhibitors might be of therapeutic interest.

MALT1 INHIBITORS MAY BE OF THERAPEUTIC INTEREST FOR VARIOUS PATHOLOGIES

Several recent studies have reported the development of small molecule MALT1 inhibitors that act as active site or allosteric inhibitors (135, 137–140). These have therapeutic effects in preclinical (mouse) models of diffuse large B-cell lymphoma, (135, 137, 138) and primary effusion lymphoma (118). The idea that MALT1 inhibitors may be useful to dampen inflammatory immune responses has received support from studies using a mouse model of multiple sclerosis, in which paralysis symptoms are alleviated by treatment with a MALT1 inhibitor, or by genetic inactivation of MALT1 (13, 65, 85). The latter also protects mice from experimental induction of colitis (13). Moreover, pharmacological inhibition of MALT1 protects mice from LPS-induced inflammation and lung injury, most likely through inhibitory effects on myeloid cells (141). Nevertheless, the assumption that MALT1 inhibitors will generally dampen immune responses has been challenged by the observation that mice expressing a catalytically inactive form of MALT1 have reduced numbers of natural Treg cells and, as a consequence, progressively develop inflammatory autoimmune disease (13, 14, 65, 66). This raises the interesting possibility that, at least in the context of cancer, MALT1 inhibitors may exert their effects by a dual action on both the inhibition of the growth of cancer cells and boosting anti-tumor immune responses. Another possible field of application for MALT1 inhibitors are inflammatory skin diseases such as psoriasis, in which inhibitory effects on keratinocytes and possibly on skin T cells may benefit the patients (15, 124–126). As we progress in our knowledge about the molecular and biological function of MALT1, future applications are likely to emerge.
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ABC, activated B-cell; AGTR1, angiotensin II receptor; ATLL, adult T-cell leukemia/lymphoma; BCL10, B-cell lymphoma-10; BCR, B-cell receptor; BENTA, B-cell expansion with NF-κB and T-cell anergy; CARD, caspase recruitment domain; CARMA, CARD-containing membrane-associated guanylate kinase; CBM, CARMA/CARD-BCL10-MALT1; CC, coil-coiled; CDE, constitutive decay element; CLL, chronic lymphocytic leukemia; CTCL, cutaneous T-cell lymphoma; DD death domain; DC, dentritic cells; DLBCL, diffuse large B-cell lymphoma; DUB, deubiquitinating enzyme; EGFR, epidermal growth factor receptor; FcR, Fc receptor; FLIP, Flice-like inhibitory protein; GPCR, G protein-coupled receptor; GUK, guanylate kinase; HER2, human EGFR-2; HOIL1, heme-oxidized IRP2 ubiquitin ligase 1; HOIP, HOIL1-interacting protein; HHV8, human herpes virus-8; Ig, Immunoglobulin; IPEX, immune dysregulation, polyendocrinopathy, enteropathy, X-linked; ITAM, immunoreceptor tyrosine-based activation motif; KSHV, Kaposi's sarcoma-associated herpes virus; LMP2A, latent membrane protein 2A; LUBAC, linear ubiquitin chain assembly complex; Mφ, macrophage; MAGUK, membrane-associated guanylate kinase; MALT, mucosa-associated lymphoid tissue; MC, myeloid cell; MCL, mantle cell lymphoma; mTORc1, mammalian target of rapamycin complex 1; MZ, marginal zone; nTreg, natural Treg; JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor kappa B; NK, natural killer; OSCAR, osteoclast associated receptor; PDZ, PSD95 Dlg1 ZO-1; PEL, primary effusion lymphoma; PI, protease inactive; PKC, protein kinase C; PTCL, peripheral T-cell lymphoma; RTK, receptor tyrosine kinases; TCR, T cell receptor; TREM-1, triggering expression by myeloid cells 1; PTM, posttranslational modification; RA, rheumatoid arthritis; SH3, Src homology 3; SHARPIN, SHANK-associated RH domain interacting protein; UTR, untranslated region.
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Assembly of the CARD11/CARMA1-BCL10-MALT1 (CBM) signaling complex upon T or B cell antigen receptor (TCR or BCR) engagement drives lymphocyte activation. Recruitment of pre-assembled BCL10-MALT1 complexes to CARD11 fosters activation of the MALT1 protease and canonical NF-κB signaling. Structural data and in vitro assays have suggested that CARD11 acts as a seed that nucleates the assembly of BCL10 filaments, but the relevance of these findings for CBM complex assembly in cells remains unresolved. To uncouple cellular CARD11 recruitment of BCL10 and BCL10 filament assembly, we generated a BCL10-CARD11 fusion protein that links the C-terminus of BCL10 to the N-terminus of CARD11. When stably expressed in CARD11 KO Jurkat T cells, the BCL10-CARD11 fusion induced constitutive MALT1 activation. Furthermore, in CARD11 KO BJAB B cells, BCL10-CARD11 promoted constitutive NF-κB activation to a similar extent as CARD11 containing oncogenic driver mutations. Using structure-guided destructive mutations in the CARD11-BCL10 (CARD11 R35A) or BCL10-BCL10 (BCL10 R42E) interfaces, we demonstrate that chronic activation by the BCL10-CARD11 fusion protein was independent of the CARD11 CARD. However, activation strictly relied upon the ability of the BCL10 CARD to form oligomers. Thus, by combining distinct CARD mutations in the context of constitutively active BCL10-CARD11 fusion proteins, we provide evidence that BCL10-MALT1 recruitment to CARD11 and BCL10 oligomerization are interconnected processes, which bridge the CARD11 seed to downstream pathways in lymphocytes.

Keywords: lymphocyte signaling, CARMA1–BCL10–MALT1 (CBM) signalosome complex, CARD11, NF- kappa B, MALT1 paracaspase

INTRODUCTION

Assembly of the CARD11/CARMA1-BCL10-MALT1 (CBM) signalosome channels T and B cell antigen-receptor (TCR/BCR) ligation to MALT1 protease activation and canonical NF-κB signaling (1, 2). CARD11 phosphorylation, primarily in the central linker region, following antigenic stimulation induces conformational changes that expose the N-terminal CARD (Caspase Recruitment Domain) to recruit pre-assembled BCL10-MALT1 complexes (3, 4). Oncogenic CARD11 variants have been identified mainly in the coiled-coil domain, and these activating mutations promote chronic CBM assembly and NF-κB-driven survival in diffuse large B cell lymphomas (DLBCL) in the absence of antigenic stimulation (5, 6).

It is well established that BCL10 associates with the CARD-containing scaffold protein CARD11 through heterotypic CARD-CARD interactions (7, 8). Overexpression studies indicate that BCL10, via its N-terminal CARD, forms filament-like clusters in cells, which are required for proper activation of canonical NF-κB signaling (9). Aggregation of BCL10 in foci was also observed following TCR ligation in T cells (10). More recent in vitro structural studies, combined with molecular modeling, have demonstrated that the CARD of CARD11 can function as a seed to nucleate the assembly of BCL10 CARD filaments (11–13). In vitro BCL10 filaments can also form in the absence of CARD11, but CARD11 decreases the lag period of BCL10 polymerization and thus appears to function as an initiator of the process (11). Impaired MALT1 activity and NF-κB signaling upon overexpression of CARD11 or BCL10 mutants, targeting either the heterotypic CARD11-BCL10 or the homotypic BCL10-BCL10 CARD interfaces, highlights the importance of the different CARD surfaces (12, 13). These experiments, however, did not address the contribution of the different interfaces to antigenic activation when expressed at endogenous levels. We have demonstrated that BCL10 oligomerization is also required for its recruitment to CARD11, indicating that both processes are highly interconnected (14). Thus, the cellular relevance of the CARD11 seeding function for BCL10 filament formation, as well as, the order of events after antigenic stimulation, have not been resolved.

Here, we used CRISPR/Cas9 technology to generate CARD11 and BCL10 KO T and B cell lines and stable lentiviral reconstitution, to investigate the cellular necessity of the CARD11 seed and BCL10 filaments in a clean genetic setup under physiological conditions. As noted earlier, we have been unable to definitively determine whether CARD11 nucleates BCL10 filaments or, if BCL10 filament formation happens prior to, or at the same time as CARD11 recruitment in stimulated T cells using missense mutations in the putative CARD11-BCL10 or BCL10-BCL10 interfaces alone (14). Thus, we uncoupled these processes by fusing BCL10 to CARD11 to bypass inducible recruitment and thereby were able to investigate the cellular necessity of CARD11 seeding and BCL10 oligomerization.

RESULTS

BCL10 Recruitment to CARD11 and BCL10 Filament Assembly Are Interconnected Processes

In order to predict mutations that would selectively interfere with CARD11 seed function or BCL10 self-assembly, we used structural modeling to fit the CARD11 seed onto the structure of BCL10 CARD filaments (Figure 1A). Therefore, the CARD11 CARD domain crystal structure was superimposed on to three BCL10 CARD domains at the bottom of the BCL10 filament cryo EM structure [Figure 1A; (13, 14)]. Since the structure of the CARD11-BCL10 interface has not been determined, the CARD11 BCL10 CARD/CARD interaction was modeled in consideration of the surface charge complementarity analysis of the BCL10-MALT1 filament cryo-EM structure and the crystal structure of the CARD11 (Supplementary Figures 1A–C). As noted earlier, distinct interfaces between the CARDs are required to mediate heterotypic CARD11-BCL10 interactions or homotypic BCL10-BCL10 interactions (12, 13). On the CARD11 side, R35 serves as a critical contact point to multiple residues in BCL10 including E53 and mediates recruitment of BCL10 to CARD11 [Figure 1B; (12)]. On BCL10, R42 contributes to the association at the BCL10-BCL10 interface I that controls BCL10 oligomerization (Figures 1C,D). The structure reveals that R42 is not predicted to confer CARD11-BCL10 interaction (11, 13, 14). In vitro, the BCL10 CARD mutation R42E prevents oligomerization of the BCL10-MALT1 complex (14). We expressed BCL10 WT and R42E in adherent U2OS cells to monitor formation of cellular clusters. Indeed, whereas overexpressed BCL10 WT forms cytosolic aggregates in U2OS cells, BCL10 R42E fails to cluster, indicating that oligomerization and filament formation is prevented by the mutation (Figure 1E). We performed co-immunoprecipitation (IP) of HA-BCL10 WT, together with Flag-BCL10 WT or R42E in HEK293 cells (Figure 1F). Despite the higher expression of BCL10 R42E, only Flag-BCL10 WT co-precipitated with HA-BCL10, validating that the mutation abolishes BCL10 self-association.
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FIGURE 1. CARD-CARD interfaces in the CARD11-BCL10 structure. (A) Model of the CARD11-BCL10 filament structure. The oligomeric CARD11 seed (PDB 4LWD, orange) induces BCL10 (PDB 6GK2, blue) filament assembly through the heterotypic CARD11-BCL10 interface. (B) Close-up view of CARD11 R35 (magenta) contacting BCL10 E53 in the modeled CARD11-BCL10 interface. (C,D) Close-up view of the BCL10-BCL10 interface I. Residues involved in homotypic CARD-CARD association as observed in the cryo-EM structure (EMD-0013, PDB 6GK2) (14) are shown as sticks. The mutated residue R42 is highlighted in green. (E) Cellular distribution of BCL10 in U2OS cells was determined after transfection of BCL10-FS or BCL10 R42E-FS and aggregate clustering was detected by indirect confocal immunofluorescence microscopy. Scale bars depict 10 μm. Average number of aggregated foci was quantified by blinded counting >30 cells per condition (mean ± s.e.m.; **p ≤ 0.01). (F) HEK 293 cells were transfected with Flag- and HA-tagged BCL10 constructs as indicated, and self-association of HA-BCL10 WT to Flag-BCL10 WT or R42E mutant was determined after Flag-IP.



To rigorously test the function of CARD11 as a molecular seed and BCL10 as a filament forming CARD11 adaptor in B and T cells, we generated CARD11 and BCL10 KO Jurkat T cells, as well as CARD11 KO BJAB B cells, by CRISPR/Cas9 technology (Supplementary Figure 2). CARD11 KO Jurkat T and BJAB B cells were generated using sgRNA targeting Exon3, which induces double stranded breaks and frame shift mutations due to non-homologous end-joining (NHEJ) repair (Supplementary Figure 2A). An exon1-intron1 deletion strategy using two sgRNA was employed to knockout BCL10 from Jurkat T cells (Supplementary Figure 2B). Using these approaches, we obtained several clones that displayed loss of CARD11 or BCL10 expression as determined by Western Blot analysis (Supplementary Figures 2C–E). Destructive frame shift mutations in CARD11 or deletions of BCL10 in both alleles were confirmed by sequencing of the genomic loci in the respective KO cell clones (data not shown). We used PMA/Ionomycin (P/I) stimulation, which bypasses upstream TCR or BCR signaling by directly activating PKCθ or PKCβ in T and B cells and increasing cytosolic calcium levels. In line with the key role of the CBM complex, CARD11 or BCL10 deficiency abolished P/I-induced NF-κB signaling in Jurkat T or BJAB B cells as evident from lack of IκBα degradation and NF-κB DNA binding (Supplementary Figures 2C–E). In contrast, CBM-independent, TNFα-driven NF-κB signaling as well as ERK activation were not affected by the absence of CARD11 in Jurkat T cells, demonstrating that loss of the CBM complex selectively affects antigenic signaling. Thus, the absence of CARD11 or BCL10 in Jurkat and BJAB cells faithfully mirrors the signaling defects observed in primary lymphocytes from CARD11−/− or BCL10−/− mice (15–17).

We then performed rescue experiments in Jurkat KO T cells to study the molecular functions of the CARD11 and BCL10 CARDs, by introducing missense mutations (CARD11 R35A and BCL10 R42E) that are both predicted to selectively interfere with heterotypic CARD11-BCL10 and homotypic BCL10-BCL10 interactions, respectively [Figures 1, 2A; (12, 14)]. Jurkat CARD11 or BCL10 KO T cells were reconstituted by lentiviral transduction and comparable infection rates for epitope-tagged (FS: Flag-StrepTag2) CARD11 and BCL10 constructs were obtained, as determined by co-expression of the surface marker ΔCD2 (Supplementary Figures 3A,B). Equivalent expression of WT and mutant CARD11 or BCL10 proteins at close to endogenous levels was confirmed by Western Blotting (Supplementary Figures 3A,B). Functionally, lack of CARD11-dependent NF-κB activation after P/I stimulation in CARD11 KO cells was rescued upon reconstitution with CARD11 WT, but not with the CARD11 R35A mutant (Figure 2B). We also assessed activation of the MALT1 protease by substrate cleavage (CYLD and HOIL-1) (18) and labeling of active MALT1 by a biotinylated MALT1 activity-based probe (ABP) followed by biotin pull-down (PD) to capture active MALT1 [Figure 2C; (19)]. Again, CARD11 WT, but not R35A, could rescue P/I stimulated MALT1 protease activation in Jurkat T cells, revealing that this mutation abolishes all CARD11 downstream function. On the side of BCL10, we confirmed that rescue of BCL10 WT, but not BCL10 R42E, was able to trigger MALT1 activation and mediate NF-κB downstream signaling in response to P/I stimulation [Figure 2D; (14)]. Since the structural analyses suggested that BCL10 R42E would selectively disrupt the BCL10-BCL10 but not the CARD11-BCL10 interface (13), we asked if BCL10 R42E could still be recruited to CARD11 upon stimulation. However, no stimulation-dependent binding to CARD11 was detected with BCL10 R42E mutant [Figure 2E; (14)]. The data demonstrate that CARD11 recruitment and BCL10 filament formation are interconnected processes. Thus, destructive mutations in the CARD11-BCL10 or BCL10-BCL10 interfaces alone are unable to resolve whether CARD11 acts as a seed to induce BCL10 oligomerization or if an initial BCL10 filament assembly may be required for the recruitment of BCL10-MALT1 to CARD11.
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FIGURE 2. Effects of destructive heterotypic and homotypic CARD-CARD interface mutants. (A) Schematic presentation of CARD11 and BCL10 WT proteins and the respective CARD mutants R35A and R42E. (B) CARD11 KO Jurkat T cells were reconstituted with CARD11 WT or R35A. Cells were stimulated with P/I (30 min) and effects on NF-κB signaling were determined by following IκBα degradation by WB and NF-κB activation by EMSA. (C) CARD11 KO Jurkat T cells were reconstituted as in (B), stimulated with P/I (30 min), and MALT1 protease activity was determined via MALT1-ABP PD assay and assessment of substrate cleavage (CYLD and HOIL1) by WB. (D) BCL10 KO Jurkat T cells were reconstituted with BCL10 or BCL10 R42E. Cells were stimulated with P/I (30 min) and NF-κB signaling was analyzed as in (B). MALT1 protease activity was determined by CYLD substrate cleavage by WB. (E) Recruitment of BCL10 or BCL10 R42E to CARD11 after P/I stimulation (15 min) in Jurkat T cells was monitored by ST-PD and subsequent WB. The asterisks indicate an unspecific band in the BCL10 WB.



BCL10-CARD11 Fusion Drives Constitutive MALT1 Activation Through BCL10 Oligomerization in Jurkat T Cells

To test the necessity for BCL10 self-association downstream of CARD11, we designed a system that bypasses inducible CARD11-BCL10 association. For this we cloned chimeric proteins that covalently fuse BCL10 through its C-terminus to the N-terminus of CARD11 (Figure 3A). We lentivirally transduced CARD11 KO Jurkat T cells with the SF-tagged BCL10-CARD11 construct (herein referred to as B10-C11 fusion) (Figure 3B). We detected a faint but distinct band corresponding to the expected size of the B10-C11 fusion using αBCL10 and αCARD11 antibodies (Figure 3C). Notably, expression of the B10-C11 protein triggered constitutive cleavage of CYLD and A20, as well as a reduction in endogenous BCL10, which are all MALT1 substrates (18). However, the BCL10-CARD11 fusion itself, which contains a MALT1 cleavage site at R228 in the BCL10 moiety (20), was also prone to processing, giving rise to a fragment the size of endogenous CARD11 (Figure 3C). Thus, the data clearly indicate that fusion of BCL10 to CARD11 is sufficient to induce MALT1 activation.
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FIGURE 3. A chimeric BCL10-CARD11 fusion protein induces constitutive MALT1 protease activity in Jurkat T cells through the BCL10 oligomerization interface. (A) Schematic representation of BCL10-CARD11 (B10-C11) fusion proteins with the respective CARD mutants. (B) Transduction efficiency of CARD11 KO Jurkat T cells with BCL10-CARD11 (B10-C11) was analyzed by FACS using the surface marker ΔCD2. (C) Protein expression of B10-C11 fusion construct and cleavage of MALT1 substrates compared to mock and parental Jurkat T cells was analyzed by WB. (D) Transduction efficiency of CARD11 KO Jurkat T cells with different B10 R228A-C11 fusion constructs as in (B). (E) Expression of the different B10 R228A-C11 fusion proteins compared to mock and parental Jurkat T cells was analyzed by WB and binding to MALT1 assessed by Strep-PD. (F) CARD11 KO Jurkat T cells were reconstituted with B10 R228A-C11 fusion proteins as indicated. Active MALT1 prior or after P/I stimulation (30 min) was detected in the extracts with biotin-labeled MALT1-ABP and MALT1-ABP PD followed by WB. (G) CARD11 KO Jurkat T cells were reconstituted and treated as in (F) and cleavage of MALT1 substrates (CYLD, HOIL1, A20) was detected by WB.



To avoid the indirect reconstitution of CARD11 from the cleaved B10-C11 fusion, we designed all further BCL10-CARD11 fusion constructs so that they contained the MALT1 cleavage resistant BCL10 R228A mutation (Figure 3A). The fusion constructs include the destructive mutations R42E in the BCL10 CARD, and R35A in the CARD11 CARD, both alone and in combination. All B10-C11 fusion constructs were transduced into CARD11 KO Jurkat T cells, yielding equivalent infection efficiencies as judged by ΔCD2 expression (Figure 3D). The chimeric proteins were expressed below the level of endogenous CARD11 and moreover, the fusions containing a functional WT BCL10 CARD were consistently expressed at lower levels compared to the BCL10 mutants R42E that prevent BCL10 oligomerization (Figure 3E). StrepTactin pull-downs (ST-PD) demonstrated that the BCL10-CARD11 fusion proteins retained the ability to bind endogenous MALT1, excluding that the fusion or point mutations in the CARDs interfere with MALT1 recruitment (Figure 3E).

Using biotin-PD after incubation with bio-MALT1-ABP, we tested MALT1 protease activity in extracts of untreated and P/I stimulated Jurkat T cells (Figure 3F). Expression of B10 R228A-C11, containing two functional CARDs, as well as the B10 R228A-C11 R35A fusion, with an inactivation only in the CARD11 CARD, induced strong MALT1 protease activity that was equivalent to the activation obtained in Jurkat T cells after P/I stimulation. Despite robust MALT1 activation, the R228A exchange in BCL10 prevented cleavage of the fusion constructs and thus the appearance of CARD11 (Figure 3E). Constitutive MALT1 activation was abrogated in the B10-C11 fusion proteins carrying the oligomerization-defective BCL10 R42E mutation, providing evidence that constitutive MALT1 activation is driven through oligomerization of endogenous BCL10 via the BCL10 CARD (Figure 3F). Interestingly, MALT1 activity was further enhanced after stimulation of B10 R228A-C11 expressing cells and this strictly relied on the CARD11 CARD, because the R35A mutation prevented stimulation-dependent induction. In line, even though the B10 R42E/R228A-C11 fusion containing an intact CARD11 CARD was unable to induce constitutive MALT1 activation, it was still able to mediate MALT1 activation in P/I-stimulated Jurkat T cells. Thus, stimulation dependent activation seems to rely on the recruitment of endogenous BCL10 to the CARD11 CARD in the context of the BCL10-CARD11 fusion protein. In fact, the B10 R42E/R228A-C11 fusion acted completely independently of the BCL10 CARD and exactly mirrored the rescue observed when using CARD11 WT (see Figures 2B,C). In agreement with these data, the triple mutant B10 R42E/R228A-C11 R35A neither promoted constitutive, nor rescued, stimulus-dependent MALT1 activation.

To confirm these findings on the level of MALT1 substrates, we assessed cleavage of CYLD, HOIL1 and A20 in B10-C11 expressing cells (Figure 3G). Cleavage of the three substrates was observed in Jurkat T cells expressing the fusions with an intact BCL10 CARD (B10 R228A-C11 and B10 R228A-C11 R35A), confirming that constitutive MALT1 protease activity relies on BCL10 oligomerization. The intact CARD11 CARD in B10 R42E R228A-C11 still conferred inducible substrate cleavage, which was especially evident for HOIL1 that is also most strongly cleaved after P/I stimulation of Jurkat T cells. Again, destruction of both CARDs in B10 R42E/R228A-C11 R35A led to complete loss of constitutive and inducible MALT1 activation. Thus, covalent attachment of BCL10 to the N-terminus of CARD11 is sufficient to induce MALT1 protease activation, which still relies on the oligomerization interface of the fused BCL10 moiety. These data support the concept that, in cells, CARD11 acts as a seed to induce BCL10 filament assembly.

Transient Expression of BCL10-CARD11 Induces NF-κB Activation in Jurkat T Cells

Interestingly, when we tested activation of NF-κB by B10-C11 fusion constructs in CARD11 or BCL10 KO Jurkat T cells we noticed a severely blunted response in EMSA (Figure 4A). There was a weak induction of constitutive NF-κB DNA binding in B10 R228A-C11, but IκBα degradation and NF-κB activation was only mildly triggered after P/I stimulation, revealing that stable expression of the active BCL10-CARD11 fusion may promote a stage of unresponsiveness in Jurkat T cells. Again, missense mutations in both CARDs completely prevented constitutive, as well as, inducible NF-κB activation in the context of the B10-C11 fusion protein. We switched to a transient transfection system and NF-κB reporter assays to investigate if BCL10-CARD11 fusion proteins can activate NF-κB. Indeed, NF-κB was strongly induced by the expression of B10 R228A-C11 fusion activated in parental Jurkat T cells or CARD11 KO Jurkat T cells (Figures 4B,C). However, in line with the EMSA results overall NF-κB activation was strongly diminished when the reporter assay was performed in CARD11 KO Jurkat T cells that stably express the B10-C11 fusion constructs (Figure 4C). Further, the oligomerization-deficient BCL10 R42E mutant severely reduced NF-κB activation by the BCL10-CARD11 fusion protein. Again, also in transient transfection we observed that BCL10-CARD11 was expressed at much lower levels compared to the B10 R42E/R228A-C11 protein, suggesting that there is a counter-selection against the expression of the active BCL10-CARD11 fusion. NF-κB induction of BCL10-CARD11 fusion protein was comparable to the induction achieved by oncogenic CARD11 L225LI or CARD11 Δlinker, especially taking into account the much weaker expression of the fusion protein [Figure 4C; (6, 21)]. To check if the generated BCL10-CARD11 fusion construct does not trigger unphysiological NF-κB that bypasses the necessity of known regulators, we determined the requirement for MALT1 and for TRAF6 recruitment to MALT1 (Figure 4D). NF-κB activation in response to antigenic stimulation is abolished MALT1 KO Jurkat T cells and signaling can be rescued by transduction of MALT1A or MALT1B, but not the respective MALT1 TRAF6 binding mutants (22). As expected, expression of B10 R228A-C11 or CARD11 Δlinker was unable to activate NF-κB in MALT1 KO Jurkat T cell (Figure 4D). While NF-κB activity was recovered by viral complementation with MALT1B WT, the MALT1B E795A mutant that destroys the only functional TRAF6 binding motif on MALT1B failed to rescue reporter gene expression, proving that MALT1 and TRAF6 are utilized by the BCL10-CARD11 fusion protein to activate NF-κB [Figure 4D; (22–24)]. Thus, while transient expression of the BCL10-CARD11 fusion protein promotes NF-κB activation, NF-κB responses are dampened in Jurkat T cells after stable expression of the fusion proteins. To corroborate whether the BCL10-CARD11 fusion protein can also compensate for BCL10 deficiency, we transduced BCL10 KO Jurkat T cells with the B10 R228A-C11 fusion protein (Supplementary Figure 4A). Indeed, fusion of BCL10 to CARD11 was able to trigger constitutive CYLD, A20, and HOIL1 cleavage and thus to drive MALT1 protease activation in BCL10 deficient cells (Supplementary Figure 4B). Again, mutation of BCL10 and CARD11 CARD (B10 R42E/R228A-C11 R35A) prevented constitutive and inducible MALT1 activation, underscoring that dimerization/oligomerization of the fusion proteins is required. Similar to the situation in CARD11 KO cells, NF-κB activation was blunted upon stable expression of B10 R228A-C11 in BCL10 KO Jurkat T cells.
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FIGURE 4. Transient expression of chimeric BCL10-CARD11 fusion protein in Jurkat T cells triggers NF-κB activation. (A) NF-κB signaling was analyzed in CARD11 KO Jurkat T cells stably reconstituted with different B10 R228A-C11 fusion proteins as indicated. IκBα degradation was determined by WB and NF-κB activation was analyzed by EMSA. (B) B10-C11 fusion constructs were transiently expressed in Jurkat T cells together with a dual NF-κB reporter, and NF-κB induction was assessed by a dual luciferase reporter assay. Protein levels were analyzed by WB. Results are displayed relative to mock-transfected cells (mean ± s.e.m.; n = 5). (C) Jurkat CARD11 KO cells were transiently or stably reconstituted with B10-C11 fusion or CARD11 constructs and NF-κB activity determined as in (B). Expression of the fusion constructs was verified by WB (mean ± s.e.m.; n = 3). (D) Transient expression of B10 R228A-C11 and CARD11 Δlinker in Jurkat MALT1 KO cells stably reconstituted with mock, MALT1 IsoB wildtype and the TRAF6 binding motif mutant E795A, respectively. NF-κB activity was determined as described in (B) and protein levels visualized on WB (mean ± s.e.m.; n = 3). **p ≤ 0.01, ***p ≤ 0.001.



BCL10-CARD11 Fusion Acts Like Oncogenic CARD11 in BJAB B Cells

To better explore the impact of stable BCL10-CARD11 fusion on NF-κB activation, we switched to GCB DLBCL derived BJAB B cells, which under basal conditions are devoid of NF-κB activity, but overexpression of oncogenic CARD11 mutants induces strong chronic NF-κB activity (5, 6, 25). We generated CARD11 KO BJAB B cells (Supplementary Figure 2D) and confirmed that the phenotype of the BJAB KO cells was caused by loss of CARD11. For this we reconstituted the cells with CARD11 WT, or the oncogenic CARD11 coiled-coil (CC) mutant L225LI that induces robust NF-κB and proliferation upon overexpression in B cells [Figure 5A; (25, 26)]. After viral transduction, BJAB B cells expressed CARD11 WT and CARD11 L225LI slightly above endogenous levels (Figures 5B,C). CARD11 WT was able to recover P/I-inducible NF-κB and MALT1 protease activation, but was not associated with constitutive activation (Figures 5D,E). In contrast, transduction of CARD11 L225LI was sufficient to promote constitutive NF-κB activation, as well as cleavage of the MALT1 substrates BCL10, CYLD, A20 and HOIL1. This effect was not further augmented by P/I stimulation (Figures 5D,E). Thus, CARD11 KO BJAB B cells represent a valid system to elucidate the impact of BCL10-CARD11 fusions on NF-κB signaling.
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FIGURE 5. Rescue of CARD11 KO BJAB B cells by CARD11 WT and oncogenic CARD11 L225LI. (A) Schematic representation of CARD11 and CARD11 L225LI proteins. (B) Transduction of CARD11 KO BJAB B cells with CARD11 or CARD11 L225LI expressing lentiviruses was analyzed by the surface marker ΔCD2 using FACS. (C) CARD11 and CARD11 L225LI protein expression, compared to parental BJAB B cells, was determined by WB. (D) CARD11 KO BJAB B cells after reconstitution with CARD11 WT or oncogenic CARD11 L225LI were analyzed for NF-κB activation after P/I stimulation (30 min) by EMSA. (E) MALT1 protease activity upon P/I stimulation (30 min) in CARD11 KO BJAB B cells reconstituted with CARD11 or CARD11 L225LI was determined by CYLD, A20, and HOIL1 cleavage on WB.



Next, we expressed B10 R228A-C11 and B10 R42E/R228A-C11 in CARD11 KO BJAB B cells (Figure 6A). In addition, we sought to determine whether an oncogenic mutant of CARD11 also relies on BCL10 oligomerization. We have previously shown that the activating potential of CARD11 L225LI is abolished by the R35A mutation (25). Therefore, we expressed the B10-C11 L225LI fusion constructs in the context of the CARD destructive R35A mutation so that they should rely on the BCL10 CARD (B10 R228A-C11 R35A/L225LI and B10 R42E/R228A-C11 R35A/L225LI) (Figure 6A). All constructs were transduced in BJAB B cells to a similar extent, as determined by the surface marker ΔCD2, but protein expression was far below endogenous CARD11 (Figures 6B,C). As observed in Jurkat T cells, B10 R228A-C11 constructs containing an intact BCL10 CARD were expressed at much lower levels and the variant containing the oncogenic mutation (B10 R228A-C11 R35A/L225LI) was hardly detectable (Figure 6C lane 5). However, just like in Jurkat T cells, the B10 R228A-C11 fusion induced strong constitutive MALT1 activation, as evident from CYLD, HOIL1 and A20 cleavage, which strictly relied upon the BCL10 CARD interface (Figure 6D). Furthermore, the BCL10-CARD11 fusion combined with the oncogenic mutation L225LI (B10 R228A-C11 R35A/L225LI) induced MALT1 activation, despite its very low expression in the BJAB B cells. Again, constitutive MALT1 activation in the oncogenic BCL10-CARD11 fusion required BCL10 oligomerization, but was independent of the CARD11 CARD (Figure 6D).


[image: image]

FIGURE 6. Constitutive NF-κB and MALT1 activation by an oncogenic BCL10-CARD11 fusion protein relies on the BCL10 CARD interface in BJAB B cells. (A) Schematic representation of BCL10-CARD11 (B10-C11) fusion proteins containing CARD and oncogenic coiled-coil (CC) mutations. (B) Transduction of CARD11 KO BJAB B cells with B10 R228A-C11 fusion constructs, as depicted, was analyzed for the ΔCD2 surface marker by FACS. (C) Protein expression of the fusion constructs compared to parental BJAB B cells was determined by WB. (D) CARD11 KO BJAB B cells were reconstituted with B10 R228A-C11 fusion proteins as indicated. Constitutive and P/I-inducible (30 min) MALT1 activity was detected by CYLD, A20, and HOIL1 cleavage. (E) CARD11 KO BJAB B cells were reconstituted as in (D) and NF-κB activity was analyzed by EMSA. (F) Expression of the NF-κB target gene NFKBIA/IκBα in CARD11 and B10 R228A-C11 expressing BJAB B cells was determined by quantitative RT-PCR. All values were normalized to the housekeeping gene RPII and related to CARD11 (mean ± s.e.m, p-values as indicated).



Further, the fusion of BCL10 to CARD11 was sufficient to induce constitutive NF-κB activation in the BJAB B cells that was not further enhanced by P/I treatment (Figure 6E). Constitutive NF-κB activation was equivalent to that induced by the oncogenic CARD11 variant L225LI (Figure 5D). Despite its very weak expression, the oncogenic fusion construct B10 R228A-C11 R35A/L225LI also induced strong NF-κB activation, suggesting that the combination of fusion with the oncogenic mutant can generate a super-activator that is capable of further boosting CBM signaling. The weak expression of the B10 R228A-C11 R35A/L225LI suggests that there is a strong counter-selection against expression of the hyper-active fusion protein. Again, the constitutive activation observed with expression of the fusion constructs was solely driven by the BCL10 filament interface and was severely reduced in cells expressing the double CARD mutant B10 R42E/R228A-C11 R35A/L225LI. Finally, we confirmed that the fusion constructs also induce NF-κB-dependent gene expression by demonstrating that the prototype NF-κB target gene, NFKBIA/IκBα, is upregulated to a similar degree in the BJAB B cells expressing either CARD11 L225LI or the activating B10-C11 fusion constructs (Figure 6F). Thus, with respect to signaling, the fusion of BCL10 to CARD11 acts like an oncogenic CARD11 variant in B cells, through oligomerization of the BCL10 CARD interface.

DISCUSSION

BCL10 CARD filaments are formed in vitro and the molecular architecture of these clusters has been elucidated by cryo-electron microscopy (11, 13, 14). Although it is possible for BCL10 filaments to form in the absence of CARD11, the CARD of CARD11 appears to promote the initiation of BCL10 clustering in a cell free system. Further, CARD11 is solely located at the tip of the BCL10 filaments, lending support to the hypothesis that CARD11 functions as the molecular seed for BCL10 oligomerization (11, 13). Structure-guided missense mutations in the CARDs of CARD11 or BCL10 have been generated to show that destruction of putatively homotypic (BCL10-BCL10) or heterotypic (CARD11-BCL10) CARD-CARD interactions impedes NF-κB signaling and MALT1 protease activation after overexpression in cells (13, 14).

The functional impact of missense mutations in the CARDs of CARD11 or BCL10 on stimulus-dependent CBM complex signaling has not been thoroughly investigated. By reconstituting CARD11 or BCL10 KO Jurkat T cells, we assessed how destruction of putative CARD11-BCL10 or BCL10-BCL10 interfaces would affect signaling when expressed at endogenous levels. As expected, the CARD11 mutation R35A prevented T cell stimulation due to its inability to recruit BCL10 (12, 25). In addition, the BCL10-BCL10 interface mutant R42E could not rescue NF-κB signaling in BCL10 KO cells, which confirms the critical function of BCL10-BCL10 interface I for filament assembly and signaling (13). Recently, we have been able to solve the architecture of the BCL10-MALT1 filaments using cryo-EM (14). Surprisingly, we found that different mutations in the interface I that lead to loss of BCL10 filament assembly also abolished CARD11 recruitment of BCL10 and thus CBM complex formation (14). Thus, our results question if CARD11 acts as the seed to nucleate BCL10 filaments, or whether an initial oligomerization of BCL10 is required for the recruitment to CARD11 in cells. Alternatively, our data would also be in line with a model in which CARD11-BCL10 association, but not BCL10 oligomerization, is critical to promote signaling in lymphocytes, and that filament formation is only observed with recombinant BCL10 or after high overexpression of BCL10.

To clarify the necessity of the CARD11 seed and BCL10 filaments for T and B cell activation, we fused BCL10 to CARD11 to bypass the initial step of heterotypic CARD-CARD interaction between CARD11 and BCL10. Even though this is an artificial system, it provided the first opportunity to examine the contribution of the individual CARDs in CARD11 and BCL10. Remarkably, stable expression of the BCL10-CARD11 fusion protein promoted strong and chronic MALT1 protease activity in Jurkat T cells. While NF-κB activation was blunted in transduced Jurkat T cells, the transient transfection of BCL10-CARD11 activated NF-κB to a similar extent as an oncogenic CARD11 variant or CARD11 lacking the negative regulatory linker region (CARD11 Δlinker) (5, 6, 21). Interestingly, the BCL10-CARD11 fusion is not prone to auto-inhibition by the CARD11 linker, which acts as an inhibitory domain (27). In the fusion protein the BCL10 CARD is exposed and most likely not accessible for the CARD11 linker, especially when considering that an additional CARD cannot be bound by the linker in a 1:1 stoichiometry. Moreover, CARD11 and BCL10 CARDs are homologous, but also quite distinct and the BCL10 CARD may complex with the CARD11 linker, which would be critical for auto-inhibition (5, 27). Despite the disrupted auto-inhibition, the BCL10-CARD11 fusion protein signals to NF-κB via MALT1 and the TRAF6 binding motif on MALT1, underscoring that it utilizes the same mechanisms as a physiological CBM complex following T cell activation.

Despite the structural elucidation of BCL10-MALT1 filaments in vitro, the nature and relevance of cellular BCL10 oligomeric structures has not been fully resolved. BCL10 tends to aggregate via its CARD into oligomeric clusters and extended filaments after overexpression in cells (7, 9). Endogenous BCL10 forms oligomeric structures in antigen-stimulated T cells termed POLKADOTS (“punctuated and oligomeric killing or activating domains transducing signals”), which are cellular foci that serve as functional platforms for recruiting NF-κB signaling mediators following TCR stimulation (10, 28). Size exclusion chromatography demonstrated that in stimulated Jurkat T cells or ABC DLBCL tumor cells CARMA1, BCL10, and MALT1 assemble into higher order complexes with an apparent molecular weight >1 Mio. Da and the purified CBM complex displayed a filament-like structure in electron microscopy (13, 29). However, by increasing the concentration of BCL10 during the process of CBM purification, BCL10 filament formation may be initiated in vitro rather than taking place in living cells. Thus, there is good evidence that BCL10 can cluster via the CARD in cells, but the existence of large helical BCL10 filaments under physiological conditions in antigen-stimulated T or B cells has not been formally demonstrated. Since it may be difficult to imagine that the BCL10-CARD11 fusion itself can form long filaments in the absence of endogenous BCL10, activation by the fusion in BCL10 KO cells may indicate that BCL10-dependent dimerization or short oligomerization may be sufficient for lymphocyte activation. As for endogenous CARD11-associated BCL10, monitoring of BCL10 filament formation in the context of BCL10-CARD11 fusion is difficult with current methods, because of low expression levels. High resolution imaging techniques will be necessary to solve the extent of oligomerization and the cellular architecture of the BCL10 clusters. However, so far imaging in lymphocytes has been hampered by the unavailability of high quality antibodies as well as the small and round-shaped T and B cells that contain very little cytoplasm.

An important question that remains is the in vivo necessity for the formation of large, extended BCL10 filaments for signal propagation. The lack of NF-κB and MALT1 activation in BCL10 R42E in the context of the BCL10-CARD11 fusion reflects the need for BCL10 dimerization/oligomerization, but does not prove the requirement for higher order filaments. Alternatively, BCL10-MALT1 recruitment to CARD11 and BCL10 dimerization or short oligomers may be sufficient to facilitate cellular processes such as ubiquitination of CBM complex components. A number of ubiquitin ligases [e.g., TRAF6, LUBAC (linear ubiquitin chain assembly complex) and cIAP2] are recruited to the CBM complex and conjugation of mono-ubiquitin or poly-ubiquitin chains of different topology on all subunits has been implicated in triggering MALT1 activation and/or downstream signaling (1, 2). The complexity of ubiquitin-dependent regulation is exemplified by BCL10. K48-, K63-, or M1-linked ubiquitin chains are primarily conjugated on K17, K31, and/or K63 in the BCL10 CARD (30–32). Ubiquitination of these lysine residues is required for NF-κB activation in T cells and pro-survival signaling in ABC DLBCL cells (31–33). Deficiency in HOIP/RNF31, the catalytic subunit of LUBAC, suppresses NF-κB signaling in Jurkat T cells whereas HOIP activating mutations enhance NF-κB-dependent pro-survival in ABC DLBCL cells, supporting that M1-linked ubiquitin chains on BCL10 are enhancing CBM complex signaling (32, 34). However, at the same time BCL10 is degraded by lysosomal or proteasomal pathways and these processes are controlled by at least partially overlapping ubiquitination sites (31, 35–37). In addition, K48-linked poly-ubiquitination of CARD11 induces its degradation (38). Thus, the BCL10-CARD11 fusion protein is most likely strongly affected by regulatory ubiquitination and ubiquitin conjugation in each moiety may be responsible for activation, as well as the high turnover of the active BCL10-CARD11 fusions. Due to the multi-layered ubiquitin regulation and the uneven expression levels of active vs. inactive BCL10-CARD11 fusions, this system is not an ideal tool to study the relevance of BCL10 ubiquitination. However, it will be important to clarify in how far BCL10 oligomerization and potential filament formation cooperate with ubiquitination processes to induce downstream signaling or alternatively, if BCL10 ubiquitination may also facilitate CBM complex assembly.

In BJAB B cells stable BCL10-CARD11 expression activates MALT1 and NF-κB as strong as oncogenic variants of CARD11 derived from DLBCL tumor patients (5, 6, 25, 26), clearly showing that the proximity of BCL10 and CARD11 alone is sufficient to activate downstream signaling pathways. Thus, the BCL10-CARD11 fusion already provides compelling evidence that CARD11 acts as a seed in cells to boost lymphocyte activation. By introducing point mutations we were also now able to unravel the contribution of the two different CARD interfaces. Constitutive activity of the BCL10-CARD11 fusion no longer required the presence of an intact CARD11 CARD, but was solely driven by the BCL10 oligomerization interface. In contrast, stimulus-dependent MALT1 activation of the BCL10-CARD11 fusion protein relied on an intact CARD11 CARD, which most likely as in CARD11 WT serves as a platform for recruitment and oligomerization of endogenous BCL10. Interestingly, introduction of the active oncogenic mutation L225LI into the CARD11 coiled-coil (CC) region in the context of the BCL10-CARD11 resulted in a fusion protein that was hyper-active, despite the very low expression level in the BJAB B cells. Indeed, all active BCL10-CARD11 fusion proteins were expressed at a lower level compared to their inactive counterparts. However, the very low expression of the hyper-active fusion constructs indicates that there is a strong counter-selection against the expression of these constitutively active variants in T and B cells. Since all fusions constitutively activate the MALT1 paracaspase in the two cell types, it is possible that the sustained MALT1 cleavage of mRNA processing factors Regnase-1 and Roquin1/2 may exert toxic effects that impair T and B cell survival (39, 40). More work is needed to understand under which circumstances chronic activation induces cell survival or toxicity.

While expression of BCL10-CARD11 fusion drives NF-κB activation in BJAB B cells, constitutive and inducible NF-κB signaling is severely impaired in Jurkat T cells expressing the fusion protein. Even though NF-κB activation is impaired in Jurkat T cells, MALT1 protease is still strongly activated by BCL10-CARD11 fusions, demonstrating that not all CBM downstream effects are affected. Further, the reduced responsiveness relies on the stable expression of the BCL10-CARD11 fusion protein and it needs to be explored what cell-intrinsic mechanisms operate in Jurkat T cells that counteract constitutive activation of the canonical NF-κB pathway downstream of the CBM complex. Of note, T lymphocytes from patients with germline activating CARD11 mutations are anergic, while the B cells are activated and expanding, causing a phenotype called BENTA (B cell expansion with NF-κB and T cell anergy) (41, 42). It will be interesting to see whether similar negative regulatory mechanisms observed in Jurkat T cells driven by an active BCL10-CARD11 fusion could also operate in primary T cells.

Our data suggest that upon the initial BCL10 recruitment to CARD11, the weak heterotypic interaction of the monomeric CARDs needs to be stabilized by further interactions arising from the oligomerized CARD11 seed and the helical BCL10 filaments. The additional contact points within this multimeric complex are essential for a high affinity binding and the formation of a stable CBM complex that is competent to trigger downstream signaling. Furthermore, the structural rigidity in the core BCL10-MALT1 filament may stabilize the binding, which is in line with the observation that CARD11 binding is also reduced when BCL10 is not complexed with MALT1 (14). In conclusion, we demonstrate that the recruitment of BCL10-MALT1 to CARD11 and BCL10-MALT1 filament formation are highly interconnected processes that cooperate to drive CBM downstream effects in response to physiological or pathological activation of T and B cells.

MATERIALS AND METHODS

Cell Lines and Treatments

Cell lines were maintained at 37°C in a humidified atmosphere at 5% CO2. Jurkat T cells and BJAB B cells were cultured in RPMI 1640 Medium, and U2OS and HEK293T cells in DMEM. Media were supplemented with 10% (Jurkat T cells, U2OS, HEK293T) or 15% (BJAB B cells) fetal calf serum, 100 U/ml penicillin and 100 μg/ml streptomycin. U2OS, HEK293T and BJAB B cells were obtained from the DSMZ, Jurkat T cells were authenticated by the Authentication Service of the Leibniz Institute DSMZ. Jurkat T cells were stimulated with Phorbol 12-Myristate 13-Acetate (PMA: 200 ng/ml; Merck) and Ionomycin (300 ng/ml; Calbiochem) for 30 min, except if otherwise stated.

DNA Constructs and Antibodies

DNA constructs and antibodies used in this study are listed in Tables 1, 2, respectively.


Table 1. DNA constructs.
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Table 2. Antibodies.
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Generation and Reconstitution of Knock-Out Cells

Bicistronic expression vector px458 expressing Cas9 and sgRNA (45, 46) was digested with BbsI and the linearized vector was gel purified. Targeting oligos (CARD11: 5′CTCATCAATGACCTTACACTGACGCAGGTAGG 3′BCL10: 5′AGTGAGGTCCTCCTCGGTGA 3′and 5′TTCCGCTTTCGTCTCCCGCT 3′) for each targeting site positioned as depicted in Supplementary Figures 2A,B, were annealed and ligated to the linearized vector. Jurkat T cells or BJAB B cells (4–8 × 106) were electroporated (220 V and 1,000 μF) using a Gene pulser X (Biorad) with px458 plasmids expressing sgRNA targeting CARD11 or BCL10, as well as a EGFP expression cassette. Twenty-four to forty-eight hours after electroporation, GFP positive cells were sorted using a MoFlow sorting system. Isolation of clonal cell lines was achieved by serial dilutions and was followed by an appropriate expansion period. KO cell clones were initially identified by detecting CARD11 or BCL10, respectively, by Western Blot. Clones lacking protein expression were genotyped by genomic PCR using intronic primers flanking targeting sides.

For reconstitution, lentivirus was produced in HEK293T cells. 1 × 106 HEK293T cells were seeded in 8 ml DMEM medium (10% FCS, 1% Pen/Strep) in 10 cm2 dishes and grown overnight at 37°C. The next day, the cells were transfected with 1.5 μg of the packaging vector psPAX2, 1.0 μg of the lentiviral envelope plasmid pMD2.G and 2 μg pHAGE transfer vector using X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer's protocol. After 3 days the supernatant of the HEK293T cells containing the virus was sterile filtered (0.45 μm). For transduction, virus supernatant was transferred to 5 × 105 Jurkat T cells or BJAB B cells. For BJAB B cells, supernatant was concentrated with Amicon centrifugal filter units (100 K) prior to transduction. The solution was filled up with RPMI medium (10% FCS, 1% Pen/Strep) to a final volume of 2–2.5 ml and mixed with Polybrene (8 μg/ml). To enhance transduction efficiency, BJABs were centrifuged for 1 h at 500 × g. Forty to seventy-two hours later, cells were washed with PBS (without calcium and magnesium) and re-suspended in 1–2 ml RPMI medium (10% FCS, 1% Pen/Strep). Seven to ten days after transduction infection was analyzed by determining ΔCD2 surface expression by FACS and CARD11 or BCL10 protein expression by Western Blot. Only cells yielding a transduction efficiency of >90% as determined by FACS analysis, were used for further analyses.

Generation and reconstitution of MALT1-deficient Jurkat T cells has been described (22).

Flow Cytometry (FACS)

Surface expression of ΔCD2 after lentiviral transduction of BJAB B cells or Jurkat T cells was assessed by incubating 200 μl of the cell culture for 15 min at room temperature with 2 μl anti-CD2-APC (RPA-2.10) antibody. Cells were centrifuged (1,100 rpm, 5 min) and re-suspended in 250 μl PBS before FACS using Attune Acoustic Focusing Flow Cytometer.

Cell Lysis and Precipitations

For analysis of expression via Western Blot or EMSA, cells (1–3 × 106) were harvested (300 × g, 5 min, 4°C) and washed once with ice cold PBS. The pellet was resuspended in 80–100 μl high salt buffer (20 mM HEPES pH 7.9, 350 mM NaCl, 20% glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 1% NP-40, 1 mM DTT, 10 mM sodium fluoride, 8 mM β-glycerophosphate, 300 μM sodium vanadate and Roche protease inhibitor cocktail). For binding studies, cells (1–5 × 107) were lysed in co-IP buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.2% NP-40, 10% glycerol, 1 mM DTT, 10 mM sodium fluoride, 8 mM β-glycerophosphate, 300 μM sodium vanadate and protease inhibitor cocktail). Lysate controls were mixed with 4xSDS loading dye and boiled. For StrepTactin pull-downs (ST-PD), 20–40 μl Strep-Tactin Sepharose (1:1 suspension) was used for binding of Strep-tagged BCL10 or BCL10-CARD11 fusion overnight at 4°C rotating. Sepharose beads were pelleted after incubation (100 × g, 4 min, 4°C), washed 3x with co-IP buffer, and boiled after the addition of 20 μl 2xSDS loading dye (Roti-load). Lysates and ST-PDs were separated by SDS-PAGE and analyzed by Western Blot.

Western Blot

Proteins were transferred onto PVDF-membranes for immunodetection using an electrophoretic semi-dry transfer system. After transfer, membranes were blocked with 5% BSA for 1 h at RT and incubated with specific primary antibodies (indicated above, diluted 1:1,000 in 2.5% BSA/PBS-T) overnight at 4°C. Membranes were washed in PBS-T before the addition of HRP-coupled secondary antibodies (indicated above, 1:7,000 in 1.25% BSA in PBS-T; 1 h, RT). HRP was detected by enhanced chemiluminescence (ECL) using the LumiGlo reagent (Cell Signaling) according to manufacturer's instructions.

