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Il. Zusammenfassung

Das adaptive Immunsystem ermoglicht mehrzelligen Organismen feinregulierte, Erreger-
spezifische Immunantworten zur Bekampfung von Infektionen. Eine dynamische zellulare
Anpassung an Pathogene kann durch posttranskriptionelle Genregulation als molekularer Schalter
der Aktivierung zellularer Immunantworten erreicht werden. Die RNA-bindenden Proteine (RBPs)
Roquin-1 (Re3h1) und Roquin-2 (Rc3h2) sind maligeblich an der Regulation der T-Zellaktivierung
beteiligt und steuern die Differenzierung von Tth- sowie Th17-Zellen. Mutationen in Rc3h1 werden
mit autoinflammatorischen Erkrankungen und Autoimmunitat in Verbindung gebracht und der
Funktionsverlust von Rc3h1 ist mit einer exzessiven Immunaktivierung sowie der Derepression von
Icos, Tnfrsf4 (Ox40), Tnf und Nfkbid mRNA-Molekilen verbunden. Hierbei erkennt die essentielle
N-terminale ROQ-Doméane hochaffine konstitutive Abbauelemente (engl. constitutive decay
elements, CDE), die urspriinglich in dem 3-UTR (engl. 3-untranslated region) der Tnf mRNA
identifiziert wurden und es wird angenommen, dass differenzielle Affinitaten/Aviditaten
unterschiedlicher ROQ-CDE-Interaktionen einen praferenziellen Abbau von mRNA koordinieren. In
CD4+ T-Zellen spaltet die TCR-induzierbare MALT1-Paracaspase beide Roquin-1 und Roquin-2
Proteine, wobei dadurch die Funktionalitdt von Roquin beeintrachtigt und T-Zell-Aktivierung sowie
die Differenzierung von Effektorfunktionen ausgelost werden. Extrazellulare TCR-Signale missen
quantitativ interpretiert werden, doch nur wenig ist dartiber bekannt, wie Affinitadten bzw. Aviditaten
von Antigen-TCR-Interaktionen sowie die TCR-assoziierte Signaltransduktion in malgeschneiderte
Genexpression umgewandelt werden.

Die vorliegende Dissertation erldutert, wie der posttranskriptionelle Regulator Roquin TCR-
Signalstarken integriert, um die Regulation von mRNA-Stabilitdt und Th17-Differenzierung zu
steuern. Transgene Mausmodelle gradueller Deletion der Rc3h1 und Rc3h2 Gene, retrovirale
Rekonstitutionen unter Verwendung von Roquin-1-Mutanten mit veranderten ROQ-CDE-Affinitaten
und Titrationen OVA-Antigen-vermittelter T-Zell-Aktivierung zeigten spezifische dosis-abhangige
Kinetiken der Derepression von mRNA-Molekilen, wobei IkBns (Nfkbid) besonders hohe
funktionelle Aviditat aufwies. Antigen-Signale mit zunehmender Aviditdt wurden in graduelle
Spaltung von Roquin sowie zunehmende Th17-, nicht aber Th1-Differenzierung umgewandelt. Ein
mithilfe von CRISPR/Cas9 generiertes MALT1-resistentes Roquin-1-Modell (Rc3h 1Mins)
verdeutlichte die starke Repression von IkBns wahrend dynamischer T-Zell-Aktivierung, um Th17-
Differenzierung zu beeintrachtigen. Rc3h1Mins reprasentiert das erste transgene Modell eines
MALT1-resistenten Substrats. In diesem Modell wird Roquin-1 trotz MALT1-Aktivierung nicht
langer gespalten, es rekapituliert den Phanotypen des Modells inaktivierter MALT 1-Paracaspase
(Malt1PDiPD)  teilweise und bestatigt die Bedeutung von Roquin fir die Tfh- und Th17-
Differenzierung. Diese Studie verdeutlicht die notwendige Beteiligung der TCR-abhangigen
Spaltung von Roquin-1 und hochaffiner ROQ-CDE-Bindungsstellen an der Pravention der Th17-
abhangigen Autoimmun-Enzephalomyelitis (EAE) in vivo und die Modulation der NF-kB-Aktivitat
durch die limitierte Induktion von IkBns. Die Roquin-Spaltung tragt dynamisch zur Interpretation
von TCR-Signalen bei und die Verfugbarkeit von Roquin setzt einen quantitativen Schwellenwert
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fur die in vitro und in vivo Differenzierung von Th17-Zellen voraus, der durch einen distinkten
Signalweg von TCR-MALT1-Roquin-IkBns reguliert wird. SchlieRlich unterstutzt diese Arbeit die
Idee eines Roquin-spezifischen MALT1-Inhibitors. Dieser kénnte autoinflammatorische
Phanotypen von Malt1PP/PD-M3usen oder bereits bekannten MALT1-Inhibitoren umgehen und
gleichzeitig die Th17-getriebene Pathogenese bei Autoimmunerkrankungen begrenzen.

lll. Summary

Adaptive immunity provides multicellular organisms with fine-tuned pathogen-specific immune
responses. Dynamic cellular adaptation to infections can be achieved by post-transcriptional gene
regulation as a molecular switch for host defense activation. The RNA-binding proteins (RBPs)
Roquin-1 (Rc3h1) and Roquin-2 (Rc3h2) regulate immune homeostasis by the control of Tth and
Th17 cell differentiation. Mutations in Rc3h1 are linked to autoimmune or autoinflammatory
diseases and its loss-of-function is associated with excessive immune activation next to
derepression of its targets Icos, Tnfrsf4 (Ox40), Tnf and Nfkbid mRNA. The unique ROQ domain
recognizes high affinity constitutive decay elements (CDE) originally identified in the 3’-UTR of Tnf
mRNA and differential ROQ-CDE affinities/avidities likely coordinate preferential mRNA
degradation. In CD4+ T cells, the TCR-inducible MALT1 paracaspase cleaves Roquin-1/2 proteins
to inactivate their function and to mount effector responses during T cell activation. TCR signals
require quantitative interpretation, yet only few reports explain how TCR signal transducers and
antigen-TCR affinities/avidities are converted into tailored gene expression programs.

This doctoral thesis elucidates how the post-transcriptional regulator Roquin integrates TCR signal
strength to guide mRNA and Th17 fate regulation. Transgenic mouse models of graded Rc3h1 and
Rc3h2 deletion, retroviral reconstitutions using Roquin-1 mutants of altered ROQ-CDE affinities
and titrations of OVA antigen-mediated T cell activation revealed distinct dose-response kinetics of
target derepression, with IkBns (Nfkbid) having particularly high functional avidity. Antigen signals
of increasing avidity were converted into graded cleavage of Roquin and Th17 but not Th1 fates. A
CRISPR/Cas9-derived MALT 1-insensitive Roquin-1 model (Rc3h1Mins) maintained IkBns repression
during T cell activation to impair Th17 differentiation. Rc3h1Mins represents the first transgenic
knockin model of a MALT1-insensitive substrate that in part phenocopied the MALT1 protease-
dead model (Malt1PD/PD) and proved Roquin function in Tfh and Th17 differentiation. This study
emphasizes the crucial involvement of TCR-dependent Roquin-1 cleavage and high affinity binding
sites in the prevention of Th17-dependent autoimmune encephalomyelitis (EAE) in vivo and the
modulation of NF-kB activity by limiting IkBns expression. Roquin cleavage dynamically contributes
to TCR signal interpretation and its expression levels set a quantitative threshold for in vitro and in
vivo Th17 differentiation regulated by the TCR-MALT1-Roquin-IkBns axis. This work supports the
idea of a Roquin-specific MALT1 inhibitor to circumvent autoinflammatory disorders of Malt1PDP/PD or
MALT1 inhibitor-treated mice and to limit Th17 pathogenicity in autoimmune diseases.
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1. Introduction

1.1. The immune system

The immune system prevents multicellular organisms from pathogenic infections and represents
the major mediator of host defense. A network of physical barriers including epithelial cells in the
skin or mucus layers in the gastrointestinal tract and lymphocytes of the innate and adaptive
immune systems account for general health maintenance and pathogen clearance upon encounter.
The immune system relies on humoral and cellular immune responses both of which provide host
defense strategies to fight bacterial, fungal and viral infections.

1.1.1. Innate immunity

The innate immune response is the early-stage defense mechanism that is rapidly activated upon
infection with pathogens which managed to overcome physical barriers. Innate immunity is driven
by effector cells that are specialized to recognize foreign antigens and can be classified as
macrophages, neutrophils, dendritic cells (DCs), natural killer (NK) cells and NK-like innate
lymphoid cells (ILCs). They recognize pathogen-associated molecular patterns (PAMPs) via a
diverse repertoire of pattern recognition receptors (PRRs) to direct the clearance and removal of
non-self antigens by phagocytosis and opsonization (Akira et al., 2006). Thereby, internalization of
antigenic particles triggered by ligand-receptor interactions leads to its uptake into the cell in which
early and late endosomes as well as lysosomes are the main intracellular localizations of antigen
processing (Dudziak et al., 2007). Besides, the sequential accumulation of PAMP-guided innate
effector cells is associated with complement system activation (Dunkelberger and Song, 2010).
Cell receptor networks including opsonin molecules such as immunoglobulin (IgG) antibodies or
complement proteins recognized by Fcy receptors (FcyRs) mediate the continuous recruitment of
phagocytes to coordinate pathogen lysis via membrane-attack complexes.

1.1.2. Adaptive immunity

1.1.2.1. Central T cell tolerance

Beyond innate immunity, infections with persisting pathogens require the activation of highly
specific adaptive immune responses. Adaptive immunity includes humoral and cellular response
mechanisms that are based on B and T lymphocytes expressing either unique B cell receptors
(BCRs) or T cell receptors (TCRs). Whereas B lymphocytes differentiate into antibody-producing
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plasma cells for humoral immune responses, T lymphocytes differentiate into subtypes of effector T
cells to mount elaborate CD8* cytotoxic or CD4+ helper T cell responses (Germain, 2002). Fine-
tuned lymphocyte development establishes a functional immune system to act in response to
foreign antigens, yet tolerating self-antigens to prevent autoimmunity. Both B and T lymphocytes
originate from lymphoid progenitors in the bone marrow. Whereas B cell differentiation includes
negative selection of self-reactive BCRs within the bone marrow, T cell precursors migrate to the
thymus to undergo positive selection, clonal diversion (agonist selection) or clonal deletion (Moran
and Hogquist, 2012). Initial thymic T cell lineage commitment is Notch1 signaling-dependent,
involves CD3 complex expression and proceeds towards genetic rearrangements of the TCR.
Thymic progenitors are termed double-negative (DN) lacking CD4/CD8 co-receptor expression and
TCR B chain gene rearrangements occur in stages DN2-3, while pairing with TCR a chains (pre-
TCR) in DN3 is followed by TCR a chain gene rearrangements in stage DN4 thymocytes that begin
to express both CD4 and CD8 co-receptors. The creation of conventional aff or yd paired TCR
chains gives rise to thymocytes from two genetically distinct T cell lineages (Radtke et al., 1999;
Kreslavsky et al., 2008; Ciofani and Zuniga-Pflicker, 2010). The ap TCR thymocytes acquire CD4
and CD8 co-receptor expression giving rise to double-positive (DP) thymocytes of TCR repertoires
with random specificities. DP-intrinsic TCR affinities for self-peptide MHC ligands (peptide:MHC)
presented by epithelial cells in the thymic cortex guide the outcome of positive selection according
to the quality and strength of the antigen-TCR interaction (Xing et al., 2012). T cells of low to
moderate TCR affinities for self-antigens are positively selected. Besides, those that do not react to
self-peptide MHC ligands die by neglect. Precursors of too strong TCR and self-antigen
interactions are eliminated by clonal deletion in the thymic medulla. This negative selection
excludes self-reactive T lymphocytes likely causing autoimmunity. Reinforcing the idea of
deterministic TCR affinity in thymic development, increased TCR signal strength and agonist
selection (cells responsive to activating ligands) have been shown to guide non-conventional high-
affinity af TCR thymocytes to commit to regulatory T cell (Treg) or natural killer T cell (NKT) fates
(Jordan et al., 2001; Moran et al.,, 2011). Moreover, the TCR strength model proposes that
particularly strong signals rather promote yd TCR fates, while attenuated TCR signaling diverts
thymocytes to promote af TCR fates indicating that TCR strength controls thymic ap versus yd
lineage commitment (Haks et al., 2005; Hayes et al., 2005).

DP af TCR thymocytes that survive this developmental process differentiate into CD8* cytotoxic T
lymphocytes (CTLs) when their TCR has recognized self-peptide antigen in the context of MHC
class I. In contrast, TCR interactions with self-peptide:MHC class Il complexes result in the
commitment to CD4+ helper T lymphocytes. Late-stage CD4+ or CD8* T cell lineage commitment
itself has been associated with transcriptional antagonism of Th-POK-mediated CD4+ and Runx-
mediated cytotoxic CD8* T cell fates (He et al., 2005; Egawa and Littman, 2008). After positive
selection, mature CD4+ and CD8* T cells exit the thymus and circulate in the periphery to survey
peptide:MHC complexes of antigen presenting cells. In the absence of an immune challenge, self-
peptides loaded onto MHC only elicit tonic signaling that does not propagate canonical T cell
activation but these minor TCR ligations affect and maintain signaling-responsive gene expression

(Bartleson et al., 2020). The mechanisms of naive CD4+* T cell activation by professional antigen
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presenting cells (APCs) and the intracellular signaling events driving T cell survival, proliferation
and differentiation will be described in the upcoming sections.

1.1.2.2. T cell activation and T cell receptor signaling

The peptide:MHC-TCR ligation represents an antigen-specific response against invading
pathogens that is mediated by enhanced antigen processing activity of DCs, the major subset of
antigen presenting cells (APCs). Once antigenic cargo is internalized, DCs start to mature and
migrate to peripheral lymph nodes where T cells can scan peptide:MHC complexes for their
cognate antigen. First described in the 1970’s, the two-signal model introduced a mechanism of
how naive T lymphocyte stimulation by antigenic peptides (signal-1) induced either full T cell
activation and immune responses in the presence or T cell unresponsiveness (anergy) in the
absence of the second co-stimulatory signal-2 (Bretscher and Cohn, 1970; Lafferty and
Cunningham, 1975). Cognate peptide:MHC confers specificity to T cell receptor activation, yet co-
stimulation by an additional CD28 receptor reads out the activation and maturation of DCs
according to upregulation of the CD28 ligand B7. Co-stimulation is required to synergize with TCR
signaling for productive T cell activation and proliferation (June et al., 1987). The transition of
conventional quiescent naive T cells to an activated state is referred to as T cell priming and an
increasing number of co-stimulatory receptors of the immunoglobulin (lg) or tumor necrosis factor
receptor (TNFR) superfamilies have been identified to augment and potentiate TCR-CD3 signaling
to initiate genuine T cell activation (Chen and Flies, 2013). Importantly, CD28, the major co-
stimulatory receptor, has been shown to interact with its CD80 (B7.1) and CD86 (B7.2) ligands
expressed by activated APCs to support T cell activation, production of IL-2 and interleukin-2
(IL-2)-dependent proliferation (Fraser et al., 1992). CD28 signals integrate into early signaling
events concomitant to antigen-TCR engagement and affect antigenic peptide thresholds needed
for T cell-mediated immune activation (Tuosto and Actuo, 1998; Diehn et al., 2002). Antigen
recognition by T cells is transduced into the cytoplasm via a cascade of different mechanisms
including dynamic transmembrane protein rearrangements, lipid-raft microcluster formations and
kinase-mediated post-translational modifications (protein tyrosine kinases, PTKs). Downstream
signal transduction eventually regulates gene expression as modulators of transcription and
transcription factors itself are activated by combined TCR/CD28-dependent T cell signaling
pathways. Intracellular networks of antagonistic factors and signaling cascades ultimately tailor the
transcriptional program of stimulated T cells and thus effector differentiation by activation of
transcription factors such as AP-1, NFAT and NF-kB (Rincon and Flavell, 1994; Michel et al., 2000;
Gosh et al., 1993).

The recognition of antigenic peptides via the TCR and simultaneous co-stimulatory signals
orchestrate the formation of an immunological synapse which also recruits T cell CD4 or CD8 co-
receptors into the DC-T cell interface (Gunzer et al., 2000; Chen and Flies, 2013). Downstream
TCR signaling and co-receptor engagement within the supra-molecular activation cluster (SMAC)
activates the tyrosine kinase Lck to phosphorylate immunoreceptor tyrosine-based motifs (ITAMs)
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which recruits and activates the SYK family tyrosine kinase ZAP-70 (¢ chain-associated protein
kinase of 70 kDa) (Chan et al., 1992; Smith-Garvin et al., 2009). ZAP-70 triggers activation of
SLP-76 (SH2 domain containing leukocyte protein of 76 kDa) and the adaptor protein LAT (linker
for activation of T cells) that associate with and scaffold the TCR signaling complex (Zhang et al.,
1998). Recruitment of the Tec kinase family member ITK (IL-2 inducible T cell kinase) subsequently
phosphorylates and activates PLCy1 which hydrolyzes the phospholipid phosphoinositol-4,5-
bisphosphate (PIP2) to both inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) second
messengers (Bogin et al., 2007). Proximal to the T cell membrane, DAG activates the protein
kinase C 6 (PKCB) whose signaling activity drives transcriptional activation of nuclear factor kB
(NF-kB) that will be discussed in section 1.1.2.4 in more detail. Apart from this, DAG also initiates
the mitogen-activated protein kinase (MAPK) signaling cascade that depends on the activation of
the upstream GTP-exchange factor (GEF) RasGRP (Dower et al., 2000). MAPK signaling
eventually orchestrates the formation of the activator protein-1 (AP-1) by c-Fos and c-Jun
dimerization that is followed by Jnk-dependent phosphorylation of c-Jun to foster transcriptional
activity of AP-1. On the other hand, PLCy1-dependent IP3 elevates intracellular calcium (Ca2*)
concentration by modulating endoplasmatic reticulum (ER) calcium store depletion and CRAC
channel permeability to increase extracellular calcium influx (Feske, 2007). Diffusing calcium ions
bind calmodulin that in turn activates calcineurin - a phosphatase which enables nuclear
translocation of the nuclear factor of activated T cells (NFAT). Together, transcriptional activation of
NF-kB, AP-1 and NFAT tailor defined gene expression profiles including IL-2 and T helper
cytokines to induce effector T cell differentiation and proliferation.

Despite TCR-specific intracellular signaling cascades, CD28-mediated co-stimulatory pathways
crucially affect threshold activities of T cell activation and either distinct qualitative or overlapping
quantitative models of CD28-guided support of TCR signaling have been described (Schmitz and
Krappmann, 2006). CD28 supports TCR signaling by phosphatidylinositol 3-kinase (PI3K)-
dependent and GRB2 (growth factor receptor-bound protein 2) adaptor protein-dependent
mechanisms. The cytoplasmic tail YMNM motif of CD28 attracts the p85 subunit of PI3K to
establish a functional bridge to the PI3K-Akt pathway (Pagés et al., 1994). The proline-rich region
(PRR) of CD28 interacts with ITK to augment TCR-induced activation of PLCy1 and Ca2+ signaling
(Marengere et al., 1997; Michel et al., 2001). Additionally, CD28’s cytoplasmic PYAP motif
associates with the PTK Lck and recruits GRB2 to promote PKCB activity required for NF-kB
activation and IL-2 induction by fostering NFAT translocation (Okkenhaug and Rottapel, 1998;
Holdorf et al., 1999; Coudronniere et al., 2000). Interestingly, the inducible co-stimulator ICOS,
which represents a gene duplicate of CD28 lacking the PYAP maoitif fails to recruit both GRB2 and
Lck to induce IL-2 expression (Rudd et al., 2003). Together, CD28 co-stimulation facilitates TCR
signal integration by multiple layers of interactions with PTKSs, i.e. Tec family (ITK) and Src family
kinases (Lck), which licences T cells to mount efficient immune responses and to circumvent
anergy (Gibson et al., 1998).

Amplifying the magnitude of peptide:MHC-TCR interactions, CD28 co-signaling during early
antigen recognition has been associated with tuning the duration required for optimal T cell

activation, yet also the density or number of TCRs, its lipid raft-guided SMAC formation and
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specific antigen avidity have been involved to determine T cell stimulatory thresholds (Kindig et
al., 1996; Viola et al., 1996; Bachmann et al., 1996). The amount of TCR stimulation via the
peptide:MHC-TCR interaction at the T cellAPC surface has been linked to different degrees of
proportional T cell activation. Apart from stabilizing effects of synapse formation, the strength of
specific antigen-TCR ligation is majorly defined by affinities (Kq, dissociation constant), the dwell
time or half-life (t12) of the peptide being bound to the TCR and the aggregate half-life (t12*) that
combines both previous factors and also considers rebinding occuring with peptide:MHC-TCR
interactions of particularly high binding rates, i.e. Kon = Kof/Kg (Aleksic et al., 2010; Govern et al.,
2010). Conclusively, TCR interactions have been described to depend on qualitative (affinity) and
quantitative (strength) binding properties, although it remains poorly understood how these
modular interactions actually drive T cell activation and differentiation in vivo. The complexity of this
mechanism is furthermore not only restricted to single 3D cell-to-cell interactions but is also
macroscopically tailored on 2D surfaces of multiple cells simultaneously interacting with many
peptide:MHC complexes. To this extent, unspecific binding partners of encountering DCs and T
cells as well as random cell adhesion in fluidic cell environments are considered to exert crucial
secondary functions for maintained peptide:MHC-TCR interactions (Gascoigne et al., 2016).
TCR/CD28 signal strength and sustained T celll/APC interactions promote T cell activation and
survival, T cell fitness of effector/memory cells and drives their progressive differentiation (Gett et
al., 2003). The next section will delineate subsets of T helper cells and highlight how TCR strength
has been linked to functional diversification and proliferation of T cells committing to different CD4+
T helper fates.

1.1.2.3. CD4* T cell differentiation and TCR strength

CD4+ T cells coordinate discrete adaptive immune responses to a diverse array of pathogens. In
response to specific pathogens and depending on the milieu conditions under which they receive
TCR stimulation, naive CD4+ T cells differentiate into one of the major CD4+ T effector cell subsets.
The set of T helper (Th) cells includes Th1, Th2, Th17, iTreg and T follicular helper (Tfh) cells that
have specific as well as shared functions within adaptive immune responses initiated by the
previous recognition of peptide antigens (Fig. 1 and Zhu et al., 2010; O’Shea and Paul, 2010).

The Th1 population accounts for adaptive lymphocyte cells of type | immunity. This type | effector
module fights and processes intracellular pathogens including viral infections. Th1 cells are well-
known IL-12-dependent producers of interferon y (IFN-y) and tumor necrosis factor a (TNFa)
(Magram et al., 1996). Equipped with this set of cytokines, Th1 cells are able to mediate the
activation of macrophages that themselves produce IFN-y and thus promote inflammatory
responses. Due to Th1-specific expression of the heterodimeric receptor complex IL-12Rp1/
IL-12RB2, the corresponding cytokine IL-12 together with IFN-y stimulate the induction of STAT1/
STAT4 (signal transducer and activator of transcription) signaling and downstream transcriptional
activation of the Th1 gene signature (Park et al., 2000; Afkarian et al., 2002). Th1 lineage

commitment is spearheaded by the transcriptional master regulator T-bet (gene Tbx27) which
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directs cellular Th1 identity and function and also represses alternative T cell fates such as Th17
by specific formation of T-bet-Runx1 complexes to inhibit transactivation of Th17 promoting RORyt
(gene Rorc) expression (Szabo et al., 2000; Lazarevic et al., 2011).

The type Il immunity gives rise to the Th2 population that predominantly provides immunity against
extracellular parasites, protects from allergic diseases and has been involved in the regulation of
IgE antibody production. Th2 cells depend on IL-4-induced STAT6 signaling and mediate the
recruitment of granulocytes, e.g. basophils and neutrophils, to accomplish elimination and
clearance of parasitic pathogens (Murphy and Reiner, 2002). IL-4, IL-5 and IL-13 are the key Th2
cytokines and their expression is governed by the Th2-specific transcription factor Gata3 (Zhang,
et al., 1997; Lee et al., 2000). The function of Gata3 has been linked to direct binding of multiple
sites proximal and distal to the 1/4/115/1113 loci (Kanhere et al., 2012). Moreover, the paradigm of
lineage-specifying gene silencing or activation was reinfored by antagonistic T-bet- or Gata3-
mediated control of alternative pathways with skewing of T cells towards Th2 fates by
overexpression of Gata3 or the deletion of an //4 gene silencer promoting //4 and //13 transcription
(Ansel et al., 2004; Jenner et al., 2009).

co-stimulatory
cytokines CD4

CD4+ T cell

'\?««\?\“
W NS L2
TGF-B
T-bet Gata3 Foxp3 Bcl-6 RORyt
Stat1/4 Stat6 Stat5 Stat3 Stat3
Th1 Th2 iTreg Tfh Th17
(IFNy, TNFa, IL-2) (IL-4, IL-5) (CD25, TGF-B, IL-10) (CXCRS5, IL-21)  (IL-23R, IL-17, IL-21)

Fig. 1: Overview of CD4* T cell differentiation pathways. Scheme of naive CD4* T cell activation in the
periphery via antigen-TCR ligation together with co-receptor signaling and co-stimulatory cytokines that
leads to multiple trajectories of T effector cell fates. T helper subsets including Th1, Th2 and Th17 are color-
coded and annotated with respective transcriptional master regulators (i.e. T-bet, Gata3, RORyt) and their
individual cytokine profiles; in part created with BioRender and adapted from Zhou et al., 2010.
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Antigen-specific responses against extracellular bacteria and fungi are carried out by Th17 cells
which, in addition to Th1 and Th2, represent a third distinct effector lineage (Harrington et al.,
2005). The Th17 effector T cell population accounts for the type Ill immunity, drives the attraction
and activation of neutrophils and is profoundly associated with autoimmunity (lezzi et al., 2009).
The transcriptional activator RORyt is the master regulator of Th17 cells that produce and secrete
high amounts of IL-17A/IL-17F and IL-21 (lvanov et al., 2006; Korn et al., 2009). Interestingly, Th17
differentiation has been shown to occur in a stepwise manner wherein STAT3-activating TGF-j,
IL-6, IL-21 and IL-1B stimulation of naive T lymphocytes triggers de novo Th17 fate decisions
(Veldhoen et al., 2006; Ghoreschi et al., 2010). However, pro-inflammatory and cytotoxic Th17
cells require additional IL-23 stimulation to establish intracellular STAT3 signaling and robust
transcriptional activation of the Th17 landscape of cytokines including GM-CSF and causing
autoreactive neuroinflammation during experimental autoimmune encephalomyelitis (EAE) (Cua et
al., 2003; El-Behi et al., 2011; Codarri et al., 2011). IL-23, a heterodimeric protein composed of
IL-23 (p19) and the IL-12p40 subunit, not only shares the p40 subunit with IL-12 (Oppmann et al.,
2000). Additionally, the T cell-specific receptor subunit IL-12RB2 is necessary for both IL-12
(IL-12p70) and IL-23 transmembrane signaling as it binds the shared p40 monomer to induce
STAT3/STAT4 signaling (Lee et al., 2009; Teng et al.,, 2015). Th17 and Th1 cells show a
remarkable overlap in their network of stimulatory cytokines and receptor-associated STAT signals
that are likely in charge of Th1/Th17 cell plasticity, yet the dynamic landscape of transcriptional
regulators of STAT3-induced Th17 fates including IRF4-BATF transcription factor complex activities
remains to be fully described (Brustle et al., 2007; Ciofani et al., 2012).