Electrophoretic Mobility Shift Assay (EMSA)

For EMSAs, double-stranded NF-κB (H2K: fw: 5′-GATCCAGGGCTGGGGATTCCCCATCTCCACAGG-3′, rev: 5′- GATCCCTGTGGAGATGGGGAATCCCCAGCCCTG-3′), and OCT1 binding sequences (fw: 5′- GATCTGTCGAATGCAAATCACTAGAA-3′, rev: 5′-GATCTTCTAGTGATTTGCATTCGACA-3′) were labeled with [α-32P] dATP using Klenow Fragment (NEB). To monitor DNA binding, whole cell lysates (3–6 μg) were incubated for 30 min at RT with shift-buffer [20 mM HEPES pH 7.9, 120 mM KCl, 4% Ficoll, 5 mM DTT, 10 μg BSA and 2 μg poly-dI-dC (Roche)] and radioactive double stranded NF-κB or OCT1 probes (10,000–20,000 cpm). Samples were separated on a 5% polyacrylamide gel in TBE buffer, vacuum-dried and exposed to autoradiography.

Confocal Immunofluorescence Microscopy

The localization and distribution of BCL10 was analyzed by seeding U2OS cells in 96-well plates. Cells were transfected using Lipofectamine 3000 Transfection Reagent (Invitrogene) according to the manufacturer's instructions. To optimize cell attachment, CellCarrier-96 black plates (PerkinElmer) were coated with 100 μl poly-D-lysine at a concentration of 50 μg/ml. Twenty-four hours after transfection, cells were washed with PBS and fixed with 60 μl Methanol (−20°C) for 5–10 min at room temperature and then washed 3x with PBS. For immunostaining, cells were blocked in 2% BSA in PBS. Cells were incubated with primary antibody (anti-StrepTagII) in blocking buffer for 2 h at RT. Cells were washed 3x for 10 min at RT, before incubation with secondary antibody (Alexa Fluor488-donkey anti-mouse) in blocking buffer for 1 h at RT. Cell nuclei were visualized by incubation with Hoechst 33342 dye (Life Technologies) in PBS at a concentration of 0.5 μg/ml for 30 min at RT. Afterwards the cells were washed and covered with PBS, sealed with foil and kept at 4°C in the dark until microscopy. Confocal microscopy was performed with an Operetta high-content imaging system (Perkin-Elmer).

Labeling and Biotin Pull-Down (PD) of Active MALT1

The biotin-labeled MALT1 activity based probe (MALT1-ABP) has been described previously (19). To investigate MALT1 protease activity, Jurkat T cells (3 x 107) were washed with PBS, and lysed in 600 μl co-IP buffer without protease inhibitors for 30 min at 4°C. After clearing the lysates by centrifugation (20,000 × g, 4°C, 15 min), 30 μl were collected as lysate control, mixed with 4x SDS loading buffer and boiled for 5 min at 95°C. To 550 μl of the supernatant 12 μl High Capacity Streptavidin Beads (Thermo Fisher) was added and incubated for 1 h at 4°C for pre-clearing. The beads were pelleted (4,000 rpm, 2 min, 4°C) and 450 μl of supernatant was mixed with MALT1-ABP probe (0.1 μM final concentration). After 1 h rotating at room temperature, 15 μl High Capacity Streptavidin Beads was added before 1–2 h incubation at 4°C (rotating). Beads were collected and washed 3x with co-IP buffer without protease inhibitors. Beads were re-suspended in 22 μl 2x SDS loading buffer and boiled at 95°C for 7 min before SDS-PAGE and Western Blot analysis.

NF-κB Reporter Assay

For NF-κB luciferase reporter assays, 8 × 106 Jurkat cells were transfected by electroporation with 2 μg NF-κB firefly luciferase reporter plasmid, 1 μg renilla luciferase and 6 μg of CARD11 and BCL10-CARD11 fusion constructs using 220 V and 1,000 μF (Gene Pulser X, BioRad). After cultivation for 72 h cells were lysed in passive lysis buffer and luciferase activity measured using a dual luciferase reporter kit according to the manufacturer's protocol (Promega). All luciferase values were calculated in relation to the Renilla control.

Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qRT-PCR)

RNA was isolated (QIAGEN RNeasy Kit) and equal amounts of RNA (InviTrap Spin Universal RNA Mini Kit, 1060100200, Stratec) were transcribed into cDNA using the Verso cDNA synthesis Kit (AB1453B, Thermo Fisher Scientific). Quantitative real-time (qRT) PCR was performed using KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems) and standard LightCycler protocol on a Roche LightCycler 480. RNA Polymerase II (PolII) served as internal standard. The following primers were used: fw: 5′-CCGCACCTCCACTCCATCC-3′ rev: 5′-ACATCAGCACCCAAGGACACC-3′; RPII fw: 5′-GCACCACGTCCAATGACA-3′ rev: 5′-GTGCGGCTGCTTCCATAA-3′. Results represent the mean and standard error of the mean of three independent experiments.

Structural Model of CARD11-BCL10 and BCL10-BCL10 Interaction Surfaces

The CARD11-BCL10 CARD/CARD interaction model was prepared under consideration of the surface charge complementarity analysis of the BCL10-MALT1 filament cryo EM structure (EMD-0013, PDB 6GK2) and the crystal structure of the CARD11 domain (PDB 4LWD) (Supplementary Figure 1). The CARD11 CARD structure has been superimposed on the BCL10 CARD within the BCL10-MALT1 filament using the align command in PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). Under consideration that the mutation of residue R35 in CARD11 abolishes the interaction to BCL10 (12), we propose that the mainly positively charged top of the CARD11 CARD interacts with the negatively charged bottom of the Bcl10 filament (Supplementary Figures 1B,C). The electrostatic surface was calculated with the program APBS Tool 2.1 implemented in PyMOL (47).

Statistical Analysis

Data for luciferase reporter assay, quantitative RT-PCR and fluorescence microscopy was analyzed for statistical significance using the unpaired Student's t-test (**p ≤ 0.01, ***p ≤ 0.001). Sample size (n) is specified for each experiment and data are shown as mean ± s.e.m.
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CARD9 is a signaling adaptor protein that is involved in the transduction of signals from a variety of innate pattern recognition receptors, including the C-type lectin receptors and intracellular NOD receptors and nucleic acid sensors. As a result, CARD9 has been shown in animal models to be an important regulator of immunity to bacteria, fungi, and viruses. Studies in humans with autosomal recessive CARD9 deficiency have indicated a highly specific role for this molecule in the activation of antifungal immune responses in the central nervous system, the oral mucosa, and the skin. Moreover, CARD9-dependent functions have recently been indicated to modulate the development of autoimmunity, inflammatory bowel diseases, and cancer. In this mini-review, we highlight the recent studies that have identified several novel functions of CARD9 in various disease contexts, and we summarize the contemporary understanding of the genetics and immunology of human CARD9 deficiency.
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INTRODUCTION

Innate recognition of microbes by pattern recognition receptors (PRRs) is a critical first step in the defense against infection. To activate antimicrobial immunity, PRRs must initiate intracellular signaling cascades which control cellular responses, such as cytokine production, phagocytosis, and assembly of microbial killing complexes. Many PRRs use signaling molecules and adaptor proteins that are shared with other members of the same PRR family. As a result, deficiency of a shared signaling or adaptor protein often results in immune dysfunctions that are more severe than a deficiency in a single receptor and can have profound consequences for the control of infections (1).

Pathogenic fungi are predominantly recognized by the C-type lectin receptor (CLR) and toll-like receptor (TLR) families, of which many members couple to the signaling adaptor proteins CARD9 and MyD88, respectively, in order to activate their functions and initiate defense against fungal invasion (2). Although both CLRs and TLRs bind to and activate antifungal immune responses, the phenotypic consequences of human deficiencies in either of the two shared signaling adaptors have demonstrated that CARD9 plays a specific, superior role in the control of fungal diseases in humans compared to that of MyD88. Indeed, patients with genetic deficiency in CARD9 exhibit a primary immunodeficiency disorder (PID) which manifests as an extreme susceptibility to fungal infections, but not bacterial, viral, or parasitic infections, and is the only PID described to date that specifically predisposes to fungal diseases without other infectious or non-infectious sequelae (3). In contrast, MyD88 deficiency results in the development of life-threatening pyogenic bacterial infections without the spontaneous development of fungal disease (4). The highly specific susceptibility to fungi in CARD9-deficient patients further extends to the fungal species and organs affected, indicating that CARD9 is required for organ-specific antifungal immune responses of which we are only now beginning to define. Furthermore, animal models and genome-wide analyses of human single-nucleotide polymorphisms (SNPs) have indicated that CARD9 may also function to promote immunity to other pathogens and contribute toward autoimmune and hyperinflammatory disorders. Thus, CARD9 is a multi-functional signaling protein involved in many aspects of the immune system.

In this review, we discuss recent research that has unveiled the many possible functional roles of CARD9, predominantly defined using animal models. Finally, we discuss the genetics of human CARD9 deficiency and highlight the critical role for this molecule in antifungal immune surveillance in humans.

THE MULTI-FUNCTIONAL ROLES OF CARD9

CARD9 Is a Critical Activator of Antifungal Immune Responses

Many of the prototypical PRRs that recognize common components of fungal cell walls are members of the CLR family, and include Dectin-1, Dectin-2, Dectin-3, Mincle, and the Mannose Receptor (CD206). Many of these receptors initiate intracellular signaling cascades that are CARD9-dependent, the best studied of which is the Syk-dependent pathway downstream of Dectin-1 (Figure 1A). In brief, ligation of Dectin-1 by β-glucan (the fungal ligand for this receptor) results in recruitment of Syk kinase and the formation of the CBM signalosome, composed of CARD9, BCL10, and MALT1 (5). Activation of CARD9 function requires Vav proteins, of which there are three isoforms (Vav1, Vav2, and Vav3). Deletion of Vav1-3 in mice results in a phenocopy of CARD9-deficiency, indicating that Vav-mediated activation of CARD9 is a critical step in the induction of protective antifungal immunity. In line with this, human VAV3 SNPs are enriched in patient cohorts with candidemia (6). Activated CARD9 then leads to the production of inflammatory mediators, such as IL-6, IL-12, GM-CSF, TNF, and IL-1β via the activation of NFκB and ERK, the latter of which occurs via a RASGRF1–H-Ras pathway (7). These CARD9-dependent signaling pathways are regulated by Rubicon, a protein best known for its functions in autophagy (8). Rubicon competitively binds to CARD9 which results in the disassembly of the CBM complex, thus switching off signaling and preventing excessive inflammatory responses. However, modulation of Rubicon expression levels using lentiviral vectors in mice demonstrated that a reduction in Rubicon expression could help promote fungal clearance and survival by enhancing CARD9-dependent antifungal immune responses, at least in acute infection models (8). Compared to other PRR families, the molecular signaling events that occur upon CLR ligation are poorly defined. Yet, understanding these pathways will be critical to determine how iatrogenic interventions that manipulate these pathways affect vulnerable patients. For example, the recently introduced Syk inhibitors for hematological malignancies and graft-versus-host disease (9, 10), may predispose to the development of dangerous invasive fungal infections in patient cohorts already at risk for these diseases.
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FIGURE 1 | CARD9-dependent signaling in response to (A) fungal ligands via Dectin-1, (B) muramyl-dipeptide derived from intracellular bacterial pathogens, or (C) viral DNA or RNA.



Animals with a genetic deletion of Card9 are susceptible to challenge with a variety of fungal species, including Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans, and some rarer dematiaceous fungi (11–14). In each of these models, Card9−/− mice generally exhibit reduced inflammatory cytokine production, which contributes to the inability to control fungal growth within infected organs. Protective antifungal cytokines that appear critically dependent on CARD9 function include IL-6, TNF, and IL-1β. In humans, CARD9 deficiency predisposes to a smaller range of pathogenic fungi (discussed below) indicating that CARD9-dependent functions in humans may be more context-dependent than in the mouse.

Despite the central position of CARD9 in the CLR signaling pathway, ablation of CARD9 function does not result in complete abrogation of antifungal immune responses (in either mice or human), indicating that CARD9-dependent mechanisms are required only for certain protective processes that may be specific to the cell type in question. Indeed, the dependency on CARD9 for NFκB activation has been shown to vary among different types of myeloid cells (7), including neutrophils, macrophages, and dendritic cells (DCs) (13). Neutrophils are the most important effector cell in the defense against systemic C. albicans infections, since neutropenia is a significant independent risk factor for the development of and suffering worse outcome from these infections in humans, and neutrophil depletion significantly reduces survival to C. albicans challenge in mice (2, 15). Many intrinsic neutrophil functions, including phagocytosis, production of reactive oxygen species (ROS), and chemotaxis appear largely independent of CARD9 for a variety of fungal species, shown with ex vivo studies using human neutrophils (16–19). In contrast, for ROS-independent fungal killing, CARD9 is required for the killing of unopsonized yeast cells as part of a PI3Kγ-dependent pathway, whereas killing of opsonized C. albicans yeast largely requires FcRγ and PKC and is independent of CARD9 (20). These two distinct fungal killing pathways utilized by neutrophils helps to explain the observation that neutrophils isolated from CARD9-deficient patients exhibit a selective killing defect toward unopsonized yeast (18, 19). This defect may partly contribute toward the fungal central nervous system (CNS)-tropism observed in CARD9-deficient patients (see below), since opsonization is naturally low in the CNS and thus CARD9-dependent killing of unopsonized cells would be particularly critical at this site. However, human neutrophil killing against the invasive filamentous Candida forms observed in tissue appears intact, whether opsonized or unopsonized (19). In addition, we and others have shown that a critical function of CARD9 in antifungal defense is promoting neutrophil recruitment specifically into fungal-infected organs via CXC chemokine production in both mice and humans (19, 21), which appears to largely contribute toward the organ-specific manifestation of fungal diseases observed in CARD9-deficient humans.

In experimental C. albicans CNS infections in mice, CARD9 promotes neutrophil recruitment in a fungal- and brain-specific manner (19). In this situation, CARD9 is required for the appropriate induction of CXC chemokines in the CNS by resident macrophages (i.e., microglia) and glia cells, as well as recruited neutrophils. Therefore, CARD9 controls local inflammatory chemokine production in addition to a neutrophil-intrinsic positive feedback chemotaxis loop in the brain (19). CARD9-dependent production of neutrophil-attracting chemokines is also evident during pulmonary infection with A. fumigatus in mice (14), and we recently reported CARD9-deficient patients who developed extrapulmonary A. fumigatus infection that was associated with a lack of neutrophil accumulation at the infected site (21). Moreover, reduced production of CXC chemokines resulting in a lack of neutrophil recruitment has been described in chronically fungal-infected subcutaneous tissue in experimental phaeohyphomycosis models (22). Therefore, CARD9 appears to be a central regulator of neutrophil recruitment to specific organs during invasive fungal infection.

CARD9 and Anti-Bacterial Immunity

Stimulation of Card9−/− myeloid cells with purified bacterial products has revealed that CARD9 is required for inflammatory cytokine production in response to specific bacterial stimuli. IL-6 production following stimulation with peptidoglycan or muramyl-dipeptide (MDP), predominant components of Gram-positive bacterial cell walls, is highly dependent on CARD9 whereas responses to LPS are CARD9-independent (23). Recognition of MDP is largely controlled by the intracellular NOD2 receptor, to which CARD9 couples in order to drive activation of p38 and JNK kinases (Figure 1B), thus promoting immunity to intracellular bacterial pathogens including Listeria monocytogenes (23) and Mycobacterium tuberculosis (24).

In addition to activating innate immune responses to intracellular bacteria, other studies have indicated that CARD9 may be involved in the induction of adaptive immunity to these pathogens. Mouse T-cells specific for flagellin were shown to require Syk-CARD9 signaling for their activation, which was mechanistically linked to TLR5-dependent antigen presentation by CARD9-expressing DCs (25). Polarization to the Th17 lineage also depends on CARD9 in the context of gastrointestinal (GI) bacterial infection (26), similar to what has been described for the generation of Th17 responses in the fungal-infected oral mucosa (27). Moreover, humoral immunity mediated by B-cells has also been shown to be affected by deletion of Card9, since bacterial-specific IgG production during GI infection is significantly reduced in Card9−/− animals (28). Thus, animal models have demonstrated that Card9 can play distinct protective roles in immunity to intracellular bacterial pathogens, however, the relevance of these functions in humans remains to be determined given that CARD9-deficient patients do not appear susceptible to bacterial infections.

CARD9 and Antiviral Immunity

Studies delineating the molecular pathways controlling IL-1β activation and secretion by myeloid cells in response to viral infection have identified CARD9 as a key regulator of these responses (Figure 1C). Following viral infection or transfection with foreign DNA, CARD9 directly interacts with Rad50, a cytosolic DNA sensor, and these CARD9-Rad50 complexes subsequently recruit BCL10 to promote IL-1β secretion. Using a vaccinia virus infection model, Card9−/− animals were shown to produce reduced levels of IL-1β following infection which negatively impacted the ability of these animals to generate an appropriate antiviral CD8+ T-cell response (29). CARD9 is also required for immunity to retroviruses by transducing RIG-1-dependent signals via MAVS and BCL10 to activate NFκB and transcription of pro-IL-1β, which in turn is processed into active IL-1β by ASC-dependent activation of the inflammasome (30). As shown for antifungal immunity, Rubicon can also regulate these CARD9-dependent antiviral functions, since enhancing Rubicon expression levels was found to significantly skew host immunity in favor of pathogen resistance (8).

CARD9 and Autoimmunity

Recent studies have demonstrated potential novel roles of CARD9 in autoimmune diseases using animal models, providing interesting new insights into how this protein functions in organ-specific inflammation. During experimental uveitis, Mincle-mediated activation of CARD9 is required for the recruitment of pathogenic Th1 and Th17 cells (31), and it was later shown that fungal antigens could exacerbate the development of this disease and this occurred via Dectin-2-CARD9 signaling (32). In line with the critical role for CARD9 in neutrophil recruitment, Card9−/− animals showed reduced production of neutrophil-targeted chemokines, such as CXCL1, CXCL2, and CCL3, resulting in decreased accumulation of neutrophils to the arthritic joint (33). As a result, Card9−/− animals are protected from autoantibody-induced arthritis, and this protection was mapped to neutrophils using neutrophil-specific Card9-deficient mice (33). Population-based human studies have indicated that CARD9 genetic variation may modulate the risk of development of inflammatory bowel diseases (IBD; discussed below), ankylosing spondylitis (34), IgA nephropathy (35), and primary sclerosing cholangitis (36), and more studies are required to determine the role of the CLR/CARD9 axis in organ-specific autoimmune disease development.

CARD9 and Cancer

CARD9-dependent signaling in tumor development and metastasis has been revealed in several recent studies using animal models and cell lines. Patients with IBD are at risk for the development of colonic cancers. Human SNPs in CARD9 have been identified as risk factors for IBD by several GWAS-based studies (discussed below), and animal models have shown that CARD9 promotes the production of pro-inflammatory cytokines IL-1β and IL-22 in the gut during active colitis, which in turn drives colonic tumor growth (37). Other work has additionally shown that metastasis of colonic tumor cells to the liver depends on CARD9 signaling. CARD9 is highly expressed by tumor-infiltrating macrophages and has been shown to be a critical modulator of the polarization of these cells toward a highly inflammatory metastatic-inducing phenotype (38).

In addition to colonic cancer, CARD9 signaling has also been implicated in the inappropriate activation of renal cell carcinoma (RCC) cells. Mutation affecting the tumor suppressor gene VHL (most often somatic, but occasionally involving germline cells) is a major hallmark of RCC, which in turn causes inappropriate activation of NFκB and c-Jun. CARD9 is a mechanistic link between VHL inactivation and the activation of these inflammatory transcription factors (39, 40). Direct interaction between CARD9 and VHL is required for C-terminal phosphorylation of CARD9 by the kinase CK2, which limits CARD9 activity and NFκB activation. Reducing CARD9 expression with a silencing RNA approach in VHL−/− cells lowered NFκB activity to wild-type levels, and significantly reduced the tumorigenic potential of these cells (40). Similarly, the loss of VHL promotes an additional pro-inflammatory CARD9-dependent pathway that results in the activation of JNK signaling and c-Jun activity (39). Collectively, these studies provide the intriguing possibility that inappropriate CARD9 activation contributes to the development of certain cancers and may be a novel target of future therapies for these diseases.

THE GENETICS AND CLINICAL SPECTRUM OF HUMAN CARD9 MUTATIONS

Despite the wide range of CARD9-dependent functions identified in animal models and the potential influence of this protein in several disease scenarios, loss-of-function mutations in human CARD9 have unequivocally demonstrated the importance of CARD9 in antifungal immunity. Human CARD9 deficiency is characterized by the spontaneous development of fungal infections that predominantly localize to the oral mucosa, CNS, bone, and subcutaneous tissues, and often involves specific families of pathogenic fungi including Candida species (CNS, bone, and mucosal disease) and dark-walled molds and yeast-like fungi (e.g., Aspergillus, Exophiala, and Phialophora) that localize to the CNS, skin, bone, and abdominal organs (3, 21, 41–43). The underlying mechanisms that cause susceptibility to fungal diseases in CARD9-deficient patients is not well understood, and could be related to the poor production of inflammatory cytokines and chemokines in response to fungal agonists (13, 18, 19). Indeed, a cohort of French-Canadian CARD9-deficient patients were successfully treated with recombinant GM-CSF therapy, which the authors show corrected defective GM-CSF responses and ERK signaling in CARD9-deficient myeloid cells (43), while another study used G-CSF therapy to correct defective IL-17 responses in a CARD9-deficient patient (44). These studies indicate that replacing cytokines that are classically associated with antifungal defense may be an appropriate therapy option for human CARD9 deficiency. However, we recently showed that these approaches may not be effective for all patients which are potentially related to the variety of CARD9 mutations observed (see below). Our data indicated that although different CARD9 mutations disrupt GM-CSF production by myeloid cells, the impact of these mutations on ERK activation varied with mutation and appeared to correlate with the efficacy of GM-CSF therapy in these patients (45). Thus, treatment options for human CARD9-deficiency are still limited, and further investigation into the mechanisms that cause fungal susceptibility in these patients is warranted. In addition, the organ- and fungal species-specific nature of CARD9-deficiency disease is also poorly understood. As discussed above, we and others have shown that defects in neutrophil recruitment are likely the major contributing factor toward the organ-specific nature of the disease, however, other contributing roles of tissue-resident macrophages, stromal cells, and/or additional functional deficits in recruited inflammatory cells remain to be fully explored.

Although many CARD9-deficient patients have similar clinical presentations, there is diversity in the genetic mutations underlying the condition [see Ref. (3) for a table of all reported human CARD9 mutations]. More than 15 missense and nonsense mutations in CARD9 have now been described in the coiled-coil and CARD domains, as well as the promoter region (3). Inactivation of both alleles appears to be necessary for the occurrence of disease, so the condition follows an autosomal recessive mode of inheritance. De novo variants in CARD9 have also been reported in patients with debilitating fungal infections of the eyes, bone, and skin (46, 47). Interestingly, although some of the reported CARD9 mutations have been identified in unrelated patients, there are instances where the same mutation does not give rise to a similar clinical phenotype (3). For example, homozygosity for the Q298X mutation has been reported to give rise to Candida meningoencephalitis and deep dermatophytosis in different patients (41, 48), while patients with very similar clinical presentations can have mutations in different parts of the CARD9 gene (47). Therefore, it is currently unclear which mutations predispose to which clinical phenotypes and whether there is any overlap, and this will require more clinical descriptions of CARD9-deficient patients and further investigations into CARD9-dependent immune signaling and functions, especially in humans.

Like many other genes that are associated with Mendelian traits, human CARD9 is intolerant to sequence variation. To quantify gene-level intolerance to functional genetic variation, Petrovski et al. proposed a Residual Variation Intolerance Score (49). Of the nine CARD genes for which a score was calculated in that study, only three (CARD9, CARD10, and CARD11) had negative scores, suggesting low tolerance to functional genetic variation. In fact, CARD9 had lower tolerance to variation than 82% of the 16,956 genes for which a score was calculated in the study.

In addition to deleterious mutations which predispose to fungal infection, there have been reports of genetic variants of CARD9 in humans that associate with autoimmune disease. The CARD9 single-nucleotide polymorphism S12N (rs4077515) was recently shown to be highly enriched in patients with allergic bronchopulmonary aspergillosis, which the authors linked to RelB activation by this CARD9 variant that subsequently activated IL-5 production by alveolar macrophages and drove pathogenic eosinophil recruitment and Th2 responses within the lung (50). Another example is the CARD9 variant in which the C-terminal region is truncated (51, 52). One of these truncated variants of CARD9 (S12NΔ11 or CARD9Δ11) is strongly associated with protection against IBD, which is mechanistically linked to the inability of these variants to be activated by TRIM62, a ubiquitin ligase that is required for CARD9 activation and subsequent pro-inflammatory cytokine production. While the lack of TRIM62-mediated activation is protective in the context of inappropriate intestinal inflammation and may represent a target for therapeutic intervention in IBD (53), these mutations would be predicted to negatively affect antifungal immunity, since Trim62−/− animals are unable to control fungal growth and succumb to infection significantly faster compared to their wild-type counterparts (52). Intriguingly, in human cell lines, CARD9Δ11 variants act in a dominant-negative fashion (52), raising the possibility of the existence of humans who may be heterozygous for dominant-negative CARD9 mutations in the C-terminal region and yet may present with functional CARD9-deficiency. This possibility should be considered by clinicians looking for the underlying cause of an extreme fungal infection in an otherwise immunocompetent patient.

While the CARD9Δ11 variant is protective in IBD, other lines of evidence suggest a role for CARD9 in the pathogenesis of the disease. Specifically, there are other CARD9 variants that are enriched in patient cohorts with IBD (51) indicating that dysregulated CARD9 function can have profound consequences for immune homeostasis in the gut. The CARD9 human SNP, S12N, is associated with increased CARD9 mRNA expression and IBD development (51, 54), but not fungemia (55), thus supporting the notion that CARD9-dependent functions in the immune system are context-dependent. However, many studies analyzing the functions of CARD9 in the context of GI inflammation have discovered links between the development of GI disorders and fungal commensals, indicating that CARD9-dependent functions in innate fungal defense may also be important in gut-related diseases. For example, CARD9 deficiency has been associated with an over-representation of fungi within the microbiota (56), and there have been reports of CARD9-deficient patients developing colitis caused by invasive intestinal infection with Candida glabrata (48), and most recently by the β-glucan-containing microalgae Prototheca zopfii (57). These studies suggest that, at least partially, CARD9 may function to control fungal microbes in the gut and prevent infection-related disease in these tissues, which might explain the strong association between human CARD9 genetic variants and the development of IBD-related disorders.

CONCLUDING REMARKS

The significance of CARD9 and its signaling partners in antifungal defense has been an important realization for the field in the past two decades. A comprehensive understanding of the CARD9-dependent signaling pathways and their relevance for disease processes will be required to (1) utilize CARD9 as a future therapeutic target and (2) prevent and treat possible side-effects of immune-based therapies for cancer and autoimmunity. In particular, the non-fungal-related functions of CARD9 warrant further study, especially to understand the relevance of these functions in humans who carry genetic variants of CARD9, which are currently only partially defined yet have the potential to significantly influence CARD9-dependent functions. The study of human CARD9 deficiency has yielded novel insights into how this adaptor signaling molecule functions to protect against invasive fungal diseases and, importantly, these findings point to potential new avenues for the development of immune-based treatments for invasive fungal infections, which represent a global clinical challenge.
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A CARD9 Founder Mutation Disrupts NF-κB Signaling by Inhibiting BCL10 and MALT1 Recruitment and Signalosome Formation
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Background: Inherited CARD9 deficiency constitutes a primary immunodeficiency predisposing uniquely to chronic and invasive fungal infections. Certain mutations are shown to negatively impact CARD9 protein expression and/or NF-κB activation, but the underlying biochemical mechanism remains to be fully understood.

Objectives: To investigate a possible founder origin of a known CARD9 R70W mutation in five families of Turkish origin. To explore the biochemical mechanism of immunodeficiency by R70W CARD9.

Methods: We performed haplotype analysis using microsatellite markers and SNPs. We designed a model system exploiting a gain-of-function (GOF) CARD9 L213LI mutant that triggers constitutive NF-κB activation, analogous to an oncogenic CARD11 mutant, to study NF-κB signaling and signalosome formation. We performed reporter assays, immunoprecipitation and confocal imaging on HEK cells overexpressing different CARD9 variants.

Results: We identified a common haplotype, thus providing evidence for a common Turkish founder. CARD9 R70W failed to activate NF-κB and abrogated NF-κB activation by WT CARD9 and by GOF CARD9. Notably, R70W CARD9 also exerted negative effects on NF-κB activation by CARD10, CARD11, and CARD14. Consistent with the NF-κB results, the R70W mutation prevented GOF CARD9 to pull down the signalosome partner proteins BCL10 and MALT1. This reflected into drastic reduction of BCL10 filamentous assemblies in a cellular context. Indeed, structural analysis revealed that position R70 in CARD9 maps at the putative interface between successive CARD domains in CARD9 filaments.

Conclusions: The R70W mutation in CARD9 prevents NF-κB activation by inhibiting productive interactions with downstream BCL10 and MALT1, necessary for assembly of the filamentous CARD9-BCL10-MALT1 signalosome.

Keywords: CARD9 deficiency, founder mutation, BCL10, MALT1, CBM complex, NF-κB, filament, signalosome

INTRODUCTION

In the past decade, the importance of IL-17-mediated immunity in host defense against fungal infections has become clear, in large part by studies of patients with inborn errors of IL-17 immunity and relentless chronic mucocutaneous candidiasis (CMC) as a common theme. Mutations in key components of the IL-17A/IL-17F pathway were shown to compromise cellular responses to these cytokines, thus predisposing to CMC (1–3). Furthermore, patients with inherited disorders affecting IL-17A/IL-17F production (low Th17 cells) often present CMC in combination with other infections/clinical features (1–3). Caspase recruitment domain family member 9 (CARD9) is an adaptor molecule connecting dectin-1 fungal sensing to nuclear factor κB (NF-κB) signaling and thus important in host defense against fungal infections. It was first shown that Card9-deficient (Card9−/−) mice are highly susceptible to fungal infection (Candida albicans) due to their inability to produce proinflammatory cytokines in response to dectin-1 stimulation e.g. by zymosan or C. albicans (4). Subsequently in 2009, autosomal recessive (AR) CARD9 deficiency was identified to be responsible for recurrent superficial fungal infections and central invasion with Candida spp. (5).

To date, 63 patients of 38 kindreds originating from at least 14 countries with CARD9 mutations have been reported (see Supplemental Table 1, including references). Even though clinical presentation is highly variable, CARD9 deficiency predisposes uniquely to chronic and invasive fungal infections in otherwise healthy individuals (6). As proposed in a recent review (7), clinical presentation can be classified as (1) isolated CMC, (2) infections of skin and subcutaneous tissues with fungal species including Trichopython spp, Phialophora verrucosa and Corynespora cassiicola, and (3) systemic fungal disease manifesting primarily as meningoencephalitis, osteomyelitis and intra-abdominal infections with Candida spp, Trichophyton spp, Exophiala spp, and rarely Aspergillus (5–10). All patients are homozygous or compound heterozygous for 21 different mutations in the CARD9 CARD and coiled-coil (CC) domains (Figure 2A, Supplemental Table 1). Most of these mutations are missense and nonsense mutations, but also frameshifts, synonymous substitutions and an in-frame deletion have been described.

CARD9 is an intracellular adaptor molecule that mediates signaling downstream of C-type lectin receptors, including Dectin-1 and Dectin-2, upon fungal recognition by myeloid or epithelial cells. CARD9 forms signaling complexes with B-cell CLL/lymphoma 10 (BCL10) and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), termed CARD-CC/BCL10/MALT1 (CBM) complexes. Such CBM signalosomes mediate NF-κB activation resulting in induction of pro-inflammatory cytokines, such as IL-1, IL-6, and IL-23. These promote the differentiation of T lymphocytes into IL-17 producing T cells, further mediating anti-fungal immunity (7).

Caspase recruitment domains (CARD) are the common motif in the CARD subfamily of death domain proteins containing 33 human CARD-containing proteins. Homotypic CARD-CARD domain interactions between CARD-proteins regulate the assembly of many signaling complexes, including the CBM signalosome and many others such as the apoptosome and the inflammasome (11). CARD9 belongs to a phylogenetically distinct family of CARD-proteins along with CARD10 (CARMA3), CARD11 (CARMA1), and CARD14 (CARMA2) which are defined by their CARD and coiled-coil (CC) domains (11, 12). The four different CARD-CC proteins all form CBM signaling complexes, mediated mainly by CARD-domain hetero-multimerization. CBM complexes form a critical link between cell-surface receptors that associate with extracellular molecular antigens and downstream activation of NF-κB. Active CBM signalosomes are formed when pre-existing filamentous BCL10 structures are nucleated by activation of CARD-CC proteins (13–15). Genetic defects in several components of the CBM complex have been linked to human immunopathology. Somatic and germline gain-of-function (GOF) mutations in CARD11, MALT1, and BCL10 cause B cell lymphomas and lymphoproliferative disorders (16). Biallelic loss-of-function (LOF) mutations in CARD11, MALT1, and BCL10 lead to combined immunodeficiencies (16–18) whereas the here-discussed CARD9 deficiency predisposes exclusively to fungal infections.

The R70W (c.208C>T) CARD9 mutation was previously reported in four patients of three unrelated families of consanguineous Turkish decent, living in Belgium or France (10, 19). We here expand the R70W CARD9 cohort to 11 patients of five unrelated families all from Turkish descent and we provide evidence supporting a common founder origin of this mutation. The R70W CARD9 variant was shown to affect CARD9 protein expression and is associated with impaired NF-κB activation (10). In this study, we interrogated the biochemical mechanism of the R70W mutation in CARD9 and found that it disrupts NF-κB activation by abrogating recruitment of BCL10 and subsequent filamentous signalosome formation.

MATERIALS AND METHODS

Patients

Patients were recruited in Ghent University Hospital, Ghent, Belgium (19); University Hospital ULB Erasme, Brussels, Belgium; Saint Pierre University hospital, ULB, Brussels, Belgium; University Hospital Saint Luc, UCL, Brussels, Belgium; the Infectious Diseases Unit in Bretonneau Hospital, Tours, France and Necker Hospital, Paris, France (10). This study was conducted in accordance with the Helsinki Declaration and was approved by the ethical committee of Ghent University Hospital (2012/593). All patients and their relatives provided written informed consent for participation in the study.

Extended case reports are provided in the online supplement.

T-Cell Proliferation

T-cell proliferation assay was a standard lymphocyte proliferation test (LTT) performed in routine immunology laboratories. Responses to C. albicans and the mitogens phytohemaglutinin (PHA), Concanavalin A (ConA), or Pokeweed mitogen (PWM) were assessed.

Immunologic Assessment of Th17 Function and Fungal Recognition

For intracellular cytokine staining, 1*106 PBMC were cultured in complete medium with phorbol 12-myristate 13-acetate (PMA) (200 ng/mL) and Ionomycin (1 μg/mL) in the presence of Brefeldin A (20 μg/mL) (all from Sigma). Cells were stained with CD4 T cell surface markers (CD3, CD4, CD45RO), fixed and then stained intracellularly for IL-17A (eBio64dec17) and IFNg (4s.B3, eBioscience). IL-17+ cells were scored within CD3+CD4+CD45RO+ cells. In addition, IL-17 production upon stimulation with SEB or PMA/ionomycin was measured by ELISA.

To test fungal recognition, 2*105 PBMC were cultured for 2 days in complete medium without or with heat-killed Candida albicans (Invivogen, 10 μg/mL). ELISA for IL-6 was performed on supernatants (eBioscience Ready-Set-Go).

Haplotype Analysis

Genomic DNA was isolated from whole blood cells according to standard procedures. Identity-by-descent (IBD) mapping was carried out in two affected individuals (F2 III:2, III:3) from family 2 by genome-wide single-nucleotide polymorphism (SNP) arrays using the HumanCytoSNP-12 BeadChip platform (Illumina, San Diego, CA). Ten IBD regions (>1 Mb) were identified using PLINK software (20). Starting from the IBD region (3.3 Mb) encompassing CARD9, four microsatellite markers were selected using NCBI Map Viewer (including genetic maps deCODE, Généthon, Marshfield and Rutgers Map v.3). In addition, five tagging SNP markers (UCSC Table Browser) were genotyped to further delineate the common haplotype. Primers were designed with Primer3Plus. Fragment analysis and sequencing were performed on the ABI 3730XL DNA Analyzer (Applied Biosystems). Data analysis of the microsatellite markers was performed with the GeneMapper v5 software (Applied Biosystems) and SNP markers were analyzed with SeqScape v2.5 (Life Technologies). Microsatellite and SNP markers were genotyped for haplotype analysis in ten affected patients and eleven healthy family members of the five families.

Cloning and Mutagenesis

Plasmids of the cloned genes were deposited in the LMBP/GeneCorner plasmid collection for public access along with detailed descriptions of cloning strategy and plasmid sequence (http://www.genecorner.ugent.be). Identification of the conserved site corresponding to the oncogenic CARMA1 L225LI (L232LI in long splice form) mutation was done in a MUSCLE multiple sequence alignment of a wide selection of CARD-CC proteins from Cnidaria to humans using UGENE (21). A pcDNA3-Flag (LMBP: 9609) or pENTR3C (LMBP: 9877) clone of human CARD9 was used as a template to generate the R70W (LMBP: 10266), L213LI (LMBP: 10178) and the R70W/L213LI (LMBP: 10265) mutants by PCR with Universe High-Fidelity Hot Start Taq (Bimake).

Two truncated CARD9 variants were generated. One downstream of the first CC domain CARD9-Q295X (LMBP: 10532) found in 11 patients and one downstream of the second CC domain CARD9-E419X (LMBP: 10457) constructed based on the last residue of the CC domain.

To test the effect of R70W CARD9 on the other CARD-CC proteins, analogously auto-actived mutants were generated by introducing a premature stop codon in between the CC-domain and the downstream C terminal inhibitory domain: CARD9-E419X (LMBP: 10457), CARD10-ΔC (LMBP: 10459), CARD11-ΔC (LMBP: 10458), and CARD14-ΔC (LMBP: 10460).

Cell Culture, Transfection, and Expression Analysis

MALT1 deficient HEK293T cells (generated in house, clone #36) (22) were grown under standard conditions (DMEM, 10% FCS, 5% CO2, 37°C) and transfected with the calcium phosphate method (23). For NF-κB reporter assays, the indicated CARD9 construct was co-transfected with an NF-κB-dependent luciferase reporter expression plasmid (LMBP: 3249) and an actin promoter-driven β-galactosidase expression plasmid (LMBP: 4341) as transfection control. The cells were washed with PBS and lysed in luciferase lysis buffer (25 mM Tris pH7.8, 2 mM DTT, 2 mM CDTA, 10% glycerol, 1% Triton X-100). For the colorimetric determination (at 595 nm) of β-galactosidase activity, chlorophenol red-β-D-galactopyranoside (CPRG) (Roche diagnostics) was used as a substrate. Luciferase activity was measured by using beetle luciferin (Promega) as a substrate and luminescence was measured with the GloMax® 96 Microplate Luminometer (Promega). Luciferase data processing was done in LibreOffice (www.libreoffice.org) Calc. For evaluation of the MALT1-dependent signaling effects, the CARD9 clones were co-transfected with the NF-κB luciferase reporter and β-galactosidase expression plasmids in the MALT1 deficient HEK293T cells with or without reconstitution with human MALT1 (LMBP: 5536). For immunoprecipitation experiments, E-tagged human BCL10 (LMBP: 9637) and human MALT1 were co-transfected with the different CARD9 clones. Cells expressing BCL10 and MALT1 but no Flag-tagged CARD9 construct were used as background control for the immunoprecipitation. Immunoprecipitation was performed with anti-Flag antibody (F-3165, Sigma) in IP buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.2% NP-40, 10% glycerol) with protein G magnetic Dynabeads (Invitrogen). For immunoblot detection, MALT1 was detected by a rabbit monoclonal antibody (EP603Y, Abcam), BCL10 with rabbit anti-E-tag antibody (ab66152, Abcam) and CARD9 with mouse anti-Flag antibody (F-3165, Sigma) or anti-Flag-HRP (A-8592, Sigma). All western blots were developed on an Odyssey scanner (LI-COR) except for HRP, which was developed with an Amersham Imager 600 (GE). For studies of inducible interactions of WT CARD9 with BCL10 and MALT1, transfected HEK293T cells were treated with 200 ng/ml PMA for 30 minutes before lysis and immunoprecipitation.

Structural Analysis of CARD9 and Structural Context of R70W CARD9

A structural model for human CARD9 was initially created from structure-based sequence alignments of the sequence encoding the CARD domain of human CARD9 (uniprot Q9H257) and was further improved via models computed via I-TASSER and QUARK (24). The homology model of the CARD domain of CARD9 was docked into a three-dimensional model representing the human BCL10 filament (Electron Microscopy Data Base code EMD-5729; (15) using the segment fitting algorithms implemented in Chimera (25).

Confocal Imaging

HEK293T cells were seeded in 8-well chamber slides (Ibidi). Ninety percent confluent cells were transfected using polyethylenimine [PEI, 25kDa branched (26)] with Flag-CARD9 and E-BCL10 (150 ng plasmid DNA each per well). The next day, cells were fixed with 4% PFA and were stained with mouse anti-Flag-tag (Sigma F3165) and rabbit anti-E-tag (Abcam ab66152) in triton containing staining buffer. Primary antibodies were detected using donkey anti-mouse-AF594 and donkey anti-rabbit 650.

Confocal images were captured with a Zeiss LSM880 confocal microscope (Zeiss, Zaventem, Belgium). Images were taken using a 63 × Pln Apo/1.4 oil objective. The pinhole was set at 1Airy Unit and scans ware made with a pixel dwell time of 2.62 μs. The scan area covered 800 by 800 pixels. Combined with a zoom of 2.2 this resulted in a pixel size of 0.077 μm. A Z-stack of 40–50 slices was recorded with a z-interval of 0.6 μm. 3D reconstructions were made in the 3D opacity mode of Volocity 6.3 (Perkin Elmer).

Statistical Analysis

Graphpad Prism was used to perform one-way ANOVA analysis followed by Tukey's post-hoc testing to assess statistical significance of the reporter assay data.

RESULTS

Clinical Presentation Is Highly Variable in the R70W CARD9 Patient Cohort

We studied a cohort of 11 patients all harboring a known missense mutation in CARD9: R70W (c.208C>T). Family trees are provided in Figure 1. Because all patients originated from the Turkish provinces Afyonkarahisar and Eskişehir, we suspected a founder effect. Indeed, haplotype analysis provided evidence for a common Turkish founder (Figure 2B, Supplemental Figure 1).


[image: image]

FIGURE 1. Pedigrees. CARD9 R70W mutations were identified in five families. Each kindred is identified by a number (F1–F5), each generation by a Roman numeral (I–V), and each subject by an Arabic numeral (1–12). Square, circle and diamond shapes indicate male, female, and sex unknown, respectively. A double line represents reported consanguinity. Diagonal lines indicate deceased individuals. Filled symbols represent affected individuals, clear symbols represent unaffected individuals. The index patients are indicated with arrows. Where available, the genotype is mentioned. WT, wild-type allele.
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FIGURE 2. CARD9 structure and haplotype analysis of the R70W (c.208C>T) mutation. (A) Schematic CARD9 gene structure and reported disease-associated mutations. Roman numbered boxes represent exons. Gray boxes situate the CARD and Coiled Coil domains at protein level. The R70W mutation is shown in bold, the gain-of-function L213LI mutation in red. (B) Segregation analysis of flanking microsatellites and single nucleotide polymorphisms revealed a common haplotype of 1.03 Mb. Patients codes refer to the pedigrees in Figure 1. Segregation of the haplotype in all available family members is shown in Supplemental Figure 1. M, mutant allele; F, family.



Despite all bearing the R70W CARD9 mutation, the 11 patients present various fungal infections, including isolated CMC, chronic and invasive dermatophytosis, Candida meningoencephalitis and osteomyelitis, and intra-abdominal infections with C. albicans and Aspergillus spp (Table 1). Extra-pulmonary aspergillosis was only recently associated with AR CARD9 deficiency in 2 children (9). We here present an additional patient, F2 I.2, who reported to be healthy until she presented with retro-peritoneal aspergillosis at age 48. Consistent with previous reports (7, 10), the severity of the phenotype increases with age in the R70W CARD9 cohort, with childhood CMC often pre-dating invasive infections. This was also the case for patient F3 II.2, who developed CMC at age 36 and C. albicans encephalitis at age 39.


Table 1. Clinical and immunological details of the patients.
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Routine immunological work up revealed generally normal T and B cell subsets in all patients (Table 1). Lymphocyte proliferation upon stimulation with C. albicans was decreased in 5 out of 8 patients tested. Five patients displayed elevated serum IgE levels and 4 had eosinophilia. Th17 function was significantly decreased in 7 out of 10 patients tested. Pro-inflammatory cytokine production upon Candida stimulation was decreased in 6 out of 8 patients available for testing. Neither of the parameters reflecting anti-fungal immunity (Th17, anti-candida response) correlated with disease severity. Detailed case reports can be found in the online supplement.

R70W CARD9 Does Not Activate NF-κB and Inhibits NF-κB Activation by WT CARD9 and a Gain-of-Function CARD9 Mutant

Upon overexpression, wild-type (WT) CARD9 only moderately induced NF-κB activity in MALT-1-deficient HEK293T cells, but this was promoted by MALT-1 co-expression (27). Indeed, overexpression of WT CARD9 induced a 2- to 4-fold increase of MALT-1-dependent NF-κB reporter activity (Figures 3A,B,D). The R70W mutant, however, did not exhibit MALT-1-dependent NF-κB activation. More importantly, upon co-transfection of WT and R70W, the R70W mutant exerted an inhibitory effect on MALT-1-dependent NF-κB activation induced by WT CARD9 (Figures 3A,B). Off note, protein expression of the R70W allele was often weaker than the WT CARD9 allele, as had been reported before (10). We here report only data from those experiments where protein expression of R70W CARD9 was comparable to WT.
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FIGURE 3. R70W CARD9 inhibits NF-κB transcriptional activity. (A, C) Schematic summaries of the experimental conditions in (B,D) respectively, adjusted from (13). (B, D) MALT1-deficient HEK293T cells were transfected with WT, R70W, L213LI and R70W/L213LI CARD9 as indicated, with fixed total DNA quantities, with or without MALT1 as indicated, together with an NF-κB-dependent luciferase reporter expression plasmid and a constitutively expressed β-galactosidase reporter gene. Luciferase values were normalized against β-galactosidase and expressed as fold induction compared to WT CARD9 without MALT1. Expression of MALT1 and CARD9 protein measured by western blot are shown below the graphs. (E) WT HEK293T cells were co-transfected with decreasing doses of L213LI DNA and increasing doses of R70W/L213LI CARD9 DNA (ng/well, doses specified under graph). The total DNA amount was kept constant at 400ng/well. Luciferase values were expressed as fold induction compared to L213LI CARD9 alone. All values under the dotted line are significant.Results shown in (B,D,E) are mean +/- standard deviation of 4 replicates. One out of 2–3 representative experiments is shown. Statistical analysis was performed on reporter assay data with one-way ANOVA and Tukey's multiple comparison's (B, D, E) post-testing. The most relevant statistical differences are shown, a list of all p-values is provided in Supplemental Tables 2–4. p < 0.001 (***) in all panels, in (B,D) only for reporter assays with MALT1 reconstitution.



In that earlier report studying R70W CARD9 (10), co-expression of upstream (Dectin-1, Syk) and downstream (BCL10) signaling proteins together with fungal stimulation was used to determine the effects of CARD9 mutations on NF-κB activation. In that system of upstream activation, the R70W mutant also exhibited impaired NF-κB signaling. This strategy may also activate endogenous CARD10 present in HEK293T cells due to the high sequence conservation of the CARD-domain, which could mask effects of CARD9 mutations. To avoid this potential confounding factor and to specifically study signaling events downstream of CARD9, we generated a gain-of-function (GOF) mutant analogous to an oncogenic constitutively active CARD11 L225LI mutant. Like other oncogenic mutations in CARD11, this mutation is situated in the CC-domain and triggers constitutive NF-κB activation (17). The isoleucine insertion site is highly conserved ever since the single ancestral CARD-CC protein in the last common vertebrate ancestor (Supplemental Figure 2) and allowed us to generate an analogous isoleucine insertion mutant in CARD9 (L213LI). This CARD9 GOF mutant shows dramatically higher induction of NF-κB activity compared to WT, which we used as a model system for CARD9 activation, to test the effect of the R70W mutation. The L213LI CARD9 constitutive NF-κB activation was completely suppressed by the R70W mutation both in co-transfection of single mutants and in a double mutant setup (L213LI/R70W) (Figures 3C,D). Upon co-transfection, the double mutant also substantially reduced NF-κB activation by the GOF mutant but not as dramatically as the R70W single mutant. Since the protein expression of the R70W/L213LI double mutant was significantly lower than the other CARD9 alleles despite equal DNA dosage, this indicated a dose-dependency of the R70W inhibiting effect. Indeed, a cross-over dose-titration of the GOF L213LI mutant and the R70W/L213LI double mutant, confirmed such dose-dependency (Figure 3E). Importantly, at a 1:1 DNA ratio (reminiscent of heterozygosity) there was still 22% residual NF-κB activation.

Considering the known structural homology and the potential for functional redundancy between CARD-CC proteins, we also assessed the effect of R70W CARD9 on auto-active mutants of CARD10, CARD11, and CARD14, all lacking the C-terminal inhibitory domain (Figure 4A). Surprisingly, upon co-transfection R70W CARD9 repressed NF-κB activity by all 4 auto-active CARD-CC proteins.


[image: image]

FIGURE 4. CARD9 premature stop mutants reveal the presence of an N-terminal auto-inhibition domain (A). NF-κB luciferase reporter assay of R70W CARD9 co-transfected with auto-active mutants of CARD9, CARD10, CARD11, and CARD14, all lacking the C-terminal inhibitory domain. Luciferase values were expressed as fold induction compared to WT CARD9 alone. (B) NF-κB luciferase reporter assay of CARD9 constructs, harboring a premature stop after the first CC (Q295*) and the second CC (E419*) domain. Results shown in both panels are mean +/- standard deviation of 4 replicates. Statistical analysis was performed on reporter assay data with one-way ANOVA and Tukey's multiple comparison's post-testing. The most relevant statistical differences are shown: each CARD protein compared with and without CARD9 R70W in (A) and each mutant compared to WT CARD9 in (B). A list of all p-values is provided in Supplemental Tables 5, 6. ***p < 0.001.



The proposed mechanism of the L225LI mutation in CARD11 is that it blocks intramolecular auto-inhibition from an inhibitory domain in the linker between the CC and the C-terminal domain (17). To investigate whether the sequence downstream of the CC domain(s) in CARD9 acts as an inhibitory domain in an analogous manner, we generated CARD9 constructs harboring a premature stop after the first CC (295*) and the second CC (419*). As expected, the two truncated forms show elevated activity compared to WT CARD9, indicating a common activation mechanism among CARD-CC proteins (Figure 4B). The Q295* mutation and similar Q289* are the two most common mutations occurring in patients with CARD9 deficiency (11 and 15 patients, respectively) (Supplemental Table 1). Auto-activation had already been shown for the Q295* mutant (10) but we here propose the mechanism behind that observation.

R70W CARD9 Disrupts Downstream NF-κB Signaling by Inhibiting BCL10 Recruitment and Filamentous Network Formation

To elucidate the underlying mechanism prohibiting R70W CARD9 from activating NF-κB, we studied its interactions with BCL10 and MALT1, which together with CARD9 form filamentous CBM complexes. As previously shown (28), without upstream activation, WT CARD9 failed to pull down BCL10 and MALT1, despite its activation of NF-κB in the reporter assays, presumably because that latter assay is more sensitive. To verify WT CARD9 could be activated by upstream stimuli, we used a setup similar to Figure 3A, but with upstream activation by PMA that activates protein kinase C upstream of CARD9. The results show that WT CARD9 is able to pull-down BCL10 and MALT1 upon activation (Supplemental Figure 3). Despite a decreased protein expression for the CARD9 mutants (Supplemental Figure 4), but in line with the reporter assay results, the GOF CARD9 mutant was exclusively able to pull-down BCL10 and MALT1. The R70W mutant did not pull down BCL10 and MALT1 and inhibited the GOF mutant to do so in the double mutant setup (Figure 5A), thus revealing that BCL10 recruitment is impaired by the R70W mutation. To rationalize the functional impact of the R70W mutation in CARD9 and to obtain complementary mechanistic insights, we leveraged structural information regarding the assembly principles of filamentous BCL10 and the CARD11-BCL10-MALT1 signalosome (15). N-terminal CARD domains sharing strong conservation in sequence and structure, constitute a hallmark of signalosome proteins, and are responsible for the ability of such proteins to oligomerize into intracellular filamentous structures (13–15). Given the paucity of structural information for the CARD domain of CARD9, we took advantage of the high sequence and structural homology shared by CARD domains to create a homology model for the CARD domain of CARD9 (Supplemental Figure 5 and main Figure 5B). In the first instance, this revealed that position R70 maps to the end of helix 4 (α4) at the surface of the helical CARD9 scaffold (Figure 5B). Therefore, we reasoned that radical mutation of R70 to a tryptophan (grantham score = 101), as is the case in the identified R70W CARD, could be deleterious for the ability of CARD9 to interact either with itself to form filaments, or to annex to BCL10 filaments to nucleate signaling-competent CBM signalosomes, or to interact with other partner proteins. Indeed, modeling of CARD9-CARD structures into the BCL10-CARD filament as revealed by electron microscopy (15), indicates that position R70 localizes at the heart of the interfaces of consecutive CARD9-CARD modules within the helical filament (Figure 5C). Thus, mutation of this position to any amino acid residue, and in particular to a radically different amino acid in terms of structural and chemical properties such as tryptophan, will be expected to abrogate the ability of CARD9-CARD to mediate filamentous forms of the protein.
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FIGURE 5. R70W CARD9 fails to pull down BCL10 and MALT1 and inhibits BCL10 filamentous network formation. (A) WT HEK293T cells were co-transfected with MALT1 and E-tagged BCL10 with indicated Flag-tagged CARD9 constructs. The CARD9 variants were immunoprecipitated with anti-Flag antibody and co-immunoprecipitation of BCL10 and MALT1 was detected (“IP”, upper panel) by anti-E-tag (BCL10) and anti-MALT1 antibody. CARD9 was detected with anti-Flag-HRP antibody. Input controls as immunoblotted on total lysate are shown in the lower panel. Density quantification of CARD9 on the total lysates is shown in Supplemental Figure 4. (B) A structural model for human CARD9 was created from structure-based sequence alignments of the sequence encoding the CARD domain of human CARD9 (uniprot Q9H257) and further improved computed via I-TASSER and QUARK. The R70 residue is depicted in red. (C) The homology model of the CARD domain of CARD9 was docked into a three-dimensional model representing the human BCL10 filament using the segment fitting algorithms implemented in Chimera. (D) E-tagged BCL10 was co-transfected with indicated Flag-tagged CARD9 constructs in un-stimulated HEK293T cells. Confocal imaging was performed with anti-E (BCL10, Green) and anti-Flag (CARD9, Red). 3D reconstructions of 50 Z-stacks are shown. Scale bar = 10μm.



Looking for evidence to substantiate our in silico predictions, we performed confocal imaging on HEK293T cells transfected with Flag-CARD9 and E-BCL10. Wild-type CARD9 was found as a diffuse signal neighboring BCL10 filaments, which were polarized at one side of the nucleus (Figure 5D left panel). Compared to WT, the GOF L213LI CARD9 mutant induced a clustering of CARD9 in dense spheroid structures ornamenting an intricate network of branched BCL10 filaments that stretched all over the cellular body (Figure 5D middle panel). In contrast, the GOF/LOF double mutant CARD9 failed to form a BCL10 network. Despite concentration of CARD9 in spheroid structures, suggesting that CARD9 itself was activated, the BCL10 filaments remained polarized at one side of the nucleus and failed to form a branched network all over the cell (Figure 5D right panel). This demonstrates that the R70W mutation indeed abrogates filamentous signalosome formation.

DISCUSSION

The adaptor protein CARD9 connects C-type lectin-receptor signals to the CBM signalosome to activate NF-κB upon fungal recognition by myeloid cells. Biallelic CARD9 LOF mutations are associated with a wide range of fungal infections (Supplemental Table 1) and the here described R70W CARD9 patient cohort displays the same heterogeneity. This demonstrates that the nature of fungal infections a patient suffers from, is not determined by the type of CARD9 mutation. The degree and severity of the presenting phenotype vary considerably between affected individuals and seem to aggravate with age with CMC always preceding invasive fungal disease (except in the case of F2 I:2 for whom this is unknown). Hence, an early diagnosis and accurate prophylaxis and follow-up are imperative to prevent CARD9 deficient patients from developing invasive infections.

The presence of a CARD9 R70W founder mutation in the Turkish population from Afyonkarahisar/Eskişehir might simplify the laboratory diagnosis of CARD9 deficiency by targeted sequencing of the third exon. However, other mutations could be prevalent in that same population, since at least three patients of Turkish origin (though not precisely defined from which region) have been described with a Q295* nonsense mutation (exon 6) and a clinical presentation similar to the patients described in this manuscript (29, 30). Targeted resequencing of the R70W mutation in 68 healthy Turkish individuals from the Istanbul region (results not shown) showed that the allele was absent there, suggesting that it may be geographically confined to the rural provinces of Afyonkarahisar and Eskişehir, where a tradition of consanguineous marriages promotes passing on of recessive disease (31). At this moment, we have no evidence that the R70W CARD9 mutation would provide any beneficial traits to the population, and its presence could thus be a direct consequence of endogamy within a small and genetically homogenous population, where a detrimental recessive allele became common through the founder effect (32, 33). Earlier research has already shown a common founder origin for another CARD9 mutation [Q289*; (7)] of middle-eastern origin, which raises the idea that CARD9 heterozygosity may offer a certain protective effect in populations from the greater Mediterranean basin. Larger genetic studies looking at carriership of rare CARD9 variants in this and other populations may provide more substance to this hypothesis.

We confirmed earlier observations that R70W CARD9 fails to activate NF-κB (10). In addition, we uncovered that this is because the R70W mutation disrupts the interaction with the critical downstream signaling proteins, BCL10 and MALT1, thus preventing the formation of CBM signalosomes.

Remarkable was the inhibitory effect of the R70W allele seen in vitro upon co-transfection with WT and GOF CARD9, which stands in sharp contrast to the absence of symptoms in heterozygous R70W carriers. The lack of phenotype in heterozygous carriers can be explained by a dose-dependent activation of NF-κB. This is supported by previous observations (10) and our own that the R70W allele has a tendency to produce less protein compared to WT. From our dose-response curves, we know that the R70W mutation, when expressed in the double mutant with the GOF allele, at a 1:1 DNA ratio with the GOF single mutant, leaves about 22% residual NF-κB activity. Translated to heterozygotes, such residual NF-κB activity could explain the absence of disease. Based on the low expression levels of the R70W allele that we (Supplemental Figure 4) and others (10) observed, heterozygotes would have a relative expression of WT/mutant CARD9 somewhere in the range of 70/30 or higher, hence even more residual NF-kB activity could be suspected.

The key to the profound inhibiting effect of R70W CARD9 lies in the structural data, which revealed that position R70 in CARD9-CARD maps at the interface between successive CARD domains in CARD9 filaments. We have illustrated the dramatic impact of R70W CARD9 that is intrinsically unable to participate in CARD9 and BCL10 filaments to seed signalosome assembly in a cellular context. This is in line with previous observations that many of the BCL10-CARD and CARD11-CARD interfacial residues are crucial for BCL10 polymerization as well as CARD11-CBM complex formation-induced NF-κB activation (15). The same study further demonstrates how CARD11 nucleates BCL10 filaments in order to form an active CBM signalosome (15). They propose a scenario in which CARD11 forms short helical segments to nucleate BCL10 segments using its coiled-coil domain. Our high resolution confocal data corroborate that scenario of short spheroid-like segments. Most missense disease-causing mutations, like R70W, are situated in the CARD9 CARD- and CC-domains. Along the scenario proposed by Qiao et al., these mutations are highly likely to abolish BCL10 filamentous network formation. Such profound inhibition against WT proteins is a characteristic of mutants of highly oligomeric assemblies (15, 34), such as the inflammasome adaptor Apoptosis-associated speck-like protein (ASC), where ASC mutants with a non-functional CARD only assemble filaments but not specks, thus inhibiting formation of functional inflammasomes (35).

Our structural insights rationalize the use of the L213LI GOF mutant. Like many lymphoma-related mutations (17), it maps to the coiled-coil. Along the Qiao scenario, its gain-of-function action thus derives likely both from overcoming auto-inhibition and by enhancing oligomerization (18). The use of this GOF mutant as a model for the in vitro activation of CARD9 in HEK293T cells, allowed us to observe a much stronger inhibitory effect of the R70W mutant allele in comparison to an upstream activation model (10). The GOF CARD9 model system focuses on CARD9-CBM NF-κB activation, whereas upstream stimuli, be it Dectin1-ligation or PMA, would also activate endogenous other CARD-CC proteins (CARD10 in case of HEK293T cells) or alternative pathways, thereby possibly masking the full effect of the R70W allele.

The different CARD-CC proteins are to some extent functionally redundant: CARD10 was shown to be able to complement CARD11 deficiency in T cells (36), and there is evidence for CARD14-mediated zymosan signaling in keratinocytes (27). The R70W CARD9 allele also inhibited NF-κB activation by the three other CARD-CC proteins, CARD10, CARD11, and CARD14. This confirms the profound negative behavior of R70W CARD9 and demonstrates that hetero-multimerization can occur in the formation of a signaling-competent CBM signalosome. In vivo, however, CARD9 expression is confined to myeloid cells whereas CARD11 is expressed in lymphocytes and CARD10 and CARD14 mainly in different non-immune cells (www.biogps.org). These cell-type-specific expression profiles of the different CARD-CC proteins make it unlikely that a LOF CARD9 mutant would be able to influence the other CARD-CC signaling pathways in vivo. This is supported by the absence of symptoms others than fungal infections in CARD9 deficient patients.

The GOF CARD9 model system can be useful for future functional characterization of other disease-associated CARD9 mutations, as we illustrated for the Q295* allele. The method is however not without limitations, since disease-causing mutations that influence the response of CARD9 to upstream activating signals would be expected to leave a GOF CARD9 mutant unaffected. In that case, co-expression of CARD9 mutants with upstream signaling components would still be the best option.

In conclusion, we here expand the R70W CARD9 cohort to 11 patients of five unrelated families from Turkish descent and provide evidence supporting a common founder origin of this mutation. We demonstrate that the R70W mutation disrupts the interaction with the critical downstream signaling partners BCL10 and MALT1, thus prohibiting the formation of CBM signalosomes and NF-κB signaling.
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Intestinal homeostasis requires a balanced interaction between the host innate immune system and the gut microbiota. A dysregulation of this interdependency can result in inflammatory bowel diseases (IBDs), and this dysregulation is a key pathogenic factor during the development of colorectal cancer. CARD9 is a central signaling molecule in the innate immune system, which is essential for host defense against infection. Moreover, polymorphisms in CARD9 are key risk factors for IBD development, indicating that CARD9 signaling is critical for intestinal immune homeostasis. This review summarizes recent insights into the regulation of CARD9 signaling, its pathophysiological role during IBD development via effects on the microbiota and epithelial regeneration and the pro- and antitumor immune functions of CARD9 during intestinal carcinogenesis.
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INTRODUCTION

Homeostasis in the gastrointestinal tract depends on balanced interactions between the host immune system and the gut microbiome. The microbiome encompasses bacteria, fungi, and other microorganisms, and its composition is dynamically shaped by the host immune system, which continuously senses microbes and their metabolites and reacts with tolerogenic or stimulatory signals (1). Dysregulation of the immune-microbial balance due to the host's genetic composition, microbial dysbiosis, or environmental factors can cause inflammatory bowel diseases (IBDs), such as ulcerative colitis and Crohn's disease (2). Moreover, both overt chronic inflammation and smoldering inflammation are key risk factors for the development of gastrointestinal cancers (3). Therefore, understanding the reciprocal interaction between the host immune system and the intestinal microbiome is of great biomedical importance.

To sense microbial structures in the gut, innate immune cells are located in the lamina propria underneath the intestinal epithelium and in organized lymphoid structures. These cells are equipped with germline-encoded pattern recognition receptors (PRRs) that survey the intestinal environment and engage intracellular signaling pathways to induce the production of effector molecules that orchestrate local immunity. Importantly, a majority of genetic susceptibility loci that modulate the risk of developing IBD lie within genes involved in immune responses (4), which underscores the importance of immune signaling in IBD development. One very prominent IBD susceptibility gene whose key function in intestinal pathophysiology is being increasingly understood is CARD9, which encodes the innate immune signaling adapter protein CARD9 (4–8). This review will summarize recent insights into the molecular functions of CARD9 signaling and its role in intestinal inflammation and oncogenesis.

MOLECULAR MECHANISMS OF CARD9 SIGNALING

CARD9 is selectively expressed in myeloid immune cells, including dendritic cells, macrophages, and neutrophils, and it is composed of an N-terminal caspase-activating and recruitment domain (CARD), a coiled-coil domain and a C-terminal tail with no specific domain structure (9) (Figure 1A). CARD9 can be activated by several plasma membrane-associated and intracellular PRRs (10, 11), and it is critical for the function of SYK-coupled C-type lectin receptors (CLRs). These CLRs, including Dectin-1 (12), Dectin-2 (13), and Mincle (14, 15), are key PRRs for the detection of commensal and pathogenic fungi but can also sense certain bacteria or danger signals released from dying host cells (16). The CLR-mediated activation of SYK leads to the activation of PKCδ via intermediate steps (Figure 1B), and PKCδ then directly phosphorylates CARD9 at T231 in the coiled-coil domain (17) in cooperation with VAV proteins (18). These molecular events enable CARD9 activation and the assembly of a BCL10- and MALT1-containing signaling platform, termed the CARD9-BCL10-MALT1 (CBM) complex, which serves as a scaffold to place ubiquitin modifiers and protein kinases in proximity to activate downstream effector pathways (9).
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FIGURE 1. (A) The wild-type CARD9 protein consists of an N-terminal caspase activation and recruitment domain (CARD) followed by a coiled-coil domain and a C-terminal tail. The C-terminus mediates binding to the ubiquitin ligase TRIM62, which ubiquitinates CARD9 at K125. The CARD9S12N variant encoded by an IBD risk-associated SNP carries an amino acid substitution in the N-terminal portion of the CARD domain (indicated by the red arrowhead). The rare variant CARD9Δ11 results from the skipping of exon 11, and instead of the amino acids 454–536, it bears a shortened and altered C-terminus (indicated in green) that is unable to bind to TRIM62. (B) Fungi are sensed by myeloid cells through Dectin-1, which is phosphorylated by SRC-family kinases (SFK) in its cytoplasmic portion upon ligand binding. The spleen tyrosine kinase (SYK) can recognize these phosphosites and activate the protein kinase C (PKC) δ and VAV proteins, which cooperate to phosphorylate CARD9, enabling it to assemble the CARD9-BCL10-MALT1 (CBM) complex. K27 ubiquitination of CARD9 by TRIM62 enables the activation of NF-κB, which consists of the transcriptionally active subunits c-Rel, p65 and RelB. RelB is counterregulated by the proteolytic activity of MALT1. Cytokines produced after stimulation of this pathway include IL-6, TNF and pro-IL-1β, which is further processed and released by inflammasomes that are triggered in a SYK- and reactive oxygen species (ROS)-dependent manner. Pro-IL-18 is similarly processed and released by the inflammasome.



One major effector pathway of the CBM complex is the canonical IκB kinase (IKK)-mediated NF-κB pathway, which controls the expression of a variety of immune-regulatory factors. The NF-κB family consists of several subunits, of which p65, c-Rel, and RelB are transcriptionally active and form homodimers and heterodimers with other NF-κB proteins to initiate gene expression (19). To mediate NF-κB signaling, CARD9 recruits the ubiquitin ligase TRIM62, which binds to the C-terminal tail of CARD9 and mediates K27-linked ubiquitination of CARD9 on K125 in the coiled-coil domain (20) (Figure 1A). This modification is dispensable for the formation of the CBM complex but critical for the downstream activation of NF-κB (20). The CBM complex activates NF-κB dimers containing the subunits p65 or c-Rel (18), while MALT1 also functions as a protease that can inactivate the subunit RelB (21) to control distinct NF-κB subprograms. RelB is a subunit that is primarily activated by the noncanonical NF-κB pathway, and it can bind to the IL5 promoter to activate IL5 transcription in myeloid cells (22). Factors regulated by the canonical NF-κB pathway include pro-inflammatory cytokines, including TNF, IL-6 and the pro-inflammatory cytokine precursor pro-IL-1β, which is processed by inflammasomes into mature IL-1β. Inflammasomes are activated in response to fungal recognition in a SYK- and reactive oxygen species-dependent manner (23), and they can process additional cytokines of the IL-1 family, e.g., IL-18.

CARD9 signaling can also be activated by intracellular PRRs, such as the nucleotide-binding oligomerization domain-containing protein 2 (NOD2) (11), which is encoded by another important IBD risk gene, NOD2 (4). In this pathway, NF-κB is activated independently of CARD9 by the interaction of NOD2 with RIPK2, whereas the interaction of NOD2 with CARD9 promotes the activation of the MAP kinases p38 and JNK, supporting pro-inflammatory cytokine production in response to stimulation with the bacterial cell wall component peptidoglycan or Listeria monocytogenes infection (11). Moreover, CARD9 is activated in response to the ligation of the nucleic acid receptors RIG-I (24) and RAD50 (25) after recognition of bacterial or viral nucleic acids, which also trigger the activation of the NF-κB pathway and the subsequent production of pro-inflammatory cytokines.

These CARD9-mediated signaling pathways are critical for host defense, particularly for protection against fungi, as CARD9-deficient mice and humans with CARD9 loss-of-function mutations exhibit severe susceptibility to fungal infections caused by species such as Candida albicans (26) or dermatophytes (27), with invasive fungal growth into tissues (28). These protective functions are in part mediated by the critical role of CARD9 in inducing adaptive TH17 cell responses (26, 29), which exert defense mechanisms against fungi and other extracellular pathogens. Moreover, during fungal infection, CARD9 controls the induction of neutrophilic myeloid-derived suppressor cells (MDSCs) (30), which prevent damaging hyperinflammation by counterbalancing T and NK cell responses.

CARD9 GENETIC VARIANTS IN INTESTINAL INFLAMMATION

While a complete loss of CARD9 results in immunodeficiency, several single-nucleotide polymorphisms (SNPs) in the human CARD9 gene are associated with inflammatory diseases, particularly with IBD (rs10781499 (4), rs10870077 (5), and rs4077515 (6, 7)). Non-coding or synonymous variants presumably influence the level of CARD9 expression (31, 32) and thereby modulate the strength of CARD9 signaling. In addition, the IBD-associated SNP rs4077515 encodes a missense CARD9 variant that carries an asparagine instead of a serine residue in the CARD domain in position 12 (CARD9S12N) (Figure 1A). Experiments with knock-in mice that carry the CARD9S12N-encoding allele have demonstrated that CARD9S12N leads to aberrant activation of RelB and subsequent excessive production of IL-5 by myeloid cells in response to A. fumigatus, which skews T cell responses toward TH2 differentiation (22). These findings indicate that CARD9S12N deviates physiological CARD9 signaling and suggest that the respective SNP in human IBD could potentially contribute to intestinal inflammation through related mechanisms, although this possibility remains to be investigated.

While the above-mentioned CARD9 risk SNPs are relatively frequent and only moderately increase IBD risk (odds ratio (OR) ≈ 1.2), a rare splice site variant of CARD9 confers strong protection from IBD (OR ≈ 0.3–0.4) (8, 33). This specific variant, IVS11+1C>G, results in the skipping of exon 11, which leads to a CARD9 protein with a shortened C-terminal tail (CARD9Δ11) (Figure 1A). CARD9Δ11 is unable to bind TRIM62 and consequently fails to induce pro-inflammatory cytokines in myeloid cells after stimulation with fungal particles (20), which is thought to be responsible for the protective activity of CARD9Δ11 during IBD pathogenesis.

CARD9 SIGNALING IN MURINE MODELS OF INTESTINAL INFLAMMATION

Based on the association of CARD9 SNPs with IBD susceptibility, several research groups have started to investigate the role of CARD9 in murine models of experimental colitis (34, 35). In these studies, colitis was triggered by the administration of the chemical compound dextran sodium sulfate (DSS) via the drinking water (34, 35) or by oral inoculation with Citrobacter rodentium (34, 36). Both regimens damage the colonic epithelium and enable the entry of intestinal contents including bacteria and fungi into submucosal layers, triggering intestinal inflammation that leads to weight loss in the animals, followed by a recovery phase after DSS discontinuance in the DSS model (37, 38) or upon bacterial clearance in the C. rodentium model (34, 36).

CARD9-deficient mice exhibited a defect in epithelial regeneration and a significant delay in weight gain during the recovery phase after acute colitis (34, 35). The deficiency of CARD9 affects primarily myeloid cells and cytokines produced by these cells, which secondarily act on other cell types in the intestinal environment. Based on this interplay, CARD9 deficiency results in reduced production of pro-inflammatory cytokines (IL-6, TNFα, and IFNγ) and TH17- and innate lymphoid cell (ILC)-related cytokines (IL-17A, IL-17F, and importantly IL-22) by leukocytes in the lamina propria and mesenteric lymph nodes (34, 35). This phenotype is in part caused by defective production of the chemokine CCL20, which is required to recruit TH17 cells and ILCs to sites of epithelial damage (34), and by the failure of CARD9-deficient myeloid cells to secrete optimal amounts of IL-1β, which is necessary to stimulate IL-22 production by ILCs (Figure 2) (35). IL-22 is a key cytokine that promotes recovery from DSS-induced or C. rodentium-induced inflammation. IL-22 binds to its receptor on intestinal epithelial cells (IECs), which drives their regenerative proliferation (39) and stimulates the expression of antimicrobial peptides for innate defense against intruding microbes. As a consequence of impaired IL-22 and IL-17 signals, the IECs in CARD9-deficient mice do not receive the proper pro-proliferative signals for recovery (35), and they fail to produce sufficient amounts of antimicrobial peptides (34). Apart from controlling gut microbes through the epithelial compartment, CARD9-expressing myeloid cells also provide signals that support humoral responses to C. rodentium (36), although the exact mechanisms of this interaction remain to be investigated.
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FIGURE 2. CARD9 controls the intestinal microbiome, which consists of commensal bacteria and fungi. Commensal gut bacteria supported by CARD9 provide aryl hydrocarbon receptor (AHR) ligands for the stimulation of innate lymphoid cells (ILCs) that secrete IL-22 to promote the regeneration of intestinal epithelial cells (IECs) through signal transducer and activator of transcription 3 (STAT3). ILCs are also stimulated by IL-1β, which is produced in a CARD9-dependent manner. CARD9 activated by pattern recognition receptors (PRRs) regulates commensal gut fungi that enter the damaged epithelium and promotes the accumulation of myeloid-derived suppressor cells (MDSCs). MDSCs inhibit CD8+ cytotoxic T cells that keep malignant IECs in check and thereby prevent carcinogenesis. CD8+ T cells are also stimulated by IL-18, which is secreted in response to commensal fungi in a CARD9-dependent manner. The CARD9-dependent IL-1β-IL-22 axis can support carcinogenesis through the stimulation of STAT3 in malignant IECs.



Additional work demonstrated that CARD9 also shapes the composition of the gut microbiome and affects both fungal and bacterial communities (40). Under steady-state conditions, the fungal burden is increased in CARD9-deficient mice, and during colitis, the fungal microbiome changes more substantially in CARD9-deficient mice than in wild-type mice. Similarly, at baseline, the composition of the bacterial microbiome is disturbed in CARD9-deficient mice and exhibits decreased stability during DSS colitis. Underrepresented bacteria in CARD9-deficient mice include, for example, species from the Adlercreutzia genus and Lactobacillus reuteri. Under steady-state conditions, this dysbiotic microbiota of CARD9-deficient mice exhibits a striking failure to metabolize tryptophan into ligands of the aryl hydrocarbon receptor (AHR) transcription factor (Figure 2), which is crucial for the expression of IL-22 by TH17 cells (39). This failure to produce AHR ligands has also been linked to impaired IL-22 production and delayed epithelial restitution in CARD9-deficient mice (40). Together, these experimental studies revealed that CARD9 signaling within the myeloid compartment affects epithelial regeneration during the recovery from colitis by triggering ILC and TH17 responses, in part by directing the microbiota toward AHR ligand-producing species. These pathways are presumably also important for the pathogenesis of IBD in patients with CARD9 risk variants, as a deficiency in AHR ligands is observed in the microbiota of IBD patients with the CARD9 risk SNP rs10781499 (40).

CARD9 IN IMMUNE ENVIRONMENTS IN COLORECTAL CANCER

The inflammatory pathways that stimulate the regenerative expansion of normal IECs are also frequent drivers of malignant proliferation and survival in transformed epithelial cells during colorectal cancer pathogenesis (3). However, in addition to providing pro-inflammatory, tumor-promoting effects, immune cells also play a protective role in colorectal cancer, which is largely executed via the antitumor activity of cytotoxic CD8+ T cells, whose presence within the tumor tissue is one of the strongest prognostic markers for a positive clinical outcome in colorectal cancer patients (41). Recent studies revealed that CARD9 signaling can contribute to both tumor-promoting and tumor-suppressive immunity in the intestine, and these distinct effects are strongly influenced by the composition of the microbiota (35, 42, 43).

To explore the role of CARD9 in colitis-associated cancer (CAC) independent groups used CARD9-deficient mice in the AOM/DSS model (35, 42–44). In this model, the administration of the carcinogen azoxymethane (AOM) initiates mutations in IECs, and subsequent cycles of DSS administration trigger inflammation that promotes epithelial dysplasia through a variety of immune cell-derived mediators, growth factors and cytokines. In wild-type mice, this treatment protocol provokes the formation of multiple polyploid lesions in the colon and rectum, with histological scores from low to high grade, but invasive dysplasia rarely occurs in this context.

To minimize the effects of the microbiota on tumor development, Bergmann et al. co-housed CARD9-deficient mice and littermate controls from birth on and during the AOM/DSS treatment protocol (35). Under these conditions, CARD9-deficient mice displayed smaller polyps in the distal colon than wild-type mice, although the total number of polyps did not differ between CARD9-deficient and wild-type mice. Moreover, the rate of tumor cell proliferation was decreased in CARD9-deficient mice, and the tumor cell-intrinsic activation of STAT3 was substantially reduced. STAT3 is a key transcription factor that drives the proliferation and survival of malignant cells during CAC pathogenesis (45) and is activated by several cytokines and growth factors, including IL-22 (39). These experiments indicate that CARD9 signaling in the immune environment of developing colorectal cancers can trigger the tumor-promoting STAT3 pathway within tumor cells, presumably via ILC-mediated IL-22 production, comparable to its role during epithelial regeneration after acute colitis (34, 35).

Two subsequent studies single-housed CARD9-deficient and wild-type animals to dissect the microbiota-dependent influences on CAC development using the AOM/DSS model (42, 43). Under these conditions, CARD9-deficient mice develop more and larger tumors than wild-type mice, and these effects were attributed to an aberrant fungal microbiome and secondary effects of fungi on antitumor T cells (42, 43). Wang et al. found that several fungal species, particularly Candida tropicalis, were enriched in the intestinal flora of CARD9-deficient mice (43) and interestingly also in the feces of colorectal cancer patients (43). Moreover, monocolonizing germ-free mice with C. tropicalis, but not with the irrelevant fungal species Saccharomycopsis fibuligera, increased their susceptibility to CAC in the AOM/DSS model, indicating that this species can support cancer development (43). Mechanistically, Wang et al. proposed that specific fungi promote the accumulation and activation of granulocytic MDSCs in the colonic lamina propria, which suppress the proliferation and effector functions of T cells and thereby negatively interfere with T cell-mediated antitumor immunity and enable enhanced colorectal cancer growth (Figure 2). Since the fungal load in the feces of colorectal cancer patients positively correlates with MDSC frequencies in the tumor, this pathway could also play an important role in clinical settings (43).

Similarly, Malik et al. observed an increased tumor burden in CARD9-deficient mice using the AOM/DSS model under single-housing conditions (42), but they propose an additional mechanism. While this group also demonstrates that CARD9 signaling shapes the composition of fungal communities and T cell immunity in the colon, they show that CARD9 controls the IL-1 family cytokine IL-18 through a canonical SYK-dependent pathway in myeloid cells in the early phase of the AOM/DSS treatment protocol (42) (Figure 2). IL-18 can maintain intestinal epithelial integrity during inflammation and stimulate IFNγ and FASL expression by T cells (42, 46), supporting antitumor immunity during CAC development. Consistent with this model, supplementation with exogenous IL-18 restored T cell function in CARD9-deficient mice during CAC, ameliorated the exacerbated intestinal inflammation and reduced tumor development (42).

Together, these two studies reveal previously unknown functions of CARD9 in the control of fungal communities that initiate MDSCs and stimulate IL-18 secretion, both of which regulate the function of antitumor CD8+ T cells during CAC development (Figure 2). Nevertheless, it remains unclear to what extent the overall fungal load determines CAC outcome, as the pharmacological depletion of fungi can on one hand reduce MDSC frequencies and thus enhance antitumor T cell responses in CARD9-deficient mice (43) but on the other hand result in a lack of IL-18 signals for stimulation of antitumor T cells (42).

CONCLUSION AND PERSPECTIVE

The human CARD9 locus has been a known IBD susceptibility factor for more than 10 years, and during that time, the basic mechanisms of CARD9 signaling have been elucidated (9). In IBD, both risk-promoting and protective CARD9 variants have been identified, and based on an understanding of the protective CARD9 variant, which is defective in the CARD9-TRIM62 interaction, small-molecule inhibitors that block the CARD9-TRIM62 interaction have been developed that might be useful for IBD treatment (47). Additional pathomechanisms of CARD9 signaling during IBD are alterations in regenerative IL-22 signaling via the effects of CARD9-expressing myeloid cells on ILCs (34, 35) or via the effects of CARD9 on the control of the microbiota (40, 42, 43), which could also provide new strategies for IBD treatment. The key role of CARD9 in intestinal immune homeostasis is also underscored by the influence of CARD9 signaling on colorectal cancer development. Here, depending on the composition of the microbiota, particularly the fungal communities, CARD9 can play a pro-tumorigenic role by triggering inflammation-induced oncogenic STAT3 activation within malignant cells or a tumor-suppressive function by promoting antitumor T cell responses through various mechanisms. How the balance between these CARD9-mediated pro- and antitumor immune functions is precisely tuned requires further investigation. Such studies are expected to provide further insights into the complex interplay among the immune system, the microbiota, tissue homeostasis and cancer development, as well as potential rational targets for therapeutic interventions.
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Scaffold proteins are defined as pivotal molecules that connect upstream receptors to specific effector molecules. Caspase recruitment domain protein 10 (CARD10) gene encodes a scaffold protein CARMA3, belongs to the family of CARD and membrane-associated guanylate kinase-like protein (CARMA). During the past decade, investigating the function of CARMA3 has revealed that it forms a complex with BCL10 and MALT1 to mediate different receptors-dependent signaling, including GPCR and EGFR, leading to activation of the transcription factor NF-κB. More recently, CARMA3 and its partners are also reported to be involved in antiviral innate immune response and DNA damage response. In this review, we summarize the biology of CARMA3 in multiple receptor-induced NF-κB signaling. Especially, we focus on discussing the function of CARMA3 in regulating NF-κB activation and antiviral IFN signaling in the context of recent progress in the field.
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INTRODUCTION

Caspase recruitment domain and membrane-associated guanylate kinase-like protein 3 (CARMA3), also known as CARD10, is one of CARMA family members that include CARMA1, CARMA2, and CARMA3. CARMA proteins conserved across many species which are characterized by the different functional domains shared by all members of the family: the N-terminal CARD domain, following with a coiled-coil domain, a linker region, a PDZ domain, a SH3 domain, and the C-terminal guanylate kinase-like domain (GUK) (Figure 1) (1, 2). Although CARMA family proteins share a high degree of sequence and structural homology, they are transcribed by different genes and expressed in different tissues. Specifically, CARMA1 is primarily expressed in the hematopoietic system, including the spleen, thymus and peripheral blood leukocytes; CARMA2 is expressed in the mucosal tissues and skin; and CARMA3 is expressed in a broad range of tissues, particularly at high levels in lung, kidney, liver and heart, but not in hematopoietic cells (3).
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FIGURE 1. Schematic model of CBM complex-induced NF-κB activation. (A) Structures of CARMA1,2,3 and their interactors. Each CARMA member shares similar structures: caspase-recruitment domain (CARD), followed by a coiled-coil domain (CC), a linker region, a PDZ domain, an SH3 domain, and a GUK-like domain. BCL10, B-cell lymphoma/leukemia 10; S/T-rich, serine/threonine-rich region; MALT, mucosa-associated lymphoid tissue; DD, death domain; Ig, immunoglobulin-like domain; (B) Conserved Bcl10-Malt1 complexes interact with different CARMA proteins to link various receptors to NF-κB signaling.



CARMA proteins are also known as CARD11, CARD14, and CARD10, because they were originally identified as CARD domain-containing proteins by bioinformatics approaches. In spite of distinct tissue distribution, CARMA proteins mediate different signaling pathways but utilize a similar mechanism to activate downstream effector molecules (Figure 1) (4, 5). Upon signaling, CARMA proteins, through their CARD domain, recruit two signaling molecules: Bcl10 (B cell lymphoma protein 10), and MALT1 (mucosa-associated lymphoid tissue lymphoma translocation gene 1) to form the CARMA-Bcl10-MALT1 (also known as CBM complex), and then activate the downstream IKK complex, leading to the activation of NF-κB (6–8). Considering that Bcl10 and MALT1 are expressed in all tissues, the different tissue distribution indicates that CARMA proteins may function upstream of Bcl10 and MALT1 to mediate the certain receptor-induced NF-κB activation in different cells.

Early studies have showed that CARMA1 is required for antigen receptor-induced NF-κB activation in T cells and B cells, leading to lymphocyte activation and proliferation (9, 10). Recently, Wang et.al shows that CARMA2 plays a critical role mediating IL-17RA signaling in keratinocytes, and CARMA2 gain-of-function mutations result in constitutively activated IL-17RA signaling, leading to the development of skin inflammation and psoriasis (11). Previously, several studies indicate that CARMA3 functions as an indispensable adaptor protein in modulating NF-κB signaling downstream of some GPCRs (G protein-coupled receptors), including angiotensin II receptor and lysophosphatidic acid receptor, as well as receptor tyrosine kinases (RTKs), such as epidermal growth factor (EGF) receptor and insulin-like growth factor (IGF) receptor (12–14). Recent studies indicate that besides NF-κB signaling, CARMA3 also serves as a modulator in antiviral RLR signaling, providing a new understanding of CARMA3 (15). In this review, we summarize the biology of CARMA3 and discuss the roles of CARMA3 and its related proteins in different signaling pathways.

MECHANISM OF CARMA3 ACTIVATION

Upon receptor activation, CARMA proteins may be recruited to the cytoplasmic membrane by adaptor proteins and then be further phosphorylated by upstream kinases, which results in the recruitment and activation of downstream effector proteins. In particular, in response to antigen receptors activation, PKCs are activated, which phosphorylate serine at S564/649/657 and S552 on the linker region of CARMA1, and triggers CBM complex oligomerization (16–19). Similar to CARMA1, phosphorylation of CARMA3 at Ser520, an analog to Ser552 of CARMA1, might be crucial for CARMA3 activation (16). Future studies are still needed to determine if other residues in CARMA3 can be phosphorylated by PKC, as well as other kinases may also contribute to CARMA3 activation. Upon phosphorylation, CARMA3 forms a CBM complex with Bcl10 and MALT1, contributing to downstream NF-κB activation by regulating the IKK complex activity through NEMO polyubiquitination (20).

Besides Bcl10 and MALT1, some other molecules are also reported to be involved in CARMA3 mediated NF-κB activation. D'Andrea et al. utilized a two-hybrid screening to identify a DEP domain-containing protein DEPDC7 as a cellular binding partner of CARMA2 and CARMA3 but not CARMA1, which serves as a specific mediator of GPCR-induced NF-κB activation (21). Upon GPCR activation, β-arrestin 2, but not the β-arrestin 1, associates with CARMA3 and most likely recruiting CARMA3 into the receptor complex to mediate LPA-induced NF-κB activation and subsequent IL-6 expression (22, 23). More recently, Jiang et al. identified a transmembrane protein, TMEM43 (also known as LUMA) as a new CARMA3-associating protein that contributes to EGFR-induced NF-κB activation in cancer cells (24).

CARMA3 IN EGFR SIGNALING AND GPCR SIGNALING

Since receptor tyrosine kinases (RTKs), integrins, and G protein-coupled receptors (GPCRs) have been reported to activate NF-κB signaling through PKCs (14), Grabiner BC et al. found that CARMA3-deficient mouse embryonic fibroblasts (MEFs) failed to trigger NF-κB activation upon stimulation with endothelin (ET-1) (20) and lysophosphatidic acid (LPA) (20), which are ligands for two different GPCRs. Specifically, CARMA3 is mainly required for GPCR-induced NF-κB activation (Figure 1), because this activation induced by other cell surface receptors such as TNFR or TLR4 do not require CARMA3 (20). Similar to CARMA1 in antigen receptor-induced NF-κB activation, CARMA3 also controls NF-κB activation by forming the CBM complex. Several laboratories showed that GPCR-induced NF-κB activation is also defective in Bcl10-deficient cells (25, 26). In addition, Malt1 is also critically required for the degradation of IκBα and the subsequent NF-κB induction in response to LPA stimulation (27, 28). Moreover, Bcl10 and Malt1 are selectively for LPA-induced NF-κB activation but are dispensable for the activation of the JNK, p38, ERK MAP kinase, and Akt signaling pathways (25). By analyzing angiotensin II (Ang II)-induced NF-κB activation, blocking the function of any components in the CARMA3-Bcl10-Malt1 signalosome, through the use of either RNAi, dominant-negative mutants, effectively impairs Ang II-induced NF-κB activation (27). In endothelial cells, the angiotensin II receptor AGTR1 induces NF-κB-dependent pro-inflammatory responses, which is relied on PKC-dependent assembly of a signaling complex comprised of CARMA3, Bcl10, and MALT1, contributing to endothelial dysfunction and vascular disease (29–32). In some breast cancers, aberrantly overexpressed AGTR1 induces both ligand-dependent and ligand-independent NF-κB activation, mediated by CARMA3, Bcl10, and MALT1, driving cancer cell-intrinsic responses that include proliferation, migration and invasion, as well as cancer cell-extrinsic effects to promote tumor angiogenesis through impacting endothelial cells of the tumor microenvironment (33). In airway epithelial cells (AECs), Causton et al. showed that CARMA3 contributed to NF-κB activation and the production of proasthmatic mediators in response to a panel of asthma-relevant GPCR ligands. Through genetically modified mice with CARMA3-deficient AECs, they demonstrated that CARMA3 in AEC is involved in allergic airway inflammation and bridges the innate and adaptive immune responses in the lung (34, 35). More studies have further indicated that the CARMA3-Bcl10-Malt1 signalosome plays a critical role in other GPCRs-induced NF-κB activation in different cellular context (27, 33, 36, 37). Together, these studies suggest that CARMA3-Bcl10-Malt1 signalosome is an essential signaling complex linking GPCRs to NF-κB activation (Figure 2).
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FIGURE 2. Schematic of GPCR/EGFR-CARMA3 signaling pathway leading to NF-κB activation. In cancer cells and endothelial cells, stimulations of the surface receptor EGFR and GPCR trigger the proximal signaling, leading to activation of phospholipase C (PLC) and protein kinase C (PKC). The activated PKC further phosphorylates CARMA3 and enables CARMA3 to form the CBM complex through interaction with the downstream Bcl10 and MALT1. Formation of the CBM complex leads to activation of the IKK complex through NEMO polyubiquitination. Ub, ubiquitination; p, phosphorylation.



Receptor tyrosine kinases (RTKs), a family of cell surface receptors, are key players in mediating multiple cellular responses upon the stimulation of growth factors, cytokines, and polypeptide hormones. Multiple growth factors, including insulin-like growth factor (38), epidermal growth factor (39), and fibroblast growth factor (40), can induce notable NF-κB signaling through their receptors that belong to the RTKs family. Since PKC is required for EGFR-induced NF-κB activation and given the importance of CBM complex in IKK activation (14), Jiang et al. explored a possibility whether EGFR-induced NF-κB activation involves the CBM complex. Consistent with this hypothesis, their data indicate that CARMA3 and Bcl10 are required for EGFR-induced NF-κB activation in both EGFR-expressing human cancer cell lines and mouse embryonic fibroblasts (41). Using biochemical and genetic approaches, Pan et al. found that CBM complex is required for HER2-induced NF-κB activation and functionally contributes to multiple properties of malignancy, including proliferation, migration and invasion, both in vitro and in vivo (42). Upon stimulation, the CBM complex recruits E3 ligase TRAF6 to provide a positive signal to activate IKK complex via Lys63-linked polyubiquitination (43). Therefore, these studies indicate that stimulation of RTKs, including EGFR and HER2, induces NF-κB activation through CARMA3-associated complex (Figure 2).

However, it remains to be determined the mechanism by which the CBM complex is linked to EGFR signaling pathway. To address this question, Jiang et al. performed a high-throughput and functional genomic screen (also named Bi-molecule fluorescence complementation assay, BiFC) to identify potential CARMA3-binding proteins, and found that TMEM43 (also known as ARVD5 or LUMA) might be a critical component in EGFR signaling network through interaction with CARMA3 and its associating complex to induce downstream NF-κB activation following EGF stimulation, but not on TNF-α stimulation (24). Mechanically, they revealed that TMEM43 inducibly interacted with EGFR and mediated the formation of CARMA3 and Bcl10 complex (24), which may bridge EGFR and CBM complex, leading to the activation of IKK. Regarding to the intracellular protein tyrosine kinase activity of EGFR, it still need to be investigated whether the inducible association between EGFR and TMEM43 may lead to TMEM43 or its binding proteins being phosphorylated by EGFR, which may enable TMEM43 to interact with CARMA3/Bcl10 complex.

CONTRIBUTION OF CARMA3 TO DNA DAMAGE RESPONSE

NF-κB is a family of transcription factors that induce the expression of multiple anti-apoptotic genes (44, 45). Although NF-κB is activated as part of DNA damage responses, which protects cells from DNA damage-induced program cell death (46), the molecular mechanism by which DNA damage activates NF-κB remains to be determined. Zhang et al. showed that the CBM complex not only responds to extracellular stimuli by various receptors, but also mediates intracellular signal elicited from ATM-mediated DNA damage response (47). PKC is generally considered regulating CARMA1 or CARMA3 activation through phosphorylation of the linker region of CARMA proteins (17, 48). However, Zhang et al. found that PKC activity is dispensable for Doxorubicin-induced NF-κB activation (47), indicating that other kinases may phosphorylate CARMA proteins, or alternatively, CAMRA proteins may be activated through different mechanisms, such as ubiquitination upon DNA damage. Interestingly, this study revealed that CARMA3 could be modified by K63-linked ubiquitination upon Doxorubicin stimulation (47). In addition, CBM complex is linking TRAF6 to IKK complex in response to EGF stimulation in A431 cells (49). Consistent with the role of TRAF6 in activation of IKK, Zhang et al found that DNA damage triggered the association between CARMA3 and TRAF6, suggesting that TRAF6 may function to activate CBM complex by K63-linked polyubiquitination of CARMA3 (Figure 3) (47).
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FIGURE 3. The CARMA3-BCL1-MALT1 (CBM) complex contributes to DNA damage-induced NF-kB activation. Upon chemotherapy drug in HeLa cells and MEF cells, DNA damage-induced NF-kB activation involves the recruitment of TRAF6 to CARMA3, which leads to formation of the CARMA3/Bcl10/MALT1/TRAF6 complex, which finally results in a CARMA3-dependent, but PKC-independent polyubiquitination of IKK complex.



The anti-tumor effect of many chemotherapy drugs relies on their ability to induce cell apoptosis due to the DNA damage response (50, 51). However, cancer cells can induce NF-κB activation as a mechanism to avoid DNA damage-induced apoptosis and develop drug resistance for chemotherapy (52). Since Doxorubicin induces more cell apoptosis in CARMA3- and Bcl10-deficient cells than WT cells, this result suggests that the CBM complex might contribute to the resistance of chemotherapy-induced cell death (47). Although irradiation-induced damage can be repaired, damage to normal tissue is one of main side effects for cancer radiotherapy. In their study, Zhang et al. found that the tissue repair and cell proliferation were impaired in CARMA3-deficient mice exposed to irradiation, indicating the protective role of CARMA3 in cell survival (47). Together, this study revealed the molecular mechanism by which DNA damage activates NF-κB is mediated by CBM complex, therefore, providing a molecular basis for targeting the CBM complex to block DNA damage-induced NF-κB pathway (47).

ROLE OF CARMA3 IN ANTIVIRAL RIG-I-MAVS SIGNALING

It has been an important question why different individual displays highly variable responses and infectious outcomes to influenza virus infection. To explore the host genetic polymorphisms contributed to this variation, Ferris et al. identified quantitative trait loci (QTL), Hrl4, contains 13 genes (53). Among of these genes, Card10 gene, which encodes CARMA3, may have a potential link to the antiviral innate response. To determine the functional role of CARMA3 in antiviral innate immune response, Jiang et al. challenged CARMA3-deficient mice with influenza virus or vesicular stomatitis virus and found that CARMA3-deficient mice showed more resistance to virus infection, which was characterized by less weight loss, lower viral yield, and greatly attenuated lung injury, suggesting that CARMA3 plays a negative role in antiviral response against virus infection (15). Transcriptional factors NF-κB and IRFs induce the expression of multiple antiviral pro-inflammatory cytokines and type I interferon expression. Interestingly, following influenza virus or vesicular stomatitis virus infection, the production of pro-inflammatory cytokines, such as IL-6, IL-1β, and TNF-α in the lung or sera of CARMA3-deficient mice was significantly reduced compared to wild-type mice, while more type I IFN was induced in CARMA3 KO mice, indicating that CARMA3 plays a negative role in regulating antiviral responses in the host, but it plays a positive role in regulating the expression of pro-inflammatory cytokines in response to viral infection (Figure 4) (15). Mechanically, they found that CARMA3 is a regulator of RIG-I-MAVS signaling pathway, which modulates MAVS-mediated NF-κB and TBK1-IRF3 activation in a two-phase mechanism (15). Upon RIG-I activation at the early time of viral infection, MAVS is firstly activated on mitochondrial, activating downstream IKKα/IKKβ/NEMO signaling in a CARMA3-dependent manner (Figure 4). However, in the early phase of post-infection, the CARMA3-BCL10 complex interacts with MAVS, therefore, preventing the formation of high-molecular weight MAVS aggregates that is required for downstream TBK1-IRF3 activation (Figure 4). Unlike other reported molecules including A20, CYLD, and NEMO, which are either positive or negative mediators for both TBK1-IRF3 signaling and NF-κB activation (54–56), CARMA3 contributes to RNA virus infection-induced NF-κB signal but prevented TBK1/IRF3 activation through disruption of MAVS oligomerization. However, RNA virus infection also activates an unknown E3 ubiquitin ligase that induces CARMA3 polyubiquitination and degradation (Figure 4), leading to releasing the CARMA3-dependent inhibition on the MAVS-TBK1-IRF3 signaling in the late phase of RNA virus infection (15).
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FIGURE 4. CARMA3 Is a host factor regulating the balance of inflammatory and antiviral responses against viral infection. Upon RNA virus infection in airway epithelial cells, CARMA3 sequesters MAVS from forming high-molecular-weight aggregates, thereby suppressing TBK1/IRF3 activation. Following NF-kB activation upon virus infection, CARMA3 undergoes K48-linked ubiquitination and is targeted for proteasome-dependent degradation, which releases MAVS to activate IRF3.



Since CARMA1, instead of CARMA3, is expressed in hematopoietic cells, it will be interesting to determine whether CARMA1 functions in mediating RIG-I/MAVS signaling in myeloid cells. However, our unpublished data revealed that CARMA1 was not involved in the regulation of neither RIG-I/MAVS in anti-RNA virus nor cGAS/STING in anti-DNA virus signaling (data was not shown here). In addition to CARMA1, CARD9, a protein structurally related to CARMA family but only expressed in myeloid cells, resulted in defects in NF-κB activation and production of pro-inflammatory cytokines, including IL-6 and IL-1β, in response to 5′ppp dsRNA treatment and DNA virus infection (57, 58). However, it did not alter the production of type I IFN. In contrast to the CARMA family that are differentially expressed in different tissues and cells, BCL10 is ubiquitously expressed. Similar to the role of CARD9 in dendritic cells, BCL10 mediated NF-κB activation and production of pro-inflammatory cytokines in response to 5′ppp dsRNA treatment or DNA virus infection (57, 58), whereas, in primary MEF cells, BCL10 functions similarly to CARMA3 upon VSV infection or poly(I:C) treatment (15), suggesting that BCL10 may regulate RIG-I/MAVS signaling in a cell-type-specific manner.