In 2008, multiple reports described the antagonistic modulation of Th17 and regulatory T cell (Treg)
fates by interactions among lineage-specifying transcription factors RORyt and Foxp3 with Runx1
or TGF-B (Betelli et al., 2006; Yang et al., 2008; Zhang et al., 2008). Treg cells are critical for
maintaining immune homeostasis by controlling effector T cell function and rather reduce than
amplify inflammatory immune responses in favor of T cell tolerance. Runx transcription factors
promote Foxp3 expression to induce or maintain Treg programs and ambivalent TGF-3 signals for
Foxp3 and RORVyt induction are contextualized by absence of inflammatory IL-6 in which Foxp3
dominantly antagonizes RORyt to skew balances in favor of Treg over Th17 fates (Zhou et al.,
2008; Bruno et al., 2009). Consequences of Treg-deficiency or mutations in their hallmark
transcription factor Foxp3 have been described for scurfy mice suffering from fatal multiorgan
autoimmune disease that resembles symptoms observed for the human autoimmune disorder
IPEX (Immune-dysregulation Polyendocrinopathy Enteropathy X-linked) (Brunkow et al., 2001;
Fontenot et al., 2003; Hori et al., 2003). Whereas conventional T cells acquire distinct effector
functions in response to cytokines and co-stimulation, Treg cells dampen effector T cell activities by
expressing co-inhibitory molecules, i.e. CTLA-4, PD-1 and TIGIT, or secreting anti-inflammatory
cytokines, i.e. TGF- and IL-10, to prevent exaggerated immune responses (Joller et al., 2014).
Treg-specific expression of CTLA-4 attenuates effector T cell activity as it competes with CD28 for
binding to CD80 (B7.1) and CD86 (B7.2) on DCs decreasing the degree of co-stimulation (Wing et
al., 2008). Additionally, PD-L1/PD-1 signaling synergizing with TGF-f is involved in Foxp3 induction

while enhancing iTreg cell-mediated suppression and the co-inhibitor TIGIT promote the production
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of IL-10 whose anti-inflammatory function has been reported essential for Treg-specific IL-10R-
induced STAT3 phosphorylation and suppression of Th17 cell responses (Francisco et al., 2009;
Yu et al.,, 2009; Chaudhry et al., 2011). Treg cells are highly responsive to IL-2 levels and
consequently show high expression of CD25, i.e. IL-2Ra, which allows Treg cells to sense
minimum concentrations of IL-2 to outcompete other effector T helper cells via cytokine deprivation
(Pandiyan et al., 2007). Moreover, IL-10-mediated suppressive capacities of Treg cells have been
reported to require both IRF4 and Blimp-1 transcriptional activities. IL-2-responsive IRF4 induction
is directly involved in binding to exons 5 and 6 of Blimp1 (Prdm1) which, together with IRF4,
induces active chromatin remodeling within the first introns of the //10 locus (Cretney et al., 2011).
TCR/CD28-dependent signals crucially affect the de novo generation of iTreg cells and CD28-
mediated activation of the tyrosine kinase Lck supports both IL-2 cytokine production, the induction
of Foxp3 and the Treg-associated co-stimulatory receptors GITR as well as CTLA-4 (Tai et al.,
2005). Despite its central dependency on TCR- and CD28-mediated stimulation, thymic Foxp3+
Treg cell differentiation has been associated with controversial effects of IL-2 signaling utilizing
either IL-2R - or IL-2Ra-deficient mice (Malek et al., 2002; D’Cruz and Klein, 2005). In fact, several
studies have rather concluded an involvement of IL-2 signals for maintaining homeostasis and
competitive fitness of Treg cells in vivo with non-regulatory T cells providing external IL-2 (Fontenot
et al., 2005; Setoguchi et al., 2005). IL-2-induced STAT5 signaling is essential for Treg
development, restores Treg cell numbers in CD28-deficient mice and ectopic STAT5 activation
drives Foxp3 expression for Treg survival, proliferation and suppressive function (Burchill et al.,
2008; Chinen et al., 2016). Its proliferative capacity increases Treg cell numbers to an equilibrium
to effector T cells and thus ensures an anti-inflammatory environment when there is no pathogenic
signal to be fought. Conclusively, Treg cells limit immune responses by providing a framework of
immune tolerance.

Follicular T helper cells (Tfh cells) interconnect cellular and humoral immunity as they promote B
cell maturation and antibody production via direct cell-to-cell interactions and paracrine cytokine
signals in GCs (germinal centers) (Schaerli et al., 2000; Crotty, 2011). Guided by extrinsic IL-6 and
IL-21 signals and STAT3-induced transcriptional activity of Bcl6, naive CD4+* T cells differentiate to
Tfh cells to mediate T cell-dependent B cell responses and to initiate GC reactions, supplying GC
B cells with cytokines and co-stimulation for somatic hypermutation and affinity maturation of
antibodies (Lee et al., 2011; Nakayamada et al., 2011; Crotty, 2019). The IL-2-dependent
bifurcation of CD4+* T cells into Tfh instead of effector T cells can be detected as soon as 8 hours
post-activation in vitro and Tfh commitment is tightly regulated by reciprocal antagonism of Bcl6
and Blimp-1 transcription factors (Johnston et al., 2009; DiToro et al., 2018). Upregulation of Bcl6
facilitates expression of the Tfh-characteristic chemokine receptor CXCR5 and both co-inhibitory/
co-stimulatory receptors PD-1 (Pdcd1) and ICOS, the latter of which also being involved in c-Maf-
dependent upregulation of IL-21 and supporting Bcl6 induction (Bauquet et al., 2009; Choi et al.,
2011). CXCRS5 surface expression fosters Tfh cell migration to the T-B border (B cell follicle) which
reciprocally requires repression of the chemokine receptor CCR7 (Hardtke et al., 2005; Crotty et
al., 2019). While Bcl6 is necessary for Tfh differentiation and maintenance of the GC Tfh
phenotype in vivo, ablation of CXCR5 only marginally affects Tth function. Importantly, loss of Bcl6é
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has been recently reported to allow trans-differentiation of ex-Tfh to Th1 cells and the plasticity of
Th1/Tfh cells has been associated with opposing signals from IL-2R promoting T-bet and Blimp-1
versus Tfh-specific Bcl6 activities (Nakayamada et al., 2011; Pepper et al., 2011; Alterauge et al.,
2020). Another comprehensive analysis of competing transcription factors downstream of Bcl6 that
repress positive features of Tfh biology, including 1d2 regulating Cxcr5 or Runx2/3, Gata3 and Kif2
repressing Pdcd1, Icos, ll6ra and 1121, supports the idea of gene regulatory networks of repressor-
of-repressor circuits with Bcl6 as the nexus factor determining Tth fates (Choi et al., 2020).
Noteworthy, dysregulated GC-Tfh pathways leading to SLE-like autoimmune diseases have been
associated with the sanroque (M199R) mutant of the RNA-binding protein Roquin-1 (Rc3h1) linking
post-transcriptional gene expression to Tfh phenotypes. In more detail, Rc3h71san/san-associated
spontaneous GC formation in absence of antigen was partially caused by enhanced Tfh inducing
ICOS expression, yet knockout of /cos in Rc3h1san/san mice did not completely rescue the Tth
phenotype (Lee et al., 2012). However, halving the gene dose of Bcl6 ameliorated lupus pathology
and reduced GC formation in Rc3hfsansan mice (Linterman et al., 2009). Within this thesis,
differential effects of Roquin-mediated regulation of mMRNA stability will be deciphered in view of T
helper cell fate decisions since TCR-induced depletion of Roquin proteins plays pivotal roles for
Th17 and Tfh commitment.

Initial commitment to the Tfh cell lineage is determined during the naive T cell priming event and
the immediate Tth versus T effector (Teff) fate polarization post-activation implies a dominant role
for cell-intrinsic factors determining the Tfh/Teff cell outcome (Bartleson et al., 2020). T cell
differentiation has been linked to TCR signal strength which directs signal transduction and
transcriptional activation to instruct specific T helper differentiation programs. Depending on
antigenic TCR signal quality (single affinity/avidity) or quantity (TCR strength) and supported by co-
receptors and co-stimulation, immunological synapse formation together with peptide:MHC-TCR
interaction dwell times help to orchestrate the recruitment of intracellular adaptor proteins and
PTKs for multiplexed channeling of TCR signals guiding transcriptional gene signatures (Kim et al.,
2013). Multiple TCR-focused studies in the late 1990’s have highlighted that the duration of TCR
stimulation, the amount of TCRs interacting (TCR occupancy) with peptide:MHC, the requirement
of CD28-mediated co-stimulation and single antigen potency crucially determine T cell activation
and differentiation (Valitutti et al., 1995; Viola et al., 1996; Leitenberg et al., 1998; Rogers and
Croft, 2000). In fact, first ideas on TCR-guided Th1 or Th2 cell fates have been derived from
analyses of TCR complex aggregates at sites of lipid raft-dependent peptide:MHC contacts and
pronounced Caz* signaling in Th1 but not Th2 cells which were less responsive at reduced peptide
dose (Constant et al., 1995; Balamuth et al., 2001).

Naive CD4* T cell stimulation triggers the expression of the IL-2 receptor a (CD25) and its
induction is proportionate to other markers of TCR strength and T cell activation, i.e. Ca2* flux,
Nur77 and CD69 (Wulfing et al., 1997; Moran et al., 2011). IL-2Ra induction is accompanied by
upregulation of IRF4 (interferon-regulatory factor 4) that additionally recruits BATF to form
transcription factor complexes promoting effector T cell differentiation by transcriptional activation

of Blimp-1 (Prdm1) (Krishnamoorthy et al., 2017). A well-known paradigm supports the idea that
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TCR strength instructs upregulation of both antagonistic transcription factors Bcl6 and Blimp-1,
although Bcl6 has been associated with low signal strength and Tfh commitment, while increasing
TCR signal strength promotes Blimp-1 outcompeting repressive effects of Bcl6. Thus, this
mechanism of TCR-tuned transcriptional activation separates T cells differentiating towards either
the Tfh lineage (Bcl6high) or towards the effector-like T cell lineage (Blimp-1hish) including Th1, Th2
and Th17 cells (Krishnamoorthy et al., 2017; Snook et al., 2018). Among all subsets of effector T
helper cells, fate choice analyses suggest Th2 commitment at low TCR signal strength whereas
both Th1 and Th17 are considered as TCR strength-dependent requiring particularly high signal
thresholds. Importantly, quantitative differences in TCR strength have been reported to outcompete
qualitative effects of adjuvants/cytokines in polarizing T cell differentiation (van Panhuys et al.,
2016). However, only little is known about the specific requirements of Th1 or Th17 fate choices at
high TCR strength and models of antigen-derived TCR strength have rather focused on ratios of
general Tth/Teff commitment, Th1/Th2 and Th17/iTreg cell fates. Strong TCR signals are assumed
to promote Th1 over Th2 (Hosken et al., 1995; Jorritsma et al., 2003; Milner et al., 2010; van
Panhuys et al., 2014). Studies focusing on the Tec family kinase ITK (/tk) indicate that its activity is
a pivotal positive regulator of Th17 commitment and thus, efficient TCR strength integration has
been associated with commitment to Th17 rather than iTreg fates (Gomez-Rodriguez et al., 2009;
Gomez-Rodriguez et al., 2014). Besides, Th17 fate choice critically requires additional DC-T cell
cross-talk via CD40-CD40L interactions to transmit strong TCR signals for productive Th17 fate
programs at high antigen dose (lezzi et al., 2009). Finally, conflicting data suggested either Th1
over Tfh commitment at strong TCR signals or pronounced Tfh accumulation due to persistent
TCR-antigen interactions. The field has been contentious in its findings since some studies
suggest that increased TCR avidity for antigenic peptide:MHC or sustained interactions and IL-2
production promote Tfh cell development, while others have concluded the opposite or could not
find any effects on Tth cell fates (Fazilleau et al., 2009; Deenick et al., 2010; Ploquin et al., 2011;
Baumjohann et al., 2013; Tubo et al., 2013; Keck et al., 2014; Krishnamoorthy et al., 2017; Kotov
et al., 2018; Bartleson et al., 2020).

However, despite global transcriptional activators or repressors of alternative fates not much is
known about the genuine molecular switches and regulatory transcriptional programs that directly
link TCR signal strength in an integrative network to specific T cell fate decisions. A central aspect
of this doctoral thesis was to extend the concept of TCR strength-dependent post-transcriptional
regulation of T cell fates by genetic manipulation of the RNA-binding protein paralogs Roquin-1
(Rc3h1) and Roquin-2 (Rc3h2) which will be introduced in more detail in section 1.3.
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1.1.2.4. The CBM complex in T cell activation and differentiation

Antigen-dependent and TCR-induced NF-kB signaling is mediated by the Carma1/CARD11-Bcl10-
MALT1 (CBM) signalosome complex to tailor various T and B lymphocyte functions (Hara et al.,
2003; Ruland et al., 2003). Likewise, CBM components are involved in innate immune responses
since C-type lectin receptor pathways, i.e. Dectin-1/2 or Mincle, and RIG-l receptors involve
analogous CARDS9 activities in myeloid cells (Strasser et al., 2012). Various missense mutations
and chromosomal translocations involved the genes encoding Carma1 (CARD11), Bcl/10 and Malt1
as bona fide oncogenes associated with lymphomas, i.e. non-Hodgkin’s MALT lymphoma and
diffuse large B cell ymphoma (DLBCL). Mechanistically, mutations in Carma1 have been shown to
overcome its autoinhibition in absence of TCR signals and translocations in both Bc/10 and Malt1
genes lead to constitutive NF-kB activation (Uren et al., 2000; Lenz et al., 2008; Hailfinger et al.,
2009). The filamentous assembly of the CBM signalosome is induced by TCR/ZAP-70-stimulated
PKCB6- and PI3K (PDK1)-dependent Carma1 phosphorylation. Of note, Carma1 is synonymous to
CARD11 which contains additional PDZ, SH3 and GUK domains defined as membrane-associated
guanylate kinase (MAGUK) region (Ruland et al., 2018). Nucleation of phosphorylated Carma1
(Carma1 seed) releases its intramolecular autoinhibition and allows binding of Bcl10 to drive its
helical filament formation. Both Carma1 and Bcl10 comprise caspase recruitment domains (CARD)
to interact and the C-terminal Ser/Thr-rich domain of Bcl10 associates with the N-terminal Ig
domains of MALT1 which additionally employs a C-terminal paracaspase domain to cleave protein
substrates in an arginine-specific manner (Fig. 2 and Qiao et al., 2013). Phosphorylation of
Carma1 at serine residues (S564, S649, S657) has been described as a PKCB-dependent switch
for NF-kB activation, and the cooperative mechanism of CBM complex assembly via Bcl10 reflects
PKC6/Carma1-sensitive threshold responses in TCR and BCR signaling (Wang et al., 2002,
Sommer et al., 2005; Matsumoto et al., 2005).
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Fig. 2: Domain organization of the MALT1 paracaspase and TCR-induced and Carma1-Bcl10-MALT1

(CBM) complex-driven NF-kB signaling pathways. (A) Representative scheme of the domain organization
of MALT1 (832 aa) comprising a DD (death domain), three individual Ig (immunoglobulin 1-3) and the
Caspase-like domains as well as a TRAF6-binding motif (T6BM). (B) Scheme illustrating TCR-induced CBM
activation and scaffold function of MALT1 to link antigen-TCR interactions to NF-kB activation. Briefly, upon
TCR ligation and co-stimulation, protein kinase C 8 (PKCB8) and PI3K activate Carma1 via phosphorylation to
oligomerize with preformed Bcl10-MALT1 units. As a result, CBM filaments form and recruit E3 ubiquitin
ligases such as TRAF6 and the IKK complex is activated by TAK1 and TAB2/3 proteins. IKK-driven
phosphorylation of IkBa induces its proteasomal decay and releases NF-kB dimers to translocate into the
nucleus for transcriptional activation. Signaling cascade design was adapted and derived from Thome et al.,

2010; Schlauderer et al., 2018; Ruland et al., 2018.

CBM function is crucial for TRAF6-mediated scaffolding to direct canonical NF-kB activation via the
IkB kinase (IKKa/B/y). This kinase complex becomes activated by concerted TRAF6 ubiquitin
ligase and TAK1 kinase activity guided by oligomerized Bcl10 and MALT1 to induce IkBa inhibitor
degradation and transcriptional NF-kB activation (Fig. 2 and Sun et al., 2004). IkBa becomes
ubiquitinylated and dissociates from NF-kB. Release of NF-kB from its canonical inhibitor allows its
translocation into the nucleus where members of the NF-kB family act as frans-factors promoting
DNA transcription. Likewise, Bcl10 signalosomes control JNK and p38 MAPK signaling which
feeds into the progression of T cell activation, survival and proliferation (Blonska et al., 2007; Gross
et al., 2008).
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In addition, MALT1 paracaspase activity is required for proteolytic cleavage of substrates involved
in either mMRNA decay, i.e. Roquin-1, Roquin-2, the endonucleases Regnase-1 and N4BP1 (Jeltsch
et al.,, 2014; Uehata et al., 2013; Yamasoba et al., 2019), or the modulation of the NF-kB pathway
including CYLD, Bcl10, A20, HOIL1, RelB and MALT1 itself (Coornaert et al., 2008; Rebeaud et al.,
2008; Duwel et al., 2009; Staal et al., 2011; Hailfinger et al., 2011). Substoichiometric Carma1
nucleates Bcl10 to form filamentous structures which are constitutively associated with MALT1
paracaspase units at a 1-to-1 ratio. The Carma1 seed serves as a central signaling hub for the
assembly of star-shaped Bcl10 filaments that become cooperatively decorated with dimerized
MALT1 and bridge Carma1 phosphorylation to immune activation (David et al., 2018; Gehring et
al., 2018). Moreover, cyro-EM structures indicate that TRAF6 assembles with CBM filaments
creating diameters of approx. 40 nm and providing mechanistic ideas on how TRAF6 directs its
ubiquitin ligase activity to mediate K63-linked mono- and polyubiquitination of MALT1 (David et al.,
2018). MALT1 dimerization and its TRAF6-mediated monoubiquitination at lysine 644 in the C-
terminal Ig3 domain are necessary for structural rearrangements of MALT1 to achieve its
catalytically active conformation (Pelzer et al., 2013; Schlauderer et al., 2013). Macroscopically,
both Ig3 and paracaspase domains of MALT1 protrude from the MALT1 death domain (DD) and
Bcl10 CARD interface to accomplish intramolecular modifications allowing substrate recognition
and cleavage at the filament periphery (Schlauderer et al., 2018). In 2011, the crystal structure of
an inhibitor-bound MALT1 fragment (residues 339-719) containing the paracaspase and an Ig-like
domain has uncovered the MALT1 cleavage motif of VRPR (z-VRPR-fmk) which was later
confirmed by mutagenesis studies determining optimal catalytic efficiencies of MALT1 for LVSR
motifs, although the number and precise sequence motifs of cleavage sites varies across
substrates (Yu et al., 2011; Hachmann et al., 2012; Demeyer et al., 2016). MALT1 autoproteolysis,
Bcl10, A20 and HOIL1 cleavage may provide negative feedback after the initial pulse of CBM-
mediated activation of NF-kB and IL-2 expression, while cleavage of CYLD and RelB presumably
amplify and prolong IKK-dependent NF-kB or JNK signaling (Ruland et al., 2018). HOIL1 (heme-
oxidized IRP2 ubiquitin ligase) is required for its interacting protein HOIP which forms a linear
ubiquitin chain assembly complex (LUBAC) to ubiquitinate IKKy (NEMO); however, MALT1-
mediated cleavage of HOIL1 disassembles LUBAC and thus reduces linear ubiquitination to
autoinhibit further canonical NF-kB signaling (Klein et al., 2015). Similarly, A20 cleavage has been
associated with limiting the degree of MALT1-IKK interactions by removing K63-linked ubiquitin
chains from MALT1 (Duwel et al., 2009).

Mouse models of germline CBM component deficiencies show severe defects in conventional
lymphocyte activation and consequently fail to provide genuine adaptive immunity as evidenced by
increased susceptibilities of Bc/10-- and Malt1-- mice to viral infections (Ruland et al., 2001; Thome
et al., 2010). In humans, MALT1 point mutations (i.e. S89I, T580S or Y353fs*18) have been as well
reported to cause severe combined immunodeficiency (CID) syndromes (Jabara et al., 2013;
McKinnon et al. 2014; Punwani et al., 2015). Therein, mutations in Malt1 majorly caused altered
expression levels of functional MALT1 and patients with loss-of-function (LOF) Malt1 mutations
developed autoimmunity or autoinflammation possibly caused by dysregulated immune

homeostasis due to reduced numbers of Treg cells. Constitutive NF-kB activation due to mutations,
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chromosomal translocations or overexpression of CBM components is a well-known primary driver
of MALT-associated lymphomas. Conversely, allosteric inhibition of the MALT1 paracaspase using
small molecule inhibitors and the genetic inactivation of MALT1 protease activity (protease dead
Malt1Pb/PD mutant, C472A) were associated with improved anti-tumor immunity at the expense of
suffering from autoimmune phenotypes (Martin et al., 2019; Martin et al., 2020).

Indeed, MALT1 function is particularly critical for Treg development and Th17 differentiation, and
Malt1-deficient, Malt1PP/PD (C472A) as well as MALT1 inhibitor-treated mice are resistant or less
susceptible to experimentally induced autoimmune encephalomyelitis (EAE) (Brustle et al., 2012;
Bornancin et al., 2015; Gewies et al., 2015). Models of MALT1 deficiency (Malt1--) and protease
inactivation (Malt1Pb/PD) demonstrated that MALT1 modulates transcriptional programs
downstream of antigen/TCR ligation and its function was reported essential for the development of
thymic/peripheral Treg cells, B1 B cells as well as MZ B cells and the induction of pathogenic Th17
cells (Ruland et al., 2003; Jaworski et al., 2014). Surprisingly, mutant Malt1PD/PD pbut not Malt1--
mice suffer from spontaneous IFN-y-mediated autoinflammation as well as an IPEX-like imbalance
of increased T effector (Teff) to Treg cell ratios, and loss of CBM assembly by deletion of Bc/10 or
Carma1 in Treg cells and MALT1 paracaspase inhibition improved anti-tumor responses (Cheng et
al., 2019; Rosenbaum et al., 2019; Di Pilato et al., 2019).

1.1.2.5. Atypical inhibitors of NF-kB activation

TCR-dependent NF-kB signaling is a major determinant of lymphocyte activation and expansion
that needs to be tightly controlled in naive and activated T cells to prevent excessive transcriptional
activity. The NF-kB transcription factor family comprises multiple Rel homology domain (RHD)-
containing members including c-Rel, p65 (RelA), RelB and p50/105 as well as p52/100 which
associate and dimerize, e.g. p50/RelA and p50/c-Rel, to induce target gene expression via kB DNA
binding sites (Wang et al., 2012). Classical control mechanisms of NF-kB signaling encompass
binding of Rel homolgy domains by inhibitor proteins, i.e. IkBa, IkBf and IkBg, which covers
nuclear localization signals (NLS) and prevents nuclear NF-kB translocation (Huxford et al., 1998).
Upon T cell activation and co-stimulation, however, inhibitors bound to NF-kB are phosphorylated
by the IkB kinase (IKK) complex to drive dissociation and proteasomal degradation of IkBs
releasing NF-kB factors for translocation into the nucleus. In contrast, atypical IkBs, i.e. Bcl-3,
IkBns, IKBC, IkBn, become activated during T cell stimulation and add another layer of complexity to
the dynamic modulation of NF-kB when classical inhibition is turned off due to proteasomal
degradation (Hayden and Gosh, 2012; Schuster et al., 2013). Atypical IkBs are localized in the
nucleus and do not exclusively act as inhibitors but also activate secondary responses as
transcriptional inducers (Horber et al., 2016). In more detail, IkBns (encoded by the Nfkbid gene)
interacts with p50 and/or c-Rel to induce the Treg-specific transcription factor Foxp3 and directly
binds to the IL-10 gene locus. Thus, deficiency in IkBns is associated with impaired thymic and
peripheral Treg development, yet it remains elusive how IkBns elicits its transcriptional activity

lacking DNA-binding domains (Schuster et al., 2012; Annemann et al., 2015). Both IkBns and kB
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(Nfkbiz gene) share an involvement in Th17 fate decisions as IkB-deficient models revealed
impaired production of IL-17A and/or RORyt which was further confirmed by protection from
experimental autoimmune encephalomyelitis (EAE) (Okamoto et al., 2010; Kobayashi et al., 2014).
Importantly, atypical inhibitors such as IkBns and IKBC need to be tightly regulated in absence of
antigen exposure and the RNA-binding proteins Regnase-1 (Zc3h12a) and Roquin-1/2 (Rc3h1/2)
are pivotal post-transcriptional regulators of Nfkbid and Nfkbiz induction. Post-transcriptional gene
regulation is essential for innate and adaptive immunity (Kafasla et al., 2014) and its fundamental

concepts will be described in the upcoming section.

1.2. Post-transcriptional gene regulation

The central three-step biomolecular dogma of gene expression was first described in 1961 when
Meselson and colleagues introduced messenger RNAs (mRNA) as unstable intermediates
between the gene encoding DNA and protein synthesizing ribosomes (Brenner et al., 1961). The
cellular pool of ribonucleic acids (RNAs) consists of approximately 4% mRNA, 15% transfer RNA
(tRNA) and 80% ribosomal RNA (rRNA) which account for general protein biosynthesis. Moreover,
non-coding microRNAs (miRNA) and small nuclear RNAs (snRNA) have been found to play pivotal
roles in post-transcriptional gene regulation and mRNA splicing, respectively.

The plethora of extra- and intracellular pathogens as well as inter-species molecular interactions
requires a robust and rapid defense strategy of multicellular organisms. Indeed, eukaryotic post-
transcriptional gene regulation provides fast adaptation of immune responses as dynamic
alterations in gene expression and proteome diversity allow to prioritize on genes particularly
important for initial host defense actions. The subcellular localization of mRNA varies within
cytoplasmic foci as specialized compartments termed P-bodies and stress granules have been
reported to contain mRNA decay factors along with translationally repressed mRNA targets or to
store and protect mRNA transcripts during changes in cellular microenvironments and upon
general cellular stress. Thus, gene regulation via post-transcriptional control of mMRNA decay or
stability represents a crucial and tightly regulated component of immunological reactivity guiding
adaptive immune cell plasticity (Kafasla et al., 2014).

The level of mMRNA expression is controlled by two opposing pathways: (i) DNA transcription by
RNA synthesizing RNA polymerases in the nucleus and (ii) mMRNA degradation and breakdown into
nucleotides within the cytoplasm. Imbalance of mRNA homeostasis is generally associated with
diseases including tumor progression, autoimmune or inflammatory disorders due to uncontrolled
proto-oncogene or immune-related cytokine expression as well as cancer metastasis as a result of
non-stop expression of proteins involved in cell cycle progression. Regulation of mMRNA stability is
majorly governed by cis-regulatory elements and trans-acting factors binding to mRNA sequences
or secondary structures (cis-elements) either in the 5’- or 3’-UTRs (untranslated regions) of mRNA.
Many trans-acting factors mediate degradation of specific mRNA targets by recruiting enzymes and
factors that orchestrate mMRNA breakdown (Schuster and Hsieh, 2019).
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Hence, the following sections will focus on (i) detailed mechanisms of mMRNA decay and (ii)
examples of trans-acting factors including the RNA-binding protein paralogs Roquin-1/2 that post-
transcriptionally tailor gene expression in immune cells to determine lymphocyte fate decisions.