During the past decade, it has been shown that posttranslational modifications including phosphorylation, ubiquitination, and SUMOylation, play important roles in fine-tuning innate immunity by either modulating the stability of key proteins in the immune system (59). Recent studies indicate that ubiquitination may also regulate the function of CBM complex. Several laboratories showed that in lymphocytes, TCR activation induces the ubiquitination of lysine residues in the SH3 and GUK domains of CARMA1, leading to a proteasome-dependent degradation of CARMA1; while in natural killer T cells, the E3 ligase Cbl-b mediated the agonistic ligand α-galactosylceramide-induced ubiquitination and degradation of CARMA1 (60, 61). Similar processes also regulate BCL10 as shown that PKC or TCR/CD28 co-stimulation signaling in primary T cells results in ubiquitination of Bcl10 and degradation by the autophagy-dependent proteolysis machinery but not by the proteasome complex (61). Thus, these studies indicate a feedback mechanism in which E3 ubiquitin ligases mediate ubiquitination and degradation of CARMA1-BCL10 complex following the stimulation of antigen receptors. However, whether the CARMA3-BCL10 complex also undergoes ubiquitination and proteasomal degradation is still unclear. Jiang et al. revealed that the stability of BCL10 was not significantly altered following VSV infection, indicating that posttranslational modification of BCL10 is a signaling-specific manner. In contrast to BCL10, CARMA3 is gradually targeted for K48-linked ubiquitination and degradation following VSV infection (15), which may serve as a new mechanism to attenuate NF-κB signaling, and meanwhile, it releases MAVS from CARMA3-BCL10-MAVS complex to form functional aggregates to trigger TBK1-IRF3 activation (Figure 4) (15). Altogether, it suggests that CARMA3 is a key factor that regulates the balance of inflammatory and antiviral responses against viral infection. However, it remains to be determined how CARMA3 is targeted for K48-linked ubiquitination and degradation, which may help to design therapeutic agents for reducing inflammation but enhancing the antiviral response.

CONCLUSIONS AND OUTSTANDING QUESTIONS

During the past decade, many progress has been made in the understanding of CARMA3 functions in the NF-κB signaling pathways. These studies demonstrate that CARMA3-dependent IKK activation is involved in GPCR-, RTK-, ATM-, and RLR-induced NF-κB activation. However, further investigation is still needed to reveal the mechanism by which CARMA3 are linked to the different receptors. Therefore, it is important to determine whether CARMA3 is associated with other proteins following different stimuli. Identifications of such proteins will provide the molecular basis of how CARMA3-containing complexes are involved in mediating NF-κB activation induced by different stimuli.

Several groups have shown that CARMA3 was overexpressed in several tumor cells and correlated with tumor progression (42, 62, 63), indicating that CARMA3 may serve as a potential drug target for cancer treatment. Moreover, Zhang et al. highlights the role of CARMA3 in DNA damage-induced NF-κB activation, which may explain the resistance of some tumor cells to chemotherapy or radiation-therapy (47). Thus, more studies are required to define the regulation of CARMA3-mediated signaling transduction and the role of CARMA3 or its interacting proteins in cancers.

Given that Card10, CARMA3 encoding gene, might contribute to the host susceptibility to influenza virus (53), and since CARMA3 plays a positive role in RIG-I-induced NF-κB activation, leading to the induction of pro-inflammatory cytokines, but negatively regulates MAVS-induced TBK1/IRF3 signaling and production antiviral Type-I IFN (15), it will be interesting to investigate the role of CARMA3 in influenza virus pathogenesis. Considering the ubiquitination and degradation of CARMA3 upon VSV infection, it will be interesting to determine whether some virus, such as influenza virus, Ebola, SARS, and MERS, may modulate the mechanism of proteasomal degradation of CARMA3, which may regulate the expression of pro-inflammatory cytokines and type I IFN expression, and result in virus infection-associated cytokine storm, thereby contributing to the pathogenesis of virus infection.

Until now, no missense mutations of CARMA3 have been reported to contribute to the pathogenesis in human disease, besides some studies suggest that CARMA3 is overexpressed in several tumors (63), which may affect the onset and progression of tumorigenesis. Therefore, it will be interesting to investigate whether there are CARMA3 polymorphisms that affects the ubiquitination and degradation of CARMA3, resulting in variations of individuals to tumor development, chemotherapy resistance, and susceptibility to virus infection. This kind of study will provide the new molecular insight for designing the therapeutic agents for cancer and infectious diseases.
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The CARMA–Bcl10–MALT1 (CBM) signalosome is an intracellular protein complex composed of a CARMA scaffolding protein, the Bcl10 linker protein, and the MALT1 protease. This complex was first recognized because the genes encoding its components are targeted by mutation and chromosomal translocation in lymphoid malignancy. We now know that the CBM signalosome plays a critical role in normal lymphocyte function by mediating antigen receptor-dependent activation of the pro-inflammatory, pro-survival NF-κB transcription factor, and that deregulation of this signaling complex promotes B-cell lymphomagenesis. More recently, we and others have demonstrated that a CBM signalosome also operates in cells outside of the immune system, including in several solid tumors. While CARMA1 (also referred to as CARD11) is expressed primarily within lymphoid tissues, the related scaffolding protein, CARMA3 (CARD10), is more widely expressed and participates in a CARMA3-containing CBM complex in a variety of cell types. The CARMA3-containing CBM complex operates downstream of specific G protein-coupled receptors (GPCRs) and/or growth factor receptor tyrosine kinases (RTKs). Since inappropriate expression and activation of GPCRs and/or RTKs underlies the pathogenesis of several solid tumors, there is now great interest in elucidating the contribution of CARMA3-mediated cellular signaling in these malignancies. Here, we summarize the key discoveries leading to our current understanding of the role of CARMA3 in solid tumor biology and highlight the current gaps in our knowledge.
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INTRODUCTION

In the late 1990s, a large family of proteins containing a homophilic protein–protein interaction module referred to as a “caspase activation and recruitment domain” (CARD) was discovered (1). While initially associated with apoptotic signaling, several proteins in this family were eventually linked to activation of the NF-κB transcription factor. In 2000, CARD9 was identified as a protein that directly interacts with the CARD of Bcl10, a signaling protein involved in regulating NF-κB (2). Subsequently in 2001, three proteins structurally related to CARD9, namely CARMA3 (also referred to as CARD10 and Bimp1), CARMA1 (CARD11 and Bimp3), and CARMA2 (CARD14 and Bimp2), was discovered as a unique family of proteins that contained both CARD domains and membrane-associated guanylate kinase domains (Figure 1A) (3–6). Each of these proteins was shown to engage in CARD–CARD interaction with Bcl10 to enact canonical, IKK complex-associated NF-κB activation. The notion of a tripartite CARMA-containing signaling complex came with the discovery that a third protein, MALT1, interacted with Bcl10 to activate NF-κB (7–9). This complex is now referred to as the CARMA–Bcl10–MALT1 (CBM) signalosome.


[image: image1]

FIGURE 1 | The CARMA3-containing CARMA–Bcl10–MALT1 (CBM) complex mediates signaling downstream of specific G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs). (A) Domain structure and tissue distribution of CARMA protein family members. (B) Schematic of lymphocyte antigen receptor-dependent CARMA1-containing CBM complex signaling. (C) Schematic of CARMA3-containing CBM complex signaling.



CARMA family members appear to be functionally similar, albeit with differing expression patterns (5, 10). CARMA1 is found primarily in hematopoetic cells. CARMA2 is present in placenta, skin, and several mucosal tissues including buccal mucosa, esophagus, and pharyngeal mucosa, while CARMA3 is widely expressed in many tissues but not in hematopoietic cells (11). The upstream signaling events that regulate formation of the CBM complex were originally elucidated in lymphocytes for the CARMA1-containing CBM. Specifically, lymphocyte antigen receptor stimulation leads to activation of protein kinase C (PKC), which subsequently phosphorylates CARMA1 (12, 13). This phosphorylation triggers a conformational change in CARMA1 that allows it to form a polymeric complex with Bcl10/MALT1 (Figure 1B). Different PKC isoforms phosphorylate CARMA1 in different cell subtypes: PKCβ in B cells and PKCθ in T cells (12, 13). While specific PKC-mediated signaling events upstream of the CBM complex have not been elucidated for CARMA2 and CARMA3-containing complexes, PKC agonists such as phorbol myristate acetate and ionomycin (14) have been shown to activate CBM signaling in CARMA3-containing cells, suggesting that this phosphorylation-dependent mechanism for activation of the CARMA3–CBM complex is likely similar to that of the CARMA1–CBM complex (15).

CARMA1 phosphorylation triggers CBM complex oligomerization (16–21). Phosphorylated CARMA1 nucleates a very long filament of Bcl10 which is decorated around the outside of the filament by MALT1. MALT1 serves as the effector protein of the CBM complex and possesses at least two distinct functions by which it carries out downstream signaling: First, MALT1 functions as a scaffold, capable of engaging in protein–protein interactions and second, MALT1 functions as a protease. As a scaffold, activated MALT1 interacts with components of the NF-κB signaling machinery including the TRAF6 ubiquitin ligase (22–24). These interactions result in the polyubiquitination of IKKγ and the subsequent activation of the IKK complex (25, 26). The active IKK complex then induces the phosphorylation of Inhibitor of κB (IκB), targeting IκB for proteasomal degradation and freeing NF-κB transcription factor dimers to translocate into the nucleus and modulate the transcription of target genes (9). As a protease, MALT1 cleaves multiple specific substrates, including the NF-κB family transcription factor subunit RelB, and the deubiquitinases, CYLD and A20 (27–29). [For a detailed description of the multiple known MALT1 substrates, please refer to recent reviews (30, 31).] The effects of MALT1 protease activity are not yet completely understood, and many current studies suggest that one of the consequences of MALT1-dependent substrate cleavage is to maximize and sustain signaling by inactivating inhibitors of the NF-κB pathway. MALT1 proteolytic activity is transient after receptor triggering and the kinetics of MALT1 protease-dependent effects on cellular signaling has not yet been analyzed in detail.

CARMA1, Bcl10, and MALT1 are each bona fide proto-oncoproteins, since recurrent chromosomal translocations and gain-of-function mutations that lead to deregulation of these signaling proteins have been identified in B-cell lymphoma. Three specific recurrent chromosomal translocations were discovered in the B-cell malignancy, MALT lymphoma, and each involves components of the CBM complex: the first described was the t(11;18) resulting in expression of the API2–MALT1 fusion oncoprotein (32–34). Two other translocations were also identified, each involving the Ig heavy chain enhancer: t(1;14) and t(14;18), placing the intact Bcl10 and MALT1 genes, respectively, under control of the enhancer and leading to their overexpression (35, 36). In activated B-cell type diffuse large B-cell lymphoma (ABC-DLBCL), activating mutations in B-cell receptor subunits are present in approximately 23% of cases and result in constitutive BCR-driven CBM-dependent NF-κB activity (37–39). Gain-of-function mutations of CARMA1 occur in another 9% of cases and similarly result in constitutive CBM activity. More recent studies have suggested a role for constitutive CBM activity in driving other lymphoid cancers beyond MALT lymphoma and ABC-DLBCL. For example, activating mutations in CARMA1 have been identified in a subset of T-cell malignancies including adult T-cell leukemia/lymphoma, peripheral T cell lymphoma, and Sezary syndrome (40). Also, in the B-cell malignancy, primary effusion lymphoma, the Kaposi sarcoma herpes virus is thought to utilize the K13 viral oncoprotein to form a “KBM” complex composed of K13, Bcl10, and MALT1 to promote lymphomagenesis (41). In each of these malignancies, either viral oncogenes, oncogenic mutations, or chromosomal translocations drive deregulated inappropriate NF-κB activity (9).

With the identification of these CBM-associated genetic aberrations, the vast majority of research on the CBM complex in cancer has been focused on lymphoma. Over the last decade, a large number of studies have demonstrated a critical role for the CARMA3-containing CBM complex in solid tumors. Here, we summarize the key findings that have led to our current understanding of the role of CARMA3 in solid tumor biology.

A CARMA3-CONTAINING CBM COMPLEX OPERATES DOWNSTREAM OF G PROTEIN-COUPLED RECEPTORS (GPCRs) IN NON-IMMUNE CELLS

Early investigations showed that CARMA1 expression is predominantly restricted to lymphoid tissue, while CARMA3 is more widely expressed (3–6). Subsequent bioinformatic analysis revealed that CARMA3 is in fact expressed in almost all tissue types, including kidney, heart, brain, liver, and many other tissues of ectodermal, mesodermal, and endodermal origin, as are Bcl10 and MALT1. The only exception appears to be tissues dominated by cells of hematopeoitic origin, such as spleen, thymus, and lymph node, where CARMA1 predominates (10). CARMA1 and CARMA3 share both structural and functional similarity, and CARMA3 is able to complement CARMA1 deficiency in T-cells, rescuing the NF-κB defect (42). Given the similarities between CARMA1 and CARMA3, we and two other groups sought to investigate whether CARMA3 fulfilled a similar functional role to that of CARMA1, but in a different cellular context and downstream of receptors other than the lymphocyte antigen receptor. Indeed, we found that the CARMA3-containing CBM complex (abbreviated henceforth as C3BM) can promote NF-κB activation in cells outside of the immune system. These initial studies all demonstrated that the C3BM complex operates downstream of specific GPCRs that are known to stimulate PKC (Figure 1C) (43–45). Our own laboratory’s initial studies revealed that the C3BM complex could be activated by a GPCR that serves as a receptor for the peptide hormone, angiotensin II (AGTR1), while others focused initially on the lysophosphatidic acid receptor (LPAR) family (43, 45), and the receptor for endothelin-1 (EDNRA; also known as ETAR) (45). Since the time of these initial discoveries in 2007, the list of GPCRs that signal via the C3BM complex has continued to expand to include a wide array of receptors such as chemokine receptor type 2 (CXCR2) (46), CXCR4 (47), platelet-activating factor receptor (PTAFR; also known as PAF-R) (48), and protease-activated receptor 1 (F2R; also known as PAR1) (49) (Figure 1C; Table 1). Because inappropriate GPCR activation underlies the pathogenesis of many inflammatory and malignant disorders, these discoveries have led to notion that the CARMA3-containing CBM signalosome may represent a promising new target for therapeutic inhibition in GPCR-driven inflammation and cancer.

TABLE 1 | Receptors that signal via CARMA3.
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C3BM Signaling Plays a Critical Role in GPCR-Driven Solid Tumors

G protein-coupled receptor signaling has long been associated with oncogenesis and cancer progression (60). The discovery that the C3BM complex functions downstream of GPCRs to activate the pro-oncogenic NF-κB transcription factor in non-immune cells raised the possibility that the CARMA3-containing CBM complex might play a role in solid tumor pathogenesis. Indeed, C3BM complex signaling has now been demonstrated to have protumorigenic effects in several tumor types associated with dysregulated GPCR signaling. Furthermore, deficiency of C3BM complex components appear to blunt cancer growth in a range of model systems, indicating a possible therapeutic role for targeting C3BM complex signaling in the treatment of selected solid tumors. Below, we discuss the specific GPCRs currently known to stimulate C3BM signaling in solid tumors.

LPAR

Lysophosphatidic acid (LPA) is a lipid signaling molecule that plays an important role in a diverse array of biological contexts ranging from tissue development and remodeling to pathological processes including reactive airway disease and cancer cell proliferation (54, 55, 61–63). Acting in an autocrine or paracrine manner, LPA can engage a family of GPCRs, LPARs 1–6, to stimulate various intracellular signaling pathways, including activation of NF-κB. Synthetic enzymes responsible for generating LPA, such as autotaxin and lipase member 1 (LIPI), are highly upregulated in multiple aggressive tumors including breast cancer, ovarian cancer, and metastatic Ewing’s sarcoma (62, 64). In addition, deregulation of the LPAR–NF-κB signaling pathway has been implicated in driving a variety of tumors, including breast (63), colon (65), and prostate cancers (66, 67).

One of the first indications of a role for the C3BM complex in non-immune cells was the finding that LPA induction of NF-κB in mouse embryonic fibroblast (MEF) cells requires Bcl10 (43, 45). A subsequent study then demonstrated that the C3BM complex plays an important role in the pathophysiology of LPA-induced ovarian cancer cell migration and invasion (Table 1A) (51). These authors showed that siRNA-mediated knockdown of either CARMA3, Bcl10, or MALT1 suppressed LPA-induced NF-κB activation in ovarian cancer cell models. Furthermore, suppression of CBM signaling through the expression of a dominant-negative CARMA3 attenuated LPA-induced ovarian cancer cell invasion. Intriguingly, a dominant-negative variant of PKCα inhibited LPA-induced NF-κB activation in this system, suggesting that this PKC isoform might have a role in upstream regulation of the CARMA3-containing CBM complex in ovarian cancer cells. This study, published in 2008, marked the first demonstration of a role for a GPCR–C3BM signaling axis in cancer.

CXCR4

The chemokine receptor subfamily represents another group of GPCRs closely linked to cancer metastasis (68). Chemokine receptors respond to extracellular signaling molecules to regulate cellular processes such as chemotaxis, motility, and adhesion (69). One member of this subfamily, CXCR4, is overexpressed in a variety of malignancies and is well known to drive the metastatic spread of multiple cancers (70, 71). CXCR4 is stimulated by the ligand, stromal cell-derived factor 1α (SDF-1α; also referred to as CXCL12) (72). Interestingly, cells within the tumor microenvironment at common sites of metastasis, such as lung, liver, bone marrow, and lymph node often express high levels of SDF-1α. As a result, CXCR4 is thought to play a particularly important role in the homing of malignant cells to these metastatic sites and in promoting cell migration, growth, and survival at these distant sites (73, 74).

The fact that members of the chemokine receptor subfamily are known to promote activation of NF-κB via a PKC-dependent mechanism led investigators to hypothesize that a C3BM complex serves to mediate chemokine-induced NF-κB signaling. This hypothesis was first tested for CXCR4, and in 2009, CXCR4 became the second GPCR shown to utilize a C3BM signaling mechanism in cancer cells. Specifically, CXCR4 was found to activate NF-κB signaling through the C3BM complex in oral squamous cell carcinoma (OSCC) cells (Table 1A) (47). Stimulation of OSCCs with SDF-1α results in NF-κB activation that is suppressed by siRNA-mediated CARMA3, Bcl10, or MALT1 knockdown. Furthermore, knockdown of the C3BM components attenuates SDF-1α-induced OSCC invasion through a protein matrix. These important observations suggested that targeting the C3BM–NF-κB signaling pathway in OSCC may provide an important therapeutic opportunity for controlling metastasis of OSCC driven by SDF-1α. Moreover, since CXCR4-dependent signaling has been identified as a key regulator of cancer growth, invasion, and metastasis for a wide variety of other malignancies, including breast (75–77), ovarian (78), and prostate cancers (79–82), it will be of great interest to determine if the C3BM complex plays a key role in mediating SDF-1α dependent tumor progression or metastasis for these other tumor subtypes.

AGTR1

Our laboratory provided one of the first pieces of evidence for the existence of a C3BM signalosome by showing that each of the three components of this complex is indispensable for NF-κB activation induced by the hormone angiotensin II in hepatocytes (44). Since angiotensin II signaling is classically known for its role in promoting vascular inflammation and dysfunction, we initially focused our subsequent work in this area on implications for the AGTR1–C3BM signaling axis in vascular biology and atherogenesis (52). Yet, we also recognized that there was a growing body of literature implicating both angiotensin II and its receptor AGTR1 as key players in the pathogenesis of a variety of cancers, including squamous cell carcinoma of the skin (83), glioblastoma (84), gastric cancer (85), ovarian cancer (86), and others (87). Furthermore, in 2009, our group participated in a multidisciplinary bioinformatic meta-analysis effort which identified AGTR1 as the second most high-scoring gene expression outlier in breast cancer cases (88). As expected, HER2 (ERBB2) was the top-scoring outlier, with HER2 overexpression occurring in approximately 25–30% of cases. Yet, we noted significant AGTR1 overexpression in nearly as many cases (approximately 20%) and demonstrated that AGTR1 and HER2 overexpression are mutually exclusive in breast cancer. In addition, our subsequent bioinformatic analyses demonstrated that AGTR1 overexpression correlates with aggressive clinical features in breast cancer, including a higher rate of lymph node metastasis, reduced responsiveness to neoadjuvant therapy, and reduced overall survival (50).

Since HER2 and AGTR1 overexpression are mutually exclusive in breast cancer, we hypothesized that these two receptors likely activate redundant signaling pathways, critical for driving pathogenesis. Thus, because HER2-dependent NF-κB activation underwrites several of the hallmarks of cancer (89), we reasoned that AGTR1 might similarly drive breast cancer progression via an NF-κB-dependent mechanism, and possibly through the same C3BM signaling pathway that we had clearly described as operating in endothelial cells in the context of vascular pathobiology. Indeed, we found that that AGTR1 overexpression, in both breast cancer patient samples and breast cancer cell lines, drives NF-κB activation and an associated NF-κB gene expression signature; as we expected, CARMA3, Bcl10, and MALT1 are each required for this to occur (Table 1A) (50). Functionally, we found that activation of the AGTR1–C3BM–NF-κB signaling axis drives multiple breast cancer cell intrinsic responses including cell proliferation, migration, and invasion. In addition, we found evidence for cancer cell extrinsic effects in that the signaling axis drives expression and secretion of several cytokines and growth factors that can act on cells of the tumor microenvironment. These include IL-6, IL-8, Activin A, and IL-1β, among others, all of which influence endothelial cells, stromal cells, and immune cells. Indeed, we were able to demonstrate that conditioned media from AGTR1 + breast cancer cells drives endothelial chemotaxis through one or more of these secreted, C3BM-dependent factors. Furthermore, using a mouse model of AGTR1 + breast cancer, we found that suppression of C3BM signaling using an shRNA directed against Bcl10 results in significantly impaired tumor angiogenesis. Taken together, our study provided the first demonstration of a role for the C3BM complex in AGTR1 + breast cancer. Since several other GPCRs implicated as oncogenic drivers in breast cancer, including the LPARs, CXCR4, and PAR1, have been shown to stimulate NF-κB via a CARMA3-dependent pathway, albeit in other contexts, we speculate that the C3BM signalosome may act as a central signaling node for multiple subsets of breast cancer characterized by overexpression and/or hyperactivity of these related GPCRs.

Other GPCRs Signal via the CARMA3-Containing CBM Complex

In addition to LPAR, CXCR4, and AGTR1 described above, several other GPCRs have been found to signal through the C3BM complex in cells outside of the immune system (Table 1B). In these specific cases (i.e., for ETAR, CXCR2, PAF-R, and PAR1), the GPCR–C3BM axis has so far been linked only to inflammatory processes and not to solid tumor pathogenesis. For example, the endothelin-1 receptor, ETAR, was one of the first GPCRs found to operate through the C3BM complex to activate NF-κB. Specifically, endothelin-1 treatment induces robust NF-κB activation in Bcl10+/− MEFs but not in Bcl10−/− MEFs (45). Intriguingly, there has been little additional work to explore the pathophysiologic consequences of C3BM signaling downstream of ETAR since this initial observation, and to our knowledge, there have been no studies to test its potential relevance to cancer biology. Nevertheless, several reports have recently emerged implicating endothelin-1/ETAR associated NF-κB activation in the pathogenesis of ovarian cancer (90), cervical cancer (91), prostate cancer (92), and chondrosarcoma (93). Thus, it is conceivable that the C3BM complex could play a pathogenic role downstream of ETAR in these cancers.

As another example, the interleukin-8 (IL-8/CXCL8) receptor, CXCR2, similar to CXCR4 described above, is a CXC-family GPCR cytokine receptor that operates upstream of the C3BM complex. IL-8 is critically involved in a wide array of cellular processes and has potent pro-inflammatory and proangiogenic signaling capacity. IL-8 stimulation of endothelial cells induces the expression of VEGF, and this occurs via a CXCR2–C3BM–NF-κB signaling pathway (46). The VEGF produced via this mechanism in turn acts in autocrine fashion on endothelial cells to further stimulate angiogenesis. The establishment of this feed-forward autocrine loop could therefore play a prominent role in tumor angiogenesis and cancer promotion, but the role for the IL-8-CXCR2–C3BM signaling axis has not yet been formally studied in the context of cancer biology.

PAF-R is another example of a GPCR that signals via the C3BM complex (48). The levels of platelet-activating factor (PAF), the ligand for PAF-R, are elevated in patients suffering from disorders associated with intestinal inflammation such as Crohn’s disease (94), ulcerative colitis (95), and neonatal necrotizing enterocolitis (96). It is thought that PAF causes intestinal injury via induction of NF-κB driven inflammation. In intestinal epithelial cells, PAF-R stimulation induces the interaction of Bcl10 with CARMA3, and Bcl10 deficiency abrogates PAF-R-dependent pro-inflammatory signaling (48). Currently, there is no known connection between PAF-R dependent C3BM signaling and the development of colon cancer associated with inflammatory bowel disease.

The thrombin receptor, PAR1, is one of the four members of the protease-activated receptor (PAR) family of GPCRs and is normally expressed in both platelets and endothelial cells (97, 98). In platelets, thrombin activation of PAR1 promotes platelet aggregation and coagulation, while in endothelial cells, PAR1 activation promotes an inflammatory response associated with enhanced endothelial permeability, immune cell attachment and adhesion, and the pathogenesis of diseases associated with endothelial dysfunction such as atherogenesis (99, 100). Our group found that the C3BM complex operates downstream of PAR1 in endothelial cells where it mediates thrombin-dependent NF-κB activation and expression of the cell-surface VCAM and ICAM adhesion molecules (49). As such, the C3BM complex controls thrombin-dependent adhesion of monocytes to the endothelial surface, which is an early step in the transmural migration of circulating monocytes into the vascular intimal space (49). In follow-up studies, we discovered that thrombin stimulation of endothelial cells induces MALT1 proteolytic activity and cleavage of the microtubule-binding protein, CYLD, resulting in microtubule destabilization (56). This destabilization then sets in motion a cascade of events that result in endothelial cell membrane retraction and increased vascular permeability (56). Together, these studies suggest that the C3BM complex plays a critical role in regulating both immune cell attachment to the endothelium and endothelial permeability to allow for transendothelial migration of immune cells. Thus, the C3BM complex may represent an important therapeutic target in the setting of vascular inflammatory disorders associated with endothelial dysfunction. As with the other GPCRs discussed in this section, the existing literature on the PAR1–C3BM signaling axis has not yet addressed any potential role in cancer biology.

Given the evidence of an important role for the CARMA3-containing CBM complex in mediating NF-κB signaling downstream of PAR1 and CXCR2 in endothelial cells, ETAR in fibroblasts, and PAF-R in intestinal epithelial cells, it will be of great interest to investigate the contribution of the CARMA3 complex to mediating the protumorigenic effects of each of these GPCRs. For example, PAR1 promotes the invasiveness of several types of cancer, including melanoma (101), breast cancer (102–104), and prostate cancer (105). Similarly, the IL-8/CXCR2 axis is thought to play a key role in promoting progression of a variety of tumors (106) including prostate cancer (107, 108), breast cancer (109), and melanoma (110). Since CXCR2 may be expressed on cancer cells, endothelial cells, and even immune cells, this signaling axis has the potential to exert protumorigenic effects both within the tumor cells themselves and also within cells of the tumor microenvironment to influence angiogenesis and the immune contexture. Thus, we speculate that there are still un-realized opportunities to establish novel links between CARMA3 and several other GPCRs in the pathobiology of selected solid tumors.

RECEPTOR TYROSINE KINASES (RTKs) ALSO SIGNAL VIA THE CARMA3-CONTAINING CBM COMPLEX IN SOLID TUMORS

Several growth factors, including platelet-derived growth factor (111), fibroblast growth factor (112), insulin-like growth factor (113), and epidermal growth factor (EGF) (114), induce NF-κB activation through receptors that are members of the RTK family. EGF and the EGF receptor EGFR (HER1) have been extensively studied in cancer, with EGFR amplification implicated in the pathogenesis of lung cancer (115), glioblastoma (116), and breast cancer (117), among others. Indeed, EGFR itself is the target of several therapeutics: either RTK inhibitors such as gefitinib, used in lung cancer, or monoclonal antibody inhibitors such as cetuximab, employed against colon cancer (118). Because EGFR is known to activate NF-κB through a PKC-dependent mechanism, the research group led by Xin Lin sought to investigate whether a CARMA3-containing CBM signaling complex might serve to bridge EGFR stimulation and NF-κB activation in cancer cells. In 2011, the Lin group demonstrated that EGF stimulation of breast cancer and epidermoid carcinoma cells leads to CARMA3-dependent NF-κB activation (Table 1C) (58). CARMA3 suppression in these cells was associated with an increase in cancer cell apoptosis, a loss of EGF-induced migration, and decreased tumor growth in a mouse xenograft tumor model. Excitingly, this study was the first demonstration of a receptor class outside of GPCRs capable of signaling through the CARMA3-containing CBM complex.

Following this initial discovery, the Lin group demonstrated that the C3BM complex is also required for activation of NF-κB by HER2, an EGFR-related RTK that is overexpressed in a large fraction of breast cancers (Table 1C) (59). They found that CARMA3 is required for the proliferation and survival of HER2 + breast cancer cells, and also required for HER2 to induce the upregulation of metalloproteinases that contribute to tumor metastasis. Moreover, they found that while overexpression of HER2 in the mouse mammary tissue leads to spontaneous development of mammary tumors, the growth of these tumors is significantly reduced in MALT1-deficient mice, providing evidence that the C3BM complex contributes to HER2-induced breast cancer progression in vivo. Thus far, EGFR and HER2 are the only RTKs that have been shown to signal via the C3BM complex. Future studies are needed to determine if other related RTKs might also utilize a CARMA3-dependent downstream signaling mechanism.

More recently, the Lin group used a functional genomics approach to identify a transmembrane protein of unknown function, TMEM43 (also referred as LUMA) as a new CARMA3-binding partner that serves as a critical mediator of EGFR-induced NF-κB activation in cancer cells (119). Interestingly, they found that TMEM43 is highly expressed in glioblastoma multiforme and that high TMEM43 expression correlates with poor survival outcome in patients with brain tumors. Furthermore, knocking out either CARMA3 or TMEM43 results in decreased growth and survival of human glioblastoma cells, both in vitro and in vivo. Based on these findings, the authors propose that TMEM43 serves to bridge EGFR and the C3BM complex. A role for TMEM43 in bridging the related RTK, HER2, to CARMA3 has not yet been investigated.

OTHER STUDIES OF CARMA3 IN SOLID TUMORS

The role of the CARMA3-containing CBM complex in solid tumors has also been investigated outside the context of GPCR and RTK-driven NF-κB activation. Examples of some of these key studies of CARMA3 are reviewed below.

Receptor-Independent Mechanisms for CARMA3–Bcl10–MALT1 Activation

One recent study examined the role of the C3BM complex in mediating DNA damage-induced NF-κB activation (120). While ionizing radiation and many chemotherapeutics used in the treatment of solid malignancies operate through induction of DNA damage and subsequent apoptosis, the molecular mechanism by which cancer cells upregulate DNA damage repair functions to resist these therapies has not been fully described (121). NF-κB has been known to play a pro-survival role in the context of irradiation or chemotherapeutic treatment, inducing cell cycle arrest and allowing for DNA damage repair and ultimately promoting therapeutic resistance and tumor survival. Given the involvement of the NF-κB transcription factor family in solid tumor DNA damage resistance (122), the laboratories of Xin Lin and Xuequiang Zhao asked whether the C3BM complex plays a role in this context (120). Intriguingly, they found that NF-κB induction by the chemotherapeutics etoposide or camptothecin require MALT1, suggesting a role for the C3BM complex in DNA damage-associated NF-κB activation. Furthermore, CARMA3, MALT1, and Bcl10 were each shown to be required for NF-κB induction by doxorubicin. The authors then exposed CARMA3−/− mice to radiation and compared their survival to irradiated heterozygous CARMA+/− littermate controls. Whereas all of the CARMA3+/− mice survived 12 Gy radiation, CARMA3−/− mice showed decreased radiation survival. Histological examination of tissue from irradiated mice showed decreased proliferation in CARMA3 homozygous knockouts, suggesting a role for the C3BM complex in post-radiation tissue repair. Finally, DNA damage-induced NF-κB activation appeared to be PKC-independent in cervical cancer cells, pointing to a novel upstream mechanism activating the C3BM complex and NF-κB signaling in response to DNA damage.

Overexpression of CARMA3 in Cancer

The CBM complex generally acts to transmit intracellular signals from upstream receptors to downstream targets such as NF-κB in a controlled manner; however, enforced overexpression of CARMA3, Bcl10, or MALT1 in transfected cells can result in inappropriate CBM signaling and activation of downstream targets, independent of upstream input (5, 8, 35, 36). The precise mechanisms for this activation are not clearly understood, but may stem from C3BM oligomerization driven by concentration-dependent mass action. Recently, multiple groups have examined whether CARMA3 or other CBM proteins are overexpressed in cancer cells compared with normal tissue and whether CARMA3 overexpression correlates with increased cancer progression or lower rates of patient survival. In 2012, a semi-quantitative immunohistochemical (IHC) analysis of non-small-cell lung cancer specimens demonstrated that 70% of tumor samples exhibited increased CARMA3 staining relative to normal tissue from the same patients (57). Higher CARMA3 expression levels correlated significantly with advanced TNM staging and larger primary tumor size. The authors also reported a significant correlation between CARMA3 expression and expression of EGFR as well as EGFR mutation. In addition, they showed that CBM protein knockdown in lung cancer cell lines suppressed lung cancer cell proliferation and invasion in vitro.

CARMA3 expression studies have been performed in a variety of other solid tumors with similar results. In colon cancer, IHC analysis showed that approximately 31% of colon cancers harbor increased CARMA3 expression (123); CARMA3 knockdown in colon cancer cells resulted in decreased NF-κB activity and led to decreased proliferation and cell cycle arrest. In another report, 42% of breast cancer samples demonstrated increased CARMA3 expression by IHC, and CARMA3 expression level positively correlated with TNM staging. Furthermore, CARMA3 knockdown in breast cancer cells with high endogenous CARMA3 resulted in increased paclitaxel-induced apoptosis, while overexpression of CARMA3 resulted in enhanced proliferation and reduced apoptosis, results which suggested a role for CARMA3 in chemotherapeutic resistance (124). In glioma patient tumor specimens, 26% of samples showed CARMA3 overexpression relative to normal astrocytes in the same specimen (125); the authors also showed that CARMA3 knockdown in a glioma cell line suppresses cell invasion in vitro and results in decreased expression of MMP9, a matrix metalloprotease closely linked with tissue invasion. These results suggested a possible mechanism by which C3BM signaling promotes invasion in human glioma. Strong associations between CARMA3 expression level, tumor grade, and lymph node metastasis have also been reported in pancreatic and ovarian cancers, with 36 and 52% of samples showing increased CARMA3 expression, respectively (126, 127). In ovarian cancer, the authors also noted that CARMA3 knockdown increased the cytotoxic effects of cisplatin on tumor cells, again pointing to a possible mechanism by which C3BM signaling promotes resistance to genotoxic chemotherapy. Finally, a study of CARMA3 expression performed in renal cell carcinoma samples showed a significant association between CARMA3 expression and tumor size, stage, and metastases (128). Patients with renal cell carcinomas expressing high levels of CARMA3 had a significantly worse prognosis relative to patients with tumors of lower CARMA3 expression, indicating the possible utility of CARMA3 expression as a prognostic biomarker in renal cell carcinoma.

While the above studies provide evidence for an intriguing link between CARMA3 expression levels and the pathogenesis of several solid tumors, it remains unclear as to whether the naturally occurring CARMA3 overexpression observed in some cancer cells is sufficient to drive dysregulated C3BM signaling, as it is when CARMA3 is artificially overexpressed in transfected cells. Alternatively, it is possible that the elevated levels of CARMA3 seen in these cancers acts to simply sensitize cancer cells to signaling from upstream GPCRs or RTKs. Further work is required to integrate findings from CARMA3 overexpression studies in cancer with those from studies focused on overexpression of protumorigenic receptors.

Regulation of CARMA3 by MicroRNAs (miRNAs)

While advances have been made in elucidating the role of C3BM signaling in solid tumors, the molecular mechanisms that regulate the expression of CARMA3, Bcl10, and MALT1 remain largely unknown. CARMA3 expression appears to be widely distributed in varied tissue types throughout the body, but the transcription factors and signaling networks responsible for the regulation of CARMA3 expression have not been fully investigated. Recently, two regulatory miRNAs, small single-strand noncoding RNA oligomers important in gene expression regulation through post-transcriptional mRNA silencing (129), have been reported to play a role in regulating CARMA3 levels. miR-195, previously described as a tumor suppressor in colorectal cancer, attenuates CARMA3 expression, and reduced expression of miR-195 has been associated with increased colorectal cancer metastasis to lymph nodes as well as poor prognosis (130, 131). Furthermore, the authors demonstrated that miR-195 expression suppresses colorectal cancer cell proliferation, MMP9 expression, and in vitro invasion. These effects of miR-195 could be reversed by CARMA3 overexpression, suggesting that miR-195-mediated downregulation of CARMA3 could be an important mechanism by which miR-195 acts as a colorectal cancer suppressor.

Recently, miR-24 was identified in bladder cancer as a second miRNA capable of targeting CARMA3 (132). miR-24 is downregulated in bladder cancer cells, supporting its role as a possible tumor suppressor (133). Furthermore, miR-24 overexpression blunts bladder cancer cell proliferation and invasion in vitro and appears to reduce expression of N-cadherin and vimentin, proteins important in cell adhesion and cytoskeletal structure, respectively, that are associated with the epithelial–mesenchymal transition (EMT). EMT is the process by which cancer cells undergo the substantial gene expression reprogramming necessary for the spread of cancer and formation of distant metastasis, and is reflected by a change in morphology and an increased capacity for tissue invasion (134). Overexpression of CARMA3 “rescued” bladder cancer cells with coexpressed miR-24, partially restoring proliferation and invasion in vitro and upregulating EMT markers.

Taken together, these two studies suggest that CARMA3 expression may be governed by miRNAs that act as tumor suppressors. Increased CARMA3 expression, in spite of these miRNAs, appears to promote tumor progression in specific cancers.

LOOKING TO THE FUTURE: UNANSWERED QUESTIONS AND CONCLUSIONS

Among the myriad of unanswered questions surrounding the role of CARMA3 in solid tumor pathophysiology, four important and related issues remain unaddressed. First, are gain-of-function mutations in CARMA3, similar to those found in CARMA1 in B-cell lymphoma, present in any solid tumors? To date, no gain-of-function mutations of CARMA3 have been reported in cancer or in any other disease. Second, what are the precise molecular mechanisms by which upstream GPCRs and/or RTKs regulate C3BM activity? Compared to antigen receptor engagement of CARMA1, much less is known about the intermediate proteins linking either GPCRs or RTKs to CARMA3. Is CARMA3, like CARMA1, subject to receptor-dependent phosphorylation and subsequent conformational change, thus allowing interaction with Bcl10, formation of a polymeric CBM complex, and subsequent downstream signaling? While inhibitor studies have implicated a role for PKCs in GPCR–C3BM signaling (43, 51, 53, 135), definitive phosphorylation of CARMA3 by PKCs, or any other kinase, has not yet been demonstrated. In addition, biophysical studies examining the detailed structural properties of the CARMA3-containing CBM complex, like those describing the CARMA1-containing complex (18, 19, 21), have not yet been reported.

Third, what is the role of MALT1 proteolytic activity, which is required for the survival of lymphoma cells harboring B-cell receptor or CARMA1 gain-of-function mutations, in tumors characterized by GPCR or RTK-driven CARMA3 activation? Our laboratory recently found that that stimulating the PAR1 receptor induces MALT1 protease activity in endothelial cells, providing the first evidence that a GPCR–CARMA3 signaling axis can trigger MALT1 proteolytic activity (56). It is important to point out that these studies were performed in endothelial cells and that MALT1 protease activity has not yet been evaluated in GPCR or RTK-driven CARMA3-dependent solid tumors. Based on our findings in endothelial cells, it seems likely that MALT1 proteolytic activity will be induced by oncogenic cell-surface receptors such as PAR1, AGTR1, CXCRs, and LPARs and will play a role in mediating the pro-tumorgenic effects of these receptors in solid tumors.

Fourth, what are the downstream molecular mechanisms by which CARMA3-dependent CBM signaling promotes tumorigenesis? Most of the existing literature has focused on NF-κB-dependent transcriptional reprogramming as the critical downstream event in GPCR/RTK-C3BM-driven tumorgenesis. Since the C1BM complex in lymphocytes is known to activate other transcription factors, such as Jun N-terminal kinase (JNK), in addition to NF-κB (136, 137), it seems possible that the C3BM complex in solid tumor cells may also activate JNK-dependent transcription, as well as other transcription factors. In addition, it will be important to consider potential transcription-independent mechanisms by which C3BM signaling could promote tumorgenesis. For example, several studies in immune cells have suggested that Bcl10/MALT1 can regulate actin and membrane remodeling via a transcription-independent mechanism (138, 139). It is thus possible that Bcl10/MALT1 may promote tumorigenesis in GPCR/RTK-C3BM-driven solid tumors via mechanisms that do not involve transcriptional reprogramming.

The answers to these questions will help to determine whether targeting specific receptors that drive CARMA3 signaling, targeting the C3BM signaling complex itself, or targeting the MALT1 protease, could represent promising therapeutic approaches for treating specific solid tumors. It will also be of interest to consider how the C3BM complex in solid tumors might be specifically targeted without impacting the C1BM complex in lymphocytes. Perhaps future structural analyses of the C3BM complex will reveal critical differences between how CARMA3 and CARMA1 interact with Bcl10/MALT1 that could be harnessed in designing novel protein–protein inhibitors specific to the C3BM? Alternatively, it may be possible in the future to specifically inhibit C3BM by engineering tissue/cell type-specific delivery of MALT1 protease inhibitors.

The current body of knowledge of CARMA3 and C3BM signaling in solid tumors paints a picture of an intracellular signaling pathway associated with numerous steps in solid tumor pathophysiology: from tumor growth to chemotherapeutic resistance, EMT, angiogenesis, invasion, and metastasis. Furthermore, CARMA3-dependent signaling has been implicated in the pathogenesis of a striking variety of solid tumors, suggesting that targeting the C3BM pathway could have wide-ranging therapeutic application in clinical oncology. With the body of research focused on CARMA3 in solid tumors built over this last decade, we now await the next decade of C3BM research with great anticipation and hope for novel treatments for our patients.
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CARD11 functions as a key signaling scaffold that controls antigen-induced lymphocyte activation during the adaptive immune response. Somatic mutations in CARD11 are frequently found in Non-Hodgkin lymphoma, and at least three classes of germline CARD11 mutations have been described as the basis for primary immunodeficiency. In this review, we summarize our current understanding of how CARD11 signals, how its activity is regulated, and how mutations bypass normal regulation to cause disease.
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INTRODUCTION

Our understanding of the immune system has benefited greatly from the study of the molecular circuitry in lymphocytes that governs antigen recognition and the cellular and systemic response to pathogens. This circuitry is elaborate, highly regulated, sensitive, and specific. As the study of immune cell signal transduction has highlighted networks of molecules that translate antigen sensing into lymphocyte action, it has also revealed how the dysregulation of signaling machinery can precipitate disease, including immunodeficiencies, autoimmunity syndromes, leukemia, and lymphoma.

CARD11 is a fascinating, multi-domain scaffold protein that plays a key role as a signaling hub during the adaptive immune response. Underscoring its importance, the CARD11 gene is extremely intolerant to loss-of-function (LOF) mutation or genetic variation in the human population (1, 2). Since its discovery in 2001 (3), many studies have revealed its obligate role in antigen-mediated lymphocyte activation and its susceptibility to mutations that can cause immunodeficiency or contribute to the development of lymphoma. CARD11 is best understood at present as a signal integrator that translates B cell receptor (BCR) and T cell receptor (TCR) triggering into the activation of NF-κB, JNK, and mTOR (Figure 1). Several excellent reviews have summarized the biological roles of CARD11 gleaned from mice and humans deficient in CARD11 or its signaling partner proteins (4–8). Here we will review our current understanding of (1) how the structure of CARD11 allows it to function as a signal-responsive scaffold; (2) how CARD11 orchestrates downstream signaling events; (3) the mechanisms that limit or terminate CARD11 signaling activity; (4) how gain-of-function (GOF) disease-associated CARD11 mutations bypass normal regulation; and (5) how LOF disease-associated CARD11 mutations disrupt CARD11 activity.
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FIGURE 1. CARD11 relays signaling from antigen receptors to NF-κB, JNK, and mTOR.



OVERVIEW

CARD11 can be thought of as a string of protein-protein interaction domains, each of which presents surfaces for the binding and regulation of interaction targets (Figure 2A). The protein interacts with more than 20 different proteins during signaling, and it has evolved to present its interaction surfaces dynamically in response to signaling inputs (Figure 2B). Prior to receptor engagement the protein exists in a closed, inactive state. Receptor engagement leads to the conversion of CARD11 to an open, active scaffold that binds signaling partners. Cofactor binding leads to the generation of downstream signaling intermediates that activate the IKK complex, a central target in the canonical NF-κB signaling pathway, as well as JNK2, and mTOR. Following activation, binding partners dissociate from CARD11 and the protein returns to the inactive state. This cycle, from closed to open and back to closed states, is thought to occur over the course of approximately 60 minutes following BCR or TCR engagement.
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FIGURE 2. Activation of CARD11 activity during antigen receptor signaling. (A) Domain structure of CARD11. (B) Transition of CARD11 from closed, inactive to open, active states and back again. Dashed lines indicate mapped protein-protein interactions. Abbreviations: CARD, Caspase Recruitment Domain; L, Latch; CC, coiled-coil; ID, Inhibitory Domain; PDZ, PSD-95/Discs-Large/ZO-1 domain; SH3, Src Homology 3 domain; GUK, Guanylate Kinase domain; RE1, Repressive Element 1; RE2, Repressive Element 2; RE3, Repressive Element 3; RE4, Repressive Element 4; L3, Linker 3; L4, Linker 4.



MAINTENANCE OF THE CLOSED INACTIVE STATE

Like many signaling proteins that promote cellular proliferation and activation and whose signaling could be dangerous if dysregulated, CARD11 contains an internal autoinhibitory domain that keeps CARD11 inactive in the absence of receptor triggering (9–11). This domain, termed the Inhibitory Domain (ID), is located in the primary sequence between the Coiled-coil and PDZ domain (Figure 2A). Remarkably, the autoinhibitory action of the ID is accomplished by four small Repressive Elements (REs), ranging in size from 11 to 53 amino acids, that function cooperatively with redundancy (12, 13). Other than a short 5-residue region of homology between RE2 and RE3, the four REs do not resemble each other. While the mutation of any single RE has little to no effect on basal CARD11 signaling, their combinatorial mutation cooperatively increases activity, and the simultaneous mutation of all four leads to a remarkable 640-fold enhancement of activity (12). The four REs function together to prevent cofactor binding to CARD11 prior to receptor engagement, but it is not completely clear how they do so. RE1, RE2, and RE3 interact with other CARD11 domains, including the CARD, LATCH, Coiled-coil, L3, and GUK, with somewhat overlapping intramolecular specificities, presumably to maintain CARD11 in a conformation in which protein-interaction surfaces of the CARD and Coiled-coil are inaccessible (13). However, RE4, which may be the most potent inhibitory element, does not appear to participate in intramolecular interactions and likely functions in cooperation with the other REs through an unknown mechanism, possibly via the recruitment of a repressor in trans.

RECEPTOR-INDUCED ACTIVATION OF CARD11 SCAFFOLD POTENTIAL AND CONVERSION TO THE OPEN ACTIVE STATE

Antigen receptor engagement by antigen in the appropriate context leads to a cascade of signaling events upstream of CARD11 that have been extensively reviewed (14). At present, it appears that the inputs that CARD11 receives from upstream signaling consist of phosphorylation events within the ID (9, 10, 15–17). Serines 564, 567, 577, and 657 all appear to be phosphorylated as a result of antigen receptor signaling. Somehow the modification of these residues leads to sufficient neutralization of RE activity to allow CARD11 signaling cofactors to bind and signaling events to ensue. Serines 564 and 657 appear to be targeted by PKCβ in B cells and PKCθ in T cells, while serine 567 appears to be phosphorylated by IKKβ. The kinase that targets serine 577 has not yet been reported. Additional phosphorylation events may also be important for maximal CARD11 activity, depending on cellular context (18–20). The phosphorylation-mediated activation of CARD11 scaffold activity may occur in a step-wise manner, with an initial step that elicits some IKKβ kinase activity and a subsequent step in which IKKβ phosphorylation of serine 577 promotes full scaffold activity (15, 21). Precisely how the phosphorylation events convert CARD11 into an active scaffold remains mysterious. It is possible that phosphorylation induces a conformational change in CARD11 that disallows RE-mediated inhibitory intramolecular interactions. Alternatively, the phosphorylated residues may be recognized by an unknown factor in trans that actively prevents cooperative RE action.

RECEPTOR-INDUCED RECRUITMENT OF SIGNALING COFACTORS

Upon activation, the protein interaction surfaces of CARD11 become accessible for binding to a variety of proteins (Figure 2B). Bcl10 was the first protein shown to bind CARD11, with MALT1 recruited indirectly through Bcl10. These observations led to the notion of a “CBM complex,” which is a misleading misnomer because it ignores the binding of other critical factors to CARD11. Bcl10 requires both the CARD and Coiled-coil domain of CARD11 for its recruitment at physiological levels of expression (11). The CARD and Coiled-coil are also required for the recruitment of TRAF6, IKKγ, and Caspase-8 (11). The CARD alone is required for TAK1 binding (11), while the Coiled-coil alone is required for binding to HOIP, the catalytic subunit of the Linear Ubiquitin Chain Assembly Complex (LUBAC) (22). CK1α is recruited through the Coiled-coil and ID (23). The preponderance of protein interactions occurs through the N-terminal half of CARD11 that includes the CARD, LATCH, and Coiled-coil, although the C-terminal PDZ-SH3-MAGUK region can bind the ADAP adapter (24) and AIP (25). In T cells, the site of CARD11 complex assembly appears to be the immunological synapse (26, 27).

In addition to the intramolecular interactions mediated by the REs in the ID, two other CARD11 regions have been shown to mediate CARD11-CARD11 interactions. The Coiled-coil domain, predicted to form four discontinuous regions with coiled-coil character, mediates assembly of CARD11 into an oligomer of undetermined stoichiometry. The SH3-GUK domain tandem has also been shown to participate in modular inter- and intramolecular binding interactions that appear to be required for higher order clustering of CARD11 visible via microscopy (28).

CARD11-DEPENDENT SIGNALING EVENTS IN ANTIGEN RECEPTOR SIGNALING

The transient recruitment of cofactors to CARD11 ultimately leads to the activation of the IKK complex in the canonical NF-κB activation pathway. As it assembles cofactors into complexes, CARD11 orchestrates ubiquitinylation and phosphorylation events that somehow work together to promote IKK kinase action on inhibitory IκB proteins that tether NF-κB in the cytoplasm. The phosphorylation of IκBs promotes their ubiquitinylation and degradation by the proteasome, which allows NF-κB to stably translocate to the nucleus to bind target genes.

BCL10 POLYUBIQUITINYLATION

The signal-induced recruitment of Bcl10 and HOIP to CARD11 allows HOIP (enzyme) to conjugate Bcl10 (substrate) with linear ubiquitin chains, to produce LinUbn-Bcl10 (22). LinUbn-Bcl10 then binds the IKK complex through the UBAN domain of IKKγ (22) in an interaction thought to be required for IKK complex kinase activation (29). LinUbn-Bcl10 is a signaling intermediate that determines the extent of NF-κB activation downstream of CARD11 triggering. For a range of hyperactive CARD11 variants (see below), the levels of LinUbn-Bcl10 produced by each variant correlates with the degree of NF-κB activation it achieves (22). Signaling through LinUbn-Bcl10 accounts for 50-60% of the signaling output of CARD11 to NF-κB. In addition to CARD11, TCR-induced LinUbn-Bcl10 generation also requires MALT1, but not the SHARPIN subunit of LUBAC (22).