1.2.1. Mechanisms of eukaryotic mRNA decay

Post-transcriptional regulation (PTR) predominantly features three pathways of mRNA decay: (i)
exonucleolytic decay via deadenylation/decapping, (ii) endonucleolytic decay driven by site-specific
RNases and (iii) nonsense-mediated decay (NMD) as a surveillance or quality control mechanism.
Notably, mMRNA decay involves a complex network of factors contributing to RNA recognition and
degradation and functional units of RNA-bound proteins are referred to as regulatory
ribonucleoprotein (RNP) complexes orchestrating the recruitment of factors for mRNA degradation.
Eukaryotic single-stranded mRNA structures can be categorized into three major sequences
including (i) the 5’-UTR, (ii) the gene coding sequence (CDS) and (iii) the 3’-UTR. The 7-methyl
guanosine cap (abbreviated “m7’Gppp*“ or “5’-cap®) protects mRNA at the 5’ end from degradation
by 5’-3’-exonucleases, while a poly(A) tail (abbreviated AAAn) covers and protects mRNA at the
3’ end (Fig. 3). Mammalian 3’-UTR Poly(A) tails can encompass up to 250 nucleotides (n ~ 250)
and are bound by multiple poly(A)-binding proteins (PABP). At the 5-UTR, the multi-protein
complex elF4F binds the 5’-cap to promote translation initiation. These messenger RNPs can be
organized in a linear fashion or circularize via protein-protein-interactions of the 5-elF4F and the
3’-PABP (Tarun and Sachs, 1996).

Studies in yeast (S. cerevisiae) have unraveled the complex network of enzymes mediating
degradation of mRNA and factors involved are subdivided in 5’-cap-relevant decapping enzymes or
3’-poly(A) tail-relevant deadenylases (Fig. 3 and Parker and Song, 2004). However, onset of decay
at the 3’ end of MRNAs influences decay mechanisms at the 5’ end as the initial recruitment of the
poly(A) nuclease (PAN2-PAN3) shortens the poly(A) tail untii PABPs can no longer bind and
protect the 3’ end from non-specific nucleases (Decker and Parker, 1993). Hence, de-
circularization starts by loss of 3’ end PABP-binding and subsequent activation of the Ccr4-Not
complex finalizes detachment of the poly(A) tail. Following deadenylation, 3’-5’ exonucleolytic
decay by the exosome complex irreversibly processes and cleaves off deadenylated mRNA
nucleotides (Mitchell et al., 1997; Jacobs Anderson and Parker, 1998). Next, post rate-limiting
deadenylation, the 5’-cap (m7G) is targeted by the decapping enzymes DCP removing accessible
m7G-cap structures which triggers 5’-3’ exonucleolytic decay executed by the Xrn1 exonuclease
(Muhlrad et al., 1994). In more detail, decapping by DCP1/DCP2 is initiated by concerted action of
a Pat1-Lsm1-7 complex that - together with the ATP-dependent RNA helicase DHH1/RCKp54 -
removes the elF4F complex protecting the 5 end of mMRNAs (Beelman et al., 1996; Tharun and
Parker, 2001). Moreover, enhancer/activator proteins including enhancers of decapping (Edc) and
DCP1 stimulate DCP2-driven m7’G-decapping which results in 5’-monophosphate groups targeted
by Xrn1 (Fig. 3).
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Fig. 3: Eukaryotic mechanisms of exonucleolytic mRNA decay. Scheme illustrating exonucleolytic
mechanisms of mRNA degradation (5’-3' or 3'-5’ orientation) at 5'- and 3'-UTRs. 3’-5’ decay: Rate-limiting
deadenylation is carried out by PAN2-PAN3 ribonucleases together with the Ccr4-Caf1-Not complex followed
by exonucleolytic decay via the 9-subunit exosome complex. 5-3’: Post deadenylation, m?’G is removed
(decapping) by DCP1/2 proteins and the Xrn1 exonuclease digests mRNA in 5°-3’ orientation. Abbreviations:
elF4F, eukaryotic initiation factor 4F; PABP, polyadenylate-binding protein; PAN2/3, PAB-specific
ribonuclease 2 and 3; Edc, enhancer of decapping; Xrn1, exoribonuclease 1; Lsm, Sm-like protein 1-7.

Endonucleolytic activity has been shown to play rather small roles for general mRNA turnover but it
especially affects specific pathways of mRNA decay: Firstly, RNA interference (RNAi) pathways in
which Argonaute (Ago) proteins cleave mRNA perfectly bound by complementary microRNA
(miRNAs) and secondly, mRNA surveillance pathways employ the endonuclease SMG6 which
cleaves nonsense mMRNA targets bearing premature termination codons (PTC) (Liu et al., 2004;
Eberle et al., 2009).
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1.2.2. Co- and trans-acting factors of mRNA turnover

3’-5’-exonucleolytic mRNA turnover by exosome complexes is dependent on linearized single-
stranded RNA substrates. Co-factors such as RNA helicases and polymerases generate segments
of single-stranded RNA which can then be targeted by exonucleolytic breakdown. Herein,
conserved RecA domains of ATP hydrolysis-driven RNA helicases such as Dbp5 and UPF1
facilitate unwinding of secondary mRNA structures or remodelling of mRNPs to provide accessible
RNA targets (von Mdller et al., 2009; Chakrabarti et al., 2011). Moreover, many RNA helicases
complex with exo- or endonucleases to turn RNA decay into a rapid two-step process of mMRNA
unwinding followed by targeted degradation (including SKl/exosome and UPF1/SMG6 complexes;
Halbach et al., 2013; Falk et al., 2014). In more detail, mMRNA surveillance and turnover are as well
dependent on frans-factors that recognize, bind and process mRNA targets identified via their
unique cis-regulatory elements within mRNA 3’-UTRs.

Surveillance pathways resemble quality control mechanisms in mRNA regulation and include
nonsense-mediated mRNA decay (NMD) which is triggered by insertion of PTCs creating false 3'-
UTRs as primary cis-regulatory elements. In eukaryotes, the NMD machinery is mRNA splicing-
dependent as exon junction complexes (EJC) deposited after stop codons signal for genuine
PTCs. Trans-acting NMD factors include UPF1, UPF2 and UPF3 that assemble the decay inducing
complex (DECID) recruiting SMG6 to endonucleolytically cleave mRNA between the PTC and the
EJC. Turnover pathways include microRNA-mediated gene silencing as well as ARE- and CDE-
mediated mRNA decay. Gene silencing by miRNAs is based on complementary base-pairing within
mRNA 3’-UTRs that can cause translational mRNA inhibiton or RNA-induced silencing complex
(RISC)-dependent degradation (Huntzinger and lzaurralde, 2011; Winter et al., 2009).

RNA-binding proteins (RBPs) and miRNAs represent the most versatile and important trans-factors
recognizing cis-elements as linear sequence motifs and/or folded secondary structures in 3’-UTRs
of mMRNA. With this, RBPs regulate mRNA decay and translational output, while trans-acting
factors at the 5’-end of mMRNA have been associated with initiation of translation.

Immune responses combating infections are precisely controlled and inappropriate responses can
lead to inflammatory or autoimmune diseases. Immune cell activation, immune homeostasis and
antiviral responses are crucially regulated by RNA-binding CCCH zinc finger proteins which
impose anti-inflammatory control through the regulation of cytokine production (Fu and Blackshear,
2016). By mediating mRNA decay, CCCH zinc finger proteins such as TTP, Roquin and Regnase-1
(MCPIP1) promote the resolution of inflammation, control the magnitude of adaptive immune
responses and ensure immunological homeostasis.

Among CCCH zinc finger proteins, AU-rich elements (AREs) within 3’-UTRs are bound by AU-
binding proteins (AUBPs) that either activate or repress mRNA decay. A prominent example of a
trans-acting AUBP is the tandem CCCH zinc finger protein Tristetraprolin (TTP; Zfp36 gene) that
regulates Ifng and Tnfa mRNA stabilities. As for TTP, many RNA-binding trans-acting factors
recognize elements within 3-UTRs and function by recruiting mRNA decay enzymes, including

Ccr4-Not by TTP that is regulated by Toll-like receptor (TLR)-induced p38-MAPK/MK2 signaling
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(Stoecklin et al., 2004). TTP phosphorylation by the MK2 kinase may change the RNA affinity of
TTP and promotes its sequestration by 14-3-3 protein-protein interaction which diminishes mRNA
decay as measured by decreased deadenylation of target transcripts (Clement et al., 2011; Tiedje
et al., 2016).

Despite sequence-specific linear binding of cis-elements, secondary structures of mRNA have
been classified as constitutive/alternative decay elements (CDE or ADE) with the first CDE
identified within the 3-UTR of Tnfa mRNA in 2003 (Stoecklin et al., 2003). These secondary CDE
structures encompass conserved stem-loop motifs including a tri-loop hairpin (pyrimidine-purine-
pyrimidine) sequence attached to a base-pairing stem-loop of 7 nucleotides (Tan et al., 2014;
Schlundt et al., 2014). RNA-immunoprecipitation assays (RNA-IP) including mass spectrometry,
nuclear magnetic resonance (NMR) studies and X-ray crystal structures identified Roquin proteins
as potent RNA-binding trans-factors destabilizing Tnfa mRNA (Leppek et al., 2013; Schlundt et al.,
2014). Signal-induced immunological gene expression programs are guided by RBP function and
thus, TTP-, Roquin- and Regnase-dependent mRNA expression is silenced prior to T cell
activation. The regulatory network of RBPs shares overlapping transcript targets, e.g. Tnf mRNA
repression by TTP or Roquin and //2 mRNA repression by TTP or Regnase, and also antagonistic
functions of Regnase-1 and Arid5a have been described for the balanced regulation of //6 mMRNA
stability (Masuda et al., 2013; Fu and Blackshear, 2016). Maintaining balanced cytokine conditions
or even modulating the degree of transcriptional activation by limiting inducible factors involved in T
cell activation, CCCH zinc finger type RNA-binding proteins highlight the central role of mRNA
trans-acting factors in translating cellular context into appropriate transcriptional responses.

Finally, PTRs affect processes involved in lymphocyte maturation, peripheral activation and control
of T cell tolerance which as well comprises specialized functions of immunoglobulin secretion and
affinity maturation guided by B follicular helper T cells (Jiang et al., 2015). The following sections
will focus on the specific roles of Roquin-1/2 protein paralogs in mediating post-transcriptional
regulation of immune-relevant mRNA targets and its implications for immune homeostasis and the

development of autoimmunity.

1.3. The RNA-binding protein Roquin

1.3.1. The Roquin family of frans-acting factors

The Roquin protein was first described in 2005 when Vinuesa and colleagues introduced Roquin
as a member of the RING-type ubiquitin ligase protein family (Vinuesa et al., 2005). In fact, an
ethylnitrosurea mutagenesis screening for autoimmune regulators has unraveled the murine point-
mutation M199R in Roquin-1 and these homozygous sanroque mice (Rc3hfsan/san) were
associated with features of typical systemic lupus erythematosus (SLE) including antinuclear auto-
antibodies (ANAs) and increased accumulations of both follicular helper T and GC B cells.

Subsequent studies have highlighted critical contributions of Roquin to post-transcriptional control
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of autoimmunity and T lymphocyte plasticity as it was identified as an RNA-binding protein
destabilizing Icos mMRNA (Yu et al., 2007).

1.3.2. Molecular function and domain organization of Roquin

Two paralogs, Roquin-1, encoded by the gene Rc3h1, and Roquin-2 (also known as membrane-
associated nucleic acid-binding protein, Mnab), encoded by Rc3h2, are members of the Roquin
family. Both paralogs redundantly recognize and bind specific secondary mRNA structures within
the 3’ end (3-UTR) of mRNA targets. In general, Roquin activity is considered to repress target
mRNA translation as it negatively regulates mRNA stability and promotes mRNA decay. Roquin
proteins are ubiquitously expressed; however, Roquin-1 outcompetes Roquin-2 expression by
approx. 5-fold in murine T lymphocytes (Vogel et al., 2013). Within cells, Roquin family members
accumulate in cytoplasmic processing bodies (P-bodies) or stress granules to dynamically shape
post-transcriptional control of gene expression (Athanasopoulos et al., 2010; Glasmacher et al.,
2010).

Three different mMRNA structure motifs enable Roquin to recognize and bind mRNA 3’-UTRs: (i) the
constitutive decay element (CDE), (ii) the alternative decay element (ADE) that was observed in
SELEX experiments (Systematic Evolution of Ligands by EXponential Enrichment) and (iii) the
linear binding element (LBE) (Schlundt et al., 2014; Janowski et al., 2016; Braun et al., 2018; Essig
et al, 2018). Roquin-2 activity can compensate for loss of Roquin-1 and strong similarities in their
domain organization suggest functional redundancy (Vogel et al., 2013). Indeed, both proteins
comprise 1,130 (Roquin-1) to 1,187 (Roquin-2) amino acids, respectively, and share almost
identical domains at their N-terminus (Fig. 4). The N-terminal RING finger (really new interesting
gene), ROQ and CCCH-type zinc-finger (ZF) domains are of 81-99% sequence similarities and
conserved among metazoans (Tan et al., 2014; Pratama et al., 2013). The ROQ domain is unique
as it does not share sequence conservation with other proteins and it is required for CDE-binding
which was shown in a ROQ domain crystal structure (residues 174-325) complexed with Tnf CDE
stem-loop RNA (Schlundt et al., 2014). The predominantly a-helical ROQ domain is flanked by
HEPNn~ and HEPNc domains (higher eukaryotes and prokaryotes nucleotide-binding domain) and
the C-terminal segment following the CCCH ZF domain appears to be poorly conserved among
Roquin paralogs containing proline-rich regions (PRRs) and either a coiled-coil domain (Roquin-1)
or a hydrophobic region (Roquin-2) (Srivastava et al., 2015; Pratama et al., 2013).
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Fig. 4: Domain organization of the Roquin-1 and Roquin-2 paralogs. Representative scheme of the
domain organization of Roquin-1 (1,130 aa) and Roquin-2 (1,187 aa) proteins including N-terminal RING
(really interesting new gene), HEPN (higher eukaryotes and prokaryotes nucleotide-binding domain), ROQ
and ZF (zinc finger, CCCH) domains that share high sequence similarities among paralogs. At the C-
terminus, Roquin paralogs harbor PRRs (proline-rich regions) and either a coiled-coil (Roquin-1) or
hydrophobic region (Roquin-2). Scissors indicate MALT1 cleavage sites within Roquin-1 (arginines 510 and
579) and Roquin-2 (arginine 509) and structural information was derived from Pratama et al., 2013; Schlundt
et al., 2014; Srivastava et al., 2015.

Moreover, helix-turn-helix (HTH) and winged-helix (WH) motifs of ROQ subdomains Il and Il
create dual binding sites termed A (binding to RNA loops) and B (binding to double-stranded RNA)
(Schutz et al., 2014; Tan et al., 2014). The set of MRNA targets is considerably large and Roquin
has been shown to regulate mRNA transcripts of activation-induced co-stimulatory/inhibitory
receptors Icos, Ox40 and Ctla-4, transcription factors such as c-Rel and Irf4 as well as modulators
of transcription including Nfkbid (IkBns) and Nfkbiz (IkBQ) of the NF-kB signaling pathway (Yu et al.,
2007; Janowski et al., 2016; Jeltsch et al., 2014). In T cells, Roquin-derived RNPs resemble central
units of MRNA stability regulation that control peripheral T cell tolerance. Especially, the regulation
of co-stimulatory or co-inhibitory mRNAs (i.e. Icos, Ox40, Ctla-4) render Roquin-mediated decay
mechanisms to be crucial contributors to the systemic control peripheral T cell activation and
tolerance, while repression of c-Rel, Irf4 and Nfkbid (IkBns) MRNA targets is strongly associated
with the regulation of helper T cell differentiation.

Mutational and electrophoretic mobility shift assay (EMSA) analyses uncovered conserved lysine
residues K220A, K239A and K259A to be important for ROQ-Tnf CDE RNA interactions. Yet
another mutated arginine residue, R260A, has been annotated with largest chemical shift
perturbations (CSPs) in HSQC NMR studies which diminishes CDE-specific binding by the ROQ
domain and underscores its essential contributions to mRNA recognition (Schlundt et al., 2014).
Besides the analysis of ROQ binding to the canonical Tnf CDE RNA, Icos and Ox40 mRNAs were
as well tested by EMSA and/or crystallization providing evidence of ROQ domain recognition
patterns based on mRNA secondary structures. Moreover, SELEX-derived ADE and ADE-like
hexa-loop motifs have been reported for the 3’-UTR of Ox40 mRNA involving another tyrosine
Y250A mutation in additional target-specific interactions with the ROQ domain (Janowski et al.,
2016). Surface-plasmon resonance (SPR) and isothermal titration calorimetry (ITC) analyses have
confirmed binding affinities/kinetics yielding dissociation constants (Kg) in the micro- to nanomolar
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range for ROQ-Nfkbiz LBE (3.6 uM), ROQ-Ox40 CDE-like (1.46 pM), ROQ-Ox40 ADE-like
(0.081 yM) and ROQ-Tnf CDE (0.042 pM) interactions (Janowski et al., 2016; Essig et al., 2018).
Interestingly, Roquin has also been reported to bind its own 3’-UTR suggesting autoregulatory
negative feedback (Leppek et al., 2013; Cui et al., 2017). The RNase Regnase-1, encoded by the
gene Zc3h12a, has been as well described as a target of Roquin-mediated mRNA decay (Jeltsch
et al.,, 2014), whose own set of destabilized targets includes Th17-associated transcripts of //6,
I112b and c-Rel and Nfkbiz mRNAs (Garg et al., 2015; Cui et al., 2017; Uehata et al., 2013).
Regnase-1 endonucleolytic activity is linked to UPF1 helicase-dependent unwinding of structured
mRNA targets and thus exemplifies an important immune-relevant helicase-endonuclease complex
as described for NMD of nonsense RNAs by UPF1/SMG6 (Mino et al., 2015). Both Roquin and
Regnase share overlapping sets of mRNA targets and interconnected mechanisms of Roquin-
mediated Zc3h712a mRNA destabilization and their individual contributions to cooperative or
exclusive mRNA repression are currently becoming explored. However, previous studies by
Takeuchi and colleagues suggest spatio-temporally distinct mechanisms of mRNA regulation that
involved co-localization of Regnase-1 at ribosomes suppressing translation of active mRNAs
instead of destabilization of inactive mRNA by Roquin-1 and Roquin-2 in P-bodies or stress
granules (Mino et al., 2015).

Roquin-1/2 proteins are post-transcriptional regulators of inflammatory mRNA stability and the
mechanism of mMRNA decay initiation has been linked to miRNA-independent Rck helicase and
Edc4 recruitment indicating facilitated 5’ decapping of mRNA (Glasmacher et al., 2010). Likewise,
later studies focusing on ROQ-CDE Tnf RNA interactions in macrophages have reported on direct
interactions with the Ccr4-Caf1-Not deadenylase complex highlighting the association of Not1
scaffold subunits with redundant Roquin-1 and Roquin-2 paralogs (Leppek et al., 2013). Besides
downstream recruitment of factors involved in mRNA decay, initial binding of target mMRNAs has
been shown to become strengthened in a complex with NUFIP2 (nuclear fragile X mental
retardation-interacting protein 2). In more detail, NUFIP2 protein functionally contributed to high-
affinity mRNA recognition as both proteins physically interact to cooperatively repress tandem
stem-loop motifs within 3’-UTRs of /cos and Ox40 mRNA (Rehage et al., 2018). In contrast to
decay-promoting co-factor interactions, Roquin antagonizes functions of miRNA-17~92 as both
compete for binding of cis-elements in the Pten 3-UTR (Phosphatase and tensin homolog).
Interestingly, conventional T helper and Treg cell-specific stabilization of Pten mRNA thus extends
the regulatory network of Roquin and link its post-transcriptional function to T cell metabolism by
inhibiting the PI3K/Akt/mTOR signaling pathway (Essig et al., 2017).

Roquin-mediated mRNA destabilization of factors important for T cell co-stimulation, metabolism
and transcriptional programs suggests its crucial involvement in T lymphocyte activation and
differentiation decisions; hence, the following section will elaborate on in vivo models of
hypomorphic Roquin-1 sanroque mice (i.e. M199R), systemic and conditional knockouts of
Roquin-1/2 (i.e. Roquin-1 single KO, double KO) and a single nucleotide polymorphism (SNP) in
the Rc3h1 gene which creates a premature stop codon (TGA) and translates Roquin-1 function to
human lymphocyte homeostasis.

34



1.3.3. In vivo models of Roquin

The systemic sanroque M199R Roquin-1 mutant has revealed Roquin as an E3 ubiquitin ligase
family member protecting against autoimmune disease. Homozygous Rc3h1san/san mice are
characterized by severe symptoms of SLE-like autoimmunity which includes splenomegaly,
lymphadenopathy, plasmacytic infiltrates in kidneys, livers and lungs as well as antinuclear auto-
antibodies (ANAs) and hypergamma-globulinemia starting at 8 weeks of age (Vinuesa et al., 2005).
Next to elevated peripheral effector-memory like CD4* and CD8* T cells (CD44hish CDG2L'ow),
Rc3h1sansan CD4+ T cells express increased levels of the ICOS receptor, cytokines such as IL-5
and IFN-y and accumulate germinal-center B cells within splenic PNA+* GCs. Additionally, an
unrestrained formation of CXRC5* PD-1+ IL-21+ follicular T helper cells has been associated with
excessive upregulation of ICOS that has been identified as a direct target mRNA of the Roquin
family. However, reducing ICOS expression to 70% in Rc3h1san/san [cos*- mice or complete ICOS
deficiency in Rc3h1san/san [cos- mice fail to reduce autoimmune phenotypes of Rc3h7san/san [cos*+
mice (Yu et al., 2007; Lee et al., 2012). Representing a CD28 paralogue, ICOS has thus gained
broad attention as an evolutionarily conserved mechanism of additional inducible co-stimulation
that critically shapes effector or follicular helper T cell responses and is post-transcriptionally
repressed by Roquin (Tafuri et al.,, 2001; Linterman et al., 2009). Likewise, elevated ICOS
expression on T cells has been observed in mice lacking Roquin-1 in T cells (Cd4-Cre) or in the
hematopoietic system (Vav-Cre), yet these Roquin-1 knockouts fail to elicit unrestrained numbers
of Tfth cells, spontaneous GC formation or antinuclear auto-antibodies. The Cd4-Cre knockout of
Roquin-1 additionally shows an expansion of CD8+ effector-like phenotypes, while the B cell-
specific Cd19-Cre knockout of Roquin-1 is characterized by expanded B cells, Treg cells and
enlarged spleens with insignificantly more GC formation. Strikingly, however, the constitutive
knockout of Roquin-1, exons 4-6 of Rc3h1 flanked by loxP sites and crossed with germline Cre
recombinase, causes perinatal lethality within a few hours after birth that has been related to
impaired alveolar function in the lung (Bertossi et al., 2011).

Subsequent studies on aberrant Tfh cell formation in sanroque mice have uncovered a direct link
to IFN-y signaling since increased IFN-yR signals caused upregulation of the Tfh-specific
transcriptional activator Bcl6 (Lee et al., 2012). Yet, the sanroque mutant causes disruptive
autoimmune perturbations not recapitulated by Roquin-1 knockouts creating a scenario in which
the paralog Roquin-2, known as Mnab, may compensate for loss of Roquin-1 expression, a
mechanism not assumed to be valid for Roquin-1san/san inhibiting Roquin-2 function (Heissmeyer &
Vogel, 2013). The “Tfh paradoxon® has been addressed by additional mutants of either Roquin-1 or
Roquin-2 introducing RING-deficient (Rc3h1/2rinin) mice as well as combinations of Rc3h7san/san;
Rc3h2zriniin genotypes, all of which indicate that Roquin-2 function compensates for loss-of-function
mutations of Roquin-1 (Pratama et al., 2013). These findings are complemented by analyses of
post-transcriptional contributions of Rc3h1 or Rc3h2 genes showing that excessive peripheral T
cell activation or ICOS-promoted Tfh commitment as observed in mice deficient in both paralogs in
T cells (Rc3h1/2fM; Cd4-Cre) are quenched by single Roquin-2 activity in mice lacking only

Roquin-1 expression (Vogel et al., 2013). Importantly, mice deficient in Rc3h1 and Rc3h2 genes as
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well show increased frequencies or numbers of Th17 cells and a distinct Th17 infiltration-driven
lung pathology and autoinflammation has been linked to the cooperative derepression of Th17
promoting mRNAs by both Regnase-1 and Roquin proteins regulating transcripts such as c-Rel,
Icos, Irf4, Nfkbiz and Nfkbid mRNAs (Jeltsch et al., 2014).

Observations based on murine manipulations of Rc3h1 and Rc3h2 genes appear to translate to
the human homolog of Roquin-1 since a homozygous R688* nonsense mutation in the proline-rich
region of Rc3h1 has been extensively characterized for a human patient in 2019 (Tavernier et al.,
2019). In fact, the R688* point mutation which leads to a truncated version and a functional
impairment of Roquin-1 is associated with an hyperinflammatory syndrome characterized by
relapsing hemophagocytic lymphohistiocytosis (HLH) and the heritable genetic disorder in Rc3h1
systematically causes dysbalanced immune activation and cytokine release (hypercytokinemia)
comparable to the M199R sanroque mutation in murine Rc3h1. Truncated R688* Roquin-1 fails to
colocalize in P-bodies and to interact with mRNA decay promoting CNOT1 which presumably
accompanied differential effects on mRNA decay. Among patient-derived PBMCs, the hypomorphic
Rc3h1 R688* mutant causes upregulation of ICOS and OX40 receptors as well as increased
cytotoxic CD8* T and pathogenic Th17 cell accumulation, yet also defects in B cell maturation and
no autoimmune-related increases in circulating Tfh cells. Noteworthy, the human patient’s parents,
both classified as heterozygous carriers of the R688* mutation, have been reported to suffer from
either lupus (SLE) or rheumatoid arthritis (RA) indicating that homozygosity in R688* is a major
driver of the severe pathogenesis (Tavernier et al., 2019). Thus, both well-characterized mutations
in Rc3h1 are associated with shared or distinct phenotypic consequences generally linked to
systemic dysregulation of immune homeostasis and the precise contributions of both mRNA
binding and the recruitment of mMRNA decay inducing factors by Roquin proteins appear to account
for the differential post-transcriptional repression of immune modulators specifying helper T cell
fate decisions.

1.3.4. TCR-dependent regulation of Roquin

Previous sections have described the mode-of-action and function of Roquin proteins to post-
transcriptionally regulate CD4+ T helper cell fates. For this, Roquin represses immune-relevant
factors implicated in T cell activation, differentiation and inflammatory cytokine production to
quench unlicensed immune activation in the absence of antigenic stimuli or TCR ligation. Along
with T cell activation, however, MALT1 paracaspase activity has been reported to cleave and
inactivate both Roquin paralogs - a mechanism that has evolved to ensure release of mRNA
targets from repression to allow induction of the T cell factors necessary for an immune response
(Fig. 5 and Jeltsch et al., 2014). Thus, the control of Roquin abundance is tightly regulated by
TCR- and co-stimulation-dependent MALT1 and directly linked to antigen recognition. Roquin-1
comprises two individual cleavage sites at arginines R510 and R579, while its paralog Roquin-2
only contains the R509 site. Both cleavage sites LISRso9 or LIPRs10, respectively, and MVPRs79

align well with peptide library screenings and structural modeling analyses that suggest a preferred
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consensus sequence of LVSR across all known MALT1 substrates (Hachmann et al., 2012;
Demeyer et al., 2016). In T cells, MALT1-executed regulation of Roquin has been tested in MALT1-
deficient, mutant Malt1PD/PD and MALT1 mepazine inhibitor-treated CD4+ T cells (Gewies et al.,
2014; Jeltsch et al., 2014).
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Fig. 5: TCR- and MALT1-dependent regulation of Roquin-1/2 in CD4* T cells. Scheme illustrating TCR-
induced CBM complex formation and MALT1 paracaspase activation that leads to cleavage of both Roquin
paralogs and drives gene expression upon T cell activation. In resting naive CD4* T cells, Roquin-1/2 bind to
CDE/ADE-specific stem loops in mRNA target 3’-UTRs to mediate mRNA degradation and restrict T cell
activation/differentiation. Upon TCR ligation and T cell activation, PKCB6-driven phosphorylation of Carma1

triggers CBM complex formation and MALT1 activity. MALT1 proteolytically cleaves Roquin-1 and Roquin-2
at LISR/LIPR or MVPR motifs and mRNA targets become derepressed (incl. transcriptional activators/
modulators, cytokines and stimulatory receptors); scheme was adapted from Jaworski et al., 2016; Jeltsch
and Heissmeyer, 2016; Ruland et al., 2018.

Moreover, cleavage of both paralogs leads to accumulation of its N-terminal fragments
aa1-510/509 and aa1-579 (monoclonal antibody detection) as well as its C-terminal fragments
detected by polyclonal immunoblot analyses (Jeltsch et al., 2014), yet it remains unclear to which
extent N-terminal cleavage products might remain functional since both include ROQ domains
approximately spanning the residues 174-325 (Schlundt et al., 2014). Reminiscent of the Carma
switch triggered by PKCB-mediated Carma1 seed phosphorylation, the dynamic inactivation of
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Roquin by arginine-specific cleavage switches on gene products that are required for
immunological reactivity, T cell activation and its functional differentiation. TCR-dependent and
MALT1-executed cleavage of Roquin and regulation of Roquin abundance in T cells delineate a
pivotal process in TCR signal interpretation to mediate T cell fate decisions and thus, it will be a
major aim of this doctoral thesis described in the following section.

1.4. Hypothesis and aim of the thesis

The involvement of Roquin-mediated destabilization of mMRNA targets in autoimmune dysregulation
and T lymphocyte differentiation has been described for Roquin-1 mutant variants as well as
murine models of Rc3h1 and Rc3h2 deficiencies (Tavernier et al., 2019; Vinuesa et al., 2005;
Jeltsch et al., 2014). In particular, accumulations of follicular helper T or Th17 cells in Roquin-
deficient murine models have been linked to derepressed Tnfrsf4 (Ox40) and Icos or Irf4, Nfkbiz
(IkBC) and Nfkbid (IkBns) mMRNAs (Yu et al., 2007; Glasmacher et al., 2010; Vogel et al., 2013;
Jeltsch et al., 2014). The 3'-UTRs of mRNA targets share distinct CDE, CDE-like and ADE binding
motifs of differential ROQ-mRNA affinities/avidities assumed to mediate preferential mMRNA decay
(Leppek et al., 2013; Tan et al., 2014; Schlundt et al., 2014; Janowski et al., 2016). However, it has
remained enigmatic to which extent TCR-induced cleavage of Roquin by MALT1 indeed guides
differential derepression of either low or high affinity/avidity mRNAs to direct T cell fates.
Conversely, rendering Roquin paralogs insensitive to MALT1-mediated cleavage will help to
decipher substrate-specific contributions of Roquin cleavage to dysregulated immune phenotypes
observed for genetic and pharmacological manipulation of MALT1 paracaspase function
(Bornancin et al., 2015; Martin et al., 2020).

This doctoral thesis tested the hypothesis that quantitative TCR signal strength and proteolytic
MALT1 activity are the major physiologic determinants of Roquin-1/2 function in T cells to mediate
immune-relevant mMRNA derepression and to allow T cell activation and differentiation.

Multiple aspects of Roquin biology will be addressed to answer the question of how T cell
stimulation affects Roquin abundance to set thresholds for distinct mRNA derepression that
integrate into T cell fate decisions: In aim 1, graded deletion of Rc3h1 and Rc3h2 alleles and
reduced Roquin abundance are utilized to characterize sets of targets of particular quantitative
sensitivity to repression. In contrast, in aim 2, qualitative Roquin affinity changes due to single or
combined mutations within the ROQ domain are analyzed to identify low, intermediate or high
affinity/avidity targets according to attenuated ROQ-mRNA interactions. Next, aim 3 employs
antigen-guided TCR signal strength to analyze Roquin inactivation by MALT1-dependent cleavage
and defines TCR-induced target derepression/upregulation as well as antigen dose-specific T cell
fate commitment. Finally, a CRISPR/Cas9-based model of Rc3h1Mins js established in aim 4 to
uncouple Roquin function from TCR signals or MALT1 activity, respectively, and to summarize
factors addressed in aims 1-3 as essential contributors guiding in vitro and in vivo Th17
differentiation.
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2. Materials and Methods

2.1. Materials

Unless otherwise indicated all buffers and chemicals used within this project were purchased from
Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth (Karlsruhe, Germany). Aqueous solutions and
buffers were prepared with filtered and autoclaved MilliQ water derived from a Merck Millipore
system. The purification of either plasmid DNA or DNA PCR products was carried out with the
PureYield Plasmid Miniprep System (Promega) or the NucleoSpin Gel and PCR Clean Up Kit
(Macherey-Nagel). Molecular cloning reactions were performed with the In-Fusion HD Cloning Kit
(Takara Clontech), the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies) or
the Golden Gate Assembly kit (NEB, Ipswitch, MA, USA). All DNA oligonucleotide primers were
ordered from and synthesized by Eurofins Genomics (Ebersberg, Germany). General sequence
identity controls were verified by Sanger sequencing performed by Eurofins Genomics. All RNA
isolations were carried out by TRIzol extraction (Ambion) and the generation of cDNA was
performed with the Quantitect Reverse Transcription Kit (Qiagen) using the RevertAid Reverse
Transcriptase. All quantitative PCRs including High Resolution Melting (HRM) analyses were
conducted with the Light Cycler 480 (Roche) using the Universal Probe Library or the HRM Master
systems, respectively (Roche). All measurements of protein or DNA concentrations were obtained
using a photometer (Eppendorf) or NanoDrop ND100 spectrophotometer (Peglab), respectively. All
Western blot analyses were conducted with X-ray film casettes (VWR) and developed with the
Optimax X-ray processor (PROTEC). All flow cytometry-based single cell data was obtained using
the Cytoflex S (Beckmann Coulter), Canto or LSR Fortessa (BD) flow cytometers. Data derived
from cell-based experiments was processed with the Single Cell Analysis Software FlowJo V10.6
(Flowdo, LLC, OR, USA). Data and statistical analysis was performed with GraphPad Prism
Version 5.0b (CA, USA).

2.1.1. Buffers and solutions

Blocking buffer (Western blotting) 5% milk powder in Tris-buffered saline (TBS)

Cryo-conservation solution 10% DMSO in FCS

FACS buffer 2% FCS in Phosphate-buffered saline (PBS)

HBS 280 mM NacCl, 50 mM HEPES, 1.5 mM Na2HPO4
2x, pH 6.95 - 7.05

Isolation buffer 2% FCS, 1 mM EDTA, PBS,pH 7.4

Laemmli (loading buffer, 5x) 314 mM Tris, 50% Glycerin, 5% SDS, 10% R-ME,
0.01% Bromphenol blue, pH 6.8

LB agar 1.5% Bacto agar in LB medium

LB medium 0.5% yeast extract, 1% Tryptone, 1% NacCl
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Meister Lysis buffer

20 mM Tris-HCI, 150 mM NaCl, 0.25% NP-40,

1.5 mM MgClz, pH 7,5
PBS 137 mM NaCl, 2.7 mM KCI, 10 mM NaHPOQs4,

pH 7.4

0.5% Saponin powder, 1% BSA in PBS
20 mM Tris, 200 mM Glycine, 0.1% SDS
13 mM Tris, 140 mM NH4Cl, pH 7.2

Permeabilization buffer
SDS buffer
TAC lysis buffer

TBE 89 mM Tris-borate, 2 mM EDTA, pH 8.0
TBS 50 mM Tris-HCI, 150 mM NaCl, pH 8.0
TBS-Tween TBS, 0.05% Tween-20

Western blot transfer buffer

25 mM Tris, 39 mM Glycine, 20% Methanol

2.1.2. Chemicals, media and supplements

2-propanol (Isopronal)
4’-OH-tamoxifen (1 pM)
Acrylamide (30%) 4K

Agarose

Ammonium chloride

Ammonium peroxide sulfate (APC)
Ampicillin

B-mercaptoethanol (B-ME, 50 mM)
Brefeldin A (BrfA)

Bovine serum albumin (BSA)
Calcium chloride

CFA (killed M. tubercolosis H37 Ra)
Chloroquine

Collagenase D

cOmplete, EDTA-free Protease Inhibitor Cocktail
Dimethyl sulfoxide (DMSO)

DNase |

Dulbecco’s Modified Eagle Medium (low glucose)
dNTP

Dithiothreitol (DTT)

Doxycycline hyclate

ECL reagents

EDTA
Ethanol
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Roth
Sigma-Aldrich
AppliChem
Biozym

Sigma

Roth

AppliChem

Roth, Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Roth

BD Difco™ Adjuvants
Sigma-Aldrich
Sigma-Aldrich
Roche
Sigma-Aldrich
Sigma-Aldrich
Invitrogen (Gibco)
Fermentas
AppliChem
Sigma-Aldrich
Novex® HRP kit, Invitrogen

Amersham™, Prime, GE Healthcare

Roth
Roth



Ethidium bromide (EtBr)

Fetal calf serum (FCS)
Fixation/development solution
Formaldehyde (37%)

Glycerol

HEPES (1 M)

lonomycin

Kanamycin

LB agar

LB (Luria broth) medium
Lipopolysaccharide (LPS)

Mepazine (MALT1 inhibitor)

Methanol

Milk powder

MilliQ water

Myelin Oligodendrocyte Glycoprotein (MOGs3s.ss5)
Non-essential amino acids (MEM NEAA, 100X)
NP-40

OVAs23-339 peptides

Penicillin

Percoll

Pertussis toxin (PTX, B. pertussis)
Phorbol-12-myristate-13-acetate (PMA)
Protein Assay Dye Reagent (Bradford, 5X)
Polybrene

Proteinase K

Saponin

Sodium azide

Sodium dodecyl sulfate (SDS)
Streptomycin

TEMED

Tris-HCI

TRIzol® reagent

Trypan blue

Trypsin-EDTA (1X, 0.05%)

Tween-20
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Roth

Invitrogen (Gibco)
Agfa

VWR

Roth

Invitrogen (Gibco)
Calbiochem
Roth
AppliChem
Roth
Sigma-Aldrich
Merck Millipore
Roth

Roth

Merck Millipore
Auspep Pty Ltd
Invitrogen (Gibco)
Sigma-Aldrich
BIO TREND
Thermo Fisher
GE Healthcare
Sigma-Aldrich
Calbiochem
Bio-Rad
Sigma-Aldrich
Sigma-Aldrich
VWR

Roth

Roth

Thermo Fisher
Roth

Invitrogen

Ambion (Life Technologies)

Roth
Invitrogen (Gibco)
AppliChem



2.1.3. Instruments, materials and software

1.5 mL, 2.0 mL tubes
5.0 mL tubes (FACS)
15 mL, 50 mL tubes
6-well cell culture plate

96-well flat-bottom cell culture plate

96-well V-bottom plate
90 mm cell tissue culture dish

90 mm cell culture dish (non-adherent)

150 mm cell tissue culture dish

25 cm2 cell culture flask

75 cmz cell culture flask

175 cm2 cell culture flask
Agarose gel electrophoresis
Capillary gel electrophoresis
Centrifuges

Cell counting

Cell culture hood

Cell incubator (eukaryotic)
Cell incubator (prokaryotic)
Compensation beads
Cuvettes (UV-transparent)
Data and image processing

Developer (Western blot)
Filtration

Flow cytometers

Freezer
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Eppendorf, Beckmann

FALCON, VWR

FALCON, Greiner-Bio-One

Omnilab, Sarstedt

Sarstedt

Roth

FALCON, BD

Gosselin

VWR

BD

BD

BD

Bio-Rad

QIlAxcel Advanced (QIAGEN)
Eppendorf Centrifuge 5424 R

Hettich Rotanda 460 R

Thermo Scientific Heraeus Multifuge X3R
Neubauer chamber (Marienfeld)
CASY cell counter (Innovartis)
BERNER FlowSafe® B-[MaxPro]2-190
37°C, New Brunswick Galaxy 170 S/R
37°C, Memmert

Thermo Fisher

halbmikro (Brand)

FlowJo V10.6

Microsoft Excel

Apple Mactintosh Numbers

GraphPad Prism 5

ApE - A plasmid Editor

Affinity Designer

Optimax X-ray processor (PROTEC)
100 pm nylon cell strainer (FALCON)
40 pm nylon cell strainer (FALCON)
0.45 uym syringe filter Supor® (PALL)
Acrodisc®

Cytoflex S (Beckmann Coulter)

BD FACSCanto™ (Becton, Dickinson)
BD LSRFortessa™ (Becton, Dickinson)
-80°C (Thermo Scientific), -20°C (Liebherr)



Fridge

Gel UV documentation (illuminator)
Gel electrophoresis system

Gel electrophoresis chamber/casettes
Heat block

Ice machine

Magnetic stirrer

Medical X-ray film

Medical X-ray film casette

Microscopy

Microwave
Needles

PCR cycler

PCR tubes

pH calibration
Photometer
Pipettes

PVDF membrane
Spectrophotometer
Sterilization
Syringes
Ultrapure water
Water bath
Whatmann paper
Weighing scale

4°C (Liebherr)

Bio-Rad

PowerPac HC (Bio-Rad)
Mini-Protean Tetra System (Bio-Rad)
Thermomixer compact (Eppendorf)
Scotsman

C-MAG HS 7 (IKA)

DV-B, EncapSulite, R20, Typon Réntgen
VWR

Zeiss (47 12 02)

Leica DFC3000G, CoolLED pE-300
LG

26G, 30G (Fine-Ject, VWR)
GeneTouch (BIOER)

Nippon Genetics

Schott pH-METER, InoLab pH 720
Eppendorf

Rainin, Biozym

Merck Millipore

NanoDrop ND100 (Peglab)
Varioklav (H+R)

Omnifix (5 mL, 30 mL)

MilliQ (Merck Millipore)

GFL

VWR

PFB 1200-2 (Kern)

2.1.4. Kits, antibodies, dyes and cytokines

Multiple commercially available kits were used for molecular and cell biology techniques to perform

primary lymphocyte and CD4+ T cell isolation, cell-based intracellular stainings for flow cytometric

measurements or cloning and quantitaive PCR experiments:

BD Cytofix/Cytoperm

EasySep™ Mouse CD4+ T Cell Isolation Kit
EasySep™ Mouse Naive CD4+ T Cell Isolation Kit
Foxp3 staining buffer kit

In-Fusion® HD cloning kit

Light Cycler 480 probes master

Nucleobond Xtra Midi/Maxi
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BD Biosciences
STEMCELL Technologies
STEMCELL Technologies
Invitrogen (eBioscience)
Takara Clontech

Roche

Macherey-Nagel (MN)



NucleoSpin Gel and PCR Clean Up Kit
PureYield Plasmid Miniprep System

QuantiTect Reverse Transcription Kit

QuikChange Il XL Site-Directed Mutagenesis kit
Universal Probe Library

All antibodies used for flow cytometric analysis of lymphocyte cells are listed including clone
identifiers and specific fluorophore conjugates (Table 1). Antibodies were used at dilutions
according to manufacturer’s protocols or previous antibody-conjugate titrations and fluorophore-

conjugated secondary antibodies (anti-rat/anti-mouse) were used for visualization of signals of

Macherey-Nagel (MN)

Promega

Qiagen

Agilent Technologies

Roche

primary mAbs without direct fluorophore conjugation.

Table 1: Antibodies for flow cytometry.

Target Clone Conjugate Origin

Cas9 7A9-3A3 primary mAb CST

CD3 17A2 eF450 Invitrogen (eB)

CD4 GK1.5 APC, FITC, PE, eF450 Biolegend, eB, Invitrogen
CD8a 53-6.7 APC, FITC Biolegend, Invitrogen (eB)
CD11c N418 PE, FITC Invitrogen (eB)

CD19 MB19-1 FITC Invitrogen (eB)

CD21/35 7G6 PE BD Pharminogen

CD23 B3B4 Pacific Blue (eF450) Biolegend

CD25 (IL-2Ra)
cD27

CD44

CD45R (B220)
CD62L

CD69

CD86

CD95

CD122 (IL-2RB)
CD134 (0X40)
CD152 (CTLA-4)

CD185 (CXCR5)

PC61.5; eB704
LG.3A10

IM7

RA3-6B2

MEL-14

H1.2F3

GL1

15A7

5H4

OX-86

UC10-4B9; -4F10-11

L138D7

PE, FITC, APC
PE-Cy7

APC, FITC, BV510
PE, PerCP-Cy5.5
APC, FITC, PE
PE

PE

APC

PE

APC, PE

APC, PE

APC
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Invitrogen (eB)
Biolegend

eB, Biolegend
Invitrogen (eB)
Invitrogen (eB)
Invitrogen (eB)
eB

eB

eB

eB

eB, BP Pharminogen

Biolegend



CD278 (ICOS)
CD279 (PD-1)
c-Rel

Fc block
Foxp3

GL-7

IFNy
IL-17A

IRF4

IkBns

MHCII

PLZF

p-S6 (235/236)
Regnase-1
Roquin-1/2

Roquin-1 1-510
RORyt

T-bet

TCRB

TCRy®

TCR Va2

TCR VB5.1/5.2
Thy1.1

TNFa

2nd goat a-rat/mouse
PBS57-CD1d tetramer
Fixable Viability Dye

Fixable Blue

C398.4A; 7TE.17G9
J43

1RELAHS

FJK-16s
GL-7
XMG1.2

eBio17B1;
TC11-18H10.1

3E4

4C1
M5/114.15.2
9E12
D57.2.2E
15D11

3F12

5F6

Q31-378

eBio4B10
H57-597

GL-3

B20.1

MR9-4

HIS51

MP6-XT22

Poly4054; MRG2a-83
iNKT (mCD1d)

APC, PE
FITC, PE
PE

primary
FITC, PE
AF488, FITC

APC
PE, BV785

eF660
primary

FITC

PE, PE-Cy7
PE-Cy7
primary
primary
primary
AF647, BV421
eF660, PE
FITC

APC

FITC

eF450

APC
PerCP-eF710
AF647, FITC
PE

eF780

UV (DAPI)

45

Biolegend, eB

eB

Invitrogen (eB)
in-house

Invitrogen (eB)

eB, BD Pharminogen

Invitrogen (eB)

Invitrogen (eB), Biolegend

Invitrogen (eB)
in-house

eB

Biolegend
Invitrogen (eB)
in-house
in-house
in-house

BD Pharminogen, BD
Horizon

eB
Invitrogen (eB)
Invitrogen (eB)
Invitrogen (eB)
Invitrogen (eB)
eB

Invitrogen (eB)

Biolegend, Invitrogen (eB)

NIH
Invitrogen (eB)

Invitrogen



Primary antibody incubations for Western blots were carried out at 4°C for at least 16 hours over

night and protein expression was detected using secondary HRP-coupled antibodies (anti-rat/anti-

rabbit/anti-mouse) and ECL substrates. Specific antibody clones of both primary and secondary

antibodies are shown (Table 2).

Table 2: Antibodies for Western blotting.

Target Clone Specification Origin

GAPDH 6C5 primary mAb, mouse EMD Merck Millipore
IRF4 P173 primary mADb, rabbit Invitrogen (eB)
IkBns 4C1 primary, rat in-house

Regnase-1 15D11 primary, rat in-house

Roquin-1/2 3F12 primary, rat in-house

2nd a-rat 7077S HRP-coupled CST

2nd a-rabbit 7074S HRP-coupled CST

2nd a-mouse 7076S HRP-coupled CST

Primary CD4* T cell cultures were performed using different antibodies and cytokines according to
T helper subset differentiation (ThO, Th1, Th17 and iTreg). All antibodies used for in vitro T cell

activation and differentiation assays including specific clones and effective concentrations are

listed (Table 3).

Table 3: Antibodies and cytokines for in vitro T cell culture.

Antibody/Cytokine Clone Differentiation Origin Concentration
Anti-CD3 2C11 - in-house 0.25 pg/mL
Anti-CD28 37.5N - in-house 2.5 ug/mL
Anti-1L4 11B11 Th1, Th17 in-house 10 pug/mL
Anti-IL12 C17.8 Th17, Treg in-house 10 pg/mL
Anti-IFNy XMG1.2.1 Th17, Treg in-house 5 pg/mL
Anti-hamster IgG polyclonal - MP Biomedicals, # 56984 2.5 mg/mL

hiL-2

Novartis
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rmiL-6 - Th17 STEMCELL 60 ng/mL

rmiL-12 - Th1 STEMCELL 10 ng/mL
rhTGF-31 - Th17, Treg R&D System 10 ng/mL
rmGM-CSF - BMDC CST 20 ng/mL

2.1.5. Enzymes and markers for molecular biology

Agarose gel analyses, Western blotting, restriction analyses and genotyping experiments required
various enzymes and markers for molecular biology methods and relevant components needed

along with molecular biology kits are listed:

2-log DNA ladder Biolabs

Protein Marker VI (10-245 kDa) AppliChem
RevertAid Reverse Transcriptase Qiagen

Pfu Ultra (Quik Change) Agilent Technologies
T4 PNK Promega

T4 DNA ligase NEB

Bbsl, restiction enzyme NEB

Taq polymerase(s) Invivogen, NEB, recombinant in-house
Nael, restriction enzyme NEB

Crf10l, restriction enzyme Thermo Scientific
EcoRI, restriction enzyme NEB

2.1.6. Plasmid constructs and primer sequences

Both CRISPR/Cas9-based targeting of Rc3h1 and retroviral reconstitutions of iDKO CD4+ T cells
required uniquely designed bacterial plasmids/vectors. The vector MSCVpuro was used for Golden
Gate assembly and cloning of sgRNA sequences which was performed via T4 PNK and T4 DNA
ligase reactions. The HDR template for the Rc3h1Mins tfransgene was based on the vector pCR-
Blunt II-TOPO (Invitrogen) and the design of the Rc3h1 repair template required In-Fusion HD
cloning from gDNA and site-directed QuikChange mutagenesis to insert relevant point mutations at
codons of arginines 510 and 579. HEK293 cell transfections were used for virus production of
pRetroXtight vectors encoding fused GFP-Roquin-1 proteins and specific primers used for site-
directed mutagenesis cloning of both GFP-Roquin-1 variants and the HDR template for Rc3h1Mins
are shown (Table 4).
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Table 4: Primers for cloning.

Primer Sequence (5’-3°) Purpose

K220A cgcgctgagecgegceagtgetggtgetg QC XL Il (pRetro)
K239A atggccaatgctggttgcgctcgectgecggaaag QC XL Il (pRetro)
Y250A ggtgcagctgcetggetecgegegagetge QC XL Il (pRetro)
R260A gctgctttaaagtgaccaaagccgatgaagatagcagec QC XL Il (pRetro)
R510A cacagtgacacaactgattccagccggcacagaccccagctttg QC XL II (pCRII TOPO)
R579A caattcagatggtccctgccggtictcagctatatcc QC XL Il (pCRII TOPO)

Primer sequences used for the initial identification of Rc3h1Mins alleles from purified gDNA samples
are listed in Table 5 (High Resolution Melting (HRM) primers) and Table 6 (established genotyping
strategy for Rc3h1 R510A). Of note, HRM was used to identify Rc3h1Mins founder gDNA
heterozygous for the knockin transgene (Rc3h1Minsi*) and characterized by reduced melting
temperatures compared to homozygous Rc3h1++ (wildtype) sequence controls.

Table 5: High Resolution Melting primers.

Primer Sequence (5’-3’) Purpose

R510A fw acctcctgcactcccaaatg HRM (Rc3h 1Mins)
R510A rv aggcggctcagatgttcaaa HRM (Rc3h 1Mins)
R579A fw ctggaatctgcccctaagag HRM (Rc3h 1Mins)
R579A rv gctggtaaggtgctgtctca HRM (Rc3h 1Mins)

Table 6: Rc3h1Vins genotyping primers.

Primer Sequence (5°-3’) Purpose

R510 common fw gacccttgagtgcctctttgg gDNA (Rc3h 1Mins)
R510A mut rv ctggtttcagagaagaatcaaagctggggtctgtgccgge gDNA (Rc3h1Mins)
R510 wt rv aagctggggtctgtceccacg gDNA (Rc3h 1Mins)

All relevant primers used for quantitative PCR analyses of RNA levels in Rc3h1Mins or wildtype
control CD4+ T cells are shown together with specific identifiers of the UPL probe library system
(Table 7).
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Table 7: Quantitative (q)PCR primer sequences and UPL probes (Roche).

Gene of interest Primer sequence (5’-3’) # of UPL probe
Hprt for TCCTCCTCAGACCGCTTTT 95
Hprt rv CCTGGTTCATCATCGCTAATC 95
Nfkbid for TTTCTACCCTCCGTCAGACC 9
Nfkbid rv TACAGCCGGGTATCCAGAGA 9
Tnf for TCTTCTCATTCCTGCTTGTGG 49
Tnfrv GGTCTGGGCCATAGAACTGA 49
Tnfrsf4 for GCTTGGAGTTGACTGTGTTCC 79
Tnfrsf4 rv GGGTCTGCTTTCCAGATAAGG 79
Ywhaz for CGCTAATAATGCAGTTACTGAGAGA 2
Ywhaz rv TTGGAAGGCCGGTTAATTTT 2

2.2. Methods

2.2.1. Mouse models

This work focuses on the analysis of murine primary lymphocytes isolated from different transgenic
mouse models (Table 8). All mice analyzed were of C57BL/6J genetic background and mice were
bred and housed in specific pathogen-free (SPF) barrier facilities in accordance with the respective
institutional, state and federal guidelines at the Helmholtz Zentrum Minchen or at the Biomedical
Center (BMC) of the Ludwig-Maximilians-Universitat Miinchen (LMU). All experiments involving
mice were performed in accordance with the regulations of and with approval by the local
government (Regierung von Oberbayern, ROB). Mice were housed in standard cages on a 12-hour
light/dark cycle with ad libitum access to food and water.

Transgenic Rc3h19 and Rc3h2f mice harbor loxP-sites flanking exon 4 to 6 of the Roquin-1
encoding Rc3h1 (Bertossi et al., 2011) and loxP-sites flanking exon 4 of the Roquin-2 encoding
Rc3h2 gene (Vogel et al., 2013). Rc3h1if; Rec3h2f mice were crossed to Rc3h1++; Rc3h2++
wildtype mice in different combinations to reach the final set of seven genotypes characterized as
the genetic in vivo titration of Rc3h1 and Rc3h2 alleles. Moreover, mice with loxP-flanked genes
were crossed to Cd4-Cre (Lee et al., 2001; Sawada et al., 1994). The Cd4-Cre transgene drives
Cre recombinase expression under control of the Cd4 promoter and thus conditional deletion of
Rc3h1/2 alleles in the CD4+ and CD8* T cell lineages. Furthermore, Rc3h1/2% mice were crossed
to Cd4-Cre-Ert2 mice (Sledzinska et al., 2013) in which Cre recombinase is fused to the estrogen-
receptor 2 (ERT2). This transgenic system was used in retroviral reconstitution experiments and
allows to induce deletion of loxP-flanked genes in an exclusive CD4* T cell-specific manner by in
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vitro treatment with 4’OH-tamoxifen. Transgenic Rc3h1/2f; Cd4-Cre-Ert2; rtTA mice
provided CD4+ T cells for 4’0OH-tam-inducible double knockouts (iDKO) of Roquin-1/2 in
reconstitution experiments. For this, Rc3h1/2f; Cd4-Cre-Ert2 mice were crossed with
Gt(ROSA)26Sortm1(itTA"M2)Jae - glso known as R26-M2rtTA knockin, which enables doxycycline-
inducible studies utilizing rtTA/tet-ON models (Hochedlinger et al., 2005). The expression of the
reverse tetracycline-controlled transactivator (rtTA) allows to perform retroviral overexpression of
pRetroX-Tight-Pur vectors (Takara Clontech) encoding for different mutants of GFP-Roquin-1.
Here, in vitro administration of doxycycline triggers plasmid gene expression controlled by the Tet-
responsive promoter in pRetroX-Tight.