Bcl10 is also conjugated with K63-linked ubiquitin chains during antigen receptor signaling (30, 31) to form Ubn(K63)-Bcl10. This modification, mediated by cIAPs, has been shown to be a prerequisite for linear ubiquitinylation of Bcl10 in the context of chronic BCR signaling (32).

IKKγ POLYUBIQUITINYLATION

CARD11 facilitates the polyubiquitinylation of IKKγ with K63-linked chains in response to antigen receptor triggering (33), which is accomplished by a MALT1-associated E3 ligase activity (34). Linear ubiquitinylation of IKKγ has also been implicated in the antigen receptor pathway (35, 36). Since CARD11 recruits both HOIP and IKKγ upon activation, CARD11 likely facilitates LUBAC action on IKKγ.

MALT1 POLYUBIQUITINYLATION

MALT1 is also conjugated with K63-linked ubiquitin chains during signaling, which facilitates its interaction with IKKγ (37); however, MALT1 polyubiquitinylation has not been formally shown to require CARD11. TRAF6 has been implicated as the E3 ligase for this process, and its recruitment by CARD11 may promote its action on MALT1.

MALT1 PROTEOLYTIC ACTION

CARD11 is also required for MALT1 protease activity on several targets, including Bcl10 and MALT1 itself (7, 38–40). MALT1 cleaves the inhibitory deubiquitinase A20 (41, 42) to limit its removal of polyubiquitinylated MALT1, thereby extending the time-course of NF-κB activation. MALT1 also cleaves the NF-κB subunit RelB, limiting its potential to repress transcriptional activation by RelA and c-Rel (43). In addition, MALT1 cleaves the HOIL-1L subunit of LUBAC and in so doing limits the degree of NF-κB activation downstream of CARD11 (36, 44, 45). MALT1 has also been shown to cleave the deubiquitinase CYLD to maximize NF-κB and JNK activation (46–48). CARD11 may promote MALT1 protease activity by activating enzymatic potential, by recruiting enzyme to substrate, or both, but further studies are required to define mechanisms.

MTOR ACTIVATION

The activation of mTOR downstream of TCR engagement also requires CARD11, in a role independent of IKK complex activation (49, 50). CARD11 signaling to mTORC1 depends upon the proteolytic activity of MALT1 (49) and the rapid uptake of glutamine through the ASCT2 glutamine transporter (50). CARD11 signaling promotes ASCT2 expression and ASCT2 associates with CARD11, Bcl10, and MALT1 during signaling, suggesting an active regulation of transporter activity (50).

JNK ACTIVATION

CARD11 is also required for the activation of JNK signaling following antigen receptor triggering (51, 52), in a manner that also requires Bcl10 and MALT1. For JNK activation, CARD11 appears to promote Bcl10 oligomerization, followed by the binding of Bcl10 to TAK1, MKK7, and JNK2, which is thought to engage this MAP kinase cascade for JNK2 activation leading to increased levels of c-Jun and c-Jun phosphorylation (53, 54).

BCL10 FILAMENT FORMATION

CARD11 fragments that include the CARD, LATCH and portions of the Coiled-coil domain have been shown in vitro to nucleate the formation of helical filaments of Bcl10 (55, 56). These Bcl10 filaments assemble through interactions between Bcl10 CARD domains and polymerize in a unidirectional manner (56). MALT1 and TRAF6 cooperatively associate with the Bcl10 filament (56) and stimulate MALT1 proteolytic activity (55). Bcl10 mutations that affect filament formation perturb NF-κB activation by overexpressed Bcl10 in cells (55), implicating these structures in CARD11 signaling. However, further work is needed to bolster the importance of Bcl10 filaments in antigen receptor signaling through CARD11 in vivo at physiological levels of expression, resolve how Bcl10 and MALT1 ubiquitinylation is accommodated or promoted by Bcl10 filament formation, and explain the mechanistic relationship between Bcl10 filament formation and other steps in CARD11 signaling that require the L3, SH3, L4, and GUK domains, which are required for physiological CARD11 signaling but are not required to nucleate Bcl10 filaments.

MODULATION AND TERMINATION OF CARD11 SIGNALING

Multiple mechanisms have evolved to tune and terminate CARD11 signaling to ensure appropriate pathway output and avoid pathological immune cell activation and proliferation. First, cofactor association to CARD11 is regulated. The E3 ligase RNF181 limits the steady-state level of Bcl10 through K48-linked ubiquitinylation and degradation, thereby limiting the amount of Bcl10 that can bind CARD11 (57). Once signaling initiates, the kinesin GAKIN competes with Bcl10 for binding to CARD11 and limits the dwell time of CARD11 at the immune synapse (58). The phosphatase PP2A removes an activating phosphate from CARD11, which limits cofactor binding to CARD11 (59). Once CK1α is recruited to CARD11 in a step required for signaling, it phosphorylates CARD11 to inhibit the extent of CARD11 signaling (23).

Second, cofactors that associate with CARD11 in a signal-inducible manner rapidly dissociate from CARD11 during the initial ~60 minutes after receptor triggering. The mechanisms of complex disassembly remain poorly defined, but disassembly limits the generation of CARD11-promoted signaling intermediates. In some contexts, cofactors disassemble from CARD11 in an obligate step in productive signaling, such as in the assembly of complexes containing p62, Bcl10, MALT1, and the IKK complex that can prolong IKK activation (60, 61).

Third, key polyubiquitinylated signaling intermediates, including LinUbn-Bcl10, Ubn(K63)-Bcl10, and Ubn(K63)-MALT1 rapidly disappear as the result of the action of A20 (42), CYLD (46, 47), and likely other deubiquitinases. The removal of these potent intermediates attenuates the extent and duration of IKK complex activation. Fourth, CARD11 and Bcl10 are themselves degraded to limit signaling, and perhaps make cells refractory to immediate re-initiation of the CARD11-dependent pathway (15, 62–66).

SOMATIC GAIN-OF-FUNCTION CARD11 MUTATIONS IN LYMPHOMA

The dysregulated, constitutive signaling to NF-κB observed in several types of leukemia and lymphoma endows the transformed cells with a proliferative and survival advantage through the induction of pro-proliferative and anti-apoptotic NF-κB gene targets (40 67–69). Leukemias and lymphomas exploit a variety of strategies of genomic alteration to achieve constitutive NF-κB activity. The regulation of CARD11 activity by an internal autoinhibitory domain makes CARD11 highly susceptible to mutations that can cause GOF signaling independent of upstream antigen receptor engagement. GOF CARD11 mutations occur in approximately 10% of cases of the Activated B Cell-Like (ABC) subtype of Diffuse Large B Cell Lymphoma (DLBCL) (70), but they have also been observed in other DLBCL subtypes (71–76), as well as in Acute T-cell Leukemia/Lymphoma (77), Sézary syndrome (78, 79) Mantle Cell Lymphoma (80), and Angioimmunoblastic T-cell lymphoma (81). In many cases, however, the signaling potency of CARD11 alleles found in patient biopsies has not been thoroughly characterized, or confirmed to be required for aberrant proliferation, as has been done for many CARD11 mutations found in ABC DLBCL. Figure 3 depicts lymphoma-associated mutations that have been directly shown to potently increase CARD11 signaling.
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FIGURE 3. Lymphoma-associated CARD11 mutations. Mutations are depicted that have been validated to have at least a 3-fold increase in CARD11 signaling in a quantitative signaling assay. ABC, Activated B Cell-like; DLBCL, Diffuse Large B Cell Lymphoma; GCB, Germinal Center B cell; MCL, Mantle Cell Lymphoma; PCNSL, Primary Central Nervous System Lymphoma; ATLL, Acute T cell Leukemia/Lymphoma; TFH, Follicular T helper; PTCL, Peripheral T cell Lymphoma.



GOF CARD11 mutations cause constitutive hyperactive CARD11 signaling by bypassing the action of the four REs in the ID that normally keep CARD11 basally inactive (13, 22, 31, 82) (Figure 4). Mutations in the CARD, LATCH, and Coiled-coil of CARD11 disrupt the function of multiple REs to allow partial conversion of CARD11 to an open, active state that can recruit Bcl10 (31, 82) and HOIP (22), but not other factors recruited during normal antigen receptor signaling, including TAK1, TRAF6, IKKγ, and Caspase-8 (31, 82), at least for the mutants that have been characterized. The spontaneous recruitment of Bcl10 and HOIP to GOF CARD11 variants leads to the spontaneous generation of LinUbn-Bcl10, the levels of which appear to determine the quantitative output of NF-κB activation (22). Potent GOF mutations in the CARD, LATCH, and Coiled-coil can enhance basal CARD11 signaling by 80- to 160-fold (31, 82), and they appear to do so in part by interfering with inhibitory intramolecular interactions mediated by multiple REs (13). Potent GOF point mutations do not occur in the ID itself, due to the redundant action of the four REs; three or more REs would have to be disabled to achieve a comparable level of dysregulated signaling (12). For ABC DLBCL cells, the quantitative degree to which a GOF CARD11 allele activates NF-κB largely correlates with its ability to support aberrant cell proliferation (31, 70). However, the dysregulation of B cell proliferation in vivo by a CARD11 GOF allele requires both NF-κB and JNK activation (83). CARD11 GOF mutations in lymphoma occur in the presence of many other genomic alterations. While overexpression of an extremely potent CARD11 GOF allele is sufficient to cause lethal B cell proliferation (83), in human lymphomas it is likely that multiple genomic lesions cooperate with a GOF CARD11 mutation to maintain the proliferation and survival of the transformed cells.
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FIGURE 4. Oncogenic CARD11 signaling. Lymphoma-associated gain-of-function mutations in the CARD, LATCH, and Coiled-coil are represented by asterisks.



GERMLINE CARD11 MUTATIONS IN PRIMARY IMMUNODEFICIENCY

One of the most exciting recent developments in the study of CARD11 has been the recognition of germline CARD11 mutations in primary immunodeficiency. Three different forms of primary immunodeficiency (PID) have been described so far that result from germline mutations in the CARD11 gene, (1) CARD11 deficiency, (2) BENTA disease, and (3) Immunodeficiency with atopy.

CARD11 deficiency caused by homozygous LOF mutations in CARD11 was first reported in two studies in 2013 (84, 85). These patients, who presented with severe Pneumocystis jirovecii infections as infants, displayed normal T and B cell counts but hypogammaglobulinemia, deficits in mature or differentiated B and T cells (CD4 and CD8), reduced Treg numbers, and defective B and T cell activation in vitro. The homozygous mutations found in these patients include a deletion of exon 21 that results in a lack of detectable CARD11 expression (85) and a premature stop codon at glutamine 945 in the GUK domain (84) (Figure 5). Notably, family members that are heterozygous for these alleles do not present with immunodeficiency.
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FIGURE 5. CARD11 mutations identified in three classes of primary immunodeficiency.



BENTA disease (B cell Expansion with NF-κB and T cell Anergy), caused by heterozygous GOF CARD11 mutations, has been described in 16 patients so far beginning in 2012 (86–90). BENTA patients experience recurrent ear, sinopulmonary, and viral infections (molluscum contagiosum, BK virus, Epstein-Barr virus), and exhibit a profound expansion in the number of B cells, a skewing of B cells toward transitional states, an unresponsiveness of T cells to antigen, and a poor antibody response to pneumococcal and meningococcal capsular polysaccharides. BENTA-associated mutations are located in the CARD (C49Y), LATCH (G116S, G123S, G123D, E127H), and Coiled-coil (E134G, H234L+Δ235-8) domains (Figure 5). Some (C49Y, G123S, G123D) are identical to those found in DLBCL. The alleles induce constitutive NF-κB activation in lymphocytes, presumably through the same signaling intermediates discussed above, but it remains unclear precisely how their constitutive signaling results in disparate effects in different immune cell subtypes.

Immunodeficiency with atopy, caused by heterozygous, LOF CARD11 mutations that appear to act as strong dominant negative alleles, was reported in 2017 by two studies (91, 92). In the five families described so far, affected individuals experience severe atopic dermatitis, recurrent pneumonia, and other upper respiratory tract infections, asthma, and food allergies with varying severities. While patient B cells exhibit mild defects in antigen-induced activation, patient T cells display reduced activation and proliferation in vitro, consistent with a poor T cell response to prior antigen exposure. Patients also display elevated serum IgE levels but low-to-normal levels of other Ig classes. CARD11 mutations that cause Immunodeficiency with atopy have been found in the CARD (R30W, E57D), Coiled-coil (L194P, dupM183-K196), and GUK (R975W) (Figure 5). E57D and L194P have been shown to interfere with recruitment of Bcl10 and MALT1 to CARD11 following TCR signaling (91), while R30W appears to have a milder effect on recruitment of these cofactors to CARD11 (92). This class of dominant negative mutants has also been shown to disrupt CARD11 signaling to mTOR and to the activation of MALT1 protease activity (91).

CURRENT KEY QUESTIONS AND OPPORTUNITIES

What Is the 3D Structure of CARD11?

A thorough understanding of how CARD11 is kept inactive prior to signaling, and how CARD11 converts to an open, active scaffold will require determination of the three-dimensional structure of CARD11 in “closed” and “open” states. Structural studies so far have solved the structure of the CARD domain of CARD11 and have modeled how the CARD11 CARD can nucleate the formation of Bcl10 filaments (55, 56, 93, 94). However, the structure of 90% of the protein is unknown. Structural information will be invaluable for understanding how the multiple domains in CARD11 signal to its targets and how GOF and LOF mutations induce or disrupt CARD11 activity.

How Does CARD11 Mediate IKK Complex Activation?

It remains unclear precisely how CARD11 signaling results in the activation of IKK kinase activity. The generation of ubiquitinylated Bcl10, MALT1, and IKKγ species is thought to induce a network of interacting proteins, in which ubiquitin chains are recognized by specific domains within signaling cofactors. This web of intermolecular binding can induce the proximity and clustering of IKK complexes, but how kinase activity is induced under physiological conditions, and whether other requisite components have yet to be discovered are unclear. It should also be explored whether CARD11 simply recruits enzymes (E3 ligases, kinases, protease) to their substrates or whether CARD11 binding plays a more active role in allosteric regulation of catalytic activity or substrate competency.

What Is the Physiological Function of the Four REs?

Although it is clear that the four REs within the ID function cooperatively to keep CARD11 inactive prior to signaling, it remains unclear why the protein has evolved this unique array of redundant repressive elements. RE redundancy does prevent unwanted GOF mutations from occurring in the ID, but it does not prevent their occurrence in the CARD, LATCH, and Coiled-coil. It is possible that the REs determine the kinetics of CARD11 “activation” during signaling, or the kinetics by which CARD11 returns to the basal inactive state following signaling, but further studies are needed to test these hypotheses.

How Precisely Do CARD11 GOF and LOF Alleles Cause Immunodeficiencies of Variable Phenotype?

The discovery of patients with germline CARD11 LOF and GOF mutations provides exciting opportunities for obtaining insight into the molecular mechanisms of CARD11 signaling and the cellular interplay of immune cell subtypes affected by CARD11 dysfunction. It remains unclear why some CARD11 LOF mutations are dominant negative and manifest disease when heterozygous, while other CARD11 LOF mutations manifest disease only when homozygous. In addition, it is not firmly established whether all disease-associated CARD11 alleles affect signaling to mTOR and JNK, or which dysregulated pathways downstream of CARD11 are responsible for which disease manifestations. Also unknown is whether modifier genes in the patients studied have influenced their presentation, since only a small number of patients have been identified so far. It will be interesting to see whether additional CARD11 alleles will be discovered in the human population, leading to variable phenotypes of immunodeficiency and atopy.

What Other Signaling Pathways Depend on CARD11?

Several studies have implicated a role for CARD11 in pathways distinct from antigen receptors, including those emanating from activating NK cell receptors (95–97), OX40 (98), and the IL-2 receptor (99). The mechanistic role of CARD11 in these pathways deserves further study. It is possible that additional signaling pathways will be identified that rely on CARD11 activity, and if dysregulated, may contribute to human disease.
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The caspase recruitment domain family member 11 (CARD11 or CARMA1)—B cell CLL/lymphoma 10 (BCL10)—MALT1 paracaspase (MALT1) [CBM] signalosome complex serves as a molecular bridge between cell surface antigen receptor signaling and the activation of the NF-κB, JNK, and mTORC1 signaling axes. This positions the CBM complex as a critical regulator of lymphocyte activation, proliferation, survival, and metabolism. Inborn errors in each of the CBM components have now been linked to a diverse group of human primary immunodeficiency diseases termed “CBM-opathies.” Clinical manifestations range from severe combined immunodeficiency to selective B cell lymphocytosis, atopic disease, and specific humoral defects. This surprisingly broad spectrum of phenotypes underscores the importance of “tuning” CBM signaling to preserve immune homeostasis. Here, we review the distinct clinical and immunological phenotypes associated with human CBM complex mutations and introduce new avenues for targeted therapeutic intervention.
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INTRODUCTION

Inborn errors of immunity or primary immunodeficiency diseases (PIDs) are a group of ~350 genetic disorders that are characterized by defects in immune system development and/or function (1). Defining the genetic and molecular basis of these diseases has not only benefitted the affected individuals but has greatly enhanced our understanding of the fundamental factors that regulate human immunity. A powerful example of the value of studying patients with PIDs is nuclear factor kappa B (NF-κB)—a critical transcription factor that facilitates lymphocyte activation, proliferation and survival. Aberrant signaling in the NF-κB pathway is associated with inflammatory diseases (2), malignancy (3), autoimmunity (4), and immunodeficiency (5). With the description of patients with monogenic immune disorders affecting various components of this signaling cascade, we now have an improved understanding of how NF-κB is positively and negatively regulated.

In the past decade, the assembly of the caspase recruitment domain family member 11 (CARD11 or CARMA1)—B cell CLL/lymphoma 10 (BCL10)—MALT1 paracaspase (MALT1) [CBM] signalosome complex has emerged as a critical step in the antigen-dependent activation of NF-κB in B and T lymphocytes (6). Major landmarks in the understanding of CBM function first came from oncology. These advances included the characterization of mutant BCL10 and MALT1 proteins caused by chromosomal translocations leading to constitutive/aberrant NF-κB signaling in lymphoma (7), the discovery of CARD11 and its ability to interact with and regulate BCL10 (8), and the identification of mutant CARD11 isoforms affecting the coiled-coil domain that activate NF-κB, constituting ~10% of activated B cell-like diffuse large B cell lymphomas (9, 10). These findings, along with the generation and study of Card11−/− (11–13), Bcl10−/− (14, 15), and Malt1−/− (16) mice, collectively positioned the CBM complex as a central modulator of lymphocyte signaling through the regulation of the NF-κB, c-Jun N-terminal kinase (JNK), and mechanistic target of rapamycin complex (mTORC1) pathways (Figures 1, 2).
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FIGURE 1. The landscape of human germline mutations causing CBM-opathies. Schematic representation of protein domains found in CARD11, BCL10, and MALT1. Red arrows indicate interactions between domains. Annotated are confirmed mutations causing CBM-opathies and where they localize to on the protein. CARD, caspase recruitment domain; RE, repressive element; L, linker; PDZ, postsynaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), zonula occludens-1 protein (zo-1) domain; SH3, SRC homology 3 (SH3); GUK, guanylate kinase domain; S/T, serine/threonine; DD, death domain; Ig, immunoglobulin-like domain.
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FIGURE 2. The central role of the CBM complex in BCR- and TCR- signaling. Schematic representation of proximal antigen receptor signaling events in the BCR and TCR, activation and assembly of the CBM complex, and downstream targets and effects of CBM activation. Gray circles represent ubiquitin chains.



The importance of the CBM complex in adaptive immunity was experimentally established by the fact that B and T cells from mice deficient in Card11, Bcl10, or Malt1 all displayed impaired cellular activation and proliferation, aberrant cytokine secretion, and blocks in cell differentiation, resulting in diminished serum immunoglobulin levels. These experimental observations were then validated in the intact human system by the recent discovery of individuals suffering from profound immune defects [i.e., combined immunodeficiency (CID) and severe combined immunodeficiency (SCID)] involving germline loss-of-function (LOF) mutations in CARD11 (17–19), BCL10 (20), and MALT1 (21–23, 24) (Figure 1). While human deficiency of each of the CBM components has some unique defining clinical features (e.g., gastrointestinal inflammation seen in MALT1 deficiency or susceptibility to Pneumocystis jirovecii pneumonia (PJP) typical for CARD11 deficiency), as testament to their highly synergistic activities, many phenotypic manifestations are shared across these CBM deficiencies. In particular, some unifying features of CBM PIDs include: CID/SCID occurring in the context of generally normal total B and T cell numbers, a predominantly naïve phenotype in peripheral blood lymphocytes, impaired T cell proliferation, and compromised antigen receptor-induced NF-κB activation.

Recent discoveries have now moved beyond relatively simple LOF mutations, and there is now an interesting spectrum of additional clinical phenotypes attributed to CARD11 mutations (25), with gain-of-function mutations causing “B cell Expansion with NF-κB and T cell Anergy” (BENTA) disease (26–30), hypomorphic dominant-interfering mutations causing combined immunodeficiency with atopic disease “CARD11-associated Atopy with Dominant Interference of NF-κB Signaling” (CADINS) (31, 32), and loss-of-function mutations with somatic reversion associated with Omenn syndrome (19) (Figure 1).

In this review, we will illustrate the current understanding of CBM-mediated activation of the NF-κB, JNK, and mTORC1 pathways in lymphocytes, and highlight the diverse and rapidly expanding clinical and immunological phenotypes of “CBM-opathies.”

THE CBM COMPLEX IN ANTIGEN RECEPTOR SIGNALING

Proximal Antigen Receptor Signaling

Upon antigen recognition, the CBM complex is primarily involved in signal transduction downstream of antigen receptors leading to the activation of NF-κB, JNK, and mTORC1 in lymphocytes (33–35) (Figure 2). Signaling following B cell receptor (BCR) and T cell receptor (TCR) activation is highly symmetrical and begins with the phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) found on the CD79A/CD79B chains of the BCR and the ζ-chains of the TCR complex by Src family tyrosine kinases LYN and lymphocyte-specific protein tyrosine kinase (LCK), respectively (33, 36). This facilitates the recruitment and phosphorylation of the spleen tyrosine kinase (Syk) family tyrosine kinases SYK (for BCR) and zeta-chain-associated protein kinase 70 (ZAP70) (for TCR) (33, 36) (Figure 2). From here, a collection of adaptor, phospholipase, and kinase proteins come together to form signalosomes, including B cell linker protein (BLNK) and Bruton tyrosine kinase (BTK) for the BCR and SH2 domain containing leukocyte protein of 76 kDa (SLP76), linker of activated T cells (LAT), and IL-2 inducible T cell kinase (ITK) for the TCR. This assembly ultimately culminates in the activation of phospholipase Cγ1 (PLCγ1) for the TCR, PLCγ2 for the BCR, and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) for both (37, 38) (Figure 2).

CBM Assembly

Phosphorylated PLCγ1 and PLCγ2 mediate the hydrolysis of phosphatidylinositol 4,5 biphosphate (PIP2) to synthesize the second messengers diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) (37, 38). While IP3 induces calcium influx, DAG activates protein kinase C (PKC) θ (in T cells) and PKCβ (in B cells) (Figure 2). PKCθ/β act to phosphorylate a series of serine sites along the CARD11 inhibitory domain, the first of several post-translational modifications required for the assembly of the CBM complex (39, 40). CARD11 converts to an open conformation, making it accessible for BCL10-MALT1 binding. BCL10, which constitutively associates with MALT1 through serine/threonine-rich and immunoglobulin-like domain interactions, respectively (7, 41), binds to CARD11 through caspase recruitment domain (CARD)-CARD domain interactions (42) (Figure 1). MALT1 can also bind directly to CARD11 through the interaction of its paracaspase domain and the coiled-coil domain of CARD11 (43). These initial events nucleate the formation of higher order structures consisting of branched BCL10 filaments sheathed with MALT1, allowing for MALT1 oligomerization and activation, and the cooperative recruitment and incorporation of tumor necrosis factor receptor-associated factor 6 (TRAF6) (41, 42).

Signaling to NF-κB

Canonical NF-κB activation is mediated by the activation of the IκB kinase (IKK) complex, which consists of two catalytic subunits IKKα and IKKβ and a regulatory subunit NF-κB essential modulator (NEMO, also known as IKKγ) (5). After the assembly of the CBM complex, various ubiquitination events occur in order to facilitate the phosphorylation and activation of the IKK complex (35) (Figure 2). MALT1 contains binding motifs for the E3 ubiquitin ligase TRAF6 and acts as a scaffold to facilitate the oligomerization and activation of TRAF6 (44, 45). It is thought that TRAF6 and BCL10, as well as other factors such as the ubiquitin conjugating enzyme UBC13, mediate the K63-linked ubiquitination of various proteins including MALT1 and NEMO (35, 46–48). In addition to K63-linked ubiquitination, M1-linked linear ubiquitin chains are also ligated to NEMO and BCL10 through the linear ubiquitin chain assembly complex (LUBAC), which consists of heme-oxidized IRP2 ubiquitin ligase 1 (HOIL1), HOIL1-interacting protein (HOIP), and SHANK-associated RH domain interacting protein (SHARPIN) (49–51) (Figure 2). These two types of ubiquitination collectively mediate optimal recruitment and phosphorylation/activation of the IKK complex (5).

The phosphorylation of IKKα/β after antigen receptor ligation is thought to be principally mediated by TGFβ-activated kinase 1 (TAK1) and its associated adaptor proteins TAB2/3 (44, 52, 53). It is speculated that since both TAB2/3 and NEMO can specifically recognize K63-linked ubiquitination (47, 54), these two complexes are brought in close proximity to each other, thus facilitating optimal IKK complex activation (34). NF-κB inhibitor alpha (IκBα) in resting cells normally exists in a complex with the NF-κB subunits p50 and p65, which prevents them from becoming activated. The activated IKK complex can phosphorylate IκBα, which causes it to undergo K48-linked ubiquitination and degradation by the proteasome. This allows NF-κB to translocate into the nucleus to initiate target gene transcription (5) (Figure 2).

Signaling to JNK

Another arm of antigen receptor signaling that the CBM complex mediates is the c-Jun N-terminal kinase (JNK) pathway (Figure 2) [reviewed in (55)]. This process is usually activated by successive phosphorylation events mediated by mitogen-activated protein kinases (MAPKs) (56), with TAK1 also playing a critical role in JNK activation (57, 58). This highlights a cross-talk mechanism in NF-κB and JNK signaling. Although regulation of this process by the CBM complex is not as well understood as the NF-κB pathway, it is thought that TAK1 associates with CARD11-mediated BCL10 oligomers, MKK7 gets recruited, and the selective phosphorylation of JNK2 occurs (59) (Figure 2). This ultimately leads to the accumulation and phosphorylation of c-Jun, which regulates lymphocyte proliferation as part of the AP-1 transcription factor complex.

Signaling to mTORC1

The mechanistic target of rapamycin (mTOR) kinase is a PI3K-related kinase (PIKK) represented by two distinct catalytic protein complexes, mTOR Complex 1 (mTORC1) and 2 (mTORC2), which have different mechanisms of activation and signaling (60). In particular, mTORC1 can be activated by TCR and CD28 co-stimulation, environmental stimuli such as growth factors and stressors, and nutrients such as amino acids (61). It is critical for regulating T cell growth and proliferation (62) as well as T helper 1 (Th1) and Th17 differentiation (63). Recent studies have demonstrated that the CBM complex regulates TCR-mediated glutamine uptake and the subsequent activation of the mTOR pathway independent of NF-κB (32, 64, 65). Following TCR stimulation, CBM components associate with and mediate the upregulation of the alanine-serine-cysteine transporter 2 (ASCT2) glutamine transporter at the cell surface (32, 64) (Figure 2). MALT1 also has the ability to associate with mTOR, and its paracaspase activity mediates the phosphorylation of the ribosomal protein S6, a target of mTORC1, ultimately impacting metabolic programming (65) (Figure 2). However, the exact molecular mechanism by which the CBM complex links TCR signals to glutamine uptake and the activation of mTOR is unknown and requires further study.

THE CARD FAMILY

The CARMA/CARD protein family consists of CARD9, CARD10 (or CARMA3), CARD11 (or CARMA1), and CARD14 (or CARMA2) (66). These scaffold proteins are evolutionarily conserved, structurally homologous, mostly membrane-associated (with the exception of CARD9) and have varying patterns of expression in the body. Mutations in this family of proteins have been implicated in different pathological states, including CARD9 deficiency increasing susceptibility to fungal infections [reviewed in (67)] and CARD14 mutations being linked to increased susceptibility to psoriasis (68, 69) and the skin disease pityriasis rubra pilaris (70).

Each CARD protein participates in its own “CBM” complex with BCL10 and MALT1 in different cell types to facilitate downstream signaling events leading to NF-κB activation (66). CARD11 mediates the activation of lymphocytes by the antigen receptors BCR and TCR and facilitates natural killer (NK) cell activation downstream of ITAM-coupled receptors such as natural killer group 2, member D (NKG2D), NK1.1, Ly49D, and Ly49H (71, 72). CARD14 is expressed in the placenta and skin tissue (69) and can mediate NF-κB activation in keratinocytes possibly downstream of Dectin-1 (73). CARD10 is broadly expressed in non-hematopoietic cells and serves as a link between G-protein coupled receptors (GPCRs) and NF-κB (74). CARD9 is mostly expressed by myeloid cells (macrophages, dendritic cells, neutrophils) and transduces signals emanating from C-type lectin receptors (Dectin-1, Dectin-2, Mincle) and ITAM-associated receptors (FcRγ, DAP12) (67). Although CARD9 deficiency also causes immunodeficiency, this has been covered in detail very recently in the “CARMA Proteins: Playing a Hand of Four CARDs” Research Topic (67) and thus, we will be focusing on immune defects caused by mutations in CARD11.

CARD11

Role of CARD11 in Immunity

CARD11 is a ~130 kDa protein originally discovered by bioinformatics screens (8, 75). It is primarily expressed in hematopoietic tissue and lymphocytes and is crucial for antigen receptor signaling (11, 76). CARD11 is a classic scaffold molecule comprised of various defined domains, including CARD, LATCH, coiled-coil (CC), inhibitory, postsynaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), zonula occludens-1 protein (zo-1) (PDZ), SRC homology 3 (SH3), and guanylate kinase (GUK) domains (Figure 1). Initial insight into CARD11 function came from in vitro studies on leukemia cell lines, which demonstrated its essential role in NF-κB activation downstream of the TCR complex (77–79). Following this, various CARD11 mouse models were generated, including the Card11−/− mouse and CARD11 “unmodulated” (Card11un/un) mouse (11–13, 80) (compared in Table 1).


Table 1. Overview of CBM-deficient mouse models.
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Card11-deficient mice were found to be immunodeficient and displayed defective antigen receptor-induced NF-κB and JNK signaling, impaired B and T cell proliferation, and decreased expression of immune activation markers; however, ERK and p38 activation remained intact. Lymphocyte numbers were generally normal, but some abnormalities were present: decreased B1 and marginal zone (MZ) B cells, decreased Th2 and Th17 cells, and absent regulatory T cells (Tregs) (11, 12, 81–84). In addition, both immunoglobulin levels and antibody responses were impaired. These studies highlighted the essential role of CARD11 in mediating B cell development, Treg development, and antibody production.

The Card11un/un mouse, in contrast, possessed a single ENU mutagenesis-induced point mutation in the coiled-coil domain of Card11, which did not impact CARD11 protein expression but conveyed a hypomorphic effect on NF-κB and JNK signaling (13). Similar to the Card11−/− mice, Card11un/un lymphocytes displayed impaired proliferation and upregulation of activation markers after stimulation (13). Surprisingly, Card11un/un mice did not exhibit overt pathology but developed spontaneous atopy and dermatitis with age. Accordingly, despite some immunoglobulins being decreased, IgE was significantly elevated (13, 85) and this was paired with elevated Th2 cells, diminished Tregs, and unchanged Th1 and Th17 cells (85). These mice highlighted a possible role for CARD11 in the pathogenesis of allergic disease and tolerance. Indeed, a genome-wide association study identified CARD11 as a susceptibility locus for atopic dermatitis (94) and it was found that CARD11 is important for both Th2 polarization and allergic airway disease (95, 96).

Of the three CBM components, CARD11 mutations have been associated with the most diverse phenotypes. Human germline CARD11 mutations cause a broad (and expanding) range of clinical phenotypes including SCID, CID and atopy, and BENTA—with more being characterized (summarized in Tables 2, 4–7).


Table 2. Clinical and laboratory phenotype of human CARD11 deficiency.
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Biallelic Loss-of-Function CARD11 Mutations Causing SCID

Germline homozygous loss-of-function (LOF) mutations in CARD11 are associated with SCID (OMIM 615206) (17–19) (Table 2). To date, there have been three reported cases of complete CARD11 deficiency and they were discovered by whole exome sequencing (WES) or directed Sanger sequencing, with mutations localizing to either the CC (19) or GUK (17, 18) domains. Patients were of different ethnicities but all were born to consanguineous parents: a Palestinian girl with p.Phe902_Glu946del mutations/exon 21 deletion (17), a Central European girl with p.Gln945* mutations (18), and a Turkish boy with p.Cys150* mutations (19). The p.Cys150* homozygous boy also had an older sister with the same mutation, but she additionally had a second site somatic reversion (p.Cys150Leu), which led to Omenn syndrome (19).

Patients typically presented within the first year of life (3–15 months) with severe respiratory tract infections/pneumonia caused by Pneumocystis jirovecii (PJP) and abnormal serum immunoglobulin levels that progressed to panhypogammaglobulinemia (3/3 patients). Development was generally normal, and patients did not have any overt organ pathology. All patients generally had normal numbers of total B and T cells, κ-deleted receptor excision circle (KREC)/T cell receptor excision circle (TREC) values (where available), and recent thymic emigrants (Table 2). However, detailed immune profiling revealed a developmental block in B cells, with increased transitional B cells and decreased (class-switched) memory B cells (3/3 patients). All patients had severely diminished Tregs (3/3 patients) and a predominantly naïve T cell phenotype (2/2 patients). Functional evaluation of these patients revealed absent/severely diminished lymphocyte activation of NF-κB and decreased T cell proliferation in response to antigen receptor stimulation (3/3 patients).

Fuchs and colleagues described a Turkish girl homozygous for p.C150* who had a somatic second site reversion (p.C150L), which restored some CARD11 protein expression and function in her lymphocytes (19). Consequently, this young girl had a very different clinical course from the fully CARD11-deficient patients. She presented at the age of 5 months with features of Omenn syndrome, including severe eczema that progressed to generalized erythroderma, lymphadenopathy, and hepatosplenomegaly (Table 2). She experienced multiple bouts of sepsis caused by both bacteria and viruses (Staphylococcus aureus, Enterococcus, Pseudomonas) and eventually succumbed to viral pneumonia positive for human metapneumovirus, rhinovirus, and cytomegalovirus (CMV). Immune investigations revealed progressive T cell lymphoproliferation, massive infiltration of highly proliferative T cells in the skin, oligoclonal T cell expansion, and elevated IgE. Interestingly, the patient also had some features that overlapped with fully-deficient patients, including progressive panhypogammaglobulinemia and reduced T cell proliferation (Table 2). Surprisingly, this somatic reversion led to only a partial restoration of NF-κB activity without causing a gain-of-function (GOF) effect. It is thought that the somatic reversion occurred only in some founder T cells, giving them a proliferative advantage over the fully CARD11-deficient T cells. In the context of specific immune triggers such as viral infections, these T cell clones expanded, perturbing immune homeostasis in the absence of Tregs, and ultimately caused skin infiltration, progressive eczema and erythroderma, lymphadenopathy, and hepatosplenomegaly. This case highlights the differential requirements for NF-κB signaling between T cell ontogeny and maintenance.

Diagnosis and Treatment of CARD11 Deficiency

The first cases of CARD11 deficiency were diagnosed by WES (17, 18), while the latter two were found by directed Sanger sequencing based on suspicion and similarity to the first two cases (19). CARD11 deficiency should be considered in patients who present in early life with respiratory tract infections most commonly caused by Pneumocystis jirovecii (PJP) (3/3 patients), impaired B cell development with increased transitional and decreased memory (3/3 patients), predominantly naïve T cells (2/2 patients), impaired T cell proliferation (3/3 patients), and panhypogammaglobulinemia (3/3 patients) (Table 3). Specific testing for NF-κB phosphorylation, IκBα degradation, and IL-2 secretion, while often only available in the research setting, will show decreased/absent response. In the appropriate clinical context, sequencing of the CARD11 gene should help confirm the diagnosis, but depending on the nature of any genetic variants identified, functional tests of the CBM may be required to make a definitive diagnosis (97).


Table 3. “Red flags” suggestive of human CARD11 deficiency (LOF CARD11 mutations).
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In addition, patients presenting with features of Omenn syndrome should also be evaluated for CARD11 deficiency (with possible somatic second site reversion) (19). Although there has only been a single patient described with this phenotype to date, suggestive clinical features include erythroderma, lymphadenopathy, hepatosplenomegaly, T cell lymphocytosis, diminished naïve T cells, eosinophilia, and elevated IgE. Analysis of TCR rearrangement would possibly detect oligoclonality. Sequencing CARD11 in cells from different sites of the body may show different genotypes (LOF vs. LOF+somatic reversion).

In general, CARD11 deficiency is fatal within the first 2 years of life (3/5 died). Infection-related respiratory failure was the most common cause of death (2/5 patients) (17) and one died of sepsis (19). The two patients who survived (17, 18) received successful hematopoietic stem cell transplants. One survivor received bone marrow-derived stem cells from a human leukocyte antigen (HLA)-identical brother who was a heterozygous carrier of the CARD11 mutation (17), emphasizing that CARD11 haploinsufficiency is not pathological. The second survivor received peripheral blood hematopoietic stem cells from an HLA-matched unrelated donor (18). Overall, these results indicate that patients with confirmed CARD11 deficiency should be considered for curative hematopoietic stem cell transplantation as soon as possible following diagnosis. While awaiting transplant, CARD11-deficient patients should receive immunoglobulin replacement therapy and PJP prophylaxis.

Dominant Negative Loss-of-Function CARD11 Mutations Causing CID, Atopy, and Novel Phenotypes

Germline heterozygous LOF mutations in CARD11 are associated with severe atopic disease and CID with a susceptibility to infections (OMIM 617638) (31, 32). These LOF mutations dominantly interfere with wild-type (WT) CARD11 and signaling to NF-κB and mTORC1, thus explaining the observed autosomal dominant inheritance pattern. To date, five distinct dominant negative (DN) LOF CARD11 mutations have been linked to disease in 12 patients (Figure 1). Although the cohort of known CARD11 DN patients and associated clinical phenotypes is expanding rapidly (98) (Table 4), the cardinal feature noted in ~90% of patients is severe atopic disease, encompassing symptoms of immediate hypersensitivity (allergic rhinitis, food allergy) and/or allergic inflammation (atopic dermatitis, eosinophilic esophagitis), specific allergens notwithstanding (99). Importantly, as discussed in the “Role of CARD11 in Immunity” section, similar atopic phenotypes were described in unmodulated (Card11un/un) mice harboring a hypomorphic mutation in Card11 (13, 85) and CARD11 has previously been identified as a risk locus for atopic dermatitis in a Japanese genome-wide association study (94).


Table 4. “Red flags” suggestive of CADINS disease (DN LOF CARD11 mutations).
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Heterozygous CARD11 mutations were initially identified by WES in eight patients with severe atopic dermatitis (32). These mutations included three missense mutations encoding p.Glu57Asp, p.Leu194Pro, and p.Arg975Trp and one in-frame mutation encoding a 14-amino acid insertion (p.Met183_Lys196). These patients generally possessed features of recalcitrant atopic dermatitis with elevated serum IgE levels and eosinophilia, with severity waning with age in certain patients. Most patients also presented with respiratory distress associated with recurrent pulmonary infections and pneumonias, as well as viral skin infections (e.g., molluscum, eczema herpeticum). Four additional patients were subsequently described with missense mutations encoding p.Arg30Trp, leading to multiorgan atopy, autoimmunity, and a prominent susceptibility to infections (31).

These mutations affected several different domains of the CARD11 protein, with 2 in the CARD (p.Arg30Trp and p.Glu57Asp), 2 in the CC (p.Leu194Pro and p.Met183_Lys196), and 1 in the GUK (p.Arg975Trp) domain (31, 32). Patient T cells and mutant plasmid-transfected Jurkat T leukemia cell lines demonstrated that each variant impaired TCR-induced NF-κB activation by disrupting WT CARD11 signaling. Subsequent studies of an expanded patient cohort have identified at least 10 additional DN mutations primarily found in the CARD and CC domains, where they are most likely to impede CBM complex assembly by thwarting BCL10 and MALT1 binding and oligomerization (98). In addition to NF-κB blockade, many (but not all) of these mutations also reduced TCR-mediated mTORC1 activation, ostensibly by preventing optimal glutamine uptake through upregulation of the ASCT2 transporter (32). These TCR signaling defects not only resulted in impaired T cell proliferation and induction of cell surface activation markers, but also contributed to a Th2-skewed CD4+ T cell phenotype, with enhanced secretion of IL-4 and IL-13 and decreased IFN-γ production. Intriguingly, in vitro culture of patient T cells with excess glutamine partially restored T cell proliferation and IFN-γ secretion in the presence of cytokines that trigger NF-κB (e.g., IL-1/TNF) and signal transducer and activator of transcription (STAT3) (e.g., IL-6) activation independent to the TCR (32). These findings suggest that both NF-κB and mTORC1 signaling defects contribute to atopic predisposition and disease pathology, even though diagnostic readouts of impaired mTORC1 signaling (e.g., ribosomal protein S6 phosphorylation) can be variable and difficult to detect experimentally. In contrast to Card11un/un mice, the frequency and suppressive function of Tregs is normal in almost all CARD11 DN patients tested to date, suggesting important mechanistic discrepancies between mouse and human (31, 32).

Diagnosis and Treatment of Disease Caused by DN CARD11 Mutations

The recent identification of many additional patients harboring CARD11 DN variants provides a clearer picture of the full phenotypic spectrum of disease (98) (Table 4). Clinically, patients with germline DN CARD11 mutations most often present in early childhood with atopy, cutaneous viral infections, and recurrent respiratory infections. These signs and symptoms occur in an autosomal dominant manner with high penetrance and no gender bias. However, subsets of patients may also present with hypogammaglobulinemia and specific antibody deficiency (SAD), neutropenia, oral ulcers, autoimmunity (e.g., alopecia), or lymphoma. Diagnostic tests include: (i) assaying for a NF-κB signaling defect in response to TCR or PMA stimulation (reduced p65 phosphorylation, IκB degradation) and (ii) sequencing CARD11 to identify rare/novel variants, with CARD and CC domain variants having the highest likelihood of being pathogenic. Ultimately, functional testing (e.g., Jurkat T cell transfections) is highly recommended to confirm DN LOF activity for any novel variants found.

Based on these collective clinical and experimental findings, we propose to classify this disorder as CARD11-associated Atopy with Dominant Interference of NF-κB Signaling (CADINS) disease. Although more work is required to mechanistically connect faulty CARD11 signaling to the various phenotypes of CADINS disease, defects in both T and B cell function explain CID in these patients and underscore the essential role of CARD11 in governing peripheral lymphocyte differentiation and effective humoral immune responses. Continued mechanistic studies will also inform future clinical management and therapeutic strategies for these patients. Although glutamine supplementation may offer the simplest intervention (see “Novel Therapeutic Insights Emerging From Our Understanding of Human CBM-opathies” section), newer biologics targeting Th2 cytokine signaling (e.g., dupilumab, mepolizumab) or IgE directly (omalizumab) may be useful in ameliorating atopic disease (100). In contrast to CARD11 deficiency, hematopoietic stem cell transplantation should only be considered in the most severe pediatric cases, since symptoms may improve with age.

Gain-of-Function CARD11 Mutations Causing BENTA

B cell Expansion with NF-κB and T-cell Anergy (BENTA) is a congenital lymphoproliferative and immunodeficiency disorder caused by heterozygous GOF CARD11 mutations (OMIM 616452) (26). The first patient diagnosed with BENTA disease was initially reported in 1971, and presented with splenomegaly and persistent B cell lymphocytosis that worsened with splenectomy and resembled chronic lymphocytic leukemia (CLL) (101). This patient eventually developed monoclonal CLL around age 44 and received a curative hematopoietic stem cell transplant from his sister (26). His two daughters presented with frequent sinopulmonary and ear infections and were found to exhibit splenomegaly and marked B cell lymphocytosis in infancy (26). RNA-Seq analyses of this first patient and his two daughters revealed a novel heterozygous missense mutation (p.Glu134Gly), located in the N-terminal portion of the CC domain of CARD11. A fourth unrelated patient that presented with similar symptoms was simultaneously identified with unique heterozygous missense mutations located in the LATCH domain (p.Gly123Ser) (26). Since the initial description of BENTA disease in these four patients in 2012, GOF CARD11 mutations associated with BENTA have been identified in >25 additional patients (27–30, 102–104) (Figure 1, Table 5).


Table 5. “Red flags” suggestive of BENTA disease (GOF CARD11 mutations).
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The primary hallmark of BENTA disease is polyclonal B cell lymphocytosis in early childhood paired with splenomegaly and lymphadenopathy. Pediatric patients possess excessive accumulation of immature transitional (CD10+CD24hiCD38hi) and mature naïve (IgM+IgD+) polyclonal B cells, with very low percentages of circulating memory and class-switched B cells. Circulating naïve and transitional B cell counts typically decrease into adulthood, likely reflecting reduced output of immature B cells from the bone marrow. Conversely, patient T cell numbers are usually normal, unless chronic viral infection (e.g., EBV) is present. Histologic analyses of lymphoid tissues reveal follicular hyperplasia with an impressive expansion of naïve IgD+ B cells in mantle zones, but normal numbers and distribution of CD3+ T cells (26). Aside from selective B cell lymphocytosis, BENTA patients also exhibit features of primary immunodeficiency. All BENTA patients experienced frequent ear and sinus infections in early life, and opportunistic viral infections such as molluscum contagiosum and JC/BK virus are noted in some patients. Chronic EBV infection with moderate viremia is also found in ~50% of BENTA patients (104).

Similar to specific antibody deficiency (SAD) (105), poor humoral immune responses are observed in most BENTA patients in response to T cell-independent vaccines such as pneumococcal and meningococcal polysaccharide vaccines, even with repeated boosts. Some patients also fail to mount lasting protective titers to T cell-dependent conjugate vaccines for pneumococcal bacteria (i.e., Prevnar), varicella-zoster virus (VZV), or measles. Low serum IgM and IgA levels are noted in some patients, with IgG being variable. In vitro studies of naïve patient B cells demonstrated impaired B cell differentiation into plasmablasts and long-lived plasma cells, consistent with poor IgG secretion in culture (106). These defects could be explained in part by a failed induction of specific factors required for plasma cell commitment, including BLIMP-1 and XBP-1. Conversely, in mice, ectopic expression of GOF CARD11 variants in activated B cells promoted the transient expansion of self-reactive plasmablasts and autoantibody production (107). This discrepancy may be due to differences in mouse and human B cell differentiation requirements or may reflect the need for in vivo cytokines that were not provided in vitro. Nevertheless, profound apoptosis resistance was readily observed in both mouse and human B cells expressing GOF CARD11 variants and may be the most likely driver of B cell lymphocytosis in BENTA disease. Surprisingly, BENTA patient T cells are generally hyporesponsive in culture with poor proliferation and reduced IL-2 secretion (26). T cell function can largely be rescued by stronger stimulation or IL-2 supplementation in vitro, implying a mild state of anergy in BENTA T cells. Although autoantibodies are detected in a few patients, autoimmune disease symptoms are not common in BENTA patients, perhaps reflecting underlying B and T cell differentiation defects.

Most of the germline GOF CARD11 mutations described in BENTA patients (p.Cys49Tyr, p.Gly123Ser, p.Gly123Asp, p.Phe130Ile, p.Glu134Gly) are also found as somatic GOF CARD11 mutations in diffuse large B cell lymphoma (DLBCL) and other lymphoid malignancies (9, 108). In fact, knockdown of CARD11 effectively kills DLBCL cell lines harboring GOF CARD11 mutations, underscoring the connection between enhanced CBM signaling and B cell growth and survival. Remarkably, these single GOF mutations can disrupt the auto-inhibition of CARD11 conferred by several repressive elements within the inhibitory linker domain (109, 110). This allows CARD11 to adopt an open, active conformation and drive constitutive NF-κB activation via spontaneous aggregation, unimpeded recruitment of BCL10/MALT1, and IKKα/β phosphorylation, in the absence of antigen receptor engagement (26, 28, 109, 110). Indeed, spontaneous CARD11 aggregation and elevated NF-κB signaling is also observed in B and T cells from BENTA patients (26). In addition, the ectopic expression of BENTA-associated CARD11 mutants in B and T cell lines results in the spontaneous assembly of large protein aggregates including CARD11, BCL10, MALT1, and phosphorylated IKKα/β, which induces constitutive NF-κB signaling independent of antigen receptor ligation (26, 28).

Despite highly congruent signaling pathways emanating from the TCR and BCR, constitutive activation of canonical NF-κB driven by GOF CARD11 mutations in BENTA disease leads to surprisingly distinct functional consequences in B and T cells. However, the mechanisms behind this dichotomy in B and T cell phenotypes remain unclear. Previous studies using conditional transgenic mice offer tantalizing parallels; while B cell-specific expression of constitutively active IKKβ (caIKKβ) promotes survival and proliferation even in the absence of B cell activating factor (BAFF) (111), restricted transgenic expression of caIKKβ renders murine T cells anergic and more susceptible to apoptosis, consistent with poor responses to bacterial infections (112). Collectively, studies of BENTA patients to date indicate that constitutive NF-κB can also lead to combined immunodeficiency, albeit less severe than patients harboring (DN) LOF CARD11 mutations. We therefore speculate that intrinsic B cell defects in BENTA disease most likely contribute to impaired humoral immunity and frequent infections with extracellular bacteria, while mildly anergic T cells could make BENTA patients more susceptible to certain viral infections.

Diagnosis and Treatment of BENTA

Patients presenting with splenomegaly, selective B cell lymphocytosis, and frequent sinopulmonary infections early in life should raise suspicion for BENTA disease. Sequencing of CARD11 may find variants, particularly in the LATCH or CC domains. It is recommended that novel variants be confirmed experimentally (e.g., B or T cell line transfections to look for constitutive NF-κB activation) and cross-referenced to reported somatic mutations in lymphoma using Catalogue of Somatic Mutations in Cancer (COSMIC) (113) or related databases of oncogenic mutations.

At present, BENTA patients are clinically managed with supportive therapy, and minimal therapeutic interventions are available. Polyclonal B cell lymphocytosis in BENTA disease may predispose patients to B cell malignancies later in life. However, only two patients with confirmed malignancy have been reported to date: B cell CLL at ~44 years in the original index patient (26), and another with Hodgkin's lymphoma at ~50 years of age. Still, BENTA patients should be regularly monitored for B cell clonal outgrowth using flow cytometry and IgH heavy chain rearrangement analyses. The presence of EBV viremia may also heighten the risk of B cell lymphomagenesis.

Removal of the spleen is generally not recommended, given that circulating B cell counts rose dramatically in 3 patients after splenectomy, and splenectomy itself may put the patient at increased risk for certain bacterial infections (26, 28). One patient with a p.Gly123Asp mutation and an exceptionally high number of peripheral B cells after splenectomy was treated with methotrexate for 4 years to restrain B cell counts and reduce the risk of stroke (28). Rituximab was effective in both this patient and another with respiratory distress and excessive lymphocytic nodules in her lungs. However, the utility of B cell depleting agents for BENTA should be evaluated on a case-by-case basis and may not be necessary as B cell lymphocytosis wanes over time. Intravenous or subcutaneous immunoglobulin therapy has also been administered in a few patients during childhood to control infections. Interestingly, MALT1 protease inhibitors, which specifically constrain CBM signaling output without completely blocking NF-κB activation, could be an attractive targeted treatment option for certain BENTA patients (see Novel Therapeutic Insights Emerging From Our Understanding of Human CBM-opathies section). These inhibitors are currently being explored for treating B cell lymphomas and autoimmune diseases (114–117).

BCL10

Role of BCL10 in Immunity

BCL10 was originally identified from a recurrent breakpoint (1p22) in mucosa-associated lymphoid tissue (MALT) B cell lymphomas possessing the t(1;14)(p22;q32) translocation, which caused BCL10 to be overexpressed (118). This observation, in combination with the finding that BCL10 could potently induce NF-κB activation (119, 120), highlighted its involvement in NF-κB signaling. BCL10 is a ~27 kDa protein, which contains an N-terminal CARD domain and C-terminal serine/threonine rich region (Figure 1). Through CARD-CARD interactions, BCL10 can oligomerize with other CARD-containing proteins, including CARD9, CARD10, CARD11, and CARD14 (8, 75, 121–123) as well as MALT1 (7) to form various CBM complexes. These complexes collectively regulate both innate and adaptive immune processes in various cell types, although its lymphoid role is the main focus here. Like CARD11, BCL10 also undergoes various post-translational modifications that regulate CBM assembly and signaling and can form high order filamentous structures [reviewed in (124)]. The generation of Bcl10−/− mice defined key physiological roles for BCL10, particularly its essential role in antigen receptor signaling (Table 1) (14, 15, 86, 87).

Deletion of Bcl10 in mice causes partial embryonic lethality (1/3 die) caused by issues with neural tube closure during development (14). Aside from this particular phenotype, Bcl10−/− mice were immunodeficient and generally resembled Card11−/− mice. They possessed normal total numbers of B and T cells, but decreased numbers of Tregs, natural killer T (NKT), B1, and MZ B cells (15, 86). Lymphocytes lacking Bcl10 failed to activate NF-κB, secrete pro-inflammatory cytokines, proliferate effectively in response to antigen receptor stimulation, and upregulate activation markers (14). Similar to CARD11-deficient mice, Bcl10−/− mice also had panhypogammaglobulinemia and impaired T-dependent humoral responses (15).

Interestingly, it was recently demonstrated that BCL10 also contributes to glutamine uptake via the ASCT2 transporter (as mentioned in the “Signaling to mTORC1” section), and together with CARD11 and MALT1, governs Th1 and Th17 polarization independent of the NF-κB pathway (64). However, another group found that BCL10 was dispensable in the phosphorylation of S6 (65). Thus, BCL10 contribution to this pathway is controversial and requires further investigation.

Loss-of-Function BCL10 Mutations Causing Combined Immunodeficiency

A single case of BCL10 deficiency has been identified in a consanguineous Amerindian boy from Ecuador caused by homozygosity for a germline loss-of-function mutation (OMIM 616098) (20). The patient exhibited features of CID and immune dysregulation. WES discovered a homozygous splice site mutation (g.85741978C>T;IVS1+1G>A) affecting the invariant first nucleotide of intron 1 (donor site for splicing), which led to absent mRNA and protein expression. The patient had a complex clinical course, including respiratory infections positive for influenza A/B, adenovirus, respiratory syncytial virus, gastroenteritis, otitis, oral candidiasis and diaper dermatitis from Candida albicans superinfection, recurrent diarrhea positive for Campylobacter jejuni, adenovirus, and Clostridium difficile at different times, acute gastroenteritis positive for adenovirus, chronic colitis, and suspected encephalitis (Table 6). The patient eventually died due to respiratory failure.


Table 6. Clinical and laboratory phenotype of human BCL10 deficiency (LOF BCL10 mutations).
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Lymphocyte counts were generally normal, but B and T cells mostly displayed a naïve phenotype with an associated reduction in memory B and T cells and a profound absence of Tregs (Table 6). In keeping with the naïve phenotype, the patient also displayed hypogammaglobulinemia. Interestingly, in contrast to murine studies, patient myeloid cells responded normally to innate ligands (125–127), while fibroblasts displayed impaired NF-κB activation in response to Toll-like receptor (TLR)2/6, TLR4, and Dectin-1 stimulation as measured by NF-κB nuclear translocation and cytokine secretion (20). In addition, patient T cells displayed an impaired proliferative response to antigen receptor ligation (but not mitogen stimulation), and this was paired with a significant reduction in the expression of activation markers ICOS and CD25. Contrary to murine studies (14), CD69 expression was upregulated normally by T cells.

Diagnosis and Treatment of BCL10 Deficiency

BCL10 deficiency should be considered if a patient is found to have broad immune defects/CID affecting both innate (fibroblasts) and adaptive immunity (B and T cells), especially if a patient presents with severe inflammatory gastrointestinal (GI) and respiratory disease. Diagnostic clues include hypogammaglobulinemia, absent Tregs, and the presence of mostly naïve B and T cells with reduced memory compartments. Sequencing of BCL10 is likely to confirm a diagnosis, although functional assessment of novel BCL10 variants may be needed to definitively link the variant to the clinical phenotype. At this time, since only a single patient has been described and he died at the age of three from respiratory failure, validated treatment options remain unclear. However, based on our understanding of BCL10 biology, an allogeneic hematopoietic stem cell transplant would be anticipated to restore immune function by normalizing BCL10 protein expression and function in cells of hematopoietic origin.

MALT1

Role of MALT1 in Immunity

MALT1 paracaspase (also known as mucosa-associated lymphoid tissue lymphoma translocation protein 1) was first identified from MALT lymphomas possessing the chromosomal breakpoint t(11;18)(q21;q21) (128–131). This led to the formation of an oncogenic fusion protein of MALT1 with inhibitor of apoptosis (IAP2) called API2-MALT1. It was later found that API2-MALT1 was capable of interacting with BCL10 and potently inducing NF-κB activation (7).

MALT1 is a ~92 kDa protein, which consists of an N-terminal death domain (DD), three immunoglobulin-like domains (Ig), and a caspase-like (paracaspase) domain (Figure 1). As mentioned in the BCL10 section, MALT1 exists in a complex with BCL10 (7), and together they associate with a variety of CARD proteins in response to stimulation to form the family of CBM complexes. This makes MALT1 an important regulator of both innate and adaptive immunity. Initially believed to act mostly as a scaffold for the recruitment of other NF-κB signaling proteins (e.g., TRAF6), MALT1 is now appreciated to also have important proteolytic activity (at mostly arginine residues), allowing it to cleave substrates involved in the regulation of NF-κB, JNK, mTORC1, and more [reviewed in (114, 132)] (Figure 2). There are currently a total of ten validated MALT1 paracaspase substrates: A20 (133), BCL10 (134), CYLD (135), RelB (136), Regnase-1 (137, 138), Roquin-1/2 (138), MALT1 (139), HOIL1 (140–142), NIK (143), and LIMA1α (144), with more likely to be discovered. By cleaving these substrates, MALT1 can positively regulate canonical NF-κB (A20), JNK (CYLD), DNA binding of RelA and c-Rel (RelB), and mRNA stability (Regnase-1 and Roquin-1/2). However, MALT1 protease activity may also negatively regulate NF-κB activity (HOIL1). How MALT1 paracaspase activity fine-tunes immune function in different cellular contexts is an area of intense research activity.

In order to better understand the physiological roles of MALT1, two important murine models have been generated: the Malt1−/− mouse and the MALT1 paracaspase dead/mutated mouse (Malt1PD/PD) (Table 1). Malt1−/− mice share many features with Card11−/− and Bcl10−/− mice, including having generally normal total numbers of B and T cells, diminished innate B cells (MZ and B1), severely impaired Treg numbers, and panhypogammaglobulinemia paired with compromised T-dependent antibody responses (16, 88–91). In response to stimulation, both B and T cells proliferate poorly, with T cells being more profoundly impacted as measured by the activation of NF-κB, JNK, p38, and the upregulation of activation markers. In addition, Malt1−/− mice had absent germinal center B cells with an associated decrease in T follicular helper (Tfh) cells. Together, these studies confirmed that MALT1 is an essential regulator of T cell activation and Treg development. The contribution of MALT1 to B cell activation remains less clear.

Malt1PD/PD mice on the other hand, had intact MALT1 protein expression and scaffolding activity, but abrogated paracaspase function (89, 91–93). Surprisingly, these mice developed spontaneous multi-organ inflammation, including autoimmune gastritis, which was not seen in MALT1-deficient mice. Interestingly, immune findings between the two mouse models were quite similar, including decreased MZ, B1 cells, Tregs, and proliferation, although these phenotypes were less pronounced in Malt1PD/PD mice. In contrast to its scaffolding function, protease activity was mostly dispensable for NF-κB and JNK activation. Interestingly, Malt1PD/PD mice possessed expanded Th1, Th2, Th17 phenotypes, CD4+ and CD8+ effector T cells, and elevated IFN-γ, IgE, and IgG. These studies highlighted the unique contributions of MALT1 scaffolding and paracaspase functions in signaling and lymphocyte development; for example, IKK and JNK activation were dependent on the scaffolding role rather than protease activity. In particular, it seems proteolytic activity is important for the development of anti-inflammatory Tregs as well as controlling excessive IFN-γ secretion and accumulation of effector T cells (93). More studies are needed to understand the exact factors and cell populations mediating this inflammatory phenotype. It is possible that this inflammatory phenotype may be mediated in part by the lack of Tregs and the inability of MALT1 to cleave HOIL1 to turn off NF-κB activation (114).

Loss-of-Function MALT1 Mutations Causing Combined Immunodeficiency

Germline loss-of-function mutations in MALT1 cause CID (OMIM 615468). To date, six cases of MALT1 deficiency have been reported (21–24) (Figure 1 and Table 7). This includes a 4-year-old girl and 2-year-old boy who were both homozygous for the p.Ser89Ile mutation (21), a 15-year-old Kurdish-Canadian girl homozygous for the p.Trp580Ser mutation (22), a 1-month-old boy who was compound heterozygous for c.[1019-2A>G];[1060delC] mutations (23), and a 4-year-old boy and 7-year-old girl who were both homozygous for the p.Asp184Tyr mutation (24). All patients were identified by next generation sequencing techniques; the majority were found by WES (5/6 patients) and one case was discovered by whole genome sequencing (21). Most patients were born to consanguineous parents (4/6 patients) and possessed homozygous mutations, while one patient possessed de novo compound heterozygous mutations (23). These mutations span the length of the MALT1 protein, including the DD (21), the first Ig-like domain (24), the paracaspase domain (23), and the third Ig-like domain (22) and generally caused no MALT1 protein to be expressed (Figure 1).


Table 7. Clinical and laboratory phenotype of human MALT1 deficiency (LOF MALT1 mutations).
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MALT1 deficiency is characterized by recurrent sinopulmonary infections, enteropathy, eczema, periodontal disease, and failure to thrive (6). Indeed, patients typically presented with recurrent bacterial, viral, and fungal infections affecting the lungs (6/6 patients), skin (3/6 patients), and GI tract (3/6 patients) (Table 7). However, some patients experienced bloodborne infections, including one patient who had Staphylococcus aureus and Streptococcus pneumoniae bacteremia (24) and another who had CMV viremia (23). One of the patients also had meningitis positive for Streptococcus pneumoniae and Haemophilus influenzae (21).

Periodontal disease (6/6 patients) was common to all patients, with many developing aphthous ulcers, cheilitis, gingivitis, and thrush (21–24, 145). In addition, both dermatitis (4/6 patients) and inflammatory GI disease (5/6 patients) were frequently reported findings. Consequently, significant T cell infiltration in the skin and or the GI tract was found in biopsies (21–24). Developmentally, half of the patients had abnormal facial features (although these may be related to inflammatory changes affecting the oral cavity) (22, 24) and the majority had failure to thrive (5/6 patients).

Some patients had additional unique presentations of disease. The patient carrying the p.Trp580Ser was found to have very low bone density and suffered from fractures due to low-impact injuries (22). She also recurrently generated granulation tissue on her vocal cords, larynx, and external auditory canal. In addition, the two patients carrying the p.Ser89Ile mutation also developed mastoiditis (21).

Immunophenotyping of these MALT1-deficient patients found generally normal (21, 23, 24) or decreased (21, 22) B cell numbers. Interestingly, in contrast to other patients, the p.Trp580Ser mutation was associated with a developmental block in their B cell compartment characterized by absent MZ B cells, reduced transitional and class-switched memory B cells, and elevated naïve B cells (22). Despite relatively normal B cell populations, only the p.Ser89Ile siblings had normal serum immunoglobulin titers (21), while half of the patients possessed diminished IgM (23, 24) and elevated IgE (22, 24). On the other hand, CD3+ and CD4+ T cells were found to be expanded in most patients (4/6 patients) with the exception of the p.Ser89Ile siblings (21) who were within the normal range. CD8+ T cells were mostly elevated (3/5 patients) or within the normal range. Similar to CARD11- and BCL10-deficient patients, these patients also generally had diminished Tregs (3/4 patients). All MALT1-deficient patient T cells showed impaired proliferation in response to PHA or α-CD3/CD28 stimulation. In line with impaired T cell responses, most patients also possessed poor vaccine antibody titers (3/4 patients) (21–23).

Biochemical characterization of patient cells demonstrated completely abrogated NF-κB phosphorylation and/or IκBα degradation, along with diminished IL-2 secretion (21–24). In addition, McKinnon et al. was also able to demonstrate impaired paracaspase activity as measured by BCL10 cleavage (22). Using these MALT1-deficient patient cells, the same group discovered the novel MALT1 substrate HOIL1 (140). This defined a novel negative regulatory role for MALT1 in NF-κB signaling, where, by cleaving HOIL1, linear ubiquitination-mediated signaling and inflammation is decreased/turned off. It is possible that in MALT1-deficient patients, the loss of MALT1 proteolytic activity on HOIL1 leads to an accumulation in linear ubiquitination, resulting in unrestricted NF-κB activation and chronic inflammation, thus contributing to the exaggerated skin and mucosal inflammation seen in MALT1-deficient patients (140).

Diagnosis and Treatment of MALT1 Deficiency

All cases of MALT1 deficiency described to date have been discovered by next generation sequencing. However, based on this small cohort of patients, there are some diagnostic clues that raise suspicion for MALT1 deficiency (Table 8). Specifically, MALT1 deficiency should be considered in patients who present with the majority of the following: (i) severe recurrent sinopulmonary infections positive for bacteria or viruses, (ii) severe inflammatory GI disease, (iii) eczematous rash, (iv) severe periodontal disease, and (v) failure to thrive. Diagnostic testing “red flags” include finding relatively normal lymphocyte and B cell numbers, expanded CD3+ and CD4+ T cell subsets, impaired T cell proliferation, and compromised NF-κB phosphorylation, IκBα degradation, and IL-2 secretion.


Table 8. “Red flags” suggestive of human MALT1 deficiency.
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MALT1 deficiency can be cured by hematopoietic stem cell transplantation (4/6 patients received successful transplants) (23, 24, 146). Highlighting the value of curative transplantation, the siblings homozygous for the p.Ser89Ile were not transplanted and they continued to experience persistent infections until their eventual deaths due to respiratory failure at the ages of 7 and 13.5 years (21). Successful donor choices have included: bone marrow from an HLA-matched sibling (p.Trp580Ser patient) (146); peripheral stem cells from two unrelated 10/10 HLA-matched donors (p.Asp184Tyr siblings) (24); and peripheral stem cells from an unrelated 9/10 HLA-matched donor (c.[1019-2A>G];[1060delC] patient) (23). Despite successful engraftment being achieved in these patients, there were some noteworthy post-transplantation complications. The p.Trp580Ser patient experienced a range of infections including CMV, Epstein-Barr virus (EBV), VZV, and herpes simplex virus-1 (HSV-1), adenovirus viremia, Staphylococcus aureus bacteremia, Klebsiella pneumoniae pneumonia, extended spectrum beta-lactamase positive Streptococcus pneumoniae and Escherichia coli, BK virus-associated hemorrhagic cystitis, and rotavirus-associated gastroenteritis (146). The c.[1019-2A>G];[1060delC] patient developed diarrhea and CMV viremia (23). The p.Asp184Tyr siblings developed transient CMV viremia and the younger brother developed an adenovirus infection as well as bacterial pneumonia (24).

CBM MUTATIONS IN RELATION TO OTHER PRIMARY ATOPIC TCR-MEDIATED DISORDERS

Germline MALT1 and CARD11 mutations can be considered primary atopic disorders in that they are associated with early-onset, severe atopic disease, amongst other comorbidities (99). Primary atopic disorders are often associated with primary immunodeficiency, most commonly caused by mutations in cytokine signaling or disruptions in TCR signaling or repertoire. Atopy is hypothesized to be caused by the propensity of naïve CD4 T cells to skew toward Th2 differentiation when relatively weak TCR signals are delivered (147). While CBM-associated mutations are the most directly linked to TCR signaling, other disruptions which can indirectly impact TCR signaling to cause atopic disease include actin cytoskeleton remodeling genes such as dedicator of cytokinesis 8 (DOCK8) deficiency (148), Wiskott-Aldrich Syndrome (WAS) protein interacting protein (WIP) deficiency (149), Wiskott-Aldrich Syndrome (150), actin related protein 2/3 (ARP2/3) complex mutations (151–153) and, potentially, ZAP70 deficiency (154, 155). The clinical presentation of DOCK8 deficiency is somewhat similar to CBM mutation-associated atopy, though infectious and neoplastic manifestations are more severe. WIP-, WAS- and ARP2/3-associated disease have more systemic manifestations including thrombocytopenia likely due to more broad protein expression patterns. In addition, the clearest TCR repertoire defect associated with atopic disease is Omenn syndrome, which is caused by hypomorphic mutations in most genes associated with SCID [including one CARD11-deficient case (19)], and results in an oligoclonal expansion of CD4 T cells. This, in turn, leads to severe dermatitis, elevated IgE, eosinophilia, and lymphoproliferation.

COMPARING AND CONTRASTING CBM-OPATHIES: UNANSWERED QUESTIONS

In adaptive immunity, the CBM complex functions in a highly synergistic manner. In line with this, CARD11-, BCL10-, and MALT1-deficient patients share many features, including having CID/SCID with normal total B and T cell numbers, aberrant B and T cell subsets, little-to-no Tregs, impaired T cell proliferation, and recurrent bacterial/viral infections (17–24). As a group, patients with these CBM-opathies have established that the CBM complex is a critical regulator of human Treg development and tolerance; however, the exact mechanisms by which this occurs are not completely understood. In murine models, it is thought that the ability of the CBM complex to modulate TCR signal strength and transduce signals downstream of the IL-2R contribute significantly to this process (33, 88, 89, 92, 93, 156).

While CARD11 is mostly restricted to hematopoietic cells, BCL10 and MALT1 have much broader cellular expression and associate with other CARD proteins downstream of a diverse assortment of receptors (66). Thus, individual CBM-opathies each have their own unique features (Figure 3). For example, CARD11-deficient patients characteristically exhibit panhypogammaglobulinemia, which is not present in MALT1 or BCL10 deficiency. In contrast, all CBM-deficient mice have panhypogammaglobulinemia. This demonstrates both important differences between mouse models and human patients as well as an incomplete understanding of how the CBM complex regulates antibody production. Another clinical feature that varies between the CBM-opathies is susceptibility to Pneumocystis jirovecii pneumonia (PJP). PJP is a very common infection in CARD11 deficiency (reported in 75% of identified patients) but is not a reported pathogen in MALT1 and BCL10 deficiency. It is still not known why Pneumocystis jirovecii seems to preferentially infect CARD11-deficient patients.


[image: image]

FIGURE 3. The expanding clinical spectrum of CBM-opathies. Shown is a gradient of CBM activity caused by germline mutations. Activity ranges from absent to hyperactive CBM activity. Red indicates loss-of-function (LOF) mutations (CARD11, BCL10, and MALT1 deficiencies), yellow indicates hypomorphic mutations that do not completely abrogate signaling leading to combined immunodeficiency and atopy as well as novel emerging phenotypes (DN LOF CARD11), purple indicates gain-of-function (GOF) mutations that can lead to BENTA (GOF CARD11) or malignancy (somatic GOF in CBM). Biologics refer to antibodies, which target cells, cytokines or cell surface receptors. SCID, severe combined immunodeficiency; CID, combined immunodeficiency; AA, amino acid; HSCT, hematopoietic stem cell transplantation.



Moving beyond infections, both MALT1- and BCL10-deficient patients presented simultaneously with immunodeficiency and immune dysregulation, where in addition to recurrent infections, they also developed inflammatory gastrointestinal disease (20–24). These features were not present in CARD11-deficient patients, nor were they found in Card11−/−, Malt1−/−, and Bcl10−/− mice. In fact, the pharmacological inhibition of MALT1 in dextran sulfate solution (DSS)-induced colitis was found to be protective through the inhibition of NF-κB and NLRP3 inflammasome activation in macrophages (157), and a T cell-dependent transfer model of autoimmune colitis found that Malt1−/− T cells were unable to induce colitis (92). However, it is important to note that Malt1PD/PD mice developed inflammatory gastrointestinal disease, and this was associated with an expansion of Th1, Th2, and Th17, with increased inflammatory cytokines and IgE, which was not present in the Malt1−/− mice (89, 91–93). It is tempting to speculate that the diminished Tregs, dysregulated tolerance, and lack of MALT1 paracaspase regulation collectively mediated the inflammatory phenotype in patients. In addition, both MALT1-deficient and BCL10-deficient patients displayed elevated CD3+ and CD4+ T cells, but it is not known whether there was any skewing in Th1 and Th2 responses (as is the case in Malt1PD/PD mice), which could be significant pro-inflammatory cytokine secretors, thus contributing to pathology. It should also be noted that MALT1 and BCL10 have wider expression than CARD11 and some non-hematopoietic cells in these patients could be contributing to the gastrointestinal pathology.

GOF and DN LOF CARD11 mutations give rise to considerably different phenotypes from CBM-deficiencies, with GOF manifesting chiefly as selective B cell lymphocytosis and DN LOF leading to severe atopic disease. Deeper mechanistic studies are needed to address several outstanding questions, including (i) how GOF CARD11 mutations dampen T cell responsiveness, (ii) whether GOF CARD11 mutations enhance JNK and mTORC1 signaling, and how this contributes to differential T and B cell responses, (iii) if/how DN CARD11 mutations ultimately skew Th2 responses via decreased NF-κB signaling and/or restricted CARD11-dependent glutamine uptake, and (iv) whether DN CARD11 mutations affect B cell intrinsic signaling, including the fate of class-switched IgE+ B cells. Overall, shared phenotypes in BENTA and CADINS patients (e.g., poor antibody responses, increased respiratory and skin infections) emphasize the requirement for properly “tuned” CBM signaling to ensure proper B and T cell differentiation in response to antigens in order to maintain immune homeostasis.

NOVEL THERAPEUTIC INSIGHTS EMERGING FROM OUR UNDERSTANDING OF HUMAN CBM-OPATHIES

CBM-opathies have been invaluable in enhancing our understanding of how dysregulated CBM complex signaling contributes to the pathogenesis of various diseases including immunodeficiency, atopic disease (94), autoimmunity (158), and malignancies (159). Given the role of the CBM complex in a range of human pathologies, there is considerable interest in developing and studying therapeutics that can target/ameliorate these diseases. In the realm of cancer, targeting either the CBM complex or the catalytic function of MALT1 have been the methods of choice (160). In particular, MALT1 inhibitors have received a great deal of attention for their specificity and efficiency. These inhibitors may eventually be promising options for treating cancers and diseases that have a lymphoproliferative component, including BENTA (104). However, given the central position of the CBM complex in signaling, inhibition should be approached with caution. Here, LOF mutations in individual CBM components and the recent characterization of Malt1PD/PD mice have been uniquely informative in highlighting possible side effects that can arise from the therapeutic inhibition of the CBM complex, including decreasing Tregs and tolerance (114).

Currently, the treatment of complete CARD11, BCL10, and MALT1 deficiencies relies upon hematopoietic stem cell transplantation in order to functionally normalize immune function (with immunoglobulin replacement and prophylactic antimicrobials used as supportive therapy). Without transplantation, the survival rate is very low. Moving forward, autologous gene therapy may be an attractive therapeutic option, whereby patient hematopoietic stem cells could be “corrected” by genetic approaches (e.g., viral transduction or CRISPR/Cas9 editing) and re-infused to give rise to a normal immune system (161). In support of this approach, transplantation outcomes have been quite good for CBM deficiency patients (17, 146) and the artificial expression of WT genes in patient cells is able to rescue NF-κB activation (22). Further proof of concept studies in mice or patient stem cells will have to be done to determine efficacy and safety.

The initial description of Card11un/un mice (13) paired with the recent discovery of DN LOF mutations in CARD11 causing atopy and immunodeficiency (31, 32), implicated the CBM complex in the pathogenesis of allergic disease. Affected patients were found to have decreased upregulation of ASCT2 and impaired mTORC1 signaling, which is thought to contribute to Th2 skewing (32). Since it was previously shown that impaired mTORC1 signaling and Th1 differentiation could be rescued by glutamine supplementation (64), Ma et al. tested whether glutamine supplementation could rescue the phenotype of patient cells. Interestingly, this was able to partially rescue signaling defects (32). This demonstrated that modulating immune metabolism through amino acid supplementation could be useful for therapy. Indeed, glutamine supplementation is currently being explored in low birth weight infants for the reduction of atopic dermatitis and has shown some success (162).

CONCLUDING REMARKS

The CBM complex is an essential molecular bridge linking cell surface antigen receptor signaling with downstream activation of NF-κB, JNK, and mTORC1. This makes it a critical regulator of lymphocyte activation, differentiation, proliferation, maintenance, and metabolism. Since the discovery of germline loss-of-function mutations in CARD11 causing SCID just 5 years ago (17), ~48 patients with genetically confirmed CBM-opathies have been described. Germline mutations in this complex have led to an impressive spectrum of diseases, ranging from CID/SCID to CID with atopy to BENTA disease (Figure 3). The detailed study of these rare patients with CBM-opathies has provided unique insights into how the CBM complex regulates human immune reactivity and tolerance. Ultimately, the discovery and characterization of more CBM-opathies will not only benefit the affected patients but will broadly inform any future therapeutic targeting of these signaling pathways in cancer, autoimmunity, and allergic disease.
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CARD11 is a lymphocyte-specific scaffold molecule required for proper activation of B- and T-cells in response to antigen. Germline gain-of-function (GOF) mutations in the CARD11 gene cause a unique B cell lymphoproliferative disorder known as B cell Expansion with NF-κB and T cell Anergy (BENTA). In contrast, patients carrying loss-of-function (LOF), dominant negative (DN) CARD11 mutations present with severe atopic disease. Interestingly, both GOF and DN CARD11 variants cause primary immunodeficiency, with recurrent bacterial and viral infections, likely resulting from impaired adaptive immune responses. This report describes a unique four-generation family harboring a novel heterozygous germline indel mutation in CARD11 (c.701-713delinsT), leading to one altered amino acid and a deletion of 4 others (p.His234_Lys238delinsLeu). Strikingly, affected members exhibit both moderate B cell lymphocytosis and atopic dermatitis/allergies. Ectopic expression of this CARD11 variant stimulated constitutive NF-κB activity in T cell lines, similar to other BENTA patient mutations. However, unlike other GOF mutants, this variant significantly impeded the ability of wild-type CARD11 to induce NF-κB activation following antigen receptor ligation. Patient lymphocytes display marked intrinsic defects in B cell differentiation and reduced T cell responsiveness in vitro. Collectively, these data imply that a single heterozygous CARD11 mutation can convey both GOF and DN signaling effects, manifesting in a blended BENTA phenotype with atopic features. Our findings further emphasize the importance of balanced CARD11 signaling for normal immune responses.

Keywords: CARD11, BENTA, Atopy, B cell lymphocytosis, primary immumunodeficiencies

INTRODUCTION

BENTA disease [B cell Expansion with nuclear factor kappa B (NF-κB) and T cell Anergy] is a rare immunodeficiency disorder that presents with splenomegaly and unusual peripheral blood lymphocytosis comprised of naïve and immature B cells (1, 2). BENTA is caused by germline, heterozygous GOF mutations in CARD11, which encodes a large multi-domain scaffold molecule best known for connecting antigen receptor (AgR) ligation to NF-κB activation in B and T lymphocytes. Similar to somatic GOF mutations typically found in the coiled-coil (CC) domain of CARD11 and associated with diffuse large B-cell lymphoma (3), BENTA CARD11 mutants spontaneously aggregate to form active signaling clusters with BCL-10 and MALT1 (CBM complex), resulting in constitutive NF-κB activation without requiring B or T cell receptor interaction (4). NF-κB drives the expression of pro-survival genes in transitional and naïve B-cells to confer enhanced survival, while paradoxically rendering T cells less responsive to TCR stimulation with reduced IL-2 production (5–7). Despite the striking expansion of polyclonal B cells, BENTA patients exhibit reduced B cell memory and poor antibody responses to specific vaccines, due in part to intrinsic B cell defects in plasma cell differentiation (8). Moreover, mildly anergic T cell responses may explain increased susceptibility to certain viral infections [e.g., molluscum contagiousum, Epstein-Barr virus (EBV)]. Together, these immune abnormalities increase patients' susceptibility to viral and bacterial infections, including chronic EBV infection, and may to contribute to a higher potential risk of B-cell malignancy (9).

More recently, heterozygous, hypomorphic CARD11 mutations were uncovered in patients with elevated circulating IgE, severe atopic dermatitis, and other allergic manifestations (e.g., rhinitis, asthma, food allergies) (10–12). Strikingly, these variants dominantly interfere with wild-type (WT) CARD11 signaling to both NF-κB and mTORC1, contributing to defective T cell responses that skew toward a T helper 2 (Th2) profile consistent with atopy. Most CARD11 DN patients also share signs of immunodeficiency that overlap with those noted in BENTA patients, including frequent sinopulmonary bacterial infections and viral infections (e.g., molluscum), and fewer class-switched memory B cells. However, B cell lymphocytosis was not observed in this cohort. Furthermore, atopic disease has not been described to date in BENTA patients.

CASE PRESENTATION AND RESULTS

The index patient (IV.1) was referred to our dedicated immunology clinic (McGill University Health Centre-MUHC) at 18 months of age for evaluation of dermatitis and recurrent infections. He was treated with oral antibiotics at 5, 8, and 13 months of age for balanitis. He also suffered from chest X-ray-documented pneumonia and an acute otitis media, which occurred at 6 and 12 months of age, respectively. At 14 months, he was admitted to the hospital for febrile neutropenia with pneumonia and treated with intravenous antibiotics. The neutropenia resolved, but marked persistent lymphocytosis persisted. Small reactive lymphocytes were present on the peripheral blood smear. The physical examination revealed dry lichenified erythematous skin lesions with no palpable lymphadenopathy and no appreciable splenomegaly. Dermatology confirmed a diagnosis of pustular psoriasis, which was complicated by a superimposed recurrent molluscum contagiosum affecting his abdomen, back, perianal and leg areas as well as streptococcal perianal dermatitis.

Initial blood analyses performed at MUHC in 2012 showed a lymphocyte count of 20.4 × 109/L and composed predominantly of CD19+ B-cells (12.4 × 109/L, 61.0%), with a decreased proportion of CD3+ T-cells (6.7 × 109/L, 33.0%) and normal CD16+CD56+ NK-cells (0.6 × 109/L, 3.0%). An extended flow cytometry panel performed in 2015 (MUHC) revealed increased proportions of naïve CD19+sIgM+ B-cells (24.9 × 108/L, 72.0%) and CD19+CD5+ B-cells (20.0 × 108/L, 58.0%). The proportion of class-switched CD19+CD27+IgD−memory B-cells (0.2 × 108/L, 0.6%) was decreased. IgH gene rearrangement analysis demonstrated a polyclonal B-cell lymphocytosis pattern (Supplementary Figure 1). The patient had mild hypogammaglobulinemia (IgG 3.1 g/L) associated with slightly decreased serum IgA levels (0.19 g/L), absent serum IgM (< 0.25 g/L) and normal IgE levels (63 μg/L). IgE levels increased to 444 μg/L (normal 0–240 μg/L) later when the patient reached 4 years of age. Although, the patient received all recommended vaccines for age (including live attenuated vaccines against measles, mumps, rubella and varicella), he had no specific antibody responses against Haemophilus influenzae type B (IgG < 0.1 μg/mL) and Streptococcus pneumoniae (0/14 IgG serotypes were above 1.3 μg/mL). The specific antibody responses were normal for tetanus (IgG above 4.0 IU/mL) and diphtheria toxoids (IgG above 3.0 IU/mL). Lymphocyte proliferation responses to phytohemagglutinin, concanavalin A, and anti-CD3 were also normal. Pokeweed mitogen proliferative response was decreased (stimulation index of 23.2 compared to 85.6 in healthy control). Mild splenomegaly (8.5 cm) was confirmed on abdominal ultrasound. The CT scan showed small bilateral cervical lymph nodes. Blood serology and PCR for EBV and cytomegalovirus (CMV) were negative. The patient was treated with weekly subcutaneous immunoglobulin (scIg) injection therapy (equivalent to 0.65 g/kg/month). At 5 years of age, he suffered from two consecutive pneumonias with the second episode associated with rhinovirus infection, which required hospitalization and oxygen supplementation. Among other relevant medical problems, he is known for mild bilateral conductive hearing loss and atopy IgE-mediated milk allergy (milk specific IgE: 9.95 IU/L and positive skin prick test to cow's milk extract at 2 years old) and allergic rhinitis to birch and cat.

The family reported that parents were not related and were of Caucasian origin (Figure 1A). The father (Patient III.1, 29 years old) was investigated as a child for splenomegaly, atopic dermatitis, mild intermittent asthma, molluscum contagiosum (on buttocks, legs, and arms from age 1–5 years old) and “high total B-cell number.” No diagnosis was established at the time. Over the years, he developed recurrent warts and persistent finger onychomycosis (since age 4–5). He had chickenpox at 11 years old followed by shingles as a young adult. More recently, he was treated with intravenous antibiotic for recurrent knee effusions and recurrent folliculitis of the forearms and thighs. Staphylococcus aureus was isolated on the initial bacterial culture. Further immunological investigations revealed a polyclonal B-cell lymphocytosis (absolute lymphocyte count of 3.4 × 109/L with 33.0% of circulating CD19+ B-cells). B-cell subpopulation analysis also demonstrated an increased proportion of naïve CD19+sIgM+ B-cells (7.9 × 108/L, 74.0%) and CD19+CD5+ B-cells (5.3 × 108/L, 50.0%), while the proportion of class-switched CD19+CD27+IgD−memory B-cells (0.1 × 108/L, 1.0%) was severely decreased. The father had a mild decrease in serum IgM level (0.48 g/L), but otherwise normal serum immunoglobulins (IgG 12.7 g/L, IgA 1.8 g/L, IgE 37–107 μg/L) and specific antibody responses against tetanus (0.9 IU/mL), diphtheria (0.6 IU/mL), and Haemophilus influenzae type B (HIB, 1.9 μg/mL) post vaccination. The specific humoral response against polysaccharide antigens was suboptimal with < 50% of pneumococcal serotypes above 1.3 μg/mL despite Pneumovax booster. Numbers and proportions of peripheral blood T and NK cells populations were within normal range for age. Lymphocyte mitogen proliferation assays were also normal. The father was closely monitored for the occurrence of possible lymphoproliferative disorder; he had persistently positive EBV PCR (46 774 copies/mL, EBV VCA positive ≥1/4000, EBV EBNA < 1/10) with enlarged axillary lymph nodes (up to 1.7 × 1.2 cm on the left size) and prominent fluorodeoxyglucose activity on PET-CT scan. His spleen size was at the upper limit of normal (13.3 cm). He was treated with frequent boosters of conjugated pneumococcal vaccines (e.g., Prevnar-13) and use of immunoglobulin replacement therapy was considered by the medical team.
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FIGURE 1. Unique CARD11 mutation in a four-generation family. (A) Pedigree of patients in a four-generation BENTA family. Squares and circles represent males and females, respectively, and black represents affected patients. (B) Sanger DNA sequencing showing a novel in-frame 12 bp deletion in genomic DNA derived from PBMC isolated from patients II.1, III.1 and IV.1 compared to healthy control (HC). (C) Schematic diagram showing the nucleotide and corresponding amino acid changes comprising the H234LΔ235-8 CARD11 variant found in patients vs. healthy control.



The grandmother (II.1) reported frequent otitis externa and colds as a child. As an adult she had two pneumonias and two episodes of shingles, and was treated for Hodgkin's lymphoma (2A, mixed cellularity) at 33 years old. She has allergic rhinitis to dust and molds, frequent rhinosinusitis, persistent warts, and persistent onychomycosis. The great-grandmother (Patient I.1, 78 years old) suffered from recurrent warts, shingles and sinusitis over the years. A clinical evaluation was offered to the great grandmother at MUHC but never performed. The index patient, father and grandmother were subsequently evaluated at the NIH Clinical Center in 2015 and again in 2017. On physical exam, warts were noted on the index patient (one on toe) and father (multiple on hands). The most recent flow cytometric evaluation of PBMC confirmed expansion of naïve and immature B cells in the index patient, with few class-switched memory B cells detected (Table 1). The same pattern was evident in the father and grandmother, although circulating B cell counts decreased inversely with age. PCR indicated moderate EBV viremia in both father and grandmother (3.13 and 4.45 Log10 IU/ml). Serum IgE levels were slightly elevated in the index patient; otherwise total immunoglobulin levels were normal for all subjects. For the father, random antibody titers against rubella, measles, and VZV were normal, but absent against mumps. The grandmother showed normal antibody titers to measles, rubella, mump, tetanus and HIB, with poor responses to Pneumovax (5/23 serotypes detected).


Table 1. Flow cytometric phenotyping of patient PBMC and serum Ig levels.
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Affected patients displayed multiple clinical hallmarks of B cell Expansion with NF-κB and T cell Anergy (BENTA) disease, including (a) splenomegaly, (b) polyclonal B cell lymphocytosis, featuring elevated naïve/immature B cells with few class-switched memory B cells, (c) poor responses to pneumococcal vaccines, (d) bacterial/viral infections including pneumonias, molluscum contagiosium/warts, and moderate EBV viremia (2, 9). Because BENTA is caused by gain-of-function (GOF) variants in the lymphocyte scaffold molecule CARD11 (1, 4), we focused on CARD11 as a potential candidate gene. Sanger sequencing was first performed on genomic DNA isolated from peripheral blood mononuclear cells (PBMC) from the index patient (IV.1) and his father (III.1). This analysis revealed a heterozygous four amino acid deletion and missense mutation within exon 5 of CARD11 (NM_032415.3 c.701_713delinsT, p.His234_Lys238delinsLeu, hereafter referred to as H234LΔ235-8) (Figures 1B,C). The grandmother and great-grandmother were later confirmed to carry the same pathological mutation (Figure 1B). A CARD11 expression plasmid of this variant was constructed and expressed in a variant of the Jurkat human T cell line (JPM50.6) that lacks endogenous CARD11 expression and harbors an NF-κB-driven green fluorescent protein reporter (GFP) (13). Similar to a confirmed gain-of-function (GOF) CARD11 mutation (E134G) (4), H234LΔ235-8 induced constitutive NF-κB activation in unstimulated cells, increasing slightly upon TCR/CD28 crosslinking (Figures 2A,B). However, unlike E134G, co-expression of H234LΔ235-8 with WT CARD11 sharply reduced constitutive NF-κB activity. Strikingly, H234LΔ235-8 also significantly reduced WT CARD11-dependent NF-κB activation following TCR/CD28 stimulation (Figure 2B). Protein expression of WT, E134G and H234LΔ235-8 CARD11 were similar in transfected cells (Figure 2C). Co-immunoprecipitations in WT Jurkat transfectants revealed a substantial reduction of total CARD11 association with BCL10 and MALT1 following stimulation in the presence of H234LΔ235-8 but not WT or E134G CARD11 (Figure 2D). This decrease in CARD11-BCL10-MALT1 (CBM) complex formation was comparable, but slightly less pronounced, than that noted with a bona fide dominant negative (DN) CARD11 variant R47H (11). Moreover, FLAG-tagged CARD11 variants co-precipitated with WT GFP-tagged CARD11 when co-expressed in JPM50.6 cells, indicating WT CARD11 can directly associate with mutant CARD11 protein regardless of stimulation (Figure 2E). Taken together, these results suggest the H234LΔ235-8 CARD11 mutant can disrupt normal activation-induced CBM complex assembly and NF-κB signaling in T cells through DN interference. Similar to other patients harboring CARD11 DN variants, we also observed marked defects in NF-κB p65 phosphorylation and IκBα degradation in stimulated primary CD4+ T cells from patients III.1 and IV.1 relative to healthy control subjects (Figure 2F).
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FIGURE 2. Abnormal NF-κB activation induced by H234LΔ235-8 CARD11 in vitro. (A) JPM50.6 T cells were transfected with 5 μg of either empty vector (EV), WT, E134G (GOF mutant), or H234LΔ235-8 mutant CARD11-FLAG plasmids alone (top panel) or in the presence of 5 μg WT CARD11 plasmid (bottom panel) as previously described (14). After 24 h incubation in complete RPMI, transfected cells were stimulated with 1 μg/ml of anti-CD3 and anti-CD28 Abs or left unstimulated for an additional 24 h. GFP expression (reflecting relative NF-κB activity) was subsequently measured by flow cytometry; %GFP cells are labeled in each histogram. (B) Quantification of NF-κB driven GFP reporter expression in transfected JPM50.6 cells as described in (A). Data are mean ± SEM for mean fluorescence intensity of GFP+ cells for 3 separate transfection experiments. Asterisks denote statistically significant differences (2-way ANOVA) between the stimulated groups indicated. (C) Immunoblots confirming the comparable expression of WT and mutant CARD1-FLAG proteins in cells from (A) at 24 h post-transfection. β-actin served as a loading control. Data are representative of 3 separate experiments. (D) WT Jurkat T cells were transfected with WT or mutant CARD11-FLAG plasmids as in (A). After 24 h, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) for 20 min and lysed. Immunoprecipitations (IPs) using anti-BCL10 Ab were performed as previously described (12). BCL10 IPs and input lysates were separated by SDS-PAGE and immunoblotted Abs against CARD11, BCL10, and MALT1. (E) JPM50.6 cells were transfected with WT CARD11-GFP –/+ WT or mutant CARD11-FLAG plasmids as in (A). After 24 h, cells were stimulated with PMA for 20 min and lysed. FLAG IPs and input lysates were immunoblotted for total CARD11 protein; arrows indicate GFP- vs. FLAG-tagged CARD11. Actin served as a loading control for input lysates. IPs in (D,E) are representative of 2 separate experiments each. (F) PBMC from 2 healthy controls (HC) and patients III.1 and IV.1 were stimulated with PMA (20 ng/ml) plus monensin (2 μM) for 20 min. Cells were stained with FITC-conjugated mouse anti-human CD4 mAb, fixed in 1.5% paraformaldehyde and permeabilized in ice cold methanol before staining with AlexaFluor647-conjugated mouse anti-human phospho-p65 (Ser529) or AlexaFluor647-conjugated mouse anti-human IκBα. NF-κB activation was assessed in gated CD4+ T cells by flow cytometry; numbers in each histogram denote % of phospho-p65+ (left) or IκBαhi cells (right). Data are representative of 2 separate experiments.



At baseline, the patient (IV.1) and his father (III.1) showed marked B-cell lymphocytosis: 51.6% and 44.5%, respectively, of their PBMC were CD19+ B-cells, compared to 13.8% for the patient's mother (healthy control, HC) and 10.2 ± 4.4% for a reference cohort. The majority were naive IgM+IgD+ B-cells (IV.1 74.9%, III.1 52.1%, HC 8.4%). To assess in vitro B-cell differentiation, PBMC (1 × 106/mL) were cultured for 7 days with anti-CD40 (1 μg/mL), IL-4 (200 U/mL), and IL-21 (50 ng/mL) at 1 × 106 PBMC/mL in complete medium [RPMI 1640 + 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 15 mM HEPES buffer (pH 7.0), and 100 U/ml penicillin/streptomycin]. IL-21 promotes B-cell differentiation into class-switched (CS) memory and antibody-secreting plasma cells in the presence of CD40 signaling (14), and IL-4 enhances these effects (16, 15). Cells from patient (IV.1) and father (III.1) not only displayed poor short-lived plasma cell differentiation (Figure 3A, top panel) compared to the healthy mother (IV.1 0.6%, III.1 2.4%, HC 12.1%), but also decreased CD27+ memory B-cell differentiation including IgM− CD27+ CS memory B-cells (IV.1 2.4%, III.1 4.4%, HC 20%) (Figure 3A, bottom panel). B cell differentiation phenotypes were quantified in Figure 3B. These results were associated with marked decreases in production of IgM (IV.1 0.2 mg/L, III.1 0.4 mg/L, HC 3.7 mg/L), IgA (IV.1 0.0 mg/L, III.1 0.1 mg/L, HC 1.7 mg/L), and IgG (IV.1 0.4 mg/L, III.1 2.1 mg/L, HC 6.5 mg/L) (Figure 3C). Purified T cells from affected family members showed impaired proliferation in response to anti-CD3/CD28 Ab stimulation in vitro, which was largely rescued by more robust stimuli (Ab crosslinking or Ab-conjugated beads) (Figures 3D,E). Nevertheless, patient T cells secreted less IL-2 in response to all stimuli (Figure 3F, Supplementary Figure 2). These results are consistent with previous work demonstrating that BENTA patient B-cells exhibit intrinsic differentiation defects despite enhanced survival in vitro (8), whereas T cells from both BENTA (CARD11 GOF) and CARD11 DN patients are hyporesponsive in vitro (4, 12).
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FIGURE 3. Impaired patient B cell differentiation and T cell hyporesponsiveness to polyclonal stimuli in vitro. (A) PBMCs from mother (healthy control), III.1 and IV.1 were cultured in cRPMI media with anti-CD40 (1 μg/mL) + IL-4 (200 U/mL) + IL-21 (50 ng/mL) at 37°C and 5% CO2 for 7 days as previously described (8, 15). B-cell subpopulations were analyzed by flow cytometry (Becton Dickinson LSRII, FlowJo Software) using Zombie aqua fixable viability dye and the following antibodies: PE-Cy7-conjugated mouse anti-human CD19, APC-conjugated mouse anti-human CD27, FITC-conjugated mouse anti-human CD38, PE-conjugated mouse anti-human IgM. Representative density plots are shown, with gates demarcating short-lived plasma cells (PC) (CD19+CD38+IgM–), class-switched (CS) memory B cells (CD19+CD27+IgM−) and marginal zone B-cells (CD19+CD27+IgM+). (B) Bar graph indicating the percentages of baseline naïve B cells (CD19+CD27−IgM+) and marginal, CS memory B and short-lived PC after in vitro differentiation in healthy mother and patients. (C) Immunoglobulin production in cell supernatants after 7 days in vitro stimulation of healthy mother and patients' PBMC with anti-CD40+IL-4+IL-21, quantified by ELISA. Data in (A–C) are representative of three independent experiments. (D) Healthy control, II.1, III.1, and IV.1 patient CD4+ T cells were labeled with 1 μM CFSE and stimulated with 2 μg/ml of soluble anti-CD3 and CD28 Abs ± Protein A (2.5 μg/ml), or MACS iBead particles (1:1 bead:cell ratio) loaded with biotinylated anti-CD2, anti-CD3, and anti-CD28 Abs (Miltenyi Biotec) in cRPMI for 5–6 days. Histogram overlays display T cell proliferation based on CFSE dilution on day 5. (E) Bar graph denoting the percentage of dividing T cells in each group in response to various stimuli. (F) IL-2 levels in day 6 T cell culture supernatants were measured by ELISA as previously described (4, 13). Data in (D–F) are representative of two independent experiments.



DISCUSSION

Here we describe a unique four-generation family harboring a novel germline heterozygous indel mutation (c.701–713delinsT) in exon 5 of CARD11, leading to one altered amino acid and a deletion of 3 others (p.His234_Lys238delinsLeu). Clinical and laboratory findings suggested a relatively mild presentation of BENTA disease, based on a modest selective expansion of naïve/immature B cells that inversely correlated with age. Lackluster pneumococcal vaccine responses and moderate EBV viremia were also noted. Also consistent with BENTA disease, our in vitro assays also revealed profound defects in B cell differentiation and Ab secretion, as well as T cell hyporesponsiveness. Interestingly, members of this family also exhibited mild atopic manifestations (e.g., eczema, food allergy, elevated IgE) that waned over time. Collectively, we posit that these effects may result from dual GOF and DN effects of this unique mutation on TCR-induced NF-κB activation (Figure 2). However, in contrast to the family described here, T cells from patients with potent DN mutations generally proliferate poorly even after robust stimulation and strongly skew toward a Th2 phenotype, reflecting more severe defects in TCR-induced NF-κB and mTORC1 signaling (10–12). Although we suspect that the unique CARD11 variant described here is the major driver of shared phenotypes across four generations of affected family members, additional autosomal dominant gene variants may influence or modify disease presentation. Thus future whole exome sequencing (WES) analyses of this family could be informative.

Although CARD11 signaling is restrained by a complex set of redundant intramolecular interactions, single point mutations in the LATCH and CC domains can unlock an active signaling conformation without requiring AgR-dependent phosphorylation (17, 18). CARD11 must also oligomerize to signal (19), suggesting that both WT and mutant proteins should associate in shared CBM complexes (Figures 2D–E). For this unique variant, we speculate that the relative distribution of WT and mutant CARD11 molecules in these complexes may collectively allow for both constitutive NF-κB activation at steady state, and dominant interference of WT-dependent NF-κB signaling upon AgR engagement (Figure 2F). Nevertheless, the relative decline in disease severity observed with age (e.g., decreased B cell lymphocytosis, splenomegaly, and atopic symptoms) suggests the strongest phenotypic effects stemming from abnormal CARD11 signaling are ultimately overcome or somehow circumvented over time, as noted in both classic BENTA and CARD11 DN atopic patients.

The description of this family underscores some of the challenges in the clinical management of BENTA patients, including use of frequent boosters of conjugated vaccines, immunoglobulin replacement therapy, and increased likelihood of possible B cell malignancy (e.g., Hodgkin's lymphoma in II.1), particularly in the context of chronic EBV infection. Still, the family history described here suggests more aggressive clinical interventions to reduce the overall B cell burden (e.g., rituximab, immunosuppressants) are not warranted.