Additionally, Nfkbid®fi; Cd4-Cre mice were generated by crossing Nfkbidfl with Cd4-Cre mice (Lee
et al., 2001; Frentzel et al.,, 2019). A detailed characterization of these mice is described
elsewhere. Nfkbid mutant mice were bred and maintained under specific pathogen-free conditions
at the animal facility of the Helmholtz Centre for Infection Research (Braunschweig, Germany).

2.2.1.1. Targeting strategy of MALT1-insensitive Rc3h1Mins

Gene-specific single guide RNAs (sgRNAs) targeting the gene Rc3h1 (Roquin-1) at sites of R510
or R579 codons, respectively, were in vitro tested for efficiency using Cas9* MEF cell clones. For
the generation of the Rc3h1MinsiMins mouse line and in collaboration with Dr. Florian Giesert
from the Helmholtz Zentrum Minchen, two functional sgRNAs (i.e. sgRNA R510: 5’-
TGACACAACTGATTCCACGT-3 and sgRNA_R579: 5-CCAATTCAGATGGTACCTCG-3’) were
generated from DNA oligonucleotides (Metabion, Planegg/Steinkirchen, Germany) by in vitro
transcription utilizing the EnGen® sgRNA Synthesis Kit, S. pyogenes (New England Biolabs,
Ipswich, USA) following manufacturer’s instructions. Additionally, a specific targeting template
(pPCR-Blunt 1I-TOPO vector; Invitrogen) coding for the two R510A and R579A mutations spanning
the genomic region of exon 10, intron 10 and exon 11 was used to perform homology-directed
repair (HDR). Prior to pro-nuclear injection, sgRNAs, recombinant Cas9 protein (IDT, Coralville,
USA) and the targeting vector were diluted in micro-injection buffer (5 mM Tris, 0.1 mM EDTA, pH
7.2) to reach effective concentrations of 20 ng/pL for each sgRNA, 50 ng/uL for Cas9 and 50 ng/uL
for the targeting vector. One-cell embryos were obtained by mating of C57BL/6N males (obtained
from Charles River, Sulzbach, Germany) with C57BL/6N females super-ovulated with 5 units
of PMSG (Pregnant Mare's Serum Gonadotropin) and 5 units of HCG (Human Chorionic
Gonadotropin). Following pro-nuclear micro-injection, zygotes were transferred into pseudo-
pregnant CD1 female mice to obtain live pups. All mice showed normal development and appeared
healthy. Handling of animals was performed in accordance to institutional guidelines and approved
by the animal welfare committee of the local government (Regierung von Oberbayern). Analysis of
gene editing events was performed on genomic DNA isolated from tail or ear biopsies of founder
mice and the F1 progeny using the Wizard Genomic DNA Purification Kit (Promega, Mannheim,
Germany) following manufacturer’s instructions.
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Genomic DNA was amplified by High Resolution Melting (HRM) to dissect homozygous wild types
(+/+) from heterozygous (Mins/+) Crispr/Cas9 knockins (Light Cycler 480, Roche). Consequently,
amplified PCR products were analyzed by agarose gel separation and restriction using Nael
(R510A; NEB) and Cfr10I (R579A; Thermo Scientific) enzymes that specifically targeted base pairs
of the introduced repair template but not the wildtype sequence. Heterozygous Rc3h 1Mins/+ knock-in
mice were used for interbreedings to generate heterozygous (Rc3h1Minsi*) and homozygous
(Rc3h 1MinsiMins) mice next to WT (Rc3h1+*) littermates.

Table 8: Transgenic mouse lines for in vitro and in vivo studies.

Mouse line (genotype) Abbreviation
Cd4-Cre WT
Cd4-Cre-Ert2 WT

Rc3h 1M, Re3h2M; Cd4-Cre DKO

Rc3h 1M, Rc3h2++; Cd4-Cre Roquin-1 KO
Rc3h1++; Re3h2': Cd4-Cre Roquin-2 KO
Rc3h1f+; Re3h2iM; Cd4-Cre Roquin-1 het-KO
Rc3h 1M, Re3h2f+; Cd4-Cre Roquin-2 het-KO
Rc3h1f+; Re3h2*; Cd4-Cre het-DKO

Rc3h 1M, Re3h2M; Cd4-Cre-Ert2; rtTA iDKO-rtTA
Rc3h1++ WT

Rc3h 1Minsi+ Mins/+

Rc3h 1MinsMins Mins/Mins
Nfkbid*; Cd4-Cre Nfkbidf+
Nikbidf; Cd4-Cre Nfkbidf

OT-Il Ter- WT OT-lI
Rc3h1MinsMins; OT-/[ Tert- Mins/Mins OT-II
Nikbid--; OT-Il Tert- Nfkbid-+ OT-II
Nrda1-GFP+- Nur77
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2.2.1.2. Experimental Autoimmune Encephalomyelitis (EAE)

The active EAE disease model was induced on day 0 by subcutaneous (s.c.) injection of 200 pg
MOG peptide (Auspep Pty Ltd) emulsified in CFA (BD Difco™ Adjuvants) at the tail base of age-
matched mice (Miller et al., 2010). 100 ng of pertussis toxin (PTX, in PBS; Sigma) was
intravenously (i.v.) injected on day 0 and on day 2 (200 ng total dose). Mice (9 per group) were
checked on a daily basis and scored starting at day 9 after MOG/CFA and PTX injections. Clinical
scores were documented up until day 15 after induction resembling the peak of disease scores in
wildtype counterparts. On day 15 post immunization, mice were sacrificed by isofluran inhalation,
perfused with PBS and CNS samples from spinal cords and brains were isolated for ex vivo cell
subset analysis. CNS tissue was cut into small pieces and digested by incubation with 1 mg/mL
DNase | (Sigma) and 2.5 mg/mL Collagenase D (Sigma) in DMEM medium supplemented with
10% FCS, 100 units/mL penicillin, 100 pyg/mL streptomycin, 10 mM HEPES, 50 uM R-ME, 1x
NEAAs for 90 min at 37°C. CNS-infiltrating mononuclear cells were isolated by percoll gradient
centrifugation (37%, 70% Percoll in PBS buffer; GE Healthcare). Mononuclear cells were counted,
distributed to 96-wells, stimulated with 20 nM PMA and 1 uM ionomycin followed by BrfA treatment
(10 pug/mL) for a total of 4 hours and subsequently stained for CD4* T cell infiltrates and cytokine
production using the Foxp3 fixation/permeabilization kit. Flow cytometric analysis was performed
with a BD LSR Fortessa (BD) cytometer.

2.2.2. Molecular biology

2.2.2.1. PCR cloning and genotyping

The polymerase chain reaction, abbreviated “PCR", enables exponential amplification of DNA
fragments from plasmid or genomic DNA (gDNA) templates. Sequence-specific forward and
reverse primers anneal to template DNA at low temperatures, while heat-stable DNA polymerases
become activated at elevated cycling temperatures to amplify DNA fragments in a primer-
dependent manner. A standard PCR reaction contains approx. 1-100 ng of template DNA, 1x
reaction buffer, 1 yL dNTP mix (10 mM stock solution), 1 yL MgCl2 (50 mM), 1-2 uL forward and
reverse primer (10 mM each) as well as 1 yL of a DNA polymerase enzyme. In general, PCRs
were performed for 25-35 cycles with denaturation at 95°C for 30 seconds, annealing of primers at
50-60°C for 30 seconds and elongation at 70-75°C for 45 seconds.

For cloning of retroviral plasmids, PCR products were size separated by 1% (w/v) agarose gel
electrophoresis in 1x TBE buffer and visualized by UV light (Bio-Rad). Correct band sizes for
cloning experiments were cut out of agarose gels and DNA amplicons were purified using the
QIAGEN gel extraction Kit. Additionally, PCR products of gDNA amplification for genotyping were

analyzed using a capillary gel electrophoresis system (QlAxcel).
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QuikChange II XL Site-Directed mutagenesis (Agilent Technologies) was used to introduce point
mutations within retroviral plasmids (pRetroX-Tight) encoding for GFP-fused Roquin-1 (Rc3h7).
PCR ampilification was conducted with primers containing the mutated sequence flanked by gene-
specific sequences 5 and 3’ of the mutation and a high-quality proof-reading Pfu Ultra Polymerase
(supplied with the kit). All mutations in the Roquin-1 sequence of the pRetro-GFP-Roquin-1
reconstitution constructs were generated using step-wise and site-directed mutagenesis reactions.

2.2.2.2. Transformation and bacterial expression plasmids

The chemically competent E. coli DH5a strain was used to generate plasmid DNA of all constructs
for downstream cell biology applications. For transformation, 50 uL of thawed bacteria suspensions
were gently mixed with 2 pL of plasmid DNA and stored on ice for 30 minutes. Subsequently, heat
shock transformation (HST) was conducted at 42°C for 30 seconds followed by another incubation
on ice for 2 minutes. 100 uL of LB medium were added and E. coli DH5a cells were further
incubated for 1 hour at 37°C. Finally, E. coli DH5a cells were plated onto antibiotic-loaded (100 ug/
mL) LB plates over night at 37°C and antibiotic selection of transformed DH5a cells was performed
according to plasmid-specific resistance genes.

Small- or large scale E. coli DH5a cultures (4 or 250 mL, respectively) in LB medium
supplemented with the appropriate antibiotics (e.g. 100 ug/mL ampicillin) were incubated over night
at 37°C and shaking at 160 rpm. E. coli DH5a cultures were harvested by centrifugation at
4.122 xg, 4°C, and plasmids were isolated using either the PureYield Plasmid Miniprep System
(Promega) or the Nucleobond Xtra Maxi kit for DNA isolation (Macherey Nagel). Analysis of
plasmid DNA fragments was performed by agarose gel electrophoresis (1% w/v agarose in TBE
buffer) containing 0.5 pg/mL ethidium bromide. Size-separated DNA bands were visualized under
UV light (254 — 366 nm, Bio-Rad).

Retroviral pRetroX-Tight expression plasmids (Takara Clontech) have been utilized for murine
CD4* T cell reconstitution experiments. The single GFP coding sequence (CDS) or the murine
CDS of Roquin-1 N-terminally fused to GFP were previously inserted into pRetroX-Tight vectors
allowing gene expression under the control of a Tet-responsive promotor (Tet-On). Single, double
or triple mutations in the CDS of Roquin-1 (e.g. K220A, K239A, R260A) were step-wise inserted by
site-directed QuikChange XL Il mutagenesis (Agilent Technologies). Retrovirus was generated
according to section 2.2.3.7.
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2.2.3. Cell biology

2.2.3.1. Cultivation of mammalian cell lines

Two different immortalized and adherent mammalian model cell lines, human embryonic kidney
(HEK293) and mouse embryonic fibroblasts (MEF), were cultured in round flat-bottom culture
dishes at 37°C and constant 10% CO:2 levels to maintain pH 7.0 conditions and humidity within the
cell incubator. The HEK293 cell line was originally established from a human primary embryonal
kidney transformed by adenovirus type 5 (Ad 5). Adherent cell lines were cultivated in DMEM
medium containing 10% fetal calf serum (FCS), 100 units/mL penicillin, 100 pg/mL streptomycin
(Pen-Strep) and 1% HEPES buffer. Splitting of adherent cells was carried out by discarding old
medium by vacuum, washing cells with 1x PBS buffer and resuspending cells in DMEM after
detachment by Trypsin-EDTA incubation. Given an estimated doubling time of 24-30 hours,
confluent HEK293 cells were regularly split every 3-4 days with maximum densities up to 3 x106
cells/mL.

Table 9: Immortalized cell lines for in vitro studies.

Mammalian cell line Abbreviation
Human embryonic kidney cells 293 HEK293
Mouse embryonic fibroblast cells MEF (Cas9+)

Eukaryotic cell suspensions of either organ-isolated murine lymphocytes or of immortalized
adherent cell lines (HEK, MEF) were counted with the CASY cell counter or a Neubauer counting
chamber. Automatic identification of viable cells (CASY) or a cell suspension mixture with Trypan
blue (Neubauer) allowed to calculate absolute cell numbers and cell concentrations (e.g. 1-10 x108
cells/mL). For freezing of immortalized mammalian cells, ideal cell numbers were centrifuged
(500 xg, 5 minutes) and washed once with ice-cold PBS. Cell pellets were resuspended in 1 mL of
10% DMSO in FCS and stored over night at -80°C in a 2-propanol freezing container. For
prolonged storage, frozen cell tubes were transferred to a liquid nitrogen tank (-150°C, Thermo
Scientific).

2.2.3.2. Isolation and cultivation of primary CD4* T cells

Primary CD4+ T cells were derived from mice sacrificed at ages of 8-12 weeks by gradual CO2
euthanasia and spleens as well as axillary, cervical, inguinal and mesenteric lymph nodes were
surgically prepared for downstream lymphocyte isolation on ice. For lymphocyte phenotyping by
flow cytometry, individual organs including spleen, thymus, lymph nodes, Peyer’s Patches or CNS

(brain, spinal cord) were separately prepared to isolate single cell suspensions for antibody
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stainings in 96-wells. For in vitro cultivation, squished organs were passed through 100 um nylon
filters while rinsing with T cell isolation buffer (PBS supplemented with 2% FCS and 1 mM EDTA)
and erythrocytes were lysed by Tris ammonium chloride (TAC) lysis buffer incubation for 5 minutes
at room temperature. Following centrifugation (500 xg, 5 minutes, 4°C) and resuspension in
isolation buffer, cells were again passed through 40 pum filters to ensure homogeneous cell
suspensions. Lymphocytes were either counted and directly used for flow cytometric analysis or
CD4~+ T cells were bead-isolated by negative selection according to the EasySep™ Mouse CD4+ T
Cell Isolation Kit protocol (STEMCELL). 4-5 x106 CD4+* T cells were activated in 6-wells in vitro by
plate-bound and goat anti-hamster IgG-crosslinked (MP Biomedicals, #56984) anti-CD3 (0.25 pg/
mL; clone 2C11) and anti-CD28 antibodies (2.5 pg/mL; clone 37.5N). Cells were cultivated in Th1-
polarizing DMEM medium (Gibco) supplemented with 10% FCS, 100 units/mL penicillin, 100 ug/mL
streptomycin, 10 mM HEPES, 50 uM B-mercaptoethanol (B-ME), 1x non-essential amino acids
(NEAASs) as well as 10 ug/mL anti-IL-4 and 10 ng/mL IL-12. After 40-48 hours of activation, cells
were resuspend in DMEM medium containing 200 units/mL IL-2 to expand Th1 cultures at cell
desities of 1 x1086 cells/mL. On day 6 of CD4* Th1 cell culture for the Re3h1 and Rc3h2 in vivo
titration, cells were either prepared for flow cytometric target analysis by antibody stainings or
flash-frozen in equal numbers to collect samples for bulk protein detection by Western blotting.

2.2.3.3. In vitro differentiation and CD4* T cell stimulation

200,000 naive CD4+* T cells from spleens and peripheral lymph nodes of indicated genotypes were
activated in 96-wells in vitro by plate-bound and IgG-crosslinked anti-CD3 (0.25 pg/mL) and anti-
CD28 (2.5 pg/mL) antibodies. Naive CD4+ T cells were cultivated for 3.5 days upon ThO (no
cytokines, no blocking antibodies), Th1 (10 pg/mL anti-IL-4, 10 ng/mL IL-12), Th17 (10 pg/mL anti-
IL-4, 10 pyg/mL anti-IL-12, 10 ng/mL TGF-f, 60 ng/mL IL-6, 5 pg/mL anti-IFN-y) or iTreg (10 ng/mL
TGF-B, 10 pg/mL anti-IL-4, 5 pg/mL anti-IFN-y) polarizing conditions in DMEM medium
supplemented with 10% FCS, 100 units/mL penicillin, 100 pyg/mL streptomycin, 10 mM HEPES,
50 uM B-ME and 1x NEAAs. On day 2 of differentiation, cells were split 1:2 by adding DMEM
medium without additional cytokines. Differentiated cells were washed with cold PBS and
subsequently stimulated for 2.5 hours with 20 nM PMA and 1 pM ionomycin (250 uL per well)
followed by another 2.5 hours of incubation with additional 10 ug/mL BrfA (300 uL per well) to stall
cytokines within T cells. After restimulation, cells were washed in PBS and stained according to
section 2.2.3.11. In contrast, iTreg differentiation was analyzed without restimulation. Inhibition of
MALT1 protease activity was achieved by mepazine treatment (20 yM, EMD Millipore (Merck)) of
CD4* T cells for 180 min at 37°C before stimulation with PMA/ionomycin for 2 hours (target
analysis).
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2.2.3.4. OT-ll co-culture

Bone marrow (BM) cells from tibia and femur of wildtype mice were differentiated to mature BM-
derived dendritic cells (BMDCs) for 6 days in DMEM medium supplemented with 10% FCS,
100 units/mL penicillin, 100 pg/mL streptomycin, 10 mM HEPES, 50 yM R-ME, 1x NEAAs and
20 ng/mL GM-CSF (Cell Signaling Technologies) at 37°C 5% CO> (Madaan et al., 2014). On day 6
of differentiation, lipopolysaccharide (LPS, 100 ng/mL, Sigma) was added for a 24-hour incubation.
Mature BMDCs were washed twice in medium, analyzed for DC surface markers incl. CD11c as
well as MHC Il and subsequently loaded at 1 x10¢ cells/mL with different concentrations of
ovalbumin peptides, OVAas23339 (wild type or R9 mutant; BIO TREND), for 2-3 hours at 37°C 5%
CO». Afterwards, BMDCs were washed twice in 10 mL medium and used for co-cultures with
magnetic bead-isolated naive CD4+* OT-II T cells at cell-to-cell ratios of 1:1 using 50,000 cells each
in 100 pL cultures of flat-bottom 96-wells. Target analysis was conducted after 18 hours of co-
culture in medium without any cytokine supplementation (ThO conditions), while differentiation was
analyzed after 3.5 days of co-culture including in vitro incubation with or without Th1 (10 pg/mL
anti-IL-4, 10 ng/mL IL-12) or Th17 (10 yg/mL anti-IL-4, 10 pg/mL anti-IL-12, 10 ng/mL TGF-3, 60
ng/mL IL-6, 5 ug/mL anti-IFN-y) antibody/cytokine mixtures to stimulate T helper polarization.
Differentiated cells were washed with cold PBS and subsequently stimulated for 2.5 hours with
20 nM PMA and 1 pM ionomycin (250 pL per well) followed by another 2.5 hours of incubation with
additional 10 ug/mL Brefeldin A (BrfA, 300 pL per well) to stall cytokines within T cells. After
restimulation, OT-Il T cells were washed in PBS and stained according to section 2.2.3.11. using
anti-TCR Va2 and anti-TCR V5 surface expression to identify OT-Il T cells. Transcription factor
analysis was carried out without restimulation and using the Foxp3 kit for fixation and
permeabilization of OT-II T cells.

2.2.3.5. Transfection of HEK cells and virus production

Integration of transgenes into adherent MEF cells or primary CD4* T cells was conducted by
retroviral transduction of E. coli DH5a-derived plasmids (S1). Retrovirus was produced by calcium-
phosphate (CaPO4) transfection of HEK293 cells using MSCV or pRetroX-Tight plasmids
containing SV40 promoters and the transgene (sgRNAs or GFP-Roquin-1, respectively) flanked by
long terminal repeat (LTR) sequences. Cells were co-transfected with a viral pCIl-Eco vector
expressing packaging and envelope genes (gag-pol and env). 8 x106¢ HEK293 cells were seeded
into flat-bottom culture dishes for 18 hours before transfection. Next, medium was replaced by
17 ml DMEM supplemented with chloroquine (100 uM) and incubated for 1 hour at 37°C, 10%
COo. In parallel, transfection mixtures were prepared by mixing 50 ug of plasmid DNA with 5 pg of
the packaging vector pCl-Eco, 125 yL of a CaCl, stock and autoclaved H20 (1250 pL in total). The
plasmid DNA and CaClz mixture was then homogenized with 1250 pyl HBS (pH 6.95 - 7.05) while

constantly vortexing. DNA precipitates were added dropwise to HEK cells after a 20-minute
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incubation at RT and DMEM medium exchange was performed 5-6 hours post addition of DNA
precipitates. After 48 hours, HEK cell supernatants containing retrovirus particles were syringe-
harvested and passed through 0.45 pm syringe filters to be directly used to transduce MEF or
CD4+ T cells.

2.2.3.9. Retroviral reconstitution with GFP-Roquin-1

CD4~* T cells derived from Rc3h1f; Re3h2iM; Cd4-Cre-Ert2; rtTA mice (iDKO, rtTA) were treated
on day 0 with 1 uM 4’-OH-tamoxifen for 24 hours at 37°C 5% CO2 to induce deletion of loxP-
flanked Rc3h1 and Rc3h2 genes. Subsequently, cells were washed once with medium and in vitro
activated on day 1 with plate-bound IgG-crosslinked anti-CD3 (0.25 pg/mL) and anti-CD28
antibodies (2.5 pg/mL) upon Th1-polarizing conditions in 6-wells for 40 hours. Retroviral
transduction of CD4* T cells was performed during T cell activation. In parallel, HEK293 cell
transfections were used for virus production (see section 2.2.3.5.) of pRetroX-Tight vectors
encoding GFP-Roquin-1 proteins (wildtype control or ROQ mutants).

On day 3, virus particles were harvested from HEK293 cell supernatants by 0.45 pm-filtration,
mixed with with 10 pg/mL polybrene and applied to iDKO CD4* T cells. After spin-inoculation for
1 hour at 2,000 rpm 18°C, CD4* T cells were incubated for approx. 5-7 hours at 37°C 5% CO2 and
then supplied with fresh DMEM medium containing 200 units/mL IL-2. On day 4, T cells were
treated with 1 ug/mL doxycycline (DOX) for 16 hours at 37°C 5% CO:2 to induce GFP-Roquin-1
expression via the plasmid-encoded Tet promoter and reverse tetracycline-dependent
transactivator (rtTA) activity. On day 5, DOX-induced GFP-Roquin-1 reconstitution was checked by
microscopy and Roquin target stainings were performed using APC/AF647-conjugated antibodies
to reduce technical variations. Gate slices reflecting graded GFP-Roquin-1 reconstitution levels
were separately applied for each replicate experiment and are shown as exemplified in Figure 6.
Flow cytometric analyses were performed with a BD FACSCanto (BD) cytometer.

2.2.3.10. Screening of sgRNA efficiencies in MEF cells

5 x104 MEF cells stably expressing the Cas9 endonuclease were seeded in 6-wells and incubated
for 18 hours at 37°C, 5% CO.. Next, cells were spin-infected at 300 xg at 32°C for 2 hours with
MSCV retrovirus supernatants of the respective sgRNA oligos and cells were simultaneously
treated with 5 pg/mL polybrene. After 6 hours of incubation at 37°C, 5% CO2, virus supernatant
was exchanged with standard DMEM medium. Transduction efficiency and sgRNA abundance was
evaluated by flow cytometric detection of the congenic plasmid marker Thy1.1 (MSCV reporter).
Downstream testing for Cas9/sgRNA activities as measured by deletion of Roquin-1 was
performed via Western blot detection of Roquin-1/2 proteins using the in-house Roquin primary
antibody, clone 3F12 (isotype IgG2a).
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2.2.3.11. Antibody stainings for flow cytometry

For flow cytometric immunophenotyping, organs and lymph nodes from sacrificed mice were
prepared and squished through 100 pm filters while rinsing with FACS buffer (PBS supplemented
with 2% FCS, 2 mM EDTA and 0.01% NaNs) and erythrocytes were removed by incubation with
TAC-lysis buffer (13 mM Tris, 140 mM NH4Cl, pH 7.2). All cell stainings with fluorophore-
conjugated antibodies, tetramers or viability dyes were performed in 96-well v-bottom plates with
effective staining volumes inbetween 50-100 pL per well. Single cell suspensions of isolated
lymphocytes were washed in PBS and stained for viability for 20 minutes protected from light at
4°C (Fixable Viability dye (eF780), LIVE/DEAD Fixable Blue (Invitrogen)). Viability dyes were
washed off the cells once by addition of PBS and cell suspensions were subsequently stained with
fluorophore-conjugated antibodies or tetramers (50 uL FACS buffer per well) to detect surface
proteins. Fixation of cells was realized by either adding 100 pL of 2% formaldehyde (FA) or 100 pL
of the Foxp3 Fix/Perm buffer (Invivogen) for 20 minutes at 4°C.

Intracellular stainings with in-house hybridoma supernatant antibodies or directly conjugated
commercial antibodies were performed after permeabilization in 0.5% Saponin and 1% BSA in
PBS or Foxp3 staining kit permeabilization buffer (Invivogen) for 40 minutes at 4°C. Stained cells
were once more pelleted by centrifugation and washed with FACS buffer. Stained cell suspensions
of approx. 150 pL in FACS buffer were acquired at either the BD LSRFortessa (5-laser), the BD
FACSCanto (3-laser) or the Cytoflex S (4-laser, Beckman Coulter) flow cytometers. Repeated
experiments and replicates of different days were acquired at standardized laser settings for FSC,
SSC and compensation channels to minimize technical variabilities. Data derived from the
descibed cell-based experiments was processed with the Single Cell Analysis Software FlowJo
V10.6 (FlowdJo, LLC, OR, USA). All antibodies or tetramers used for immunophenotyping and flow
cytometric analysis are listed in section 2.1.4. (Table 1). Of note, all lymphocyte populations
analyzed by flow cytometry were gated according to standardized strategies which included (i)
initial SSC-A vs. FSC-A gates, (ii) single cell FSC-W vs. FSC-H gates, (iii) single cell SSC-W vs.
SSC-H and (iv) live/dead staining gates to only select viable single cells for downstream
phenotypic analyses.

2.2.4. Biochemical methods

2.2.41. Cell lysis, SDS-PAGE and Western blotting

T cell lysis was performed with PBS-washed pellets in Meister lysis buffer just-in-time
supplemented with 1x cOmplete, EDTA-free protease inhibitor cocktail (Roche) and dithiothreitol
(DTT). Lysis buffer exceeded pellet sizes by 2-fold to ensure homogeneous resuspension of cells.
After 15 minutes on ice (4°C) with repeated vortexing to mix the suspension, cells were centrifuged

at 10,000 xg for 15 minutes at 4°C to extract protein lysate supernatants from cellular debris.
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Supernatant protein concentration was photometrically determined using a Bio-Rad protein assay
(Bradford reagent) according to the Lambert-Beer law and a BSA protein standard.

Equal amounts of protein lysates (30-50 ug) were analyzed by SDS-PAGE (sodium dodecyl sulfate
- polyacrylamide gel electrophoresis) in which denatured proteins are passively separated via
SDS-induced negative charge. For this, lysates were denatured at 95°C for 5 minutes in 1x
laemmli loading buffer (incl. 10% B-ME), loaded onto 10% acrylamide gels and size-separated next
to the pre-stained protein marker VI (10-245 kDa, AppliChem). Gels were run at 120 V for approx.
40 minutes and size-separated proteins were electrophoretically transferred onto MeOH-activated
PVDF membranes by wet-blotting over night at 40 V and 4°C (Bio-Rad transfer system). After
2 hours of membrane blocking in 5% milk powder in TBS, primary antibodies were applied in either
1% milk powder in TBS-T (e.g. clones 3F12, 15D11, 4C1) or 5% BSA in TBS-T (e.g. GAPDH, IRF4
P173) for over night immuno-blot incubation at 4°C. Before adding secondary HRP-conjugated
antibodies (anti-rat, anti-rabbit or anti-mouse) diluted in 1% milk powder in TBS-T for 1.5 hours at
RT, membranes were washed three times for approx. 10 minutes with TBS-T containing 1% milk
powder. Finally, PYDF membranes were washed three times with TBS-T and immuno-blot signals
were analyzed by incubation with different ECL Western blotting reagents (Novex Invitrogen,
Amersham GE Healthcare) for HRP-dependent chemiluminescence visualized by exposure to
medical X-ray films (DV-B) while proteced from external light. X-ray films were developed using the
Optimax X-ray processor (PROTEC). All antibodies used for Western blotting are listed in section
2.1.4. (Table 2).

2.2.4.2. RNA isolation and qPCR

Isolation of RNA from pelleted CD4* T cells was performed by phenol-chloroform extraction using
TRIzol (Ambion). RNA quality and yield was measured by spectrophotometry and RNA was then
reverse transcribed into cDNA utilizing a reverse transcriptase and the QuantiTect Reverse
Transcription Kit (Qiagen) that as well removes trace-amounts of genomic DNA. Probe-based
quantitative real-time gene expression (RT-qPCR) was performed with the Universal Probe Library
(UPL) system using the Light Cycler® 480 Il device (Roche) and intron spanning assays correcting
for primer efficiency. Gene-specific amplification of short oligonucleotides corresponds to binding of
individual fluorescent probes. Fluorescent signals increase with amplicon abundance and thus
reflect expression levels of targeted cDNAs or mRNAs, respectively. In collaboration with Dr. Kai
Hofig, Helmholtz Zentrum Minchen, target gene results were normalized to two different house-
keeping reference genes Ywhaz or Hprt, respectively. Target-specific primer sequences and the
appropriate UPL probe numbers are shown in section 2.1.6. (Table 7).
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2.2.4.3. Generation of antibodies

For the generation of the 5F6 anti-Roquin-1 aa1-510 antibody and in collaboration with Dr. Regina
Feederle at the Helmholtz Zentrum Munchen, rats were immunized with an ovalbumin-coupled
peptide representing the free carboxy-terminus at arginine R510 which results from MALT1
cleavage of Roquin-1 (i.e. OVA-TVTQLIPR). Monoclonal antibodies from hybridoma supernatants
were screened by flow cytometry for antibodies recognizing bead-coupled peptides with a free
carboxy-terminus (biot-TVTQLIPR) but not a hexa-histidine-conjugated carboxy terminus (biot-
TVTQLIPRHHHHHH). Validation of candidates was achieved by testing recognition of ectopic
expression of Roquin-1 aa1-510 but not Roquin-1 full-length in transfected HEK293 cells.
Endogenous antibody activity was tested using PMA/ionomycin-treated CD4+ T cells of wildtype or
Roquin-deficient DKOT mice. All cleavage experiments were performed with 5F6 hybridoma
supernatant (rat IgG2a/k, 1:2 dilution). For the generation of the 4C1 anti-IkBns antibody, rats were
immunized with a GST-fused version of murine IkBns (Nfkbid). Monoclonal antibodies from
hybridoma supernatants were screened for antibodies recognizing purified protein in ELISA and
ectopic expression of IkBns in transfected HEK293 cells using a LZRSp-Nfkbid-IRES-GFP
construct (Fiorini et al., 2002). Monoclonal antibodies were tested for application in Western
blotting and flow cytometry. Experiments were performed with supernatants containing the IkBns
4C1 antibody (rat IgG2a/k).
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3. Results

3.1. Roquin function and TCR signal strength

Hypomorphic mutations in the Rc3h1 gene and deficiency in both Roquin-1/2 proteins are
associated with the development of severe autoimmune or autoinflammatory diseases. The
dysregulation of immune homeostasis has been attributed to derepression of mRNA targets
leading to excessive T cell activation and differentiation towards Tfh and either Th1 or Th17 cells.
The first section of this chapter will highlight how loss of Roquin expression or mutations in its ROQ
domain as well as antigen-induced TCR signals and Roquin-1 cleavage determine preferential
mRNA target derepression that is linked to the specific differentiation of Th17 cells.

3.1.1. Titration of Rc3h1 and Rc3h2 genes affects target regulation

Roquin-1/2 cleavage by MALT1 activity has been linked to TCR signaling, thus amounts of full-
length Roquin are believed to decrease in expression levels as T cell activation proceeds. To test
the hypothesis that graded inactivation of the system by conditional gene targeting would
differentially affect Th17-specific mMRNA target regulation, the Cd4-Cre transgene was combined
with different floxed (fl) or wildtype alleles of Rc3h1 and Rc3h2. Increasingly inactivating redundant
Roquin paralog function, the genetic titration of Roquin alleles mimicked graded loss of Roquin
availability in CD4+ T cells.

Different combinations of mono-allelic deletions allowed to encompass a spectrum of seven
genotypes resembling an in vivo titration of Roquin. Indeed, Roquin protein levels were reduced
with increased introduction of allelic deletion and immunoblots of Roquin-1 knockout CD4+ T cells
still expressed Roquin-2 to levels similar to wildtype counterparts (Fig. 1A). Herein, Roquin-1
outcompeted Roquin-2 expression by at least 5-fold (Vogel et al., 2013; Heissmeyer and Vogel,
2013). More importantly, graded loss of Roquin expression in in vitro cultured Th1 cells was
accompanied by endogenous target derepression of Regnase-1, IkBns and IRF4 (Fig. 1A). Herein,
heterozygous deletion of Roquin alleles did not sufficiently induce direct targets, but homozygous
deletion of both Roquin-1 alleles and additional inactivation of Roquin-2 alleles accompanied
gradual target derepression (Fig. 1A).
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Fig. 1: Graded genetic inactivation of Roquin-1/2 in CD4* T cells has differential effects on
derepression of target mRNAs. (A) Western blot analysis for Roquin-1/2, Regnase-1, IRF4 and IkBns from
Th1-polarized CD4+* T cells after a 6-day in vitro culture of indicated genotypes including WT (Rc3h1++;
Rc3h2+*) and Roquin-1/2-deficient (Rc3h1f; Rc3h2/M). A representative of 3 individual experiments is
shown. (B) Flow cytometry histograms for OX40 and IkBns expression in Th1-polarized CD4+ T cells of
indicated genotypes from day 6 in vitro cultures as described in (A), a representative of 5 experiments is
shown. (C) Fold-change quantification of geometric mean fluorescence intensities (QMFI) of indicated Roquin
target proteins as in (A, B). Error bars represent + SEM of 3-5 replicates per group and statistical analysis
was performed by One-Way ANOVA and Dunnett’s Multiple Comparison test; p values *< 0.05, **< 0.01,
***< 0.001.

On the cellular level, OX40 and IkBns revealed differential kinetics of binary or graded
derepression with increased deletion of Roquin expression (Fig. 1B). In general, ICOS, IRF4,
IkBns and Regnase-1 showed regulatory profiles different from OX40 and CTLA-4 (Fig. 1C).
Already low levels of Roquin deletion triggered maximum derepression of OX40 and CTLA-4 in
CD4+ T cells lacking only Roquin-1. All other mRNA targets remained repressed up until additional
inactivation of Roquin-2 alleles indicating a broad dynamic range of regulation with potential avidity
effects (Fig. 1B, C). Hence, these data indicate that the amount of Roquin in resting CD4+* T cells is
2-5 times higher than it is required for full repression of its direct mRNA targets which showed
variable responses with respect to graded inactivation of Roquin paralogs.
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The in-house produced 3F12 anti-Roquin antibody recognized both paralogs similarly, despite
three amino acid exchanges being present in or close to the epitope in Roquin-2 (epitope mapping
in Fig. 2A was performed by Laura Selina de Jonge). Distinct amino acid changes of Roquin-1 and
Roquin-2 are highlighted (Fig. 2A, B) and HEK cells transfected with either GFP-Roquin-1WT or
GFP-Roquin-1mut (62/63/68) were checked for 3F12-dependent recognition of ectopic Roquin
expression (Fig. 2C, D).
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Fig. 2: Epitope mapping for the 3F12 monoclonal anti-Roquin-1/2 antibody. (A) Epitope mapping of the
Roquin-1 binding site for the rat 3F12 monoclonal antibody. 10 different peptides (amino acids 61-74 of
mouse Roquin-1) with the indicated 15 amino acid sequences (B) were immobilized on a nitrocellulose
membrane and tested as possible binding epitopes. Detection of 3F12 binding was performed with an HRP-
conjugated anti-rat secondary antibody, and altered amino acids 62, 63 and 68 in the Roquin-2 epitope
sequence are underlined. (C) Intracellular detection of Roquin-1 with the 3F12 mAb in HEK293 cells
transfected with constructs for GFP-Roquin-1WT (blue) or GFP-Roquin-1mut (62/63/68) (red) changing amino
acids E62D, L63V and S68F of the 3F12 antigen into the corresponding Roquin-2 epitope showing an
overlay of transfected cells with untransfected cells (grey). (D) Quantification of (C) as linear regression fit
using 5 gates (shown in C) of differential GFP-Roquin expression to analyze graded increase in 3F12
antibody signals.

Expression levels of IkBns were evaluated using a new monoclonal antibody (mAb) detecting
mouse IkBns in immunoblots and flow cytometry that was established in collaboration with the
group of Prof. Ingo Schmitz (Fig. 3). The 4C1 mAb recognized ectopic expression of FLAG-tagged
mouse IkBns in HEK293T cells (Fig. 3A) and was specific for the recognition of endogenous IkBns
induction following P/l stimulation of lymphocytes or A20 B cells (Fig. 3B, C) and following OVA
peptide-dependent activation of OT-II T cells (Fig. 3D).
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Fig. 3: Characterization of the 4C1 monoclonal anti-lkBns antibody. (A) Western blot analysis of IkBns
using the monoclonal antibody 4C1 on extracts from HEK293T cells with and without transfection with a
pcDNA3.1-IkBns-Flag construct. (B) Lymph node cells and splenocytes from WT or Nfkbid kockout mice
were stimulated with PMA/ionomycin for 2.5 hours or left untreated and extracts were analyzed for IkBns
expression with the 4C1 primary antibody in Western blotting as in (A). (C) The murine B cell line A20,
endogenously expressing IkBns, was stimulated or not with PMA/ionomycin for 2.5 hours. Intracellular FACS
stainings were performed using the primary 4C1 monoclonal antibody with a FITC-conjugated anti-rat
secondary antibody. (D) Co-culture of WT or Nfkbid-- OT-Il transgenic T cells with OVA323.339 peptide-loaded
BMDCs to test activation-dependent induction of IkBns in WT cells compared to kockout controls with 4C1
stainings against IkBns; a representative of 3 replicates is shown.

3.1.2. Functional ROQ-CDE avidities guide target regulation

In view of variable target mMRNA regulation according to decreased amounts of Roquin levels, it
was hypothesized that the molecular basis for graded target derepression is shaped by the binding
site affinities of mMRNA 3’-UTRs and their individual recognition by the RNA-binding domain of
Roquin (ROQ domain). For this, site-directed mutagenesis of residues in the ROQ domain of
Roquin-1 (K220A, K239A, Y250A and R260A) was analyzed with respect to functional relevance
for mRNA regulation contributing to binding of CDE-, ADE- and LBE-type motifs. Indeed, mutations
within the RNA-binding ROQ domain of Roquin-1, which are invariantly present in Roquin-2,
substantially affected the affinity/avidity of particular mMRNA-ROQ interactions.

Retroviral reconstitution assays were carried out in CD4+ T cells derived from Cd4-Cre-ERT2 mice
(Sledzinska et al., 2013). Floxed alleles of both Roquin-1 and Roquin-2 were deleted by in vitro
treatment with 4’OH-tamoxifen (iDKO T cells) and retroviral vectors encoding either GFP-
Roquin-1WT or single, double or triple ROQ domain mutants were transduced to reexpress
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Roquin-1 variants in a doxycycline-inducible manner (experimental outline depicted in Fig. 4A).
Prior to flow cytometric target analysis, Roquin deletion was checked by intracellular staining with
the 3F12 mAb indicating CD4+ iDKOT cells lacking endogenous Roquin expression (Fig. 4B).
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Fig. 4: Workflow of retroviral reconstitutions with GFP-Roquin-1 and in vitro deletion of Roquin-1/2
by 4’0OH-tamoxifen. (A) Representative scheme illustrating the workflow of all reconstitution experiments.
(B) 24-hour in vitro treatment of Rc3h1/2f; CD4-Cre-Ert2; rtTA CD4+* T cells with 4OH-tamoxifen induces
deletion of both Roquin-1/2 proteins (iDKO). The histogram shows intracellular anti-Roquin stainings using
the 3F12 monoclonal antibody.

All GFP-Roquin-1 mutants were expressed equally well and they partially retained mRNA target-
specific repressive capacities (Fig. 5A). The induction of Roquin-1/2 knockouts (iDKO) indeed led
to maximum upregulation of target expression while CD4+ T cells reconstituted with increasing
amounts of GFP-Roquin-1WT gradually repressed targets back to endogenous wildtype levels (Fig.
5A). In reconstitutions with ROQ mutants, however, these repressive effects on target expression
were attenuated if not even completely absent as in the case of the triple alanine mutant (K220A,;
K239A; R260A). Target-specific affinities were revealed in these reconstitutions. It became evident
that especially OX40 expression was only genuinely repressed by GFP-Roquin-1WT but not any
other mutant variants while particularly IkBns remained repressed by all single and the double
(K220A; R260A) mutants (Fig. 5A).

Target expression was additionally analyzed in eight intervals of increasing GFP expression, with
individual target signals normalized to target levels in GFP-negative iDKO cells (Fig. 6). Each gate
represents increasing expression of a particular GFP-Roquin-1 variant which allowed to
characterize target repression according to qualitative changes in the mRNA-ROQ interaction.
Both OX40 and IkBns were not repressed by the triple alanine mutant, while effects on ICOS and
Regnase-1 were intermediate (Fig. 5B). The double mutant (K220A; R260A) as well partially
repressed ICOS and Regnase-1, was fully active to repress IkBns but almost inactive to repress
0OX40. Moreover, comparing all single mutants, the R260A mutant was intermediate for OX40 and
ICOS, while Regnase-1 and IkBns remained repressed. Interestingly, the Y250A mutation that is
involved in the interaction with ADE stem-loops identified in the Ox40 3'-UTR, indeed maijorly
affected OX40 regulation almost independent of reconstitution levels (Fig. 5B). The other targets
ICOS, Regnase-1 and IkBns still showed repression with single mutant reconstitutions, although
ICOS was only partially repressed by the Y250A mutant (Fig. 6B).
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Contour plots of OX40 and IkBns expression in iDKO CD4* T cells retrovirally reconstituted with WT or
mutant GFP-Roquin-1 constructs. Knockout of Roquin-1/2 proteins in CD4-Cre-Ert2 CD4* T cells was
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inducible manner. (B) Relative quantification of target expression as in (A) in GFP- cells and 7 gates of cells
with increasing GFP-Roquin-1 expression. WT and mutant GFP-Roquin-1 constructs are color-coded and
individual gMFI values (per target) were normalized to maximum levels in iDKO CD4+ T cells without
retroviral transduction. Error bars represent + SEM of 3-4 experiments.
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Fig. 6: Gating strategy for individual normalization of target signals according to increasing GFP-
Roquin-1 expression. iDKO CD4+ T cells expressing GFP-Roquin-1 were separated from cells without
transduction (GFP-). Eight individual gate slices (color-coded) were used to analyze target repression (APC-
conjugated antibodies) in distinct increments of increasing GFP-Roquin-1 levels, a representative gating
strategy is shown. Target gMFI values per gate slice were normalized to maximum levels in GFP (-) cells.
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The mutational analysis suggested an increasing functional avidity from the low avidity target OX40
to the intermediate targets ICOS and Regnase-1 and to the high avidity target IkBns (i.e. OX40 <
ICOS < Regnase-1 < IkBns).

In summary, these data indicate that Roquin targets can be classified as (i) low avidity 3-UTR
targets including OX40 and CTLA-4 being already derepressed at low levels of Roquin-1/2 deletion
or at minimal mutational changes in the ROQ domain. On the other hand, the analysis identified (ii)
targets of particularly high susceptibility to repression by Roquin including ICOS, IRF4 and
Regnase-1 but especially IkBns as derepression of these required higher rates of Roquin deletion

or accumulated site-directed mutations.

3.1.3. Graded deletion of Roquin promotes Th17 cell fate

Peripheral T cell differentiation is antigen dose- as well as cytokine milieu-dependent and the
combined deletion of Roquin paralogs in CD4* T cells promotes Th17 fates. Since antigen-
mediated TCR ligation and downstream MALT1 proteolytic activity determine Roquin-1/2
expression levels and graded inactivation in CD4+* T cells, the genetic titration of Roquin alleles
was analyzed for differential effects on Th1 and Th17 fate decisions.

Loss of Roquin availability or its partial inactivation did not significantly affect frequencies of in vitro
CD4+ T cells producing IFN-y under Th1 conditions (Fig. 7A). Despite tendencies of decreased
Th1 commitment in DKOT cells, heterozygous or homozygous deletion the Rc3h1 and Rc3h2 were
associated with IFN-y* CD4+ T cells in the range of 60-85% (Fig. 7A, B).
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Fig. 7: Loss of Roquin-1/2 expression promotes Th17 but not Th1 differentiation. (A) Naive CD4+ T
cells of WT, heterozygous Rc3h1%+; Rc3h2fi+; CD4-Cre, Rc3h1%f; Rc3h2fi+; CD4-Cre or Rc3h1f; Rc3h20M;
CD4-Cre (i.e. DKO) mice were activated by anti-CD3 and anti-CD28 antibodies and cultivated for 3.5 days in
vitro under Th1- or Th17-polarizing conditions. T helper cell differentiation was assessed by i.c. cytokine
stainings of IFN-y or IL-17A production after PMA/ionomycin stimulation as shown in contour plots (A) or
quantifications (B). Statistical analysis was performed by One-Way ANOVA and Dunnett's Multiple
Comparison test. Error bars represent + SEM of 4 replicates; p value *< 0.05.
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In contrast, Th17 differentiation measured by the frequency of IL-17A producing CD4+* T cells was
significantly enhanced in the double knockout (DKO) of both Roquin paralogs (Fig. 7A).
Importantly, only complete inactivation of Roquin but not heterozygosity strongly facilitated Th17
commitment and already the expression of only one allele of wildtype Rc3h2 reduced IL-17A
production close to wildtype levels (Fig. 7A, B). In line with graded effects on Th17-specific target
regulation, i.e. IkBns and IRF4 which required complete loss of Roquin proteins for a maximum
fold-induction (see Fig. 1C), Th17 differentiation was balanced at minimum expression levels of

Roquin-2 that was approximately 5-times lower expressed in CD4+ T cells.

3.1.4. TCR signal strength determines T cell differentiation

TCR-induced MALT1 paracaspase activity tailors the dynamic expression profiles of Roquin-1 and
Roquin-2 during CD4+* T cell activation. Pronounced cleavage of Roquin along T cell activation
could lead to minimum expression levels of functional Roquin proteins resembling DKOT-like
mMRNA target derepression that facilitates the Th17 fate. Thus, OT-Il TCR transgenic co-cultures
have been employed to elucidate whether Th1 and Th17 fate choice also differently respond to the
amount of antigen-dependent TCR ligation.

When co-cultured with OVAs23-330-loaded BMDCs, full OT-Il T cell differentiation towards IFN-y
producing Th1 cells was already observed at low OVAas23.339 peptide concentrations of 0.1 yg/mL
(Fig. 8A). The production of IFN-y also did not increase at higher peptide loading concentration
(1.0 - 10.0 pg/mL) but rather reached a plateau with approximately 80% of IFN-y* OT-Il T cells
(Fig. 8B). In contrast, Th17 differentiation was restricted to much higher OVAz23339 peptide
concentrations of 10.0 pg/mL with an estimated 2.5-fold increase between the two highest
concentrations of OVAs23-339 peptide to a maximum of approx. 25% of IL-17A* OT-II T cells (Fig.
8A, B). Noteworthy, the extent of Th17 commitment was systematically reduced compared to Th1
responses, highlighting favorable low antigen concentrations for Th1 differentiation. In correlation
with the pattern of cytokine regulation, low antigen concentrations were observed to induce the Th1
transcription factor T-bet, while higher antigen concentrations were necessary for a stepwise
induction of the Th17 transcription factor RORyt (Fig. 8C, D).
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Fig. 8: Strong TCR signals promote Th17 differentiation. (A) Co-culture of naive WT OT-II transgenic T
cells with OVA323.339 peptide-loaded bone marrow-derived dendritic cells (BMDCs) for 3.5 days in vitro under
Th1- or Th17-polarizing conditions. OT-II T cell differentiation (pre-gated on Va2/VBs TCR) in response to
increasing concentrations of peptides is shown in contour plots (A) or quantifications (B) of IFN-y- or IL-17A-
producing OT-II T cells after restimulation with PMA/ionomycin. Error bars represent + SEM of 3-7 replicates
from 5 experiments. (C) OT-ll co-cultured cells (ThO conditions) were analyzed for T-bet and RORyt
expression by i.c. stainings as shown in contour plots or quantifications of fold-changes in geometric mean
fluorescence intensities (gMFI) normalized to individual low-dose expression at 0.1 pg/mL OVAs23339 (D).
Statistical analysis in (B, D) was performed by One-Way ANOVA and Dunnett's Multiple Comparison test.
Error bars represent £ SEM of 5 replicates from 3 experiments; p values *< 0.05, **< 0.01, ***< 0.001.

In total, these experiments delineate a pronounced dependence of Th17 fate choice on a specific
and highly TCR signal strength-dependent induction of factors involved in T cell differentiation. In
comparison, Th1 commitment appeared as a transcriptional program triggered at low antigen dose
that does not require as high thresholds of TCR strength and Roquin inactivation as shown for
Th17 polarization. The data suggested that Th17 differentiation is orchestrated by a fine-tuned
cascade of TCR strength-induced Roquin inactivation followed by specific target set derepression

that enables a suitable gene expression program for Th17 fate decisions.
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3.1.5. Cleavage of Roquin-1 correlates to TCR signal strength

In CD4* T cells, TCR signal transduction and MALT1 protease activity are linked to loss of
functional Roquin expression and, reciprocally, to the accumulation of Roquin-1 cleavage
fragments. To detect Roquin-1 cleavage on the single cell level, a new monoclonal antibody (clone
5F6) was established that recognizes the N-terminal Roquin-1 1-510 cleavage fragment allowing
dose-response analyses relative to TCR signal strength.

In collaboration with Dr. Regina Feederle, an ovalbumin-coupled peptide (OVA-TVTQLIPR) that
represents the free carboxy (COOH)-terminus of truncated Roquin-1 (1-510) was used for
immunization of rats. Thereof, hybridoma supernatants were screened for antibodies specifically
recognizing the free carboxy (COOH)-terminus of the immobilized peptide epitope (biot-
TVTQLIPR) but not the similar epitope lacking the carboxy (COOH) binding motif. Candidates were
validated in transfected HEK cells to ectopically express full-length GFP-Roquin-1 or the truncated
GFP-Roquin-12a1-510 fragment. The hybridoma supernatant clone 5F6 was confirmed to specifically
detect Roquin-1221-510 and lacking off-target binding of full-length GFP-Roquin-1 (Fig. 9A).
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Fig. 9: Characterization of the 5F6 rat anti-Roquin-1 cleavage-specific antibody. (A) Overexpression of
pRetro-GFP-Roquin-1WT or pRetro-GFP-Roquin-1221-510 constructs in HEK293 cells was analyzed by
intracellular stainings with the 5F6 mAb that recognizes Roquin-1221-510 jn a dose-dependent manner (blue)
but not Roquin-1WT (full-length, red). A representative of 3 experiments is shown. (B) The rat monoclonal
Roquin-1 cleavage-specific antibody was used in i.c. stainings of WT or Roquin-DKO T cells that were
stimulated (red) or not (black) for 2 hours with PMA/ionomycin. The grey lines indicate cells without
stimulation and without primary antibody staining.
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Moreover, the 5F6 antibody supernatant recognized endogenous levels of cleaved Roquin-1
protein after stimulation of WT CD4+* T cells with PMA/ionomycin for 2 hours. Importantly, increased
signals in intracellular stainings of Roquin-1 cleavage were specific, since the 5F6 antibody did not
show off-target intracellular stainings in P/I-stimulated Roquin-deficient (DKOT) T cells (Fig. 9B).
Unfortunately, and due to instability, the 5F6 hybridoma could not be established for unlimited
monoclonal antibody production and multiple rounds of new immunizations are ongoing to
generate another Roquin-1 cleavage antibody.

Fortunately, however, Roquin-1 cleavage could be investigated in in vitro activation assays
employing titrations of anti-CD3/anti-CD28 antibodies and correlating stainings with the primary
5F6 supernatant to induction of the TCR-inducible Nur77-GFP reporter. Analyzing Nur77-GFP
upregulation in stimulated naive CD4* T cells indicated that fine-tuned induction of the Nur77-GFP
reporter required co-stimulation by anti-CD28 incubation along titrations of anti-CD3 antibodies
crosslinked to anti-hamster IgG-coated wells (Fig. 10A). Including anti-CD28 co-stimulation,
induction of Nur77-GFP signals started at low 0.005 pg/mL anti-CD3 concentrations and maximum
responses required 100-fold higher concentrations of anti-CD3 (0.05 pg/mL), while only high
concentrations of anti-CD3 (1.0 yg/mL) were sufficient to upregulate Nur77-GFP when lacking co-
stimulation via anti-CD28 antibodies (Fig. 10A). Intracellular analysis of Roquin-1 cleavage after
18 hours of incubation with anti-CD3 and anti-CD28 antibodies correlated with Nur77-GFP
induction in mixtures of all indicated anti-CD3 titration increments and the majority of CD4* T cells
were double-positive (5F6* Nur77-GFP+) (Fig. 10B). A smaller but significant proportion of cells
was identified as single-positive (5F6+) without TCR-induced Nur77-GFP upregulation, suggesting
basal MALT1 activity in CD4+ T cells or loss of GFP signals due to fixation and intracellular 5F6
stainings (Fig. 10B). Importantly, CD69 expression similarly increased in mixtures of anti-CD3
stimulations but correlated to Nur77-GFP induction, without showing reporter-independent single-
positive (CD69+) cells (Fig. 10B). Of note, mixtures of anti-CD3 titrations together with co-stainings
for Roquin-1 cleavage (5F6), CD69 expression and the analysis of Nur77-GFP were required as
these proof-of-concept assays were performed with the very last amounts available of the primary
5F6 supernatant. Thus, a more detailed titration analysis showcasing Roquin-1 cleavage signals at
individual concentrations of anti-CD3 antibodies was not possible but will be addressed utilizing the
next generation of upcoming Roquin-1 cleavage hybridoma supernatants.
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Fig. 10: Roquin-1 cleavage correlates with Nur77-GFP induction upon stimulation with anti-CD3/28.
(A). Histogram analysis of Nur77-GFP induction in CD4* T cells in vitro stimulated for 18 hours with indicated
concentrations of hamster IgG-crosslinked anti-CD3 and anti-CD28 antibodies in coated 96-wells. Nur77-
GFP signals were directly measured after fixation comparing stimulation with or without co-stimulation via
anti-CD28. A representative of 3 replicates is shown. (B). Contour plots of Nur77-GFP induction in CD4+ T
cells after 18 hours incubation in a mixture of all anti-CD3 titrations depicted in (A) and co-stained with the
monoclonal anti-Roquin-1 cleavage antibody (5F6) and CD69. Single-positive (SP) or double-positive (DP)
gates for 5F6 or CD69 stainings represent cells of different anti-CD3 concentrations. Quantification of single-
(5F6*, CD69* or Nur77-GFP+*) or double-positive (5F6* Nur77-GFP+ or CD69* Nur77-GFP+) cells is shown
for 3 individual replicates and error bars are + SEM.