CONCLUDING REMARKS

This first report of a family with blended BENTA and atopic symptoms further expands the spectrum of disease phenotypes that can be ascribed to a novel heterozygous CARD11 variant. The signaling effects ascribed to this unusual mutation highlight the CC domain as a crucial governor of complex intra- and intermolecular CARD11 protein interactions. Despite the many congruent pathways linked to AgR ligation, aberrant CARD11 signaling appears to affect the proliferation, survival and differentiation of B and T cells differently. Clinically, the longitudinal perspective afforded here by four affected generations further suggests that although careful surveillance of such patients is essential, disease symptoms often improve over time.
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CARMA proteins represent a family of scaffold molecules which play several crucial biological functions, including regulation of immune response and inflammation, tissue homeostasis, and modulation of G-Protein Coupled Receptor (GPCR) signaling. Among the CARMA proteins, CARD14/CARMA2 and its alternatively spliced isoforms are specifically expressed in epithelial cells and keratinocytes. Recent evidences have shown that CARD14/CARMA2 mediates induction of inflammatory response in keratinocytes, and that mutations in CARD14/CARMA2 gene segregate with familial transmission of chronic inflammatory disorders of the human skin. Similarly to CARD11/CARMA1 and CARD10/CARMA3, CARD14/CARMA2 signaling occurs trough formation of a trimeric complex which includes BCL10 and MALT1 proteins. However, it is becoming increasingly evident that in addition to the CBM complex components, a number of accessory molecules are able to finely modulate the signals conveyed on and amplified by CARD14/CARMA2. The study of these molecules is important both to understand the molecular mechanisms that underlie the role of CARMA2 in keratinocytes and because they represent potential therapeutic targets for the development of therapeutic strategies aiming at the treatment of inflammatory diseases of the human skin. In this review, we provide an overview on the molecular mechanisms mediating CARD14/CARMA2 signaling and its implication in our understanding of the pathogenesis of human inflammatory skin disorders.

Keywords: CARD14, CARMA2, NF-kappa B, psoriasis, Bcl10, Malt1, CBM complex

CARMA FAMILY: AN OVERVIEW

Caspase recruitment domain (CARD)-containing membrane-associated guanylate kinase (MAGUK) proteins constitute a family of three scaffold proteins, highly conserved in their amino acidic sequence, named CARD11/CARMA1 (CARMA1), CARD14/CARMA2 (CARMA2), and CARD10/CARMA3 (CARMA3) (1, 2). CARMA proteins were identified in 2001, while screening sequence databases and two-hybrid libraries for novel CARD-containing proteins, and were shown to be able to interact with the CARD domain of B-Cell Leukemia 10 (BCL10) (3–6). The human CARMA proteins are encoded by three conserved genes, respectively located on chromosomes 7, 17, and 22. Structurally, CARMA proteins are characterized by a typical modular organization, with the CARD domain at the N-terminus, followed by a Coiled-Coil region and a C-terminal MAGUK domain, consisting of PDZ, SH3, and GUK modules (Figure 1A). Despite the high degree of structural similarity, the expression pattern of each CARMA protein is restricted to distinct tissues, where they are involved in cell-specific signaling pathways that control activation of NF-κB, a pleiotropic transcription factor that controls transcription of, among others, immunomodulatory and inflammatory genes and genes that generally promote cell proliferation and survival (7). Indeed, CARMA1 is mainly expressed in lymphoid cells and hematopoietic tissues, where it mediates NF-κB induction following antigen receptor engagement. Notably, CARMA1 deficient-mice show a severe defect in lymphocyte proliferation following T- and B-cell receptor stimulation, with impaired production and release of cytokines (8–10), due to defective NF-κB activation. Consistently with evidences from animal models, whereas loss-of-function mutations in human CARMA1 gene cause severe forms of immunodeficiencies (11–13), gain-of-function mutations have been frequently described in patients affected by diverse lymphoid malignancies, such as T-cell lymphomas, gastric B-cell lymphomas, some non-Hodgkin's lymphomas and others (14).
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FIGURE 1. Schematic representation of domain organization of (A) CARD11/CARMA1 (UniProt Entry: Q9BXL7) and CARD10/CARMA3 (UniProt Entry: Q9BWT7) proteins, (B) CARD14/CARMA2 isoforms (UniProt Entry: Q9BXL6) (C) BCL10 (UniProt Entry: O95999) and MALT1 proteins (UniProt Entry: Q9UDY8). Aminoacid numbering and domains are referred to human proteins. CARD, CAspase-Recruitment Domain; PDZ, post-synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), and Zonula occludens-1 protein (Zo-1) domain; GuK, guanylate kinase-like; DEATH, death domain; SH3, Src homology 3; Ig-LIKE, immunoglobulin-like domain; COILED COIL, coiled coil region; CASPASE-LIKE, Cysteine-ASpartic ProteASEs-like domain.



Conversely, CARMA2 and CARMA3 are both expressed in non-lymphoid tissues, but in a non-overlapping manner. In fact, CARMA2 protein is preferentially expressed in epithelial cells of the skin and in mucosae, while CARMA3 has a broader non-hematopoietic expression pattern (2). In these districts, CARMA3 regulates NF-κB activation following stimulation of G-protein coupled receptors (GPCRs) with several ligands, such as angiotensin II, endothelin I, and lyso-phosphatidic acid (15, 16). In addition, CARMA3 has also been shown to be involved in NF-κB activation downstream of the epithelial growth factor receptor (17). Not surprisingly, CARMA3 over-expression has been shown to be implicated in the onset and progression of different cancers by several studies (18, 19).

Compared to CARMA1 and CARMA3, CARMA2 is less characterized. Only recent studies have shed light on the crucial role this scaffold protein plays in the human skin, where it regulates tissue homeostasis.

CARMA2: CLONING, SPLICE VARIANTS, EXPRESSION

CARMA2 was originally identified as a placenta-specific cytoplasmic 1,004 amino acids protein containing a CARD module and a MAGUK domain, and capable to activate the NF-κB-controlled expression of a luciferase reporter gene when transfected in cultured cell lines (3). Subsequent works have demonstrated that CARMA2 mRNA undergoes alternate splicing processes (20) and that the deriving protein isoforms show a wider distribution profile, being expressed also in epidermal keratinocytes, dermal endothelial cells, mucosae and different cell lines (20, 21). In particular, three transcript variants of human CARMA2 gene have been identified, named CARMA2fl (full length; 1,004 amino acids), the longest polypeptide containing all the typical CARMA domains and modules; CARMA2sh (short; 740 amino acids), the prominent isoform expressed in the human skin, lacking the SH3 and GuK modules and containing the CARD, coiled coil and PDZ domains; and CARMA2cl (cardless; 434 amino acids), containing only a portion of the coiled coil domain, the linker region and a shorter PDZ module (Figure 1B). Due to the absence of a complete MAGUK domain, CARMA2cl and CARMA2sh variants may not be exclusively associated to the cell membrane, but rather distributed in the cytosol where they possibly transduce intracellular signals (20).

As assessed by NF-κB-luciferase reporter assays, while CARMA2fl and especially CARMA2sh are strong inducers of NF-κB, CARMA2cl is unable to promote activity of this transcription factor (20), confirming the CARD region as an essential domain for NF-κB signaling regulated by CARD-containing proteins. Indeed, similarly to CARMA1 and CARMA3, CARMA2fl, and CARMA2sh, but not CARMA2cl, interact with BCL10 via an homotypic CARD-CARD association and, together with the paracaspase Mucosa Associated lymphoid tissue Lymphoma Translocation protein 1 (MALT1), are able to form a CARMA-BCL10-MALT1 (CBM) complex (Figure 1C). Assembly of the CBM complex is crucial for the recruitment of downstream signaling components that lead to NF-κB activation (20, 22, 23). Differently from the longest CARMA2 isoforms, CARMA2cl has a very limited expression profile in non-epidermal tissue, and in transfection experiments it may function as a natural dominant-negative regulator of CARMA2sh signaling in the skin (Scudiero and Vito, unpublished results). Overall, the identification of alternative transcripts for CARMA2 is intriguing for several reasons: first, their expression pattern is not totally overlapping, suggesting that they could play diverse functions in different cell types; second, even within the same cell type, CARMA2 transcript variants could regulate different stimuli, starting both from the cell membrane and intracellular organules, or regulate signals from the same stimulus at several levels.

CARMA2 IN KERATINOCYTES AND SKIN DISORDERS

Psoriasis is an inflammatory disorder of the human skin, characterized by well-demarcated oval-shaped erythematous plaques on the skin due to abnormal keratinization and proliferation of superficial keratinocytes, and persistence of nucleated cells in the corneus layer (24). The onset of psoriasis depends on both genetic and environmental factors and is characterized by the disruption of the epithelial barrier function and tissue homeostasis due to stressing or traumatic events within the epidermis, and a dysregulated immune response. Epidemiologic studies based on data collected on psoriatic patients from 20 different countries show that psoriasis is a complex genetic-based immune-mediated disease with a prevalence ranging from 0 to 1.37% in children and from 0.51 to 11.43% in adults, with at least 100 million individuals affected worldwide (25). Indeed, in the human genome multiple susceptibility loci, collectively called PSORSs, have been associated to the familial transmission of the psoriatic tract, with the identification of about 40 genes involved in antigen presentation, interleukin and cytokine signaling, antiviral response, NF-κB signaling and, more generally, in the adaptive and innate immunity (24). Nevertheless, although a genetic base underlies psoriasis and psoriasis-related diseases, < 20% of disease variance is explained by mutations in the aforementioned genes, suggesting the existence of additional mechanisms which could trigger these skin inflammatory pathologies (26).

In 2012, Jordan et al. established that PSORS2 was due to gain-of-function mutations in the CARD14 gene, as assessed by exome capture and next generation sequencing over genomic DNA from both familial and sporadic cases of psoriasis and psoriatic arthritis (27, 28). Most of the psoriasis-linked mutations harbored in CARMA2sh produced an enhanced activity of NF-κB transcription factor in luciferase assays, with a consequent up-regulation of NF-κB-induced inflammatory transcripts in keratinocytes, such as CXCL8, CCL20, IL8, and IL6, confirming the crucial role played by this transcription factor in epithelial homeostasis (27, 28). In addition to genetic psoriasis, mutations in CARMA2 were also found in familial cases of pityriasis rubra pilaris, a papulosquamous disorder phenotypically related to psoriasis (29).

Subsequently, plenty of sequence variations and mutations in the CARD14 gene have been mapped and associated to psoriasis, pityriasis and other skin disorders phenotipically related to them. Table 1 reports all known CARMA2sh variants associated to skin inflammatory illnesses that have been identified so far, updating a list already provided by Van Nuffel et al. (50). Figure 2 show that base mutations preferentially involve codons in exon 4, resulting in amino acidic substitutions within the CARD and Coiled-Coil domains.


Table 1. List of CARMA2 variants associated to psoriasis or psoriasiform inflammatory diesases.
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FIGURE 2. CARD14/CARMA2 variants associated to skin inflammatory diseases (see also Table 1). Arrows indicate mutated base positions within CARD14/CARMA2 exons and corresponding aminoacid substitution identified in psoriasiform patients. In red, missense mutations having a reported positive effect on NF-κB activation.



Although many of the CARMA2 mutations found in a variety of inflammatory disorders of the human skin point to an aberrant activation of NF-κB, it is worth noting that some patients carry mutations in CARMA2sh (such as Arg38Cys; Arg69Trp; Arg151Trp; His171Asn; Ser200Asn; Ala216Thr; Thr420Ala) that, at least in luciferase-based in vitro assays, do not determine a remarkably stronger activation of NF-κB (28, 30, 50), suggesting that CARMA2sh could participate to additional intracellular mechanisms regulating skin homeostasis. In fact, other studies have demonstrated that several CARMA2sh variant, including Arg820Trp, could significatively affect the response to anti-TNFα treatment in psoriasis patients, with interesting implications for optimal therapy settings (51, 52).

CARMA2 SIGNALING

Given its involvement in the pathogenesis of psoriasis, many efforts have focused on the understanding of the molecular mechanisms through which CARMA2sh regulates signaling cascades in human keratinocytes (Figure 3). Experimental data indicate that CARMA2sh signaling requires assembly of a molecular complex that, in addition to CARMA2sh, also includes the adapter protein BCL10 and the protease MALT1, as demonstrated by experiments conducted using short interfering RNAs, genome editing methods and chemical inhibitors (20, 22, 53). Most of the details that control assembly of the CBM complex and its activation derive from data obtained with CARMA1 in lymphocytes. In un-stimulated cells, CARMA1 is held in check by the inhibitory linker region, located between the coiled-coil domain and the PDZ domain. Following cell stimulation, such auto-inhibition is removed through PKCs-mediated phosphorylation of serine residues in the linker region, thereby facilitating BCL10 and MALT1 binding to the CARMA1 (54, 55). The assembly of the CBM complex eventually results in the recruitment of the IKK complex and the consequent NF-κB activation (23). The similarity of the mechanisms of activation of the different CARMA proteins is also suggested by the fact that ectopic expression of the deubiquitinase A20 inhibits activation of NF-κB mediated by each of the CARMA proteins (20, 22, 56). Consistently with the model that considers assembly of the CBM complex as a crucial point for activation of the NF-κB pathway, two highly penetrant psoriasis-linked CARMA2sh point mutations, Gly117Ser, and Glu138Ala, abrogate CARMA2 auto-inhibition and stimulate MALT1 protease activity, causing constitutive activation of the CBM complex and aberrant NF-κB-dependent induction of downstream inflammatory genes (22, 53). Interestingly, MALT1 deficiency or chemical inhibition of its catalytic activity can block hyperactivation of the inflammatory signaling program (including the induction of TNFα, IL17C, CXCL8, and HBD2 genes), triggered by pathogenic psoriasis-related CARMA2sh mutants or by cell stimulation with the fungal cell wall component zymosan or with Staphilococcus aureus, pointing to MALT1 as a potential target for therapeutic treatment of skin disorders caused by aberrant CARMA2sh signaling (22, 50, 53, 57). In addition to the component of the CBM complex, the NF-κB-inducing activity of CARMA2sh also requires the adapter molecule TRAF2 (20), although this evidence comes from experiments carried out in non-keratinocytic cell lines. In these cells, CARMA2sh expression protects cells from apoptosis induced by different stimuli, including ER stress (20).
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FIGURE 3. Schematic overview of intracellular pathways involving CARD14/CARMA2 variants in keratinocytes. In the skin, CARMA2-mediated signals are prompted by intracellular organelles, such as endoplasmic reticulum, and by surface receptors, such as Toll-Like Receptors (TLRs) and IL17-Receptor (IL17R) in response to Pathogen Associated Membrane Patterns (PAMPs) and IL17, respectively. While CARMA2cl would act as a natural negative regulator, CARMA2sh and CARMA2fl variants interact with BCL10 and MALT1, thereby forming CBM complex. In turn, CBM triggers a canonical NEMO-dependent NF-κB-activation pathway, mediated by the IκB Kinase complex (IKK complex), which leads to expression of target genes in the nucleus, such as keratins, antimicrobial compounds and inflammatory mediators. Negative and positive regulators of CARMA2sh identified so far are also reported in the figure.



The psoriasis-associated CARMA2sh mutants Glu138Ala and Glu142Gly also escape the negative regulation exerted by two novel CARMA2sh interactors identified by two-hybrid screening in yeast, namely the serine/threonine kinase Unc-51 Like Autophagy Activating Kinase 2 (ULK2) and the E3 ubiquitin ligase Ring Finger protein 7 (RNF7) (57–59). Both ULK2 and RNF7 are indeed able to repress CARMA2sh-induced NF-κB activation, although through different mechanisms. In particular, ULK2 phosphorylates CARMA2sh and promotes lysosomal degradation of BCL10, whereas RNF7 alters the ubiquitination state of MALT1 and NEMO (58, 59). Intriguingly, a protein similar to RNF7, named RNF181, has been identified as an interactor of CARMA1 and functions as an E3 ubiquitin ligase to inhibit antigen receptor signaling to NF-κB downstream of CARMA1 (60). Conversely, the ability of CARMA2sh to activate NF-κB is positively regulated by the DEP domain-containing protein DEPDC7, which may be required to specifically convey on the CBM complex signals coming from activated G protein-coupled receptors (61).

Recent evidence indicates that CARMA2sh and MALT1 play a role in the signal transduction pathway that connects pathogen-associated molecular patterns recognition to NF-κB activation (58, 57). Microorganisms, such as bacterial and fungi cells display in fact pathogen-associated molecular patterns (PAMPs), which are molecules associated with groups of pathogens, and activate NF-κB upon agonistic binding to Pattern Recognition Receptors, including members of the Toll-like receptors (TLR) family expressed on human keratinocytes. Indeed, depletion of each of the components of the CBM complex significantly impairs expression of NF-κB target genes in human epithelia keratinocytes exposed to heat-killed Escherichia coli, Sthaphylococcus aureus or Candida valida (58). Altogether, these findings strengthen the existence of a causal link between microbial infections and the onset of psoriasis and encourage more efforts in further clarifying how exposure to PAMPs could determine disruption of skin homeostasis, inflammation and hyperproliferation in susceptible keratinocytes.

ANIMAL MODELS

Many interesting information can be inferred from the very recent generation of murine strains genetically modified in the CARMA2 locus. Tanaka and colleagues generated CARMA2-deficient mice, which appear viable and healthy at birth and after, with normal epidermal and dermal tissue architecture (62). Interestingly, CARMA2−/− mice are resistant to psoriasis provoked by intraperitoneal injection of recombinant IL-23 or treatment with imiquimod (IMQ) cream, an agonist of TLR7/TLR9. From these data, the authors suggest that CARMA2 is relevant for IL-23 receptor signaling in a population of IL-17- and IL-22-producing γδ T cells (62). The data, however, does not exclude the possibility that CARMA2 also controls the signaling cascade strarting from TLR7/TLR9.

In another study carried out by Mellet et al. (63), the psoriasic phenotype spontaneously develops in C57BL/6J mice harboring a CARMA2 mutation consisting in the deletion of a key glutamic acid residue at position 138 (CARMA2Δ138). Interestingly, while mice homozygous for E138 deletion show developmental abnormalities and die perinatally, heterozygous animals are viable, and a single copy of the gain-of-function mutation is sufficient to trigger psoriatic pathogenesis in vivo. Indeed, CARD14ΔE138/+ mice display all clinical and immunological features of chronic plaque-type psoriatic disease, with diffuse skin lesions characterized by epidermis thickening, persistence of hyperproliferating nucleated keratinocytes and immune cell infiltration in upper epidermal layers. In addition, affected skin from CARD14ΔE138/+ mice shows a transcriptome profile resembling the typical gene expression signature observed in human psoriatic plaques, including upregulation of hyperproliferative keratins, cytokines, chemokines and antimicrobial peptide-encoding genes. Consistently with previous findings, the pathologic skin phenotype displayed by this murine model is driven by the activation of IL23/IL17 axis, that promotes Th17 cell polarization via IL23, as confirmed by the fact that neutralization of IL23p19 with an antagonist antibody ameliorates disease symptoms, by reducing skin lesions and expression of inflammatory and anti-microbial genes (63). Similarly, the CARD14E138A/+ and CARD14ΔQ136/+ murine strains generated by Wang et al. also spontaneously develop psoriasis-like skin inflammation, which resulted from enhanced activation of the IL23/IL17 cytokine axis (64). Interestingly, these authors also show that CARMA2 associates with the ACT1-TRAF6 signaling complex, thereby mediating IL-17-induced NF-κB and MAPK signaling pathway activation, eventually responsible for expression of pro-inflammatory molecules.

CONCLUSIONS

After establishing that PSORS2 is due to NF-κB-activating mutations in CARMA2, current scientific advances are shedding some light on the molecular mechanisms that link these mutations to the development of human inflammatory skin diseases. Indeed, although for a long time CARMA2 was the most unknown of CARMA proteins, its clear involvement in the incipit and progression of inflammatory human skin disorders has acted as a strong propeller to clarify the biological and molecular processes in which this protein is involved. In many ways, CARMA2 acts just like the similar CARMA1 and CARMA3 proteins, with the CBM complex representing the molecular motor driving the signals transmission. However, some aspects of the signal tranduction pathways controlled by CARMA2 remain elusive. For example, it is not yet clear exactly what types of stimuli are channeled through CARMA2 to trigger NF-κB activation. Data generated in cell lines implicate CARMA2 in the signal transduction pathways starting from intracellular organelles, such as the endoplasmic reticulum, and from TLR receptors. In these contexts, CARMA2 activity seems to be controlled by TRAFs proteins and by molecules involved in autophagic processes, such as ULK2. Furthermore, ubiquitination mechanisms in which RNF and DEPDC7 proteins are involved seem to play a role in the capacity of CARMA2 to regulate the activity of NF-κB transcription factor.

The recent generation of murine strains harboring genetic modifications in the CARMA2 locus is undoubtedly another important tool that will offer great opportunities to study in a complex biological system the role CARMA2 plays in the physiology and pathology of keratinocytes. Psoriasis is a typically human disease, and probably the lack of animal models that spontaneously develop the same disease has certainly represented a limit to our knowledge of this disease. Taking into account the obvious differences existing between human skin and murine skin, the fact that CARMA2-modified mouse strains develop inflammatory disorders with features largely overlapping to human psoriasis represents a real breaktrough. The phenotypic analyzes conducted on these mice indicate that the main alteration resides in the signal transduction along the IL23/IL17 cytokine axis, that would be ultimately responsible for the development of the psoriatic phenotype.

The coming years will undoubtedly be decisive in placing all the knowledge we have acquired so far on CARMA2 in a clearer and more coherent picture.
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The CARD: BCL10: MALT1 (CBM) complex is an essential signaling node for maintaining both innate and adaptive immune responses. CBM complex components have gained considerable interest due to the dramatic effects of associated mutations in causing severe lymphomas, immunodeficiencies, carcinomas and inflammatory disease. While MALT1 and BCL10 are ubiquitous proteins, the CARD-containing proteins differ in their tissue expression. CARD14 is primarily expressed in keratinocytes. The CARD14-BCL10-MALT1 complex is activated by upstream pathogen-associated molecular pattern-recognition in vitro, highlighting a potentially crucial role in innate immune defense at the epidermal barrier. Recent findings have demonstrated how CARD14 orchestrates activation of the NF-κB and MAPK signaling pathways via recruitment of BCL10 and MALT1, leading to the upregulation of pro-inflammatory genes encoding IL-36γ, IL-8, Ccl20 and anti-microbial peptides. Following the identification of CARD14 gain-of function mutations as responsible for the psoriasis susceptibility locus PSORS2, the past years have witnessed a large volume of case reports and association studies describing CARD14 variants as causal or predisposing to a wide range of inflammatory skin disorders. Recent publications of mouse models also helped to better understand the physiological contribution of CARD14 to psoriasis pathogenesis. In this review, we summarize the clinical, genetic and functional aspects of human and murine CARD14 mutations and their contribution to psoriatic disease pathogenesis.
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INTRODUCTION

Caspase Recruitment Domain-containing protein 14 (CARD14) (also called CARMA2 or BIMP2) is the second member of the CARMA family that consists of CARD11 (CARMA1), CARD10 (CARMA3) and related molecule CARD9 (1). Like its family members, CARD14 recruits interacting partners BCL10 and MALT1 (2–4) to form the so-called CBM complex and thus initiate NF-κB and MAPK signaling pathways. Therefore, the CARMA proteins trigger a shared downstream pathway and are, with the exception of CARD9, highly similar in sequence and structure (1, 3). BCL10 and MALT1 are ubiquitously expressed proteins whereas the CARD molecule gives cell specificity to the complex, with CARD11 localizing to lymphoid cells and tissue, CARD9 being restricted to myeloid cells, CARD14 in skin and mucosal tissues, whereas CARD10 displays a broader expression in epithelial and endothelial tissue (1, 5, 6). Mutations associated with the CARMA family proteins therefore result in very different human maladies (7, 8).

CARD14 was originally identified in placental tissue (3) but microarray data later revealed that the molecule is highly expressed in adipose tissue, esophagus and mucosal tissues (1). In 2012, first reports from the Bowcock group described autosomal dominant CARD14 gain-of-function (GoF) mutations in a young patient presenting with a severe form of pustular psoriasis and in two multiplex families with plaque psoriasis (9, 10). Additionally, CARD14 was discovered to be highly expressed in keratinocytes and was identified as the causative gene at the Psoriasis Susceptibility (PSORS) 2 locus, which had previously been identified as one of the principle risk loci for psoriasis (11). Furthermore, a report from the Sprecher group broadened the occurrence of CARD14 mutations to pityriasis rubra pilaris (PRP), a rarer form of psoriatic skin disease (12). These studies were the first to reveal a pathogenic role for CARD14 and also highlighted the physiological variation and scope of the CARMA protein family's influence to human health and disease.

Since these inaugural discoveries, further studies have revealed CARD14 variants associated with various entities in the psoriasis disease spectrum. Of particular note is the considerable clinical heterogeneity associated with CARD14 mutations in terms of phenotype and severity, even within a single disease entity. In this review, we discuss the subtypes of the psoriatic disease spectrum, which have been described to be associated with CARD14 mutations and seek to differentiate between causal and predisposing variants.

INFLAMMATORY SKIN DISORDERS ASSOCIATED WITH CARD14 VARIANTS

Psoriasis

Clinical Features

Psoriasis is a common chronic inflammatory skin disease with a complex genetic background affecting approximately 2% of the global population (13) though this varies depending on ethnicity, demographics and latitude (14). It is now well established that psoriasis is a multigenic disease that arises in genetically susceptible individuals in response to an environmental trigger, such as skin trauma or infection (15). Immunopathogenesis is orchestrated by a complex interplay between keratinocytes, skin resident immune cells and infiltrating leukocytes, including neutrophils, macrophages, conventional and plasmacytoid dendritic cells. Infiltrating type 1 and type 17 helper T cells (Th1/Th17) cells maintain the chronic inflammation associated with established disease (16). The term “psoriasis” envelopes various forms, which are typically classified by morphology, distribution and anatomical localisation (17). Major distinctions include plaque and pustular forms, which contrast in appearance and with the immune cell infiltrate involved.

Plaque psoriasis [or psoriasis vulgaris (PsV)] is the most common form of psoriasis, accounting for approximately 80–90% of psoriatic cases (18), it is characterized by raised demarcated erythematous circular plaques on the skin of sufferers, due to hyperproliferation of keratinocytes (15), leading to thickening of the skin (acanthosis). Plaque psoriasis is also associated with dilation and increased number of blood vessels, facilitating the immune cell infiltration and maintaining chronicity.

Comorbidities including cardiovascular disease, Crohn's disease, obesity and metabolic syndrome have been linked with PsV (19–21). Additionally, 25% of cases are associated with psoriatic arthritis, though this can also precede the skin condition in some patients (22). These comorbidities emphasize the systemic nature of psoriasis with effects spreading beyond the skin. The link with comorbidities is not well understood, though it has been proposed that elevated levels of circulating pro-inflammatory cytokines found in the serum of patients, in particular IL-17A, foster these systemic abnormalities in secondary organs (23–25).

Pustular psoriasis is characterized by skin eruptions of white pustules and surrounding red erythematous skin and can take both localized and generalized forms. Infiltrating neutrophils and monocytes to skin tissue is a hallmark of the disease entity. Skin flares in generalized pustular psoriasis (GPP) can be accompanied by high fever, fatigue and muscle and joint pain and secondary effects include acute respiratory disease, uveitis, osteoarthritis and cholangitis of the bile ducts, which is mediated by neutrophilic activation (26). Patients with GPP carrying loss-of-function (LoF) mutations in IL36RN (encoding IL-36 receptor antagonist) or heterozygous mutations in AP1S3 (resulting in increased IL-36α expression) were described, suggesting a pivotal role of IL-36 cytokine activity in driving pustular psoriasis (27–31).

Genetics

Genome-wide linkage analysis studies identified nine “Psoriasis Susceptibility” regions or loci (PSORS1-9) (11), however only PSORS1, -2 and -4 findings were replicated in independent studies (32). In 1994, the psoriasis susceptibility locus (PSORS2 ([MIM 602723]) was mapped at the distal end of human chromosome 17q in a large Caucasian kindred with several affected generation members presenting with plaque type psoriasis (33) and this was confirmed by other studies, in particular in a five-generation Taiwanese family with psoriasis (34, 35). Extensive analysis of these two families by Jordan et al., led to the identification of CARD14 as being the responsible gene for the underlying association of the PSORS2 locus with psoriasis (9). In the family of European descent, a heterozygous missense mutation (p.G117S) was identified, whereas in the Taiwanese kindred an intronic mutation (c.349 + 5G>A) was found. Both these variants created a cryptic splice site resulting in a 22 amino acid insertion between exons 3 and 4. In addition, Jordan et al. identified a de novo mutation (p.E138A) in a young patient, originating from Haiti, presenting with early-onset GPP (Table 1 and Figure 1). By screening seven psoriasis cohorts with varying ancestries (over 6,000 cases and 4,000 controls), Jordan and colleagues also identified 15 additional rare and common CARD14 variants that were enriched in cases over controls (10) (Tables 1, 2).


Table 1. CARD14 Gain-of-function mutants associated with psoriatic skin disease.
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FIGURE 1. Human CARD14 protein domains and reported variants. Schematic depicting protein domains of the human CARD14 protein and location of all variants reported to date. Legend key shows disease association by color and reports of associated palmoplantar pustular psoriasis (*PPP) or psoriatic arthritis (#PsA). Underlined variants are mutants studied in terms of NF-κB activation in overexpression studies and showing at least 2 fold more induction than CARD14-WT. AGEP, Acute generalized exanthematous pustulosis; GPP, generalized pustular psoriasis; PRP, pityriasis rubra pilaris; PsV, psoriasis vulgaris.




Table 2. CARD14 variants associated with psoriatic skin disease.
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Following these initial studies, CARD14 variants were reported by several groups as causal or predisposing factors for psoriasis with or without psoriatic arthritis or palmoplantar pustular psoriasis (PPP) (36–51). Together, these studies indicate a diverse range of disease symptoms associated with CARD14 mutations. However, dissecting whether CARD14 variants function as causal mutations or predisposing factors has become difficult to interpret.

The majority of CARD14 variants were found in the heterozygous state. However, a few patients were described with compound heterozygous (40, 42, 52) or homozygous variants (39, 43) nevertheless, these were not associated with a more severe phenotype. CARD14 variants are reported in exons 2, 3, 4, 6, 7, 9, 13, 15, 18, and 21, but exon 3 and 4 (encoding partly for the CARD and Coiled-coil (CC) domains) represent a clear hotspot with 63% of published variants (Figure 1). Some of these mutations are synonymous with CARD11 mutants, which have been described to affect the autoinhibitory conformation that impedes recruitment of BCL10 (53). These mutations result in spontaneous or sustained activation of downstream NF-κB and MAPK pathways.

Treatments

Psoriasis runs a chronic course and current treatments alleviate symptoms rather than treat causative drivers at the root of disease pathogenesis. Traditionally treatments include methotrexate, corticosteroids, UV phototherapy for mild cases, Acitretin a second-generation retinoid, Vitamin D analogs and also coal tar (54). Recently, biologic therapy has expanded beyond TNFα inhibitors to IL-12/IL-23p40-, IL-17A-, IL-17RA-, and IL-23p19-targeting antibodies, which have demonstrated increased efficacy in clinical trials compared to TNF blockade [reviewed elsewhere (55)]. It remains of interest to determine whether targeting the IL-23/Th17 axis will also be beneficial in alleviating associated comorbidities.

To assess whether CARD14 variants could be associated with better responses in psoriasis patients to anti-TNF therapy, Coto-Segura and colleagues tested the presence of such variants in 116 patients who underwent anti-TNF treatment (48). These patients were all previous non-responders to classical psoriasis treatments (phototherapy, methotrexate, acitretin or cyclosporine). A higher frequency of CARD14 variants, in particular the common p.R820W polymorphism, were found among responders to TNFα-targeted blockade, suggesting that CARD14-associated psoriasis could benefit from anti-TNF treatment. Takeichi et al. also reported beneficial treatment with anti-TNF therapy in CARD14-associated familial GPP (56). Additionally, Craiglow et al. described a beneficial outcome upon treatment with ustekinumab (anti-IL-12/IL-23p40) in CARD14-associated psoriasis in individual patients (39).

Pityriasis Rubra Pilaris (PRP)

Clinical Features

CARD14 variants were also found to be associated with another inflammatory skin disorder related to psoriasis, called pityriasis rubra pilaris (PRP) (12, 52, 56–61). PRP is an extremely rare inflammatory skin disease with an estimated prevalence of 1/400,000 individuals (62). It is characterized by scaly salmon-colored (“rubra”) plaques on the skin of affected individuals and though a separate entity to psoriasis the two diseases share overlapping clinical features, which makes ambiguous cases of PRP challenging to diagnose. Typically, clinical and histological features enable correct identification of PRP; these include the presence of “sparing-islands” of uninvolved skin, and the presence of distinctive alternating ortho- and parakeratosis (63).

PRP has a bimodal age-of-onset distribution and is subclassified into 6 types. The most common type (type I, approximately 50% of cases) initially affects both men and women in their late fifties and sixties, while other forms may have a juvenile or neonatal onset. The latter cases are particularly associated with familial PRP (type V) and present with a deleterious form that runs a chronic course and is refractory to conventional psoriasis treatments (12, 62, 64). Familial cases have been associated with CARD14 GoF mutations and CARD14 mutant variants have also been described in other sporadic forms (52, 56).

Besides CARD14 mutations, other causal factors of PRP remain elusive. Interestingly, cases have been reported to be preceded by bacterial or viral infections (65–67) and indeed HIV-associated PRP has been classified as a distinct type of PRP (type VI) (68, 69).

Like psoriasis, PRP also presents with associated comorbidities including hypothyroidism, dyslipidaemia and the most common form, classical adult onset (type I) has been associated with underlying malignancies (62, 69, 70).

Genetics

Several groups reported CARD14 mutations in patients with both familial and sporadic PRP (12, 42, 52, 56–59, 61) (Tables 1, 2). Indeed, PRP type V is considered a PRP subtype caused by CARD14 mutations (56). Interestingly, Craiglow et al. recently described 15 patients with CARD14 mutations that present with both psoriasis and PRP symptoms, and grouped these skin inflammatory phenotypes under the appellation CARD14-associated papulosquamous eruption (CAPE) (39). CAPE is characterized by distinctive facial plaques on the cheeks, chin and upper lip with absence below the lower lip. Erythema of the ears, trunk and extremity involvement and palmoplantar keratoderma are also present.

As with psoriasis, most CARD14 variants associated with PRP are heterozygous, with very few compound heterozygous patients having being described (42, 52). CARD14 variants associated with PRP, like psoriasis, are spread throughout the protein domains (Figure 1) but also concentrate in exons 3 and 4. To date, no correlation has been made between variant localisation and disease severity or age of onset. However, mutations in this area affect the ability of the molecule to maintain its autoinhibitory state (2, 71–73).

Treatments

First-line treatments of PRP include oral retinoids and methotrexate, followed by topical corticosteroids or emollients. Difficult cases prove refractory to conventional psoriasis treatments and UV-light therapy can trigger or aggravate symptoms (70). The use of biologic therapy targeting TNFα (infliximab) or IL-12/IL-23p40 (ustekinumab) has proven effective in individual cases (61, 74, 75). Other groups also described beneficial effect upon treatment with ustekinumab in CARD14-associated familial PRP (57, 61).

GENETIC HETEROGENEITY ASSOCIATED WITH CARD14 VARIANTS

In addition to the association of CARD14 variants with different disease entities, it is also noteworthy that several CARD14 variants have been associated with more than one type of skin disease. For example, p.D176H (Table 1), which was initially described in patients with PsV only (10, 51) or PsV with PPP (41, 76), was subsequently also described as associated with GPP but not with PsV in Asian populations (38, 44) and Takeichi et al. also found the p.D176H variant in patients with PRP type V (56). This reflects the broad heterogeneity found in patients with CARD14 mutations. It might also suggest that these particular variants are predisposing factors and require cofactors or environmental triggers that then determine progression of different disease entities. This is supported by the fact that most of CARD14 variants display incomplete penetrance, where healthy carriers may carry protective factors or lack susceptibility genetic cofactors or exposure to environmental stimuli.

PSORS1 is the locus shown to confer the greatest risk for psoriasis, accounting for 35–50% of heritability (77) and in 2000, HLA-Cw*0602 was described as the psoriasis risk allele mapping to this locus (78, 79). Some studies revealed increased evidence for association of CARD14 p.R820W with psoriasis when the study was conditioned on HLA-Cw*0602 (10) and one kindred with familial psoriasis associated with CARD14 mutations were shown to be also positive for the HLA-Cw*0602 allele (40). On the other hand, patients harboring CARD14 variants were found negative for this allele in other studies (9, 44) or no association was found between CARD14 variants and the HLA locus (44). Unfortunately, this locus was not systematically assessed in patients with CARD14-associated psoriasis and further investigation are required to better understand if these loci might act as cofactors in triggering pathology.

In other studies, genetic association between psoriasis and CARD14 is also not clear. Berki et al. analyzed a cohort of 416 PsV patients and were unable to identify any CARD14 variant (38). Suguira and colleagues described a Down syndrome patient with PsA homozygous for the p.R820W CARD14 variant. However, both parents were also homozygous for this variant and at date of publication, had not developed any psoriatic phenotype, supporting the fact that p.R820W is a common variant found in healthy individuals (MAF = 0.4244 in ExAc), which might only predispose to psoriatic skin diseases (43). Finally, Eskin-Schwartz et al., described an interesting kindred with CARD14-related psoriasis with extreme clinical variability (from mild plaque-type to GPP) (40). Affected members were heterozygous for the p.G117S pathogenic CARD14 allele, but most severely affected members were also carrying three additional CARD14 variants (p.R547S, p.V585I, and p.R820W) as well as the HLA-Cw*0602 allele. However, one family member is also a healthy carrier of the p.G117S, suggesting incomplete penetrance, also supported by Ammar et al. reporting one healthy carrier for p.G117S (36). This healthy carrier from the Eskin-Schwartz report is negative for the three additional CARD14 variants and for the 06:02 allele at the HLA-C locus, suggesting that genetic cofactors as well as environmental triggers might be required for CARD14-induced psoriasis.

Altogether, these studies indicate that the assessment of linkage to psoriasis susceptibility loci should be made cautiously as a number of factors complicate the analyses, including genetic cofactors, statistical limitations due to studies with narrow sample size, incomplete penetrance, environmental factors, and misdiagnosis.

HETEROGENEOUS IMPACT OF CARD14 MUTATIONS AT THE MOLECULAR LEVEL

Immunohistochemistry staining and mRNA assessment revealed that CARD14 localizes to the basal cell layer of the epidermis in healthy skin whereas it is found in suprabasal layers in psoriatic tissue (1, 9, 12).

Several CARD14 mutants were studied at the molecular level in terms of their ability to activate NF-κB (Table 3). In reporter gene assays, when compared to WT-CARD14, NF-κB luciferase activity was found strongly increased upon over expression of p.E138A (7–9 fold), p.E138del (2–3 fold), p.E142K/G (4–5 fold), p.G117S (3–4 fold), and p.D176H (2–3 fold); and moderately increased for p.R179H, p.E197K, p.L150R, and p.L228R (1.4–1.7 fold) (Table 3). However, NF-κB activity was found unaffected upon overexpression of p.R68Q, p.V191L, p.D285G, p.M338V, p.I593N, p.S602L, p.R682W, and p.G714S and reduced for variants p.R38C, p.R69W, p.R151Q, p.S200N, p.L209P, p.H171N, p.T420A (0.1–0.7 fold) (9, 10, 37, 60). Other variants were not assessed in terms of NF- κB luciferase activity.


Table 3. Functional characterization of CARD14 variants.
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Seventeen CARD14 variants were tested for mRNA induction upon overexpression in the keratinocyte cell-line, HEK001 cells, by microarray or quantitative RT-PCR (9, 10) (Table 3). Four of these (p.E138A, p.G117S, p.E142K, p.E142G) displayed a pathogenic signature with strong induction of 13 genes including genes encoding CXCL8, IL-8, CSF2, SOD2, and TNFα, suggesting a role in skin inflammation. Additionally, CXCL8, CCL20, SOD2, and IL36γ transcripts were found increased in psoriatic skin from a GPP patient carrying the E138A mutation who also displayed an increased number of CARD14-positive keratinocytes by immunostaining. However, the other 13 variants (p.G714S, p.S200N, p.D176H, p.R179H, p.R38C, p.R62Q, p.I593N, p.H171N, p.R682W, p.L150R, p.V191L, p.D285G, p.R547S) failed to induce this pathogenic signature.

The CC domain of CARD11 is known to mediate its oligomerization upon activation (80). GoF mutations in the CC domain of CARD11 have been shown to trigger spontaneous protein aggregation and constitutive activation of NF-κB signaling leading to lymphoma (53). Berki et al. showed spontaneous CARD14 oligomerization for three variants located in the CC domain (p.E138A, p.D176H, and p.L156P), which did not occur in CARD14 WT or in the p.G117S variant, where the mutation is located outside the CC domain (38). Variants p.E138A, p.G117S, pE142K, and p.H171N were further characterized and show enhanced interaction with BCL10 and MALT1, thus resulting in increased NF-κB, ERK, and p38 MAPK activation (2, 71). This hyperactivity is reduced upon MALT1 protease inhibition with mepazine, thus suggesting that MALT1 treatment could benefit patients with CARD14-associated psoriasis.

Harden et al., showed CARD14 overexpression in dermal endothelial cells in psoriatic skin from patients harboring p.E138A and p.G117S mutations (5). This also correlated with enhanced NF-κB activity and proinflammatory gene induction, suggesting that CARD14 GoF in endothelial cells might also contribute to psoriasis pathogenesis. Intriguingly, the expression of CARD14 in aortic endothelial cells was also determined and warrants further investigation into the association of CARD14 mutation and associated cardiovascular defects in some psoriasis patients.

Recently, Danis et al showed that isolated primary keratinocytes from a patient with PRP type V, harboring three heterozygous variants (p.R547S, pR682W, p. R820W) and carrying a homozygous splice site variant (c.676-6G/A), displayed increased NF-κB activity compared to keratinocytes from healthy control (81). In this case, the analysis ex vivo of patient's cells carrying four variants do not allow to conclude about pathogenicity for each variant. However, it is interesting to note that at least two of these variants (p.R547S and pR682W) failed to induce increased NF-κB activity in vitro independently suggesting that in vitro assays might not be adequate to predict pathogenicity or that there is a cumulative effect occurring in vivo.

To conclude, there is strong evidence to consider p.E138A, p.E138del, p.G117S, p.E142K, p.E142G, and p.D176H as GoF variants based on their ability to trigger NF-κB activity and an inflammatory gene signature. p.E138A, p.E138del, p.D176H, and p.L156P could also be considered GoF due to their ability to trigger spontaneous CARD14 oligomerization and p.H171N based on its increased interaction with BCL10 (Table 1). It is however surprising that p.L156P and p.H171N trigger an increased CBM complex formation without increased NF-κB activation (38). This might be due to a sensitivity limitation of the assay used. Finally, p.E138A, p.E138K, p.E138del, p.G117S, p.E142K, p.E142G, p.L156P, and p.H171N could be considered as pathogenic since they are not found in healthy individuals according to public databases. Regarding other reported variants, more systematic functional studies and ex vivo studies from patient material are required to better understand how they could contribute to pathogenesis but they might be considered as variants associated with increased susceptibility to psoriasis rather than causal mutations.

PHYSIOLOGICAL ROLE OF CARD14 IN MOUSE PSORIASIS MODELS

Findings in mouse models have further illuminated the physiological role of CARD14 in driving psoriatic skin disease. Heterozygous mice harboring a GoF mutation in the Card14 gene at the glutamic acid residue E138 (Card14ΔE138) spontaneously develop a chronic psoriatic skin disease at 5 days-old (72). Deletion of this glutamic acid is synonymous to a human variant described in familial PRP family (12) and mutation of this residue has also been associated with the severe case of de novo GPP reported by Jordan and two sporadic cases of PRP with neonatal onset (58, 59). Like human disease the phenotype runs a chronic course in Card14ΔE138+/− mice yet is mostly restricted to ear and tail tissue. Wang et al. subsequently generated Card14E138A+/− and Card14ΔQ136+/− mouse models and reported similar phenotypes to the Card14ΔE138+/− mouse (82). Interestingly, the Card14E138A+/− mouse had impaired survival rates compared to Card14ΔQ136+/− mice, probably due to a more severe phenotype, in line with the enhanced potency of the human p.E138A mutation in in vitro studies. Though serendipitous incorrect editing by the CRISPR/Cas9 system generated the Card14ΔQ136 mutation, a similar human variant, p.Q136L, has been previously found in PRP type V (56). Histological analysis of Card14 GoF mutant mice revealed typical hallmark features of human psoriatic skin disease with keratinocyte hyperproliferation, epidermal thickening and areas of parakeratosis and orthokeratosis, and with enlarged and increased number of blood vessels in the dermal compartment (72, 82). Other interesting features described in Card14ΔE138+/− mutant mice include mild spongiosis within the epidermis, keratotic follicular plugging, which is a key feature of human PRP and the presence of neutrophil-rich microabscesses in the epidermis. Immune cell infiltration in Card14 GoF mice consists of innate and adaptive immune arms, with significant high numbers of neutrophils, myeloid cells, as well as γδ- and αβ-T cells (72, 82).

Transcriptomic analysis of psoriatic tissue from Card14ΔE138+/− ear pinnae revealed over 500 differentially expressed genes compared to wild-type littermates. These included genes encoding proinflammatory molecules of the adaptive (IL-17F, IL-20, IL-22, IL-23) and innate (IL-1 and IL-36 family cytokines, IL-19, IL-17C,) immune compartments. Neutrophil and Th17-chemoattractants, CXCL2 and CCL20 were also highly expressed as well as β-defensins and S100 proteins, which mirrors human psoriatic tissue. Indeed, antimicrobial peptides have a key role in driving human psoriatic skin disease and an increased copy number of β-defensins was previously associated with susceptibility to psoriasis (83). IL-17-responsive genes including small proline-rich proteins (SPRRs) and lipocalin-2 were also highly upregulated. Interestingly, and demonstrating the autoinflammatory and autoimmunity networks evident in this mouse model, genes encoding NOD2, Caspase-1, Caspase-4 and NLRP3 are also upregulated. This echoes the bimodal immune activation of psoriasis pathogenesis proposed by Christophers, showing innate neutrophils and macrophages orchestrating pathology alongside infiltrating Th17 cells, which maintain the chronic form of the disease (16). Interestingly, IL-38, an endogenous antagonist of IL-36 signaling was downregulated in psoriatic tissue from Card14ΔE138 heterozygous mice, further suggesting a role for IL-36 signaling in this model. Enrichment analysis of the Card14ΔE138+/− transcriptome compared to two published human datasets revealed high correlation of the murine phenotype with human plaque psoriasis.

Wang and colleagues demonstrated that the phenotype of Card14ΔQ136+/− mice was ameliorated when crossed with Il17a- or Rag1-deficient animals, demonstrating an important contribution of T cells, in particular IL-17A-positive αβ T cells to the phenotype (82). Interestingly, Card14-deficient keratinocytes showed impaired responses to IL-17A and it was demonstrated that CARD14 interacts with the IL-17 receptor adaptor molecule, ACT1, suggesting that CARD14 is activated downstream of IL-17A in keratinocytes.

While CARD14 GoF is enough to drive full-blown psoriatic phenotype in mice, Tanaka and colleagues reported a requirement of CARD14 for psoriasiform disease development in other mouse models (84). The imiquimod mouse model is the most widely-used psoriasiform model for studying psoriatic skin disease due to the capability of TLR7 agonist imiquimod to activate plasmacytoid dendritic cells (pDCs), which are also implicated in mediating early events in human psoriasis pathogenesis (85, 86), Card14−/− mice did not display thickening of the epidermis or immune cell infiltration of IL-17- and IL-22-secreting γδ T cells, characteristic of the imiquimod model. Therefore, CARD14-deficient mice were protected against developing psoriasiform disease in response to imiquimod compared to wild-type controls (84). These findings were corroborated by Wang and colleagues (82). Additionally, acanthosis caused by intradermal administration of IL-23 in wild-type mice mouse ears was diminished in CARD14-deficient animals and migration of IL-17- and IL-22-producing γδ T cells were significantly impaired in response to IL-23 in mice lacking functional CARD14 (84). This could be due to breaking of the chronic amplification loop in this model due to diminished CARD14-signaling within keratinocytes. However, the authors established bone-marrow chimeras and reported that Card14−/− mice receiving a bone-marrow transplant from wild-type mice showed partial response to imiquimod, while conversely, irradiated WT recipient mice receiving bone-marrow from Card14−/− donors showed decreased ear swelling in response to imiquimod compared to wild-type: wild-type chimeras. Tanaka's results suggest that CARD14 expression on radio-sensitive hematopoietic cells also contributes to psoriasiform disease in mice. Conversely, in the Card14 GoF model, it was shown, using bone marrow chimeras, that transferring hematopoietic cells from Card14ΔQ136+/− mice could not induce a psoriasiform phenotype in recipient WT mice, suggesting non-hematopoietic cells expressing mutant CARD14 are the drivers of disease pathogenesis in this model (82).Taken together these studies demonstrate a pivotal role for CARD14 in murine psoriasiform disease. Interestingly, while Tanaka and colleagues report that CARD14 is required for IL-23-induced disease and Wang demonstrated a role for CARD14 downstream of IL-17A in keratinocytes, the Card14 GoF models show that CARD14 GoF mutation drives the pathogenic IL-23/IL-17 axis, suggesting that CARD14 is central to maintaining the chronic inflammatory cycle in murine psoriasiform disease. Furthermore, neutralization of IL-23p19 in Card14ΔE138+/− mice significantly alleviated psoriatic skin, which mirrors the impact of targeting this cytokine subunit in clinical trials for human plaque psoriasis (87–89). These findings from murine psoriasis models would suggest that the CARD14 pathway is an important mediator of pro-inflammatory effects in human psoriatic skin disease also in patients lacking CARD14 GoF mutations.

DISCUSSION

Since the initial identification of GoF mutations of CARD14 as being responsible for psoriasis in two large kindreds and in a sporadic case of severe GPP, 44 missense, 4 splice site variants and 1 in frame deletion have been described in CARD14 in patients with several psoriatic skin disorders. One of the main complications is to understand how these variants contribute to disease progression. Among 49 variants reported as associated with psoriatic skin disease, 21 of them have never been tested functionally and eight others where only tested for NF-κB induction in overexpression systems. Interestingly, among the 28 variants tested for the ability to activate NF-κB, only six of these triggered increased NF-κB reporter activity more than two fold compared to overexpressed WT CARD14 (21%) (p.E138A, p.E138del, p.G117S, p.E142K, p.E142G, and p.D176H) (Table 3). Two other variants (p.L156P and p.H171N) did not show increased NF-κB induction but p.L156P displayed spontaneous CARD14 oligomerization (38). It remains to be clarified how this variant can contribute to psoriasis pathogenesis. Regarding the CARD14 variants that failed to induce enhanced NF-κB activity compared to WT CARD14, it is difficult to consider them as GoF and it remains to be elucidated by which mechanism they could be pathogenic. In this review, we have classified CARD14 reported variants as causal (Table 1) and associated (Table 2) based on the functional studies available but a better understanding of their mechanism of pathogenicity would help to classify pathogenic and non-pathogenic variants to comprehend the genetic contribution of CARD14 in psoriatic disorders. To date, the only common feature found between all pathogenic variants (with the exception of p.G117S) is their localization within the CARD14 coiled-coil domain, and they likely affect the autoinhibitory state of the protein. This might suggest that patients with variants in other regions of the CARD14 protein should undergo further genetic screening for potential cofactors.