Moreover, the primary 5F6 supernatant could be utilized to delineate antigen-induced cleavage of
Roquin-1 in OT-II cells co-cultured with WT OVAas23.339 peptide-loaded BMDCs. In those OT-II co-
cultures, increased amounts of WT OVAas23339 peptide were accompanied by concentration-
dependent Roquin-1 cleavage that correlated with CD69 surface expression and thus T cell
activation (Fig. 11A). Roquin-1 cleavage was particularly increased starting at OVAs23.339
concentrations of 0.1 ug/mL (0.056 uM) that are below the described ECso values of 0.2 uM for
half-maximal OT-Il T cell proliferation (Fig. 11B) (Robertson et al., 2000). Of note, a small
percentage of OT-II T cells (approx. 7%) were positive for cleaved Roquin-1 at minimum levels of
OVAas23.339 Or even in its absence which fitted to moderate basal MALT1 protease activity in Th1
cells or observations from anti-CD3 titrations (Fig. 1A, 10B, 11A). MALT1-induced Roquin-1
cleavage was shown to correlate with TCR-peptide:MHC engagement and it increased by 2-3-fold
after 18 hours of OVAa23.339 co-culture. Additionally, an altered peptide mutant H331R (OVARrg) of
lower OT-Il TCR affinity and requiring 10-fold higher ECso in proliferation assays (Cho et al., 2017)
was compared to WT OVAs23.339. OVARe was of approximately 100-fold lower potency in triggering
TCR-induced Roquin-1 cleavage and only elicited minimum responses compared to WT OVA323-339
at optimal concentrations (1.0 pg/mL), underscoring that Roquin depletion is indeed governed by
TCR strength and TCR affinity (Fig. 11B).
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Fig. 11: Roquin cleavage correlates to TCR strength and T cell activation. (A) In vitro co-culture of naive
WT OT-ll T cells with WT OVAs23.339 peptide-loaded BMDCs for 18 hours followed by i.c. staining for
Roquin-1 cleavage (mAb 5F6) in OT-Il T cells (pre-gated for Va2/VBs). Cleavage and surface activation
marker CD69 expression were analyzed at increasing concentrations of WT OVAa23.339 peptides. (B)
Representative flow cytometric histograms of Roquin-1 cleavage and CD69 upregulation in OT-Il co-cultures
from (A) and fold-change quantifications of gMFI of Roquin-1 cleavage 5F6 or CD69 signals normalized to
OT-1l T cells without peptide stimulus. The R9 mutant OVA peptide was compared to WT OVAaz23.339. Error
bars represent + SEM of 3-4 replicates and statistical analysis was performed by One-Way ANOVA and
Dunnett's Multiple Comparison test; p values *< 0.05, **< 0.01, ***< 0.001.

3.1.6. Antigen-induced targets align with Roquin-1 cleavage

BMDC/OT-Il T cell co-cultures were as well tested for OVAs23.339-induced and Roquin-specific
target regulation during T cell activation to link TCR strength to differential dynamics of target
derepression. Herein, upregulation of mRNA targets including OX40 and IkBns appeared in a dose-
dependent manner which correlated with CD69 induction (Fig. 12A). In line with our previous
findings, regulation of the low avidity target OX40 again showed a maximum response at low-range
OVAa323.339 concentrations of 0.1 ug/mL, whereas maximum fold-induction of IkBns required 10-fold
higher OVAs23-339 concentrations of at least 1.0 pg/mL. Importantly, upregulation of the medium or
high avidity targets ICOS, IRF4 and IkBns increased similarly to CD69, while OX40 responses
plateaued independent of increasing CD69 expression (Fig. 12A, B). Together, these OT-Il co-
cultures demonstrated that differential TCR strength deciphers target derepression by identifying
sets of low (OX40) or high (IkBns) avidity binding site targets. Low avidity binding sites were
derepessed at weak TCR signal strength and targets of high functional avidity required maximum

antigen-derived OT-Il TCR stimulation.
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Fig. 12: Dose-dependent derepression of Roquin targets during OT-Il T cell activation. (A) Contour
plots for OX40 and IkBns target regulation compared to CD69 in in vitro OT-ll co-cultures as described in Fig.
9. (B) Representative histograms of Roquin target upregulation in OT-Il T cells from (A) with fold-change
quantification of gMFI target signals normalized to OT-Il T cells without peptide stimulus (no OVA; as in A).

Error bars represent + SEM of 3-6 replicates from 6 experiments and statistical analysis was performed by
One-Way ANOVA and Dunnett’s Multiple Comparison test; p values *< 0.05, **< 0.01, ***< 0.001.

Noteworthy, these data highlight how the amount of Roquin-1 cleavage is balanced between
OVAa323-339 concentrations of 0.1 to 1.0 ug/mL which appear to determine whether or not a target of
low or high avidity binding sites remained repressed. Thus, Roquin-1 cleavage at 0.1 pg/mL
OVAs23.339 might not reach a necessary threshold for derepression of high-affinity targets. e.g.
IkBns (Nfkbid).

In total, loss of Roquin availability due to either targeted deletion or TCR signal strength-dependent
cleavage released mRNA targets from post-transriptional repression. Mechanistically, target
derepression of differential kinetics aligned with well-known and conserved CDE- or ADE-
containing 3’-UTR structures, e.g. of low-affinity Ox40 and high-avidity Nfkbid mRNAs. Finally, this
also supported the idea of a general role of Roquin as a dynamic integrator of TCR signal strength
since prolonged repression of the Th17 fate-promoting transcriptional modulator IkBns would limit
pathogenic T cell differentiation and thus mitigate potential autoimmune dysbalance.
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3.2. Uncoupling Roquin-1 and MALT1 paracaspase activities

3.2.1. Generation of a MALT1-insensitive Rc3h1Mins model

The TCR-induced dual function of MALT1 both as scaffold for NF-kB activation and as proteolytic
enzyme for different cleavage substrates underlines its crucial role for T cell activation,
differentiation and immune homeostasis. While deficiency in MALT1 (Malt1--) and the protease
dead mutant C472A (Malt1Pb/PD) have been reported to affect Treg differentiation in the thymus and
Th1, Th17 and iTreg commitment in the periphery, substrate-specific physiological effects of
MALT1-executed cleavage have remained elusive. Hence, models of knockin mice expressing
non-cleavable mutant substrates have been suggested to examine the molecular basis of CBM-
tailored T cell differentiation or even of IPEX-like diseased Malt1PP/PD mice (Demeyer et al., 2016).
In order to generate a MALT 1-insensitive model of Roquin-1 and in collaboration with Dr. Florian
Giesert, CRISPR/Cas9 genome-editing was conducted in the mouse germline creating a novel
Roquin-1 encoding allele (Rc3h1Mins), For this, two point mutations in exons 10 and 11 of the
Rc3h1 gene were introduced by homology-directed repair (HDR) generating mutant Rc3h1Mins
knockin mice. The mutations exchanged codons of both MALT1-targeted arginine residues R510
and R579 to alanines (R510A; R579A), intending to rescue the Roquin-1 protein from its negative
regulation by blocking cleavage sites of the TCR-induced MALT1 protease (Fig. 13A).
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Fig. 13: Targeting strategy for Rc3h1Mins and sgRNA efficiency screening. (A) Scheme of the targeting
strategy for the CRISPR/Cas9-guided generation of the Rc3h1Mins mouse model exchanging the codons of
arginines 510 and 579 of Roquin-1 to alanines in exons 10 and 11 of the Rc3h1 gene. (B) Efficiency of single
guide (sg)RNAs and cleavage of Rc3h1 was analyzed by Roquin-1/2 immunoblotting of Cas9+ MEF cells
that were transduced with different sgRNA encoding MSCV constructs. (C) The detailed targeting strategy for
the CRISPR/Cas9-guided generation of Rc3h1Mins mice shows the main and alternative cleavage sites of
Roquin-1, R510 and R579, as well as selected sgRNAs next to PAM sites used to target Roquin-1 exons
10/11 and using an homology-directed repair (HDR) template introducing knockin-specific restriction sites for
Nael and Cfr10l enzymes.
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Single guide RNAs (sgRNAs) were designed to recruit the Cas9 protein to protospacer-adjacent
motif (PAM) sites close to codons of either R510 or R579. Using Cas9* MEF cells in vitro, selected
sgRNA candidates were screened for efficient induction of Roquin-1 deletion in immunoblots
showing a specific reduction of Roquin-1 without affecting Roquin-2 (Fig. 13B). The final targeting
strategy for the MALT 1-insensitive Rc3h1Mins model utilizing two independent sgRNAs (R510.1 and
R579.1) is depicted in Fig. 13C and a repair template encoding for both R510A and R579A was
provided for homology-directed repair introducing the knockin transgene Rc3h1Mins, Of note,
R510A and R579A mutations (Roquin-1Mins) did not affect Roquin-1-mediated repression of targets
in flow cytometric assays using reconstituted iDKO CD4+ T cells (Fig. 14).
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Fig. 14: Roquin-1Mins (R510A; R579A) is functional. Relative quantification of target expression as in Fig. 5
in GFP- cells and 7 gates of cells with increasing GFP-Roquin-1WT (black) or GFP-Roquin-1Mins (blue)
expression. Individual gMFI values (per target) were normalized to maximum levels in iDKO CD4+ T cells
without retroviral transduction. Error bars represent + SEM of one representative experiment.

The founder and all backcrossed Rc3h1Minsi+ and Rc3h1MinsMins mice were identified by High
Resolution Melting (HRM) amplification of genomic DNA and specific PCR amplicon restriction
(Nael, Cfrl10). Moreover, a robust protocol for Rc3h 1MinsiMins genotyping was established to dissect
wildtype, Rc3h1Minsi+ and Rc3h1MinsiMins gDNA. Rc3h1MinsiMins mice appeared normal, were born at
Mendelian ratio and, different from Malt1PP/PD mice, there were no signs of lymphocyte infiltration
into tissues (data not shown).

Importantly, in vitro stimulation with P/l of Th1-polarized CD4* T cells of wildtype, Rc3h1Mins/+ and
Rc3h1MinsMins mice revealed, as a proof-of-concept, an insensitivity of the Roquin-1Mins/Mins variant
to MALT1-induced proteolysis (Fig. 15A). The amounts of Roquin-1 expression were similar to WT
Th1 cells, yet WT Th1 cells accumulated cleaved Roquin-1 after stimulation and heterozygous
Rc3h1Mins/+ T cells already maintained full-length Roquin-1 (Fig. 15A). Besides, both Roquin-2 and
Regnase-1, known targets of MALT1, we were still cleaved along T cell activation, thus indicating
specificity of the manipulated Rc3h1Mins system. Being a target of Roquin, Regnase-1 was
enriched in DKOT cells but its P/l-induced cleavage occured independently of Roquin (Fig. 15A).
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Fig. 15: MALT1-insensitive Roquin-1 impairs TCR-induced target derepression. (A) Western blot
analysis for Roquin-1/2 cleavage in CD4* T cells stimulated for 120 minutes in vitro with PMA/ionomycin.
Roquin-1/2 and Regnase-1 proteins were analyzed for TCR-induced and MALT1-executed cleavage in WT
(Rc3h1+*), heterozygous Mins/+ (Rc3h1Minsi+)  homozygous Mins/Mins (Rc3h1MinsiMins) or Roquin-1/2-
deficient T cells (DKO), showing a representative out of 5 independent experiments. (B) Western blot
analysis as in (A) testing activation-induced upregulation of IkBns showing a representative of 4 experiments.
(C) Histograms of IkBns upregulation in CD4+ T cells from WT, Rc3h1Mins/+ or Re3h TMinsiMins mice stimulated or
not with PMA/ionomycin for 2 hours and stained with the antibody for IkBns (4C1). The stainings and IkBns
induction were compared to WT CD4* T cells pretreated with the MALT1 protease inhibitor mepazine for
180 min and absolute gMFI values are depicted. The quantification of fold-change values compared to WT
CD4+ T cells without stimulation is shown. Error bars represent + SEM of 3-5 replicates and statistical
analysis was performed by One-Way ANOVA and Dunnett’s Multiple Comparison test; p values *< 0.05,
**< 0.01, ***< 0.001.

The Rc3h1Mins model allowed to analyze Roquin function from a highly dynamic perspective as full-
length Roquin-1 expression was maintained during T cell activation, thus retaining its binding site
activity to promote target mRNA degradation. Indeed, in vitro stimulations of CD4+ T cells with P/I
confirmed Roquin-1Mins gain-of-function as Rc3h1MinsMins showed reduced induction of the high-
avidity target Nfkbid (IkBns) compared to wildtype counterparts, while endogenous levels in resting
Th1 cells were equal (Fig. 15B). Gradual effects of impaired IkBns induction were as well observed
in heterozygous Rc3h1Minsi+ T cells and its partial impairment suggested TCR/MALT1/Roquin-
dependent and -independent IkBns regulation. This was in line with IkBns upregulation in DKOT
cells that endogenously expressed detectable amounts of IkBns but further increased in IkBns
levels during stimulation (Fig. 15B).

Similarly, flow cytometric analyses confirmed impaired IkBns induction in Rc3h1MinsiMins gnd
intermediate reduction in Rc3h1Minsi+ respectively, with reductions of almost 3-fold in Rc3h 17Mins/Mins

CD4~* T cells compared to wildtype counterparts (Fig. 15C, D). In addition, effects on IkBns-specific
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repression appeared equivalent to WT CD4+ T cells pretreated for 180 minutes with mepazine, an
allosteric small molecule inhibitor of MALT1 paracaspase activity (Fig. 15C, D).

Thus, rendering Roquin-1 insensitive to MALT1 resembled in vitro effects observed for the
pharmacological inhibition of MALT1 and suggested fine-tuned exclusive regulation of Nfkbid
(IkBns) by Roquin.
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Fig. 16: MALT1-insensitive Roquin-1 acts on the mRNA level. qRT-PCR analysis of indicated Roquin
target MRNAs in CD4+* T cells that were treated for 120 minutes with PMA/ionomycin or left untreated. The
fold-change relative to individual target mRNA without stimulation is displayed with error bars representing
+ SEM of 3 individual experiments; statistical analysis was performed by One-Way ANOVA and Dunnett’s
Multiple Comparison test; p values *< 0.05, **< 0.01, ***< 0.001.

The impairment in IkBns upregulation was associated to the mRNA level since RT-gPCR revealed
that Nfkbid mRNA levels and the fold-change induction of Nfkbid after stimulation with P/l were
reduced in both Rc3h1Minsi+ and Rc3h1MinsiMins CD4+ T cells. Similarly, reduced induction of Tnfa
and Tnfrsf4 (Ox40) mRNAs were observed for Rc3h1Mins compared to wildtype CD4+* T cells (Fig.
16). These pronounced effects on IkBns and Tnfa in Re3h1Mins mice were in line with Roquin-RNA-
IPs published by Stoecklin and colleagues, suggesting that particularly high-avidity targets
remained repressed in Roquin-1Mins cells during T cell activation (Leppek et al., 2013).

3.2.2. Analyzing TCR-induced target regulation in Rc3h1Mins mice

To test whether Rc3h1MinsMins T cells differently respond to physiologically relevant antigen signals,
BMDC/OT-Il T cell co-cultures were employed for the analysis of target induction. Herein,
Rc3h1MinsMins QT-|| cells revealed attenuated induction of IkBns at high OVAs323.339 antigen doses of
1.0 - 10.0 pyg/mL compared to WT OT-Il cells (Fig. 17A-C). Levels of IkBns were similar without
OVAa23.339 stimulation or at low peptide concentration (0.01 pg/mL) but IkBns induction segregated

at 0.1 pyg/mL OVAas23339 with an approx. 7-fold induction in WT and only a 3-fold induction in
Rc3h 1MinsMins QT-|| cells (Fig. 17B, C).
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Fig. 17: Roquin-1MinsiMins restricts antigen-induced IkBns upregulation. (A) Contour plots of IkBns
regulation in WT or Rc3h1MinsiMins QT-II T cells after an 18-hour co-culture with OVA323.330-loaded BMDCs;
IkBns upregulation is plotted in comparison to the T cell activation marker CD69. A representative of 5-6
replicates is shown. (B) Representative histograms of IkBns regulation as described in (A). (C) Quantification
of geometric mean fluorescence intensities (gMFI) as fold-change to controls without OVA stimulation for
IkBns. Error bars represent £+ SEM of 5 individual experiments and statistical analysis was performed by
Student’s t test (unpaired, two-tailed); p values *< 0.05, **< 0.01, ***< 0.001. (D) Quantification of gMFls as in
(C) for CD69 activation marker expression of co-cultures described in (A). Error bars represent + SEM of 4-5
individual experiments.

The molecular regulation of IkBns was independent of general effects on T cell activation since
CD69 expression was similarly upregulated in OT-II cells from both genotypes (Fig. 17D).
Additionally, Rc3h1MinsMins QT-|| cells showed decreased induction of Tnfa and IRF4 levels as
measured by absolute gMFI values indicating systematically reduced levels of both Roquin targets,
although individual fold-inductions relative to respective low-dose (TNFa) or no OVAas23.339 (IRF4)
controls per genotype were not different from wildtype OT-II cells (Fig. 18A). The BMDC/OT-II T
cell co-culture assay also confirmed decreased S6 phosphorylation (p-S6) at mid-range OVA323-339
concentrations (0.1 pg/mL), suggesting that the gain-of-function Roquin-1MinsMins protein exerts
stronger inhibiton on direct mMRNA targets as well as the Roquin-regulated PI3K/Akt/mTOR
pathway (Fig. 18B) (Essig et al., 2017).

79



TNFa IRF4
15000 -+ ok * . 4000 ok * *
3000
T 10000 O wr
%7 2000 Il Mins/Mins
5000 -
WEll B EE Y
0.1 1.0 10.0 - 001 01 10 100
[ug/mL] OVAs23-339 [ug/mL] OVAs23-339
B
WT OT-lI Mins/Mins OT-II p-S6
—_ 25000 A
x
—_— *
= A 20000 -
3 10.0 —
8 Ho/mL 15000 -
b 1.0 pg/mL =4
N pj \ 0.1 pg/mL 10000
©
g 0.01 pg/mL 5000 4
2 no OVA323-339
s 5 T 0-
0 107 10 10
0.01 01 1.0 10.0
p-S6

[ug/mL] OVAs23-339

Fig. 18: Gain-of-function Roquin-1Mins interferes with mRNA target induction and exerts inhibition on
S6 phosphorylation. (A) OVAs323.330 peptide co-culture as in Fig. 17 for the analysis of TNFa and IRF4. A
quantification of gMFIs with error bars representing + SEM of 4-7 replicates from 5 experiments is shown. (B)
Histograms of intracellular p-S6 (Ser235/236) in OT-Il transgenic WT or Rc3hMinsMins T cells analyzed at
different OVA peptide concentrations (0.01 - 10.0 yg/mL) as in (A). Quantification of p-S6 upregulation was
performed as in (A) and error bars represent £+ SEM of 3-4 replicates from 2 experiments. Statistical analysis
was performed by two-tailed Student’s t test; p values *< 0.05, **< 0.01.

In summary, these results confirmed Roquin-1Mins gain-of-function and highlighted the crucial role
of Roquin cleavage in controlling factors involved in T cell activation and differentiation. Strong
(TNFa, IkBns) or partial (OX40, IRF4) effects on target inhibition hinted towards attenuated
inflammatory programs and reduced abilities to commit to pathogenic T helper cell fates.
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3.2.3. Phenotypic analysis of Rc3h1Mins mice

Phenotypically, Rc3h1MinsMins mice did not show any signs of inflammation or lymphocytic tissue
infiltrations as reported for mutant Malt7PP/PD mice. Thymic T cell development in Rc3h 1Mins/Mins
mice appeared unchanged with normal frequencies of double-negative (DN), double-positive (DP)
and single-positive CD4+ or CD8* thymocytes (Fig. 19A). Likewise, assessing [ chain
rearrangements by CD69 and TCRp co-stainings and developmental stages during thymic
selection did not reveal obvious changes in Rc3h1MinsiMins mice (Fig. 19B). Apart from conventional
thymic development, frequencies of thymic CD4-SP Foxp3+ Treg cells were reduced, yet absolute
numbers appeared normal due to slightly increased thymocytes in Rc3h1MinsiMins mice (Fig. 19C).
Similar to Malt1PP/PD mice, there were no changes in thymic selection but reduced frequencies of
natural Tregs in thymi of Re3h1Mins/Mins mice, although effects in Malt1-- or Malt1Pb/PD models were
much more pronounced (Bornancin et al., 2015; Jaworski et al., 2014; Gewies et al., 2014).
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Fig. 19: Thymic development of CD4/CD8 T cells in Rc3h1MinsiMins mijce. (A) Flow cytometric analysis of
thymic CD4 and CD8 single- or double-positive populations from WT or Rc3h1MinsMins mice. Plots are
representatives of 7 replicates. (B) Thymic T cell development assessed by CD69 and TCRp stainings of
thymocyte single cell suspensions from WT, Rc3h1Minsi+ or Rc3h1MinsMins mice. Bar diagrams are
quantifications of 7 replicates and error bars represent £+ SEM. (C) Identification of CD4-SP CD25* Foxp3*
thymocytes from WT or Rc3h1MinsiMins mice showing 1 representative out of 6 analyses as well as the
quantification of frequencies and numbers of thymic Tregs. Error bars represent + SEM and statistical
analysis was performed by two-tailed Student’s ¢ test; p value *< 0.05.

In the periphery, Rc3h1MinsiMins mice showed normal frequencies and numbers of CD4+ and CD8*

populations similar to wildtype counterparts (Fig. 20A). Both CD4+ and CD8* T cells did not show

any signs of altered activation states assessed by CD62L and CD44 co-stainings dissecting naive

(N), effector memory (EM) and central memory (CM) T cells (Fig. 20B). In view of reduced thymic

Treg frequencies, Rc3h1MinsMins mice did yet not show lower frequencies of peripheral Treg cells as
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measured by approx. 8% of CD25 and Foxp3 expressing CD4+ T cells for both genotypes
(Fig. 20C). Peripheral Treg cells from lymph nodes, however, were reduced in frequencies but
splenic compartments were normal indicating variations in specific lymph node Treg populations.

WT Mins/Mins

% cells

< O
8 0
' ' ' Q& % . © Q& % .o
016 100 10 Q\\(\e\ & @\(\e\ &
cD8 @\({o\ @\(\6\
A\ A\
Mins/Mins CD4 CD8
100 N
— o CD62L+ CD44- (N)
804 .0 & M oM = CD62L- CD44+ (EM)
o 2 gleE — —— . CD62L+CD44+ (CM)
[0} @ . L4
o o
® S
20 ’;
w4
0 L .
&

C
WT Mins/Mins ”
7,51 8 w0 S s

2 ’ s . .
< 2?1 & 20 e
Q —ZB{? FORPIE e i X
O 10 e < A o
™ S5 1 . .
o c

530 . r =0 r r
© & ® 5] & ®
® N & &
) S &

N N

Fig. 20: Peripheral CD4/CD8 T cell populations in Rc3h1Mins/Mins mice. (A) Analysis of peripheral CD4 and
CD8 populations from spleens of WT, Rc3h1Minsi+ or Rc3h1MinsMins mice. Error bars represent £+ SEM of 7
replicates. (B) Analysis of peripheral CD4* T lymphocyte activation from spleens of WT or Rc3h 1Mins/Mins
mice; a representative of naive (CD62L* CD44-), central memory (CD62L+ CD44+) and effector memory
(CD62L- CD44+) cells from 7 replicates is shown. Quantified activation of splenic WT, Rc3h1Minsi+ or
Rc3h1MinsiMins CD4 and CD8 populations grouped into naive (N), effector memory (EM) or central memory
(CM) categories for 7-9 replicates from 7 experiments is shown. Error bars represent + SEM. (C)
Identification of splenic CD4+ Foxp3* T cells of WT or Rc3h1MinsMins mice showing a representative
experiment with frequencies and numbers from 8-10 replicates.

Analyzing Roquin-specific targets in both splenic and lymph node Treg populations from WT or
Rc3h1MinsMins mice, Foxp3+ OX40+* and Foxp3* CTLA-4* Treg cells appeared reduced compared to
wildtype controls (Fig. 21A) since there was a reduced expression of OX40 and CTLA-4 in these
cells (Fig. 21B). Interestingly, Rc3h1MinsiMins Treqg cells revealed a tendency to increased IFN-y but
clearly reduced TNFa production after ex vivo stimulation with P/l (Fig. 21C). IFN-y production in

Rc3h1MinsMins Treg cells was increased to approximately 5% compared to only 2% of wildtype
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IFN-y* Foxp3* CD4+ Tregs (Fig. 21C). As a target of Roquin, TNFa was reduced 4-fold to levels
below 5% in spleen-derived Tregs compared to >20% of wildtype TNFa* Foxp3+ CD4+ Tregs,
indicating that the Roquin-1MinsiMins protein maintained low target levels not only in in vitro cultivated

CD4+ T cells but also in specific functional T cell subsets.
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Fig. 21: Characterization of peripheral Tregs of Rc3h1Mins mice. (A) Representative contour plots of
CTLA-4 and OX40 expression in splenic CD4* Foxp3* Treg cells from WT or Rc3h1MinsiMins mice. (B)
Quantification of mean fluorescence intensities (MFI) of CTLA-4 and OX40 expression in Tregs as shown in
(A) for 4-6 replicates. Error bars represent + SEM. (C) Representative contour plots of intracellular IFN-y and
IL-17A detection in splenic CD4* Foxp3*+ Treg cells from WT or Rc3h1MinsMins mice. Splenocytes were
stimulated with PMA/ionomycin and cytokine production was quantified for 4 replicates. Error bars represent
+ SEM. Statistical analysis was performed by two-tailed Student’s t test; p values * < 0.05, ** < 0.01,
*** < 0.001.

In line with the described inhibitory function of Roquin proteins in follicular helper T cell (Tfh)
differentiation, the gain-of-function in Rc3h1MinsMins mice caused reduced frequencies and numbers
of Tfh and regulatory Tfh (Tfr) cells in the spleen (Fig. 22A, B). Tth (CD4+ PD-1hi CXCR5"), Tfh
among CD44hi as well as Tfr (CD4+ Foxp3+ PD-1hi CXCR5h) cells were decreased in Rc3h 1MinsiMins

mice.
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Fig. 22: Reduced Tfh cell differentiation in Rc3h1Mins mice. (A) Stainings of CD4+ PD-1hi CXCR5"N Tth
cells from splenocytes of WT or Rc3h1MinsiMins mice. A representative and quantifications of frequencies and
total numbers is shown. Error bars represent + SEM of 13-15 replicates. (B) Total numbers of CD4* Foxp3+
PD-1hi CXCRS5hN Tfr cells from splenocytes of WT or Rc3h1MinsiMins mice. Error bars represent + SEM of 6-9
replicates. Statistical analysis was performed by two-tailed Student’s f test; p value *< 0.05.

Accordingly, germinal center (GC) B cells were analyzed in spleens and Peyer’s patches (PP) of
both genotypes indicating no changes in GC B cell frequencies (8-9% of B220+ CD95+ GL-7+ cells
in PP) which was consistent to maintained normal ratios of Tfh to Tfr cells (Fig. 23A). Absolute
numbers of peripheral B cells determined by either CD19 or B220 stainings were not changed in
Rc3h1MinsMins  mice (Fig. 23B). In contrast to Malt1PP/PD and Malt1-- mice, however, the
Roquin-1MinsiMins protein did also not affect splenic marginal zone (MZ) or follicular (FO) B cell
development with approx. 5-7% of CD19+ CD21hi CD23dm MZ B cells in spleens of both genotypes
(Fig. 23C).
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Fig. 23: Roquin-1MinsiMins does not affect germinal center (GC) or marginal zone (MZ) B cell
development. (A) Identification of B220+ CD95" GL-7h GC B cells from Peyer’s Patches (PP) of WT or
Rc3h1MinsiMins mice. A representative out of 4 experiments is shown with frequencies and error bars
representing + SEM of 4-6 replicates. (B) Total numbers of CD19* B cells from spleens of WT or
Rc3h1MinsiMins mice. Error bars represent + SEM of 8-9 replicates from 8 experiments. (C) Contour plots of
CD19+ CD21hi CD23dm marginal zone B cells from spleens of WT or Rc3h1MinsMins mice showing a
representative experiment out of 12 and a quantification of frequencies. Error bars represent + SEM of 13
replicates.