Existence of cofactors have been reported in some studies, therefore it is possible that some CARD14 mutations only confer an increased risk of developing disease and other mutations are needed to develop psoriasis. Interestingly, in addition to HLA-Cw*0602, Spoerri and colleagues reported a kindred in which family members presented with PRP or psoriasis (42). While all family members had CARD14 mutations, the PRP sufferers had an additional frame-shift mutation in DTX1, a regulator of regulatory T cells, while the psoriasis-affected individual harbored a mutation in NLRC5, a molecule that activates NF-κB but also regulates MHC-I transcription (42). This kindred highlights how genetic cofactors may dictate how CARD14 mutations might contribute to diverse psoriatic entities.

Recently, another type of pustular skin type was also shown to be associated with CARD14. Acute exanthematous generalized pustular eruption (AGEP) is a rare generalized pustular skin rash that is triggered by an adverse reaction to drug administration (usually antibiotics but occasionally also anti-fungal or anti-malarial drugs), though sometimes in response to bacterial or viral infection (90, 91). The underlying disease mechanism of AGEP currently remains unknown but recent identification of IL36RN mutations being a causative factor in patients suggests a genetic and mechanistic connection between pustular psoriasis and AGEP (26, 92). Podlipnik et al. describe a 47-year old male patient presenting with AGEP and polyarthritis induced by dipyrone, a known AGEP culprit drug. It was discovered that the patient carried a heterozygous mutation (p.R430W) in the linker region of CARD14 (90). The authors predict that the variant is pathogenic based on bioinformatic analysis and its low frequency in healthy individuals from public database information (90).

The CARMA family have emerged as major mediators of both adaptive and innate immune responses and CARD14 was recently shown to have an important role in innate immune defense in keratinocytes in response to stimulation of the fungal Pattern Recognition Receptor, Dectin-1 and in response to bacterial ligands (73, 93). These in vitro data suggest that CARD14 plays a crucial role in modulating host defense at the skin barrier. However, this requires further clarification beyond in vitro studies. Utilizing CARD14-deficient mice in skin infection or barrier disruption models will lead to a greater understanding of how this molecule is activated and mounts an innate immune response to infection.

Interestingly, another CARMA molecule, CARD10, has recently turned out to be important in keratinocyte-induced immune responses. CARD10 was shown to be highly expressed in proliferating keratinocytes, whereas CARD14 was shown to be expressed at low levels in proliferating keratinocytes but induced upon their differentiation (6). This balance between CARD10 and CARD14 might be important in the context of psoriasis where keratinocyte differentiation processes are known to be dysregulated. Additionally, CARD10 was shown to regulate NF-κB in endothelial cells, for example in response to angiotensin (94) and potentially GoF mutation in CARD14 might destabilize a potential CARD10/CARD14 balance, and thus could contribute to cardiovascular comorbidities.

Beyond keratinocytes and endothelial cells, expression of CARD14 was also described in bone marrow-derived hematopoietic cells in mice. It will be of interest to determine the contribution of these cell types, harboring CARD14 mutations, to human psoriasis pathogenesis. To date, CARD14 GoF mutation studies have been limited to overexpression systems, primarily in cell-lines. It can be anticipated that CRISPR/Cas9 technology will aid in further elucidating the function of CARD14 GoF mutations in different cell types from in vivo models and in keratinocyte cell-lines. Little is known, also about the function of CARD14 in other tissue types.

CARD14 has previously been shown as a strong inducer of IL-36γ in primary keratinocytes highlighting a link between CARD14 GoF mutations and the IL-36 cytokines responsible for GPP pathogenesis. Interestingly, plaque and pustular forms of psoriasis can present concurrently (16, 95) and Christophers and colleagues propose a bimodal model of immune activation within psoriasis with alternate activation of autoinflammatory and autoimmune networks (16). Due to the shared characteristics of psoriasis entities caused by CARD14 and IL-36RN mutation Akiyama and colleagues propose that these disease subtypes should be grouped together as autoinflammatory keratinization diseases (AIKDs) (96, 97). The main defining factors of AIKDs is that the primary inflammatory sites occur at the epidermis and upper dermis resulting in hyperkeratosis with mixed autoinflammatory and autoimmunity circuits driving pathogenesis. Therefore, IL-36RN-associated GPP, and CARD14-mediated pustular psoriasis, PRP type V and familial keratosis lichenoides chronica (KLC) caused by NLRP1 mutation, can be considered AIKDs.

In Card14ΔE138+/− mice both autoinflammatory and autoimmune networks were upregulated at the transcript level suggesting that CARD14 GoF mutation drives both adaptive and innate immune networks, which might explain why mutant variants of CARD14 have been associated with both plaque and pustular forms of psoriasis. Disruption of the adaptive immune response by TNF and IL-12/IL-23 blockade has proven successful in case reports of patients harboring CARD14 GoF mutations and findings from mouse models suggest that targeting the IL-23/IL-17 axis would also be beneficial for patients. Utilising an NF-κB inhibitor was also favorable in Card14 GoF mice (82) and specific inhibition of MALT1 or CARD14, itself, might also be attractive therapeutic options in the future.
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Protein | mRNA SNP MAF in EXAC | Disease Penetrance Inheritance | Zygosity | Co factor References
GI7S | c849G>A 15281875215 | not found PV complete AD Het o HLA-Cw(06:02) ©
% Het (10)
% Incomplete (1 healthy carrier) | AD Het @6
Pov @7
PsVand GPP | Incomplete (1 healthy carrier) | AD cpdHet | other CARD14 variants HLA-Cw(06:02) @)
epp Het ILB6RN Het mutation (S113L) (76)
PRP type V/ Incomplete (1 healthy carrier) | AD Het (56)
CAPE complete AD Hom @9
spice | c.349+ 1G=A | rs886041402 | not found famiial PRP incomplete AD Het (12)
GPP familial Incomplete (2 healthy carriers) | AD Het @5)
spice | C.840+5G>A 1587777763 | ot found Psv complete AD Het o HLA-Cw(06:02) ©
CAPE AD Het @9)
E188K | c.412G>A not found erythro PRP denovo | Het )
PRP type V/ denovo | Het ©9)
sporadic
CAPE denovo | Het (@9)
E138A | 0418A>C 15281875214 | not found GPP donovo | Het 10 IL36RN/no HLA-Cw(06:02) ©
o Het (10
E136del | c.412_414delGAG not found famiial PRP incomplete AD Het (12)
E142K | c.424GoA 15281875212 | not found Pev Het (10)
E1426 | c.425A>G 15281875213 | not found Psv Het (10)
L156P | c467T>C 15367907240 | not found famiial PRP complete AD Het (12)
CAPE complete AD Het @9
HI7IN | o5110=A 15281875216 | not found Pov Het (10)
DI7T6H | c.526G>C 15144475004 | 000495 PV Het (10)
GPP with PsV Het 10 IL36RN/no HLA-OW(06:02) (@)
Psv found in controls “9)
app Het @8
PPP Het no HLA-Cw(06:02) @)
% Het 61)
PPP Het (76)
PRP type | and IV Het i (66)

CARD14 mutations that were described as GoF based on in vitro functional studies.
AD, autosomal dominant; CAPE, CARD14-associated papulosquamous; CC, coiled-coil; GPF, generalized pustular psoriasis; Het, heterozygous; Hom, homozygous; PPP. Palmoplantar pustular psoriasis; PRE, pityriasis rubra pilaris;
PsV, psoriasis vulgaris; Cpd, compound.
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Protein | CARD14domain | NF-kB | Pathogenic signature | Other functional testing
Change reporter | upon O/E
R38C | CARD 0.11 no
R62Q | CARD 1.06 no
R6OW | CARD 0144 | nd
G117S | Between CARD-CC | 8.71 yes - over expressed in EC in psoriatic skin
- no spontaneous oligomerization
- increased interaction with MALT1 and BCL10, increased ERK/p38 activation
Mi19R | Between CARD-CC | nd nd
M119T | Between nd nd
CARD-CC
Mi19v | Between nd nd
CARD-CC
L124P | Between CARD-CC | nd nd
C127S | Between CARD-CC | nd nd
QiseL | cc nd nd
E188K | cc nd nd
E188A | CC 895 yes - increased CARD14 staining and proinfl. gene expression in lesional skin
- over expressed in EC in psoriatic skin
- spontaneous GARD14 oligomerization
- increased interaction with MALT1 and BCL10, increased ERK/p38 activation
E138del | CC ~25 Yes (mouse) - spontaneous CARD14 oligomerization
- increased interaction with BCL10
El426 | cc 5 yes
E142K | co 4.03 yes - increased interaction with MALT1 and BCL10, increased ERK/p38 activation
L1soR | cc 1.79 no
Ri51Q | cc 0576 | nd
Ri51W | cc 1766 | nd
LiseP | cc ~1.2 nd - spontaneous GARD14 oligomerization
ats?P | cc nd nd
R166H | CC nd nd
HI7IN | cc 0.68 no - increased interaction with MALT1 and BCL10, increased ERK/p38 activation
Di76H | cc 278 no - spontaneous GARD14 oligomerization
Ri7TOH | cc 1.38 no
vioiL | cc 1.02 no
E197K | cc 1667 | nd
s200N | cc 067 no
L200P | cc 0575 | nd
A216T | cc nd nd
L228R | cc 15 nd
D285G | cc 114 no
M33sv | cc 0914 | nd
T420A | linker 0663 | nd
E422K | linker nd nd
RA30W | linker nd nd
R547S | linker 1 no
V585l | linker nd nd
T591M | PDZ nd nd
1598N | PDZ 13 no
se02L | PDZ 1.1 nd
Re82W | SH3 095 no
G714s | sH3 1.02 no
S802R | none nd nd
RB20W | GUK nd nd
D973E | none nd nd

Summary of functional studies performed on CARD14 variants depicting ability to activate NF-«xB and interaction with binding partners, BCL10 and MALT.

CC, coiled-coil: GuK, guanylate-kinase domain; PDZ, PSD-95, discs-large, zona occludens-1 domain; SH3, Src homology 3 domair

O/E, overexpression.
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Cofactors
Prot. | mRNA SNP MAFin Disease Origin Cohort size MAF CASE | MAFCTR |Other |HLA- | Treatment/Response | References
EXAC case/ctr CARD14 | Cw0602
R38C |c112C>T 15281875217 | notfound | Psv Gaucasian/Asian | 6000/4000 0.00019 0 (10)
R62Q [c185G>A  |rs115582620 | 0002606 | PsV Gaucasian/Asian | 6000/4000 0.0014 0.00084 (10)
Psv Turisian 282/192 0.0053 0 @7
R6OW | c.206C>T 15375624435 | 0.0001945 | Psv Tunisian 282/192 0008865 |0 [E0)
M119R | c.356T>G notfound | CAPE 15 kindreds 1 patient etanercept/partial (39)
famiial PRP case report (2 Pts) ustekinumab/comple te ©1)
M119T | c.356T>C notfound | CAPE 15 kindreds 2 patients (39)
M9V | c.355A>G notfound | GPP Han Chinese 174 PsV62 0.002 (GPP) |0 (49)
GPP/365C
CAPE 15 kindreds 1 patient ustekinumab/complete @9
L124P | c371T>C notfound | familial PRP case report (1 ustekinumab/complete (57)
kindred)
famiial PRP, case report (1 yes yes “2)
Psv kindred)
C1278 | .380G>C notfound | CAPE 15 kindreds 1 kindred MTXand (@9)
etanercept/partial
PRP type V. 22/100 0.0227 [ (56)
Q136L | c.407A>T notfound | PRP type V 22/100 0.0227 0 (56)
L150R | c.449T>G 15146214639 | 0.001859 | Psv Caucasian/Asian | 6000/4000 0.0025 0.0016 (10
Psv Tunisian 282/192 0001773 |0 =)
R151Q | c.452G>A rs200731780 0.0003399 | PsV Tunisian 282/192 0.001773 0 ©37)
R151W | c.4561C>T rs777305616 | 4.217E-05 | PsV European (&2
Q157P | c.470A>C notfound | CAPE 15 kindreds 1 patient MTX/partial @9
R166H | c.497G>A notfound | GPP Han Chinese 174 PsV62 0.002 (GPP) | 0 “9
GPP/365C
R179H |c.636G>A | rs199517469 | 0.0002708 |Psv Caucasian/Asian | 6000/4000 0.00025 0.00027 (10
GPP 51 patients (76)
violL | e571G>T 15281875218 | notfound | Psv Gaucasian/Asian | 6000/4000 0.00014 0.00027 (10)
E197K |c.589G>A | rs200790561 | 0.000776 | PsV Tunisian 282/192 001241 0.002604 @7
S200N |c.599G>A  [rs114688446 | 001096 | PRP 48 patients 0.03125 (60)
PsV Caucasian/Asian | 6000/4000 0011 0.0084 (19
PsV Tunisian 282/192 0003546 |0 37)
PPP 251/1054 001195 0.00332 no (1)
L209P | c.626T>C notfound | Psv European 37)
A216T |c.646G>A  |rs574982768 | 5.798E-05 | PsV Han Chinese 174 PsVi62 GPP/ | 0.002(PsV) | O “9)
365C
Psv European @7
Psv Han Chinese 131/207 0.0076 0 ©1)
splice | c.676-6G>A | rs28674001 0.3481 sporadic PRP | Hungarian case report yes ©1)
L228R | c.683T>G 15142246283 | 9.350E-05 | PRP 48 patients 001042 (©0)
D285G | 0.854A>G 15281875219 | notfound | PsV/ Gaucasian/Asian | 6000/4000 0.00019 0 (10)
M338V |c1012A>G  |rs200132496 | 9.074E-05 |Psv Tunisian 282/192 0003546 |0 (37)
T420A [c1258A>G  |rs762864495 | notfound | Psv Tunisian 282/192 0001773 |0 [E0)
E422K [c1264G>A | rs61751629 notfound | PsV, anti TNF 116 patients (79 | 0.04 (resp) | O (non anti TNF/positive (48)
response resp,37 non resp) resp)
RA30W | c.1288C>T 6.673E-05 | AGEP Spanish case report (1PY) (90)
splice | c.1356+5G>A | rs376524884 | 0.0001012 | Psv Tunisian 282/192 0001773 |0 @7
R547S | c.1641G>C | rs2086964 03772 PsV/ Yemenite case report (1 Yes yes “0)
Ashkenazi kindred)
Psv Han Chinese 174 PsV,62 GPP/ | 0.441 0.46 (“9)
365C
sporadic PRP | Taiwanese case reports (8 Yyes (52)
patients)
famiial PRP, case report (1 yes yes “2)
Psv kindred)
sporadic PRP | Hungarian case report yes ©1)
V5851 [c.1753G>A | rs34367357 008418 | Psv Yemenite case report (1 yes yes (40)
Ashkenazi kindred)
PsV Han Chinese 174 PsV62 0.074 0.056 “9)
GPP/365C
famiial PRP, case report (1 yes yes “2)
Psv kindred)
T59IM [c.17720>T  [rs200102454 | 0.0003674 | Psv Han Chinese 174 PsV,62 GPP/ | 0.002(PV) |0 “9)
365C
159N | c.1778T>A notfound | PsV Caucasian/Asian | 6000/4000 0.00024 0.00048 (10)
S602L [c.1805C>T |rs201285077 | 00002346 | GPP European )
RE82W [c.2044C>T  |rs117918077  [001103 | Psv Gaucasian/Asian | 6000/4000 0013 0012 (10)
GPP Han Chinese 174 Ps\Vi62 GPP/ | 0.002 (GPP) |0 (49)
365G
PsV, anti TNF 116 patients (79 | 0.01 resp) | O (non anti TNF/positive “8)
response resp,37 non resp) resp)
PRP 48 patients 001042 (©0)
sporadic PRP | Hungarian case report yes ®1)
G714S |c.2140G>A | rs151150961 | 0000423 | Psv Caucasian/Asian | 6,000/4,000 0.0021 0.0014 (10)
S802R | .2406C>A notfound | PRP 48 patients 0.01042 (60)
R820W [c.2456C>T | rs11652075 0.4244 PsV and PRP | Caucasian/Asian | 6,000/4,000 common yes (10
variant
PsVand PA | Spanish 400/420 0.4375 05214 )
PsV Han Chinese 174 PsV62 0.443 0.482 “9)
GPP/365C
PsA Japanese case report (1 PY) “@3)
PsV, anti TNF 116 patients (79 | 0.55 (nresp) | 0.38 (non | anti TNF/positive “9)
response resp,37 non resp) resp)
Psv Caucasian/Asian | 32,807/45,458 (50)
Psv ‘Yemenite case report (1 yes yes (0)
Ashkenazi kindred)
sporadic PRP | Taiwanese case reports (8 PY) yes (52)
famiial PRP, case report (1 yes yes “2)
Psv kindred)
sporadic PRP | Hungarian case report yes 1)
D973E [c.2019C>G | rs144285237 | 0003435 | PsVand PRP | Caucasian/Asian | 6,000/4,000 0.0024 0.0015 (10)

Reported variants described in CARD14 excluding pathogenic mutants (Table 1). CARD14 variants here have not been studied functionally or did not appear GoF in vitro.
AGER Acute generalized exanthematous pustulosis eruption; CAPE, CARD14-associated papulosquamous; GPP, generalized pustular psoriasis; PRR. pityriasis rubra pilaris; PsV, psoriasis vulgaris; Pts, patients; Resp, responder; Non
TX, methotrexate.
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(A) G protein-coupled receptors (GPCRs) in solid tumors

Receptor Ligand Tumor-type
AGTR1 Angiotensin i Breast cancer
CXCR4 CXCL12/SDF-1  Oral squamous
cel carcinoma
LPAR LPA Ovarian cancer

(B) GPCRS in non-malignant cells

Reference

Ekambaram et al. (50)
Rehman and Wang
A7)

Mahanivong et al. (51)

Receptor Ligand Disease/cellular ~Reference
system
AGTR1 Angiotensin Il Vascuiar MeAllster-Lucas et al,
inflammation and ~ (52)
atherogenesis
Hepatocytes MoAlister-Lucas et al
(44)
CXCR2 CXCL8/LS Endothelial cells  Martin et al. (46)
ETR Endothelin-1  Mouse embryonic  Grabiner et al. (53)
fibroblasts (MEFs)
LPAR LPA Asthma Medoff et al. (5¢) and
Causton et al. (55)
MEFs Grabiner et al. (53)
PARI Thrombin Endothelial cells  Delekta et al. (49) and
Klei et al. (56)
PAF-R PAF Intestinal epithelial - Borthakur et al. (48)
cells

(C) Receptor tyrosine kinases in solid tumors

Receptor Ligand Tumor-type

Reference

EGFR EGF Non-small cell
lung carcinoma
Breast and other
cancer cells

HER2 Breast cancer

Lietal. (57)
Jiang et al. (58)

Panetal. (59)
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Mutation Disease References
R38C Psoriasis vulgaris @7

R62Q Psoriasis vulgaris (27,30)
REOW Psoriasis vulgaris (30)
G117s Psoriasis vulgaris; Pityriasis rubra pilaris (27,28, 30-33)
©849+5G>A  Psoriasis vulgaris (27,28
©849+5G>C  Psoriasis; Piyriasis rubra piaris ©4
©349+1G>A  Piyrasis rubra pilaris; Generalized pustular psoriasis (29,35)
Mi19R Pityriasis rubra pilaris (@6)
M119T Psoriasis; Pityriasis rubra pilaris (34)
Mi19v Generalized pustular psoriasis @

L124P Pityriasis rubra pilaris (38)
ciars Pityriasis rubra pilaris ©3)

Qi3sL Pityriasis rubra pilaris ©3)
E138A Generalized pustular psoriasis (27,28
E138K Pityriasis rubra pilaris (39, 40)
E138del Pityriasis rubra pilaris (29

E142K Psoriasis vulgaris (27,28)
142G Psoriasis vulgaris (27,28
L150R Psoriasis vulgaris (©7,30)
RISTW Psoriasis vulgaris ©0)
R151Q Psoriasis vulgaris (30)

L156P Pityriasis rubra pilaris ©9)
Qis7p Psoriasis; Pityriasis rubra pilaris (34)
R166H Generalized pustular psoriasis @7
HI7IN Psoriasis vulgaris @
D176H Psoriasis vulgaris; Generalized pustular psoriasis; Pityriasis rubra pilaris (27, 41-45)
RI79H Psoriasis vulgaris; Pityriasis rubra pilaris (27,43)
Vi91L Psoriasis vulgaris @

E197K Psoriasis vulgaris; Pityriasis rubra pilaris; Psoriatic arthritis (30, 43)
S200N Psoriasis vulgaris; Generalized pustular psoriasis; Pityriasis rubra pilaris (27, 30, 31, 4)
L209P Psoriasis vulgaris (30)
A216T Psoriasis vulgaris (30,37, 44)
D285G Psoriasis vulgaris ©n
M338V Psoriasis vulgaris (30)

T420A Psoriasis vulgaris 0)
R430W Acute generalized exanthematous pustulosis (46)
1356+ 56> A Psoriasis vulgaris ©0)
T591M Psoriasis vulgaris @

159N Psoriasis vulgaris @n

S602L Psoriasis wulgaris; Generalized pustular psoriasis; Pityriasis rubra piaris  (30)
RE82W Psoriasis vulgaris; Generalized pustular psoriasis (27,37
G7148 Psoriasis vulgaris @n
RB20W Psoriasis vulgaris; Psoriatic arthritis (27, 47-49)
DO73E Psoriasis vulgaris @n
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Primary antibodies

A20/TNFAIP3 (D13H3)
BCL10 (C-17)

BCL10 (H-197)
CARMA1/CARD11 (1D12)
CYLD (E-10)

HOIL-1 ($150D)

kB (L35AS)

IkBe (phospho-Ser32/36) (5AS)
MALTA (B-12)

StrepTagll

B-Actin (-19)

anti-CD2-APC (RPA-2.10)

Secondary antibodies

Source

Cell Signaling
Santa Cruz
Santa Cruz
Cell Signaling
Santa Cruz
MRC

Cell Signaling
Cell Signaling
Santa Cruz
1BA

Santa Cruz
eBioscience

Source

HRP-conjugated anti-goat
HRP-conjugated anti-mouse
HRP-conjugated anti-rabbit
HRP-conjugated anti-sheep

Alexa Fluor488-donkey anti-mouse.

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Invitrogen
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PHAGE-ACD2-T2A
PMD2.G

psPAX2

PHAGE-ACD2-T2A-SF
CARD11-FS constructs

BCL10-FS constructs
SF-BOL10-CARD11
(B10-C11) constructs

PGL3-6XNF-«B luc
PRL-TKiuc

Lentiviral transfer vector used (43)

Lentiviral packaging construct (Addgene: Plasmid
#12259)

Lentiviral packaging construct (Addgene: Plasmid
412260)

Lentiviral transfer vector (mock)

CARD11, CARD11 R35A, and CARD11 L225L1 in
PHAGE-ACD2-T2A (25)

BCL10 and BCL1O RA2E in pHAGE-ACD2-T2A
CARD11 and CARD11 mutants (RS5A,
R35A/225L) in SF-BCL10, SF-BCL10 R4ZE,
SF-BCL10 R228A, or SF-BCL10 R42E/R228A
containing pHAGE-ACD2-T2A

NF-kB reporter firely luciferase (44)

TK reporter renilla luciferase (Promega)
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Name Structure Distribution
Linker MAGUK
| —
CARMA1/CARD11  [CARD Coiled-coil PDZ}H{ SH3HGUK] Hematopoietic; lymphoid
CARMA2 / CARD14  [CARD} Coiled-coil PDZH SH3H{GUK] Placenta / keratinocytes / mucosa
CARMA3 / CARD10  [GARD}—{ Colled-col PDZH SH3HGUK] Broad
CARD9  [CARDI_Coiled-coil — Hematopoietic; myeloid
LYMPHOCYTE C CARCINOMA CELL
T-cell : B-cell
TCR i ECH AGTR1 | PAR1 _ CXCR4 | LPAR ECER NI

}

&8}

CANONICAL NF-xB

)

Complex

IKK
Complex

CANONICAL NF-xB
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Kindred

Patient

Age of onset
(%)

Age at last
follow-up ()

Current age
Region of
origin (Turkey)

Country of
ing
Associated
fungal
diseasels)

Non
infectious
diseasels)

Fungus
cultured

cpat
cosT
s

8¢
NKe
IgES

IgA

IgM

19G

Eosinophilia

Thi7
function®

Fungal
recognition’
(IL-6 upon
candida)

IV:5 (index)
8
57

57
Eskisehir

Belgium

Mucosal; CMC,
systemic;
lymphadenitis,
chronic +
invasive
dermatophytosis
nasal
obstruction,
allergic asthma,
dyspepsia,
gonarthrosis,
caries
Trichophyton
violaceum, T.
verrucosum, T.
rubrum,
Malassezia furfur
Normal

Normal
Mitogens®©::
normalf
Gandida®:
defect”

Normal

Normal

High' (18,200
KU/L) Ref: 0-100
KUL

Normal (3.3 g/L)
Ref: 0.83-4.07

oL

Normal (0.7 g1L)
Ref: 0.34-2.14
oL

Normal (18.5
g/L) Ref:

7.0-16001L

Yes

ICS: LowP
ELISA™: LowP

Low®

F1

vi2

34

35
Eskisehir

Belgium

Mucosal;
cmC

substance
abuse,
psychosis

NA

High
Normal
Mitogens®;
normalf
Candida®:
defect”
Normal
Normal
High' (843
KU/L) Ref:
0-100 KUL

Normal (4.1
/L) Ref:
083-4.07 gL

Normal (0.7
/L) Ref:
034-2.14 gL
Normal (189
o) Ref:
7.0-16.0 /L

No

ICS: LowP
ELISA™:
LowP
Low®

v:3

NA

32
Eskisehir

Belgium

Mucosal;
oMC,
systemic;
encephalitis

hypopara-
thyroidism

C. albicans

Normal
Normal
Mitogens®©:<;
normalf
Candida®:
defect”
Normal
Normal
Increasedk
(161 KU/L)
Ref: 0-100
KUL

Normal (1.99
/L) Ref:
0.83-4.07 g/lL

Normal (1.75
/L) Ref:
0.34-2.14 g/l
Normal
(1663 /1)
Ref: 7.0-16.0
gL

Yes

NA

48
59

65
Emirdag

Belgium

Systemic;
Retroperitoneal
aspergillosis

hypothyroidism,
diabetes,
osteoporosis

Asperglus
fumigatus

Normal
Normal
Mitogens®©d;
normalf
Candida®: NA

NA
Normal

Increasedk
(@76.7 KUL)
Ref: 0-100
kUL

Normal

Normal

Normal

No

ICS: LowP
ELISAM:
LowP
Low-normal"

20
Emirdag

Belgium

Mucosal;

Pityriasis
versicolor

T rubrum

NA
NA
NA

NA
NA
NA

NA

ICS: Normal”

ELISAM:
Normal”
Normald

CMC, chronic mucocutaneous candidiasis; LTT, lymphocyte transformation test; NA, not available.
Ifavailable, reference values are mentioned for tests performed in a routine dliagnostic setting. For research assays, no reference values are available. Restilts were scored compared to internal assay healthy controls (HC). SFor LTT the
reference ranges depends on the lab where tests were run. The response on different stimuli was determined for 3 reference HCs to define internal criteria that can be used as cutoff. In adltion the reference range was developed for
fresh and frozen samples to take into account biological variabilty. To correct for interrun variabity, the 3 reference HCs together with one veriable HC were run together with the patient samples®. In another center a stendrd reference
range was used®). Responses to C. albicans and the mitogens PHA®), ConA or PWM®) were assessed. LTT was scored nomal?) if response comparable to HC, weak® for values below reference range, defect? for absent response
and strong® for stronger response compared to HC. £IgE was scored normall for values within the normal reference range, increased® for values above the reference range and high® for strong increased values. * Th17 function was
assessed by intraceluar cytokine staining (ICS) (proportion IL-17+ cels after stimulation with PMA/ionomycin measured by flow cytometry) and measurement of IL-17 production upon stimulation with SEB™ and/or PMA/onomycin®
by ELISA. Th17 function was scored normal® for values within the HC range and low® if strongly impaired in comparison with the HCs. SFungal recognition (IL-6 secretion upon Candida) was scored normal for values within the HC
range, low-normal® for values below the HC range and low®) if secretion was strongly impaired.

F2

111:2 (index)

7

16

17

Emirdag

Belgium

Mucosal;
CMC

reccurent
warts on foot
soles

C. albicans

Normal
Normal

Mitogens®©:<:

strong!
Candida®:
weakd
Normal
Normal
Normall (20.5
KU/L) Ref:
0-200 KUL

Normal (1.4
gy
Ref:0.71-3.65
oL

Normal (2.0
/L) Ref:
0.40-2.48 g/L
Normal (165
/L) Ref:
7.0-16.0 gL

No

1CS: LowP
ELISA™:
LowP
Low®

n:3

25

10

11
Emirdag

Belgium

Mucosal;
cmC

reccurent
warts on foot
soles, visual
problems,
headaches

C. albicans

Normal
Normal

Mitogens®©:d:

strong!
Candida®:
weakd
Normal
Normal
Normall (20.6
KU/L) Ref:
0-90 KU

Normal (1.1
9y
Ref.05-1.66
oL

Normal (0.9
/L) Ref:
027-0.74 gL
Normal (11.9
9L Ref:
47-1.9 gL

No

ICS: LowP
ELISA™:
LowP
Low®

F3

11:2 (index)
39

42

46

Afyon
France
Mucosal;
ome,
systemic;

meningo-
encephalitis

C. albicans

Normal
Normal

Mitogens®©:<:

normalf
Candida®:
normalf

Low
Normal
NA

Normal

Yes

ICS: Normal”

ELISA:
Normal®

Low-normal”

F4
11 (index)

5

15
NA

Belgium

Mucosal;
CMC,
systemic;
meningo-
encephalitis

C. albicans

NA
NA
NA

NA
NA
NA

Yes

ICS: Normal®
ELISA™
Normal”
Low-normal’

F5
11:2 index) 116
8 35
43 37
NA NA
Emirdag Emirdag
Belgium Belgium
Mucosal; Mucosal;
ome, ome,
systemic; systemic;
osteomyelitis  abdominal
candidiasis,
lymphadenitis
C. albicans  C. albicans
Normal Normal
Normal Normal
Mitogens®©°:  Mitogens® e
strong! normaf®
Candida: NA  Candida: NA
Normal Normal
Normal Normal
Normall (114 High! (1,137
KU/L) Ref: KU/L) Ref:
0-200KUL  0-200 kUL
Normal Normal
Normal Normal
Normal Normal
No No
ICS:LowP  ICS: LowP
ELSA™A:  ELISA™A:
LowP LowP
NA NA

Summary

2.5-48

8-59

11-65

Afyon +
Eskisehir +
Emirdag

Belgium +
France

range

auto-immune
endocrinopathy,
various

C. albicans,
Trychophyton
PP,
Aspergilus

8/9 normal
9/9 normal

5/8
decreased to
Candida

7/8 normal
9/9 normal
5/8 hyper IgE

8/8 normal

9/9 normal

9/9 normal

4/10
eosinophila
7710
decreased

/8
decreased
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Clinical features Proportion  Penetrance (%)

INFECTIONS (BACTERIAL/VIRAL/FUNGAL)

Pulmonary 6/6 100
Skin 36 50
Gastrointestinal tract 3/6 50

ORGAN INVOLVEMENT
Periodontal disease 6/6 100
Gastrointestinal inflammation 5/6 83
Dermatitis 416 67

DEVELOPMENT
Failure to thrive 5/6 8
Abnormal Facies 36 50

LABORATORY TESTS

Cell populations
Normal lymphocytes nurmbers 34 75
1 Treg 34 75
Normal B cells 416 67
+ CD3*, CD4™* T cells 416 67
+ CD8* Tcels 35 60

Response
1 T cell proliferation (PHA, a-CD3/CD28) 6/6 100
1 NF-«B phosphorylation/lkBa degradation /6 100
1 1L-2 secretion 6/6 100

lg
1 specific antibodies 34 75
1igM 36 50
+1gE 3/6 50

Common features found in MALT1-deficient patients. Included are proportion of patients
where datais avaiable and the percentage of patients with that finding. 1, increasedlevels
relative to normal range; |, decreased levels relative to normal range.
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Mutation p.Trp580Ser p.Sergolle p.Serglle . [1019- p.Asp184TYr p.Asp184Tyr
2A>GJ;{1060de(C]

Age 15y0 4y0 22550 9-13 months 7yo 40
Sex F B M M F M
Ethnicity Kurdish Lebanese Lebanese American ND ND
Consanguinity + + + - + +
Functional Impact Loss Loss Loss Loss Loss Loss
Inheritance AR AR AR AD AR AR
Gene Expression Normal Normal ND Decreased/none  Normal Normal
Protein Expression Wi None ND None None None

+
.
N
.
"

Pulmonary +
Staphylococeus aureus + -
Streptococcus pneumoniae  +
Haemophils influenzae - -
Kiebsiella pneumoniae - -
Pneumocystis jiroveci - B - -
Pseudomonas - + - - - -

++ o+
|
|
|

+
'

oMy + N - B
EBV N - - _
RSV - = - + =
Adenovirus - B - -
Candida albicans .

Gastrointestinal -
Saimonella - - - N
Campylobacter jejuni - - = -
Clostridium dificile - - - ¥
oMy - - - -
EBV N - - -
Rotavirus - N - -
Adenovirus
Candida albicans - N 4 -

Skin
Staphylococcus aureus
Pseudomonas
HSV-1
Vv
Candida albicans

Blood
Staphy us aureus - - = =
Streptococcus pneumoniae - - -
oMy - - . ¥ - 2

Urine - e
oMy = +

Meningitis N + - = - =

+
+

+ o+

'

|
+o o+
[

'
'
|
|
+ o+ o+

[
" |
o |
| |
| [
[

+

Haemophius influenzae -
Streptococcus pneumoniae
Keratitis - = = = ¥ N

HSV-1 - - = = + -

Failure to thrive + + + + + =
Dysmorphic facies. + - - - * +
Periodontal disease + + + + + +
Eczema + e = + + +
Enteropathy + + + + + -
Bronchiectasis + + + - + =

Transplantation + . - + ¥ +
Successful + A NA + + +
wiG - + + + ¥ =
Anti-microbial prophylaxis  ND ND ND + + +
Antibiotics ND ND ND + + +
TMP/SMX ND ND ND ND + +
Gancyclovir N - - + - N
Foscarnet - - - + + +

Pre-transplantation + = - - +

+
Treosulfan - - - - - -
Fludarabine + - - = + +
Busulfan - - = N + "
Alemtuzumab + - - - + +
Gyclophosphamide - - - + - -
Melphalan - - - % = -

R a-thymocyte globulin - = = + - -

Post-transplantation + - - + 5 P
Cyclosporine + = = + ¥ 4
Mycophenolate mofetil + - - N +* +
Methylpredhisone + - - - = -
Methotrexate - - &= + = -
Tacrolimus = = - = - +

Outcome Alve Dead Dead Alve Alive Alve

Cause of death NA Respiratory failure  Respiratory failure ~ N/A NA /A

Total CD19 B cells [ Normal 1 Normal Normal Normal
Naive B ND ND ND ND ND
(Class-switched) memory 4 ND ND ND ND ND
Mz ! ND ND ND ND ND

Total CD3T cells 1 Normal Normal 1 1 t
cp4 + Normal t 1 1 t
CD4 CD45RA ND Normal Normal Normal Normal t
cp8 ND + Normal 1 Normal t
CD8 CD45RA ND ND ND 1 ND ND
Treg Normal ND ND | i i

4 4 13 4 1 Normal

ND J 1 ! ND ND

ND ! i Normal ND ND

ND 4 4 ND ND ND
CD3+CD28 ND ND ND ND 1 1
Tetanus ND i 1 ND ND ND
Diphtheria ND i 1 ND ND ND

4 12

Normal Normal Normal ! Normal Normal

Normal Normal Normal Normal Normal Normal

Normal Normal Normal 1 1 i

+ Normal Normal Normal + t

Specific antibodies
Tetanus Positive Negative Negative Negative ND ND
Preumococaal ND Negative Negative Negative ND ND
Diphtheria Positive ND ND Negative ND ND
Isohemagglutinins Positive Negative Negative 1 ND ND
Haemophilus influenzae 8 ND ND ND Negative ND ND

References (22) @1 ©1) ©3) ©4) 2]

Summary of moleculer, immunological, infectious, and pathological findlings for all MALT1-deficient patients described to date. ND, no dta; 1, increased levels relative to normal range;
1, decreased levels relative to normal range; +, present; —, absent; EBV, Epstein-Barr virus; HSV-1, herpes simplex encephalitis 1; V2V, varicella-zoster virus; R, rabbit.
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Mutation 9.85741978C>T;IVS1+1G>A

Age 6 months
Sex M

Ethnicity Amerindian
Consanguinity +
Functional Impact Loss
Inheritance AR

Gene Expression None

Protein Expression None
I S

Pulmonary
Influenza A + B
RSV

¥
¥

¥

Adenovirus +
Gastrointestinal +
Campylobacter jejuni +
Clostridium dificile +
Adenovirus +
oral +
Candida albicans +

Failure to thrive -

Dysmorphic facies -
Periodontal disease -
Eczema -
Enteropathy +
Bronchiectasis -
Transplantation -
Successful NA
e +
Anti-inflammatory
Mesalazine +
Antibiotics +
Vancomycin +
Metronidazole +
Other Levetiracetam
Outcome Death
Cause of death Respiratory failure
Total CD19 B cells t
Naive t
(Class-switched) memory |
Total CD3T cells t
cp4 t
CD4 Naive t
cD4CM +
CD4EM Normal
cps Normal
CD8 Naive t
cpscM 1
CD8 EM Normal
Treg 4

lgG 4

IgA 4

IgM I

IgE Normal
Reference (20)

Mein ciinical and immune findings of the single BCL10-deficient patient described to date.
1, increased levels reletive to normal range; {, decreased levels relative to normel range;
-+, present; —, absent; RSV, respiratory syncytial virus; CM, central memory; EM, effector
memory.
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Clinical features

Splenomegaly in childhood
INFECTIONS
Otitis media/sinopulmonary
BV
Molluscum contagiosium
LABORATORY TESTS
Cell populations
B cell lymphocytosis
1 % Naive mature B (IgM+ IgD*)
1 % Immature/transitional B (CD10+)
1 % Class-switched and memory B
Normal T cells (abs #)

1% DN T cells
Autoantibodies
Autoimmune hemolytic anemia
IN VITRO RESPONSES
Naive B cells

Normal profiferation

1 Plasma cell differentiation

1 1gG secretion
Teells

1 Proliferation («-CD3/CD28)

{ IL-2 secretion («-CD3/CD28, mitogens)

Proportion

14/14

21/21
9/21
8/22

21/21
21/21
21/21
21/21
21/21
6/10
5/21
4/21

o
7
7

o
7

Penetrance (%)

100

100
43
36

100
100
100
100
100
60
23
19

100
100
100

100
100

Summery of major clinical and immunological phenotypes associated with human
germiine GOF mutations in CARD11 causing B cell Expansion with NF-«8 and T-cel
Anergy (BENTA) disease. Proportion of patients and penetrance is calculated based on
number of patients tested with avaiable data. Clinical ‘red flags" for potential diagnosis
of BENTA disease are marked in blue. GOF GARD11 mutations are bolded. 1, increased
levels relative to normal range; |, decreased levels relative to normal range.
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Clinical features Proportion  Penetrance (%)

Atopic disease 30/44 89
Atopic dermatitis 32/44 73
Asthma 24/44 55
Food allergies. 14/44 32
Eosinophilic esophagitis 344 7

Cutaneous viral infections 30/44 68

Respiratory infections 30/44 68
Autoimmunity /a4 20
Neutropenia 6744 14
Oral uicers 6/44 14
Lymphoma 344 7

LABORATORY TESTS

Cell Populations
 Total CD4* T cells 4140 10
1 Memory CD4* T cells 926 35
Normal total CD8* T cells 41/43 95
1 Memory CD8* T cells ans 27
| Total B cells 843 19
| Class-switched/memory B cells 10/35 29
1 NKcells 843 19
| Tregs 2129 7
+ Eosinophis 26/40 65

In vitro responses
1T cell proifferation 19/31 61
1 NF-«B phosphorylation/IkBa degradation 1/12 %
Specific antibody response defect 20/41 49
Total antibody response defect 12/42 29

Ig
Panhypogammaglobulinemia 5/44 1
11gE 31/42 74

Summary of major clinical and immunological phenotypes associated with human
germline DN LOF CARD11 mutations causing CARD11-associated Atopy with Dominant
Interference of NF-«B Signaiing (CADINS) disease. Proportion of patients and penetrance
s calculated based on number of patients with available data. Clinical ‘red flags” for
potential diagnosis of CADINS disease are marked in blue. 1, increased lovels relative
to normal range; |, decreased levels relative to normal range.
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Clinical features

Infections (bacterial/viral)
P jrovecii pneumoria
Bacterial sepsis (Enterococcus etc.)
Viral pneumonia (Rhinovirus etc.)
LABORATORY TESTS
Cell populations
Normal total lymphocyte numbers
1 Treg
 Naive | Memory B cells
+ Naive | Effector T cells
Response

1 T cell proliferation (PHA, «-CD3/CD28)
1 NF-«B phosphorylation/lBa degradation

1 IL-2 secretion
]
Panhypogammaglobulinemia

Proportion

33
13
13

33
33
33
22

33
33
3/3

3/3

Penetrance (%)

100
33
33

100
100
100
100

100
100
100

100

Tabulation of findlings that may be diagnostic clues for CARD11 deficiency. Included are
the proportion of patients where the data is avaiable as well as the percentage of patients
with the specific phenotype. 1, increased levels relative to normal range; |, decreased

levels refative to normal range.
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Mutation p.GIng45* p.Phe902_Glugdédel  p.Phe902_ Glu9dédel  p.Phe902 Gluddédel  p.Cysi50*  p.Cys150* + somatic

Exon 21 del Exon 21 del Exon 21 del p-Cys150Leu
Age 6 months. 9 months 3 months 6 months Birth 6 months.
Sex F F F M M F
Ethnicity Central European  Palestinian Palestinian Palestinian Turkish Turkish
Gonsanguinity + + + + + +
Functional Impact Loss Loss Loss Loss Loss Loss then moderate

restoration

Inheritance AR AR AR AR AR AR
Gene Expression Normal Truncated Truncated Truncated 4 Normal
Protein Expression Truncated None None None. None Restored

Pulmonary + + ND +

+ +
Pneumocystis jrovecii  + + ND ND + -
cmv = s ND ND e E
Human metapneumovirus  — - ND ND - +
Rhinovirus N - ND ND - +

Blood = = ND ND + +
Staphylococeus aureus  — = ND ND - +
Enterococcus - - ND ND + +
Pseudomonas - - ND ND - +
Klebsiella - - ND ND + -

Eyes (retina) - - - - - +
omv - = - - - +

Meningitis = + & + = -
Failure to thrive - - + ND - -
Eczema - - ND ND - +
Enythroderma - - ND ND - +
Lymphadenopathy - - ND ND - +
Hepatosplenomegaly - - ND ND - +
Dyspnea - + ND ND - -
Tachypnea + - ND ND - -
Microcephaly - - ND ND + +
Developmental delay = = ND ND + +
Congestive heart faire ~ — = ND ND - +
Seizures - - ND ND + -

Transplantation + + - - - -
Successful + + NA A N/A NA

G - + ND ND + +

Anti-microbial prophylaxis + + ND ND ND ND
TMP/SMX + + ND ND ND ND

IMMUN UPP

Pre-transplantation + ND - - - -
Treosulfan + ND - - - -
Fludarabine + ND - - - -
Alemtuzumab + ND - - - -

Post-transplantation + ND - - - -
Cyclosporine + ND - - - -
Mycophenolate mofetl  + ND - - - -

Outcome Aive Alve Dead Dead Dead Dead

Cause of death A NA Respiratory failure Respiratory failure Sepsis Interstitial pneumonia

Total CD19 B cells Normal Normal ND ND Normal 1 then normal
Naive 4 1 ND ND ND ND
Transitional t + ND ND Iy ND
(Class-switched) memory | r ND ND v ND

Total CD3T cells Normal ND ND ND + 1 then 111
cp4 Normal Normal ND ND Normal 1 then 111
CD4 CDASRA + Normal ND ND Normal Normal then |
cos Normal Normal ND ND + 1 then 141
CD8 CDASRA t Normal ND ND ND ND
Treg . ! ND ND 4 1

19G L + ND . 4 1
IgA 4 4 ND 13 4 4
IgM 12 4 ND 4 4 4
IgE ND ND ND ND Normal 1
Specific antibodies
Tetanus ND ND ND ND Negative ~ Negative
Pertussis. ND ND ND ND Negative ~ Negative
Diphtheria ND ND ND ND Negative  Negative
Haemophius influenzae 8 ND ND ND ND Negative ~ Negative
References 18) [ (17) (17 19 19

Key molecular, immunological, infectious, and pathological findings for i patients with CARD11 deficiency described to date. ND, no data; 4, increased levels reletive to normal range;
1, decreased levels relative to normal range; +, present; —, absent; *premature stop; AR, autosomel recessive; CMV, cytomegalovirus; VIG, intravenous immunoglobulin; TMP/SMX,
trimethoprim/sulfamethoxazole; PHA, phytohemagglutinin; ConA, concanavalin A; PWM, pokeweed mitogen.
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Feature Card11~/~Card114"/“" Bcl10~/=  Malt1~/~ Malt1PP/PP

BCELLS
Populations
Total Normal  Normal Normal ~ Normal  Normal
FO Normal  Normal 1 Normal  Normal
V4 i Normal 4 I 4
B1 4 $ ¥ 4 4
GC ND ND ND 4 i
Proliferation
IgM D 4 1 ! Normal
©D4o 1 ! ! i ND
GDdoL ND ND ND + 4
IgM+CD40 | ND 4 ND ND
LPs . Normal Normal | or normal | or normal
IgM+IL-4 ND 4 ND ! 4
CD40+IL-4  ND 4 ND { or normal Normal
Signaling
IKBw/NF«B | L i 4 or normal Normal
INK ) 4 4 { or normal | or normal
ERK Normal  Normal Nomal ~ Normal ~ Normal
Tyrosine Normal  Normal ND Normal  ND
Galcium Normal  Normal Nomal ~ ND ND
TCELLS
Populations
Totel Normal  Normal Normal ~ Normal  Normal
cD4 Normal  Normal Normal ~ Normal  Normal
cps Normal  Normal Normal ~ Normal  Normal
Treg . & 1 + v
Thi 4 Normal ND + or normal ¢
Th2 4 t ND  or normal 1
Thi7 I Normal ND 1 ornormal 1
Th ND ND ND i L
NKT Normal  ND Normal  ND ND
DN3 4 ND ND ! ND
DN4 t ND + 1 1
oP ND ND i Normal  Normal
Proliferation
] 1 Normal ! i i
CD3+CD28 | L + 4 4
P 4 ND v 4 ND
Signaling
KB/NF«B | ND i 4 Normal
INK 4 ND ND 4 4 or normal
ERK Normal  ND Normal ~ Normal  Normal
Tyrosine Normal  ND Normal ~ Nommal ~ ND
Galcium Normal ~ ND Normal ~ ND ND
Activation Markers («-CD3+CD28)
cD25 4 1 i 4 Normal
cD69 1 ! ! i ND
GDdoL ND i ND ND ND
OX40 ND ! ND ND ND
Icos ND i ND ND ND
cDa4 1 ND s . ND
IMMUNOGLOBULINS
Basal
IgM 4 4 3 4 4
19G1 i Normal ! i B
lgG2a i ND ! 4 L
1gG2b 4 Normal 4 4 i
IgG3 12 4 3 4 13
IgA 1 ND 1 1 or normal Normal
IgE ND 1 ND ND +
T-dependent
IgM 12 4 3 4 4
IgG1 4 4 ¥ 4 4
lgG2a 4 ND 1 ND ND
1gG2b ND ND ! ND ND
19G3 ND ND i ND ND
Other immune None Atopyand  None None Spontaneous
manifestations dermatitis multi-organ
with age inflammation

References (11, 12, 81(18,17,85) (14, 15,86, (16, 88-90) (89, 91-93)
84) 87

Lymphocyte characteristics, immunoglobulin levels, and adtional immune features
are summarized and compared for Card11~/=, Card11®/n, Bcl10~/=, Malt1~/-,
Malt1PP/PP mice. ND, no data; 1, increased levels relative to normal range; \, decreased
levels relative to normal range; FO, follicular B cell; MZ, marginal zone B cel; GC, germinal
center B cell; LPS, lpopolysaccharide; IL-4, interleukin 4; lBa, NF-xB inhibitor alpha; NF-
«B, nuclear factor kappa B; Treg, T regulatory cell; Th, T helper cell; Tth, T folicular helper
cell; NKT, natural kiler T cel; DN, double negative; DR, double positive; P/}, phorbol 12-
myristate 13-acetate (PMA) /ionomycin; JNK, c~Jun N-terminal kinase; ERK, extracellular
signal-regulated kinase; ICOS, inducible T cell costimulatory.
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1 IR} 2] Normal range (adult)

% # % # % # % #
Total B cells 20 612 325 1,066 433 1,602 3-19 59-320
Naive CD19+IgD+ 17.7 542 303 994 M3 1,528 1.4-14.4 25-324
CD19+ CD10+ 4 122 145 476 333 1,232 0.1-34 2-76
CD19+ CD27+ 02 6 0.1 3 0 0 0.4-2.3 5-46
CD3+ T 713 2,182 612 2,007 53 1,961 60-83.7 714-2266
CDa+T 35.1 1,074 405 1,328 349 1.201 31.9-62.2 350-1565
CDB+ T 317 970 163 535 187 507 11.2-34.8 178-853
NK cells 89 272 65 213 44 152 62-34.6 126-729
NKT cells 10 306 6 197 36 133 22-124 29-299
1 IR} 2]
19G 1135 (700-1600 mg/dlL) 1129 (700-1600 mgy/cl) 1204 (504-1465 mg/dlL)
IgA 255 (70-400 mg/dl) 161 (70-400 mg/dL) 72(27-195 mg/dL)
IgM 37 (40-280 mg/dL) 39 (40-280 mg/dL) 14 (24-210 mg/dL)
IgE 16 (0-90 IU/mL) 37.5 (0-90 1U/mL) 136 (0-90 IU/mL)

Values in blue and red color indicate lower and higher levels, respectively, compared to normal heaithy control ranges listed at right. Absolute counts indicated for each cell type are per
wl. Normal Ig levels corresponding to patient age groups are indicated in parentheses.
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