In total, the phenotypic analysis of Rc3h1Mins mice described mild effects on immune homeostasis
that largely focused on the somewhat reduced frequency or functionality of thymic or peripheral
Treg cells. The Treg-specific cytokine profiles in Rc3h1MinsMins mijce with diminished TNFa
production surprisingly increased in Th1-specific IFN-y production, of which increased IFN-y was
similar to observed effects in Malt1PP/PD mice harboring excessive IFN-y production in conventional
T and Treg cells that were strongly reduced in absolute numbers (Bornancin et al., 2015). Lastly,
reduced Tfh differentiation in Rc3h1MinsiMins mice was consistent with Tfh/Tfr-biased DKOT cells
from Roquin-deficient mice (Vogel et al., 2013). Hence, these observations place Roquin function
downstream of CBM complex formation and imply that TCR signal-dependent post-transpripctional
control by Roquin plays a dynamic role in immune homeostasis and inflammatory disease
scenarios.
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3.2.4. Th17 fate requires cleavage of Roquin-1 and IkBns induction

Loss of Roquin-1/2 expression is associated with the accumulation of IL-17A* CD4* T cells but it
has remained unclear which of the released mRNA targets specifically directs this pathogenic Th17
fate decision in DKOT cells. Additionally, minimum amounts of wildtype Roquin-2 expression in
CD4~* T cells were enough to inhibit Th17 commitment suggesting that high avidity interactions of
Th17-relevant mMRNA CDE motifs and the ROQ domain account for the full TCR strength-induced
Th17 differentiation (see section 3.1.3.).

Investigating T helper cell differentiation for the Rc3h1Mins model showed that Th1 fates measured
by IFN-y producing CD4+* T cells was not significantly increased in Rc3h1Minsi+ or Rc3h 1Mins/Mins
mice but the small increase in IFN-y matched ex vivo stainings of elevated IFN-y production in
splenic Rc3h1MinsMins Treg cells (Fig. 24A and see Fig. 20).
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Fig. 24: Roquin-1 cleavage by MALT1 is required for Th17 cell fate decisions. (A) /n vitro Th1 cell
differentiation of naive WT, Rc3h1Minsi+ or Rc3h1MinsMins CD4+ T cells was analyzed by i.c. cytokine stainings
after 4 hours of PMA/ionomycin treatment. Representative contour plots and quantifications as fold-change
differences of IFN-y production compared to WT counterparts from 4 replicates is shown; error bars
represent + SEM. (B) In vitro differentiation as in (A) but under Th17-polarizing conditions. Error bars
represent £+ SEM of 4 replicates. (C) In vitro differentiation as in (A) but utilizing iTreg-polarizing conditions
and analyzing intracellular Foxp3 expression. A representative of 3 experiments and quantification as fold-
change to WT counterparts is shown; error bars represent + SEM. Statistical analysis was performed by
One-Way ANOVA and Dunnett's Multiple Comparison test; p values *< 0.05, **< 0.01, ***< 0.001 of 3
individual replicates.
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The opposite was observed upon in vitro Th17 differentiation as heterozygous and homozygous
Rc3h1Mins CD4+ T cells were impaired in IL-17A production by approx. 3-fold with 20% IL-17A*
CD4+* T cells from wildtype and only 6% IL-17A* CD4* T cells from Rc3h1MinsMins mice (Fig. 24B).
Effects of Rc3h1Mins were gradual as Th17 commitment was already impaired in Rc3h1Minsi*+ T cells.
Importantly, Rc3h1Mins CD4+ T cells did not shift towards Foxp3 expression under Th17 conditions
and the induction of iTregs by in vitro differentiation including TGF-B was unchanged in both
Rc3h1Mins genotypes (Fig. 24C).

In order to examine whether impaired Th17 differentiation of the Rc3h1MinsiMins genotype was
caused by the observed reduction in TCR-induced IkBns, Nfkbid-deficient CD4+ T cells were
analyzed in collaboration with the group of Prof. Ingo Schmitz. The atypical inhibitor of NF-kB
signaling, Nfkbid (IkBns), has been shown to play pivotal roles in thymic Treg development and

peripheral Th17 differentiation (Schuster et al., 2012; Annemann et al., 2015).
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Fig. 25: Induction of IkBns is essential for Th17 differentiation. (A) /n vitro Th17 cell differentiation as in
Fig. 24 but of naive CD4* T cells from WT, Nfkbid®+; CD4-Cre or Nfkbidfif; CD4-Cre mice. CD4* T cell fate
was assessed as in Fig. 24B, showing 1 representative out of 2 experiments with 3-6 mice per group and
quantifications of IL-17A positive cells as compared to WT counterparts. Error bars represent £+ SEM. (B)
Representative histograms of IkBns induction in CD4+* T cells from mice in (A) after treatment with PMA/
ionomycin. The quantification of IkBns levels is shown as gMFI of 3 replicates per group and error bars
represent + SEM. Statistical analysis was performed by One-Way ANOVA and Dunnett's Multiple
Comparison test; p values *< 0.05, **< 0.01, ***< 0.001.
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Indeed, in vitro differentiation assays using CD4* T cells of homo- or heterozygous Nfkbidff; CD4-
Cre and Nfkbidf'+; CD4-Cre mice confirmed impaired Th17 commitment in the absence of IkBns
(Fig. 25A). Already the heterozygous deletion of Nfkbid remarkably decreased the frequencies of
IL-17A producing T cells and the fold-change reduction compared to wildtype controls (Nfkbid++;
CD4-Cre) was very similar to effects observed for Rc3h1MinsiMins mice (compare with Fig. 24B). The
homozygous knockout of Nfkbid in T cells resulted in an even stronger impairment of Th17
differentiation suggesting that the quantity of IkBns expression resembles a crucial determinant of
Th17 fate regulation likely explaining decreased Th17 induction in the Rc3h1Mins model (Fig. 25A).
Of note, gradual deletion of Nfkbid expression was confirmed by flow cytometric detection of IkBns

utilizing the monoclonal antibody supernatant 4C1 (Fig. 25B).

Together, these data suggest that Roquin-1MinsMins [imits Th17 differentiation in an IkBns-dependent
manner. Impaired induction of this atypical inhibitor of NF-kB signaling appears to be insufficient to
reach a necessary TCR-dependent threshold of IkBns to facilitate Th17 fate decisions. Thus, the
Rc3h1MinsMins model not only phenocopied aspects of Malt1PD/PD but also of Nfkbid-deficient
genotypes in steady-state ex vivo analyses as well as in in vitro assays of T cell differentiation.

3.2.5. yo T and iNKT cells in Rc3h1Mins mice

The previous sections described effects of Roquin-deficient and Roquin-1Mins models on Th17
differentiation of conventional af-TCR* T helper cells. Apart from conventional T helper cells,
Roquin-deficiency has been reported to affect the development and differentiation of thymic
invariant natural killer T cells (iNKT) which represent a specialized subset of the unconventional T
cell compartment (Drees et al., 2017). Thymic iNKT cells differentiate into iNKT1, iNKT2 and
INKT17 subsets and RORyt* iNKT17 cells were shown to be highly enriched among Roquin-
deficient thymic iNKT cells that were reduced in abundance (Drees et al., 2017). IL-17A-associated
yo-TCR* T cells resemble another thymic subset of the unconventional T cell compartment and yd
T cells have been described as TCR strength-dependent and major producers of IL-17A (Haks et
al. 2005; Hayes et al., 2005).

The impaired Th17 differentiation of Rc3h1MinsMins CD4+ T cells, however, was unique to the af3-
TCR* T helper cells since there were no changes in neither abundance nor differentiation of INKT
and yd T cell subsets (Fig. 26, 27). In more detail, frequencies and numbers of peripheral yd T
cells in Rc3h1MinsiMins mice were similar to wildtype controls and the differentiation averaged at
normal ratios of approx. 10% ydTCR* CD44hi CD122dim y3T17 and 15-20% yOTCR* CD44dim
CD122hi y3T1 cells in both genotypes (Fig. 26A, B). Likewise, CD1d-PBS57 tetramer stainings of
thymic iNKT cells showed equal frequencies and numbers of CD1d* iNKTs, and iNKT subsets
analyzed by RORyt and PLZF co-stainings (Savage et al., 2008) resulted in similar numbers of 2-3
x105iNKT1 and 4-10 x103 iNKT2 and iNKT17 cells from both genotypes (Fig. 27A, B).
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Fig. 26: Differentiation of yd T cells in Rc3h1Vins mice. (A) Flow cytometric analysis of ydo T cell
populations from peripheral lymph nodes of WT or Rc3h1MinsMins mice. yd TCR-positive cells were quantified
as total numbers of live cells and error bars represent + SEM of 6-9 replicates from 6 experiments. (B) y0 T
cell differentiation into ydT1 or ydT17 subsets was assessed by additional surface stainings of CD44 and
CD122. The cell subsets were quantified from yd TCR-positive cells (A). Error bars represent + SEM of 5-8

replicates.
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Fig. 27: Differentiation of iINKT cells in Rc3h1Mins mice. (A) Ex vivo PBS57-CD1d-PE tetramer stainings of
thymic iNKT cells from WT or Rc3h1MinsiMins mice. Quantification of total numbers (1 x105 cells) of thymic Tet-
CD1d* TCRp* iNKT cells is shown. Error bars represent + SEM of 6-9 replicates of 5 experiments. (B)
Analysis of thymic Tet-CD1d* iNKT1, NKT2 and NKT17 cell differentiation via RORyt and PLZF stainings.
Total cell numbers (1 x103 cells) are quantified and error bars represent + SEM of 5-8 replicates.
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3.2.6. Gain-of-function Roquin-1Mins protects from EAE in vivo

In view of the impaired Th17 differentiation in Rc3hMins’+ and Rc3hMinsMins CD4+ T cells,
Rc3h1MinsMins gnd wildtype control mice were challenged in vivo by induction of experimental
autoimmune encephalomyelitis (EAE), which is a Th17-specific experimental model of autoimmune
disease that affects the central nervous system (CNS) and resembles in many aspects human
multiple sclerosis (MS) disease. Mice of both groups were tracked for 15 days and scored starting
at day 9 post immunization with myelin oligodendrocyte glycoprotein (MOGss.s5) and pertussis toxin
(PTX), investigating whether the gain-of-function of Roquin-1MinsMins proved relevant in Th17
responses in vivo.

Indeed, the onset and severity of EAE disease was restrained in Rc3h1MinsiMins mice and reduced
average clinical scores of less than 0.5 according to the EAE scoring procedure were determined
compared to wildtype counterparts (Fig. 28A). In fact, only two Rc3h1MinsiMins mice developed mild
symptoms of EAE disease. The number of CNS-infiltrating CD4+* T cells in both groups indicated
pronounced infiltration in wildtype mice (10-15 x104 CD4* T cells), while there were variable
amounts of T cell infiltrates in the CNS of Rc3h 1MinsiMins mice (Fig. 28B).
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Fig. 28: Roquin-1MinsiMins protects from severe onset of EAE. (A) Average clinical EAE scores from day 9
to day 15 of WT and Rc3h1MinsiMins mice immunized with MOG peptide (s.c.) and injected with Pertussis toxin
(PTX, i.v.) on day 0 and day 2. Error bars represent + SEM of scores from 9 mice per group. Statistical
analysis was performed by Mann-Whitney test; p value *< 0.05. (B) Quantification of total numbers of CNS-
infiltrating CD4* T lymphocytes in WT and Rc3h1MinsMins mice at day 15 (peak) of EAE in 4 mice per group
with active disease, isolated from spinal cords and brains (pooled per mouse). Error bars represent £+ SEM.

Analyzing infiltrating CD4+ T cells upon ex vivo P/l stimulation showed unaltered frequencies of
40-50% of IFN-y producing cells in the CNS of both genotypes (Fig. 29A, B). In contrast, CNS-
derived CD4+ T cells of Rc3h1MinsMins mice showed greatly reduced frequencies of only 5-10% of
IL-17A* single-positive or IFN-y* IL-17A* double-positive CD4+* T cells compared to approx. 25% of
IL-17A* CD4* T cells in wildtype controls (Fig. 29A, B).
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In addition, CD4+ T cells within the CNS of Rc3h1MinsiMins mijce demonstrated normal expression of
T-bet but low levels of RORyt expression resulting in attenuated frequencies of RORyt* IL-17A*
double-positive CD4+* T cells in the CNS of Rc3h 1MinsiMins mice (Fig. 29C, D).
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Fig. 29: Roquin-1MinsMins controls Th17-specific IL-17A and RORyt in vivo. (A) Representative contour
plots of cytokine production by CD4+* T cell infiltrates in the CNS of WT and Rc3h1MinsiMins mice at day 15
(peak) of EAE analyzing IFN-y and IL-17A after 4 hours of restimulation with PMA/ionomycin. (B)
Quantification of IFN-y and IL-17A positive CNS-infiltrating CD4+ T cells shown in (A); error bars represent
SEM of 4 mice per group. (C) Representative contour plots of IL-17A* RORyt* or T-bet* RORyt* CD4+ T cells
from infiltrates in the CNS at day 15 (peak) of EAE. (D) Quantification of IL-17A* RORyt* double-positive or
RORyt* CNS-infiltrating CD4* T cells shown in (E) for WT and Rc3h1MinsiMins mice at day 15 (peak) of EAE.
Error bars represent + SEM of 4 mice per group and statistical analysis was performed by two-tailed
Student’s t test; p values *< 0.05, **< 0.01, ***< 0.001.

Conclusively, these data supported the notion of Roquin-1 as one of the best-known post-
transcriptional regulators of Th17 fate choice. The in vivo EAE model proved Roquin-1 gain-of-
function relevant as a central molecular determinant regulating and restricting Th17-derived
immunopathology. Hence, Roquin-1 represents the first substrate of proteolytic MALT1 activity that
limits Th17 fate and presumably protects from autoimmune disorders such as multiple sclerosis
(MS). These findings revealed the physiologic importance of TCR-induced and MALT1-executed
cleavage of Roquin-1 for the development of autoimmune disease.
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In summary, the data promoted the concept in which TCR signal strength causes a certain degree
of Roquin inactivation. Interfering with this distinct TCR strength integrating CBM signalosome
pathway is able to specifically mitigate Th17-mediated immunopathology. Finally, the mechanistic
concept implies that exceeding a specific threshold enables sufficient induction of IkBns as a

prerequisite for Th17 differentiation.
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4. Discussion

The in vitro and in vivo data presented in this doctoral thesis have described TCR strength-
mediated cleavage of Roquin as a dynamic integrator of TCR signals causing selective mRNA
target derepression to control Th17 cell fate decisions. Antigen signals of increasing avidity were
converted into graded cleavage of Roquin and the MALT1-insensitive Roquin-1MinsiMins mutant
proved its crucial involvement in controlling the transcriptional modulator IkBns (Nfkbid) and
protecting from severe Th17-driven EAE disease in vivo.

The following sections will discuss how expression of different amounts of Roquin expression or its
mutational inactivation affect target derepression (4.1. Molecular control of Roquin targets) and
CD4+ T cell fate decisions will be evaluated according to loss of Roquin expression and antigen-
dependent TCR signals mediating Roquin cleavage (4.2. TCR signal-dependent Roquin cleavage
in T cell differentiation). Finally, target-specific effects of the novel Rc3h1Mins model will be
summarized in respect to T cell differentiation (4.3. The MALT1-insensitive Roquin-1 model) and
compared to phenotypes of previously published CBM mutant models to deduce Roquin-specific
effects of MALT1 cleavage on physiologic immune regulation (4.4. Comparing Rc3h 1Mins with CBM-
associated mutant models).

4.1. Molecular control of Roquin targets

Multiple amino acid residues within the ROQ domain of Roquin-1 contribute to high-affinity
interactions with target mRNA-associated CDE and ADE type binding motifs. Initially identified for
the 3'-UTR of Tnf mRNA (Tan et al., 2014), these ROQ domain residues (K220, K239, Y250, R260)
have been shown to be integral sites of MRNA/ROQ interactions (Schlundt et al., 2014). Single or
combined mutations of the ROQ domain differentially affected target expression suggesting a low
to high avidity target ranking, i.e. Ox40 < Icos < Regnase-1 < Nfkbid (IkBns). Accordingly, CD4+ T
cell reconstitutions with single ROQ domain mutants (Y250A and R260A) already led to partial
derepression of the low avidity target Ox40 and double (K239A; R260A) or triple (K220A; K230A;
R260A) mutants were inactive to repress Ox40 expression (Fig. 5, 6). This aligns well with
previous observations of only two CDE-like (Kq~ 1.5 uM) or ADE-like (K4 ~ 0.08 uM) binding motifs
described for the 3'-UTR of Ox40 mRNA, although the ADE-like motif represents a single high
affinity binding site majorly interacting with Y250 in the ROQ domain (Janowski et al., 2016). Both
Icos and Regnase-1 showed intermediate responses as single and double ROQ mutants were still
able to repress these targets, however, Regnase-1 was no longer repressed by the triple mutant
(Fig. 5). Importantly, reconstitutions revealed high functional avidity of the ROQ-CDE (Nfkbid)
interaction as all single and double but not the triple alanine mutant were able to repress IkBns
expression (Fig. 5). This observation may support the idea of multivalent binding events with
several ROQ residues being involved in binding one or more similar or different CDE motifs within
the Nfkbid 3’-UTR. In more detail, additional domains adjacent to the ROQ domain, i.e. RING,
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CCCH and HEPN domains, might dynamically contribute to RNA-Roquin interactions once the first
mRNA CDE motif is bound and this might as well involve perturbations in secondary stem-loop
structures facilitating access to additional binding motifs. Indeed, multiple stem-loop motifs have
been identified for the Nfkbid 3'-UTR to allow mRNA target recognition by Roquin (Essig et al.,
2018). The pronounced functional avidity of the Nfkbid mRNA involves the high affinity binding of
individual CDE and ADE type binding sites as well as high numbers of at least seven Roquin-
recognized stem-loops and linear binding elements in its 3'-UTR (Leppek et al., 2013; Essig et al.,
2018). These interactions are proposed to embrace accessory, cooperative or redundant functions
but also enable translational inhibition of IkBns as its 3'-UTR is enriched in = 4 individual or additive
Roquin binding sites allowing increased recruitment of downstream effectors (Essig et al., 2018).
Similarly, pronounced ROQ-CDE (Nfkbid) interactions have been well-described by RNA-
immunoprecipitation analyses in macrophages that also included the conserved CDE-containing
Tnf 3’-UTR of maximum enrichment scores (Leppek et al., 2013).

On the other hand, different dose-response kinetics of target derepression or upregulation were
investigated by the genetic titration of Roquin alleles and OVA antigen co-cultures (Fig. 1, 12).
Gradual deletion of Rc3h1 and Rc3h2 wildtype alleles in CD4+ T cells as well as antigen-mediated
OT-ll T cell activation helped to characterize OX40 and CTLA-4 receptors as low-avidity targets
already responding to a maximum by Roquin-1 deletion or low TCR signal strength, while
maximum expression of intermediate to high avidity targets such as IRF4 and IkBns required
deletion of both Roquin paralogs or high TCR strength (= 1.0 ug/mL OVAaz23.339) to become fully
derepressed or upregulated, respectively (Fig. 1, 12). In CD4* T cells, Roquin-1 expression
outcompeted Roquin-2 levels by approx. 5-6-fold and heterozygous deletion of Rc3h71 had no
effects on target derepression with OX40 and CTLA-4 requiring at least full deletion of Rec3h1 for
maximum derepression (Heissmeyer and Jeltsch, 2016). Hence, Roquin-1 expression appeared to
be at least 5-times higher than required as the expression of Roquin-2 alleles only was still
sufficient to repress Roquin targets of particularly high binding avidities, i.e. Icos, Zc3h12a
(Regnase-1), Irf4 and Nfkbid.

All three experimental setups highlighted increased functional avidity as the major mechanism of
Nfkbid (IkBns) regulation and thus prioritization of target repression according to the quantity of
high-affinity 3'-UTR binding sites still being recognized during TCR-dependent Roquin cleavage
and inactivation. Apart from Th17 promoting IkBns regulation, other intermediate affinity targets like
Nfkbiz, Irf4 and Icos may - derepressed at intermediate TCR strength - additionally promote Th17
commitment (Annemann et al., 2016; Bauquet et al., 2009; Paulos et al., 2010; Okamoto et al.,
2010). However, effects observed for Nfkbiz and Irf4 derepression in DKOT cells were minor
compared to responses of Nfkbid (IkBns). Besides, the endonuclease Regnase-1 is a well-known
regulator of Nfkbiz mRNA stability and therefore likely cross-regulates Nfkbiz expression in DKOT
cells in which endogenous Regnase-1 expression was elevated (Fig. 1). Conversely, also low
avidity targets such as OX40 and CTLA-4 might shape the TCR-dependent Th17 threshold since
0OX40 was demonstrated to inhibit Th17 differentiation via activation of RelB-dependent recruitment
of epigenetic repressors (G9a, SETDB1) to the /17 locus and CTLA-4 was involved in constraining

T cell differentiation by antagonizing CD28-mediated co-stimulation (Li et al., 2008; Xiao et al.,
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2016; Wang et al., 2015; Wei et al., 2019). In OT-Il co-culture, OX40 and CTLA-4 were fully
induced at low TCR signal strength or intermediate levels of Roquin inactivation and could
therefore prevent Th17 commitment in response to T cell stimulations inducing only suboptimal

levels of IkBns.

4.2. TCR-dependent Roquin cleavage and T cell differentiation

T cell-specific Roquin-1 cleavage was detected upon stimulation with anti-CD3/CD28 antibodies or
OVA peptide-loaded BMDCs in OT-Il co-cultures using the novel monoclonal antibody 5F6 (Fig.
10, 11). Both in vitro assays provided evidence for graded TCR activation-induced cleavage of
Roquin-1 and Roquin-12a1-510 fragment accumulation correlated well with anti-CD3/CD28-
dependent Nr4a1-Nur77-GFP reporter upregulation (Moran et al., 2011). Since surface expression
of CD69 can be induced by non-specific homeostatic or inflammatory stimuli such as type |
interferons or LPS, the analysis of Nur77-GFP was TCR-specific and as well evaluated with
respect to antigen-derived upregulation of CD69 and Roquin-1 cleavage in OVAs23.339 co-cultures
(Fig. 11). Interestingly, small but significant frequencies of T cells harboring Roquin-1 cleavage
without antigen/TCR ligation indicated low basal MALT1 activity which was especially prominent in
immunoblots of the genetic Roquin titration (Fig. 1), in correlations of 5F6 signals with Nur77-GFP
(Fig. 10) and OT-Il T cells from co-cultures without OVA peptide loading of BMDCs (Fig. 11). In
view of antigen/TCR-independent Roquin-1 cleavage, it is tempting to speculate that MALT1
substrate specificities have been previously underestimated. Roquin-1, yet not Roquin-2, harbors
two independent MALT1 cleavage sites (LIPRs10, MVPRs79) possibly rendering Roquin-1
particularly susceptible to MALT1 cleavage and it remains elusive to which extent secondary
allosteric- or exosite-driven mechanisms remote from the active catalytic site may enhance
cleavage activity translating average into highly efficient cleavage sites targeted by the MALT1
protease (Hachmann et al., 2012). Apart from technical issues due to fixation/permeabilization, T
cells positive for Roquin-1 cleavage but lacking Nur77-GFP induction likely describe effects of
either basal tonic TCR signaling in absence of foreign antigen or even self-pMHC-independent
basal activity of MALT1. Moreover, Roquin-1 cleavage positive T cells might showcase altered half-
lives/stabilities of the Roquin-12a1-510 fragment or the Nur77-GFP reporter signals resulting in
Roquin-12a1-510 positive ex-Nur77-GFP+ T cells after approx. 18 hours of in vitro stimulation. Of
note, among Nr4a paralogs Nr4a1 is the most sensitive to TCR signals responding to tonic
signaling and requiring only minimum antigen concentrations for upregulation in T cells but
accumulating GFP reporter expression has been described persistent and TCR dwell time-
dependent (Jennings et al., 2020). In OT-Il T cells co-cultured with BMDCs, 5F6 Roquin-1aat-510
signals increased with OVAs23.339 concentrations obtaining a dose-response peak at peptide
loading concentrations of 1.0 pg/mL (Fig. 11). Comparing the WT OVAas23.339 peptide to the R331
mutant (OVARre) at concentrations optimal for OVAwt responses (1.0 pyg/mL), the OVAre mutant
peptide of approx. 10-fold lower affinity for the OT-Il TCR was insufficient to induce similar CD69

expression or Roquin-1 cleavage (Fig. 11 and Cho et al., 2017). Together, this strongly supported
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the concept in which both single TCR affinity (OVAwr or OVARrg) as well as the amount of antigen-
dependent TCR ligations (OVA titration) determine the strength of TCR signals that quantitatively
mediate CBM complex formation, MALT1 activity and dynamic Roquin cleavage.

Investigating T cell fate decisions, full deletion of Roquin encoding alleles (Re3h1 and Rc3h2) in
CD4* T cells as well as maximum antigen doses in OVAs23339 co-cultures promoted Th17
differentiation, yet already heterozygous Roquin-2 expression restricted Th17 fates and
intermediate concentrations of OVAasz3.339 were not sufficient to foster TCR strength-responsive
Th17 but Th1 commitment (Fig. 7, 8). In addition to Th17-specific IL-17A production, the induction
of RORyt similarly required maximum OVA concentrations upon ThO conditions to drive the
transcriptional program inducing Th17 fates. In contrast, Th1 promoting T-bet expression was
differentially sensitive to the strength of TCR stimulation requiring 10-fold lower concentrations
(1.0 pg/mL) for full induction (Fig. 8). The dynamic onset of Th17-associated target derepression
and Th17 fate choice align well with previous reports on ECso values for OT-Il proliferation of
0.2 yM (OVAs23-339) which is covered by OVAaszs.339 concentrations of 0.1 - 1.0 pyg/mL (0.056 -
0.56 pyM) used in this work (Robertson et al., 2000). In fact, Th1 commitment accompanies OT-Il T
cell proliferation at peptide loading concentrations of 0.056 - 0.56 uM rather resembling a default T
effector fate decision during clonal expansion in vitro. However, ECso peptide concentrations for
half-maximal OT-Il proliferation were insufficient for Th17 differentiation which required elevated
concentrations beyond the threshold of =2 5.6 uM (10 ug/mL OVAs23-330 and Fig. 7, 8). Besides, the
comparison of OVAwr (H331) and OVAre (R331) mutant peptides with an estimated 100-fold
difference in its potency to drive OT-II T cell activation (CD69 expression) resembles findings for in
vivo OVA-CFA immunizations identifying TCR signal quality to instruct OT-Il T cell fate behavior
and OT-l proliferation triggered by LCMV-GPs3.41-derived M/C-peptides of altered affinities
(Henrickson et al., 2008; Cho et al., 2017).

Previously, TCR strength has been reported to outcompete qualitative effects of adjuvants/
cytokines in polarizing T cell differentiation (van Panhuys et al., 2016). Furthermore, the extent of
TCR ligation is directly linked to graded IRF4 induction coordinating T effector and Tfh cell fate
trajectories. Preceding CD25 receptor signaling via IL-2, IRF4-mediated DNA element recognition
is associated with Blimp-1 upregulation activating the Bcl6-Blimp-1 antagonistic transcription factor
module (Johnston et al., 2009; Krishnamoorthy et al., 2017). Mechanistically, Irf4-deficient models
have been employed together with antigen immunizations to link increased IRF4 expression to
binding of low affinity ISRE DNA recognition elements promoting the Teff program via Blimp-1. In
addition, transcriptional activities of cooperating BATF and IRF4 correlate with induction of TCR-
sensitive target genes caused by pronounced binding of AICE motifs which integrates TCR
strength-guided transcription factor activity to distinct gene signatures of T cell differentiation (lwata
et al., 2017). The IL-2-inducible Tec family kinase (ITK) has been identified as another “sensor” of
TCR strength whose deficiency leads to reduced Th17 differentiation via enhanced p-STAT5 to p-
STAT3 signaling ratios and Itk’- models are directly connected to reduced TCR signal strength
involving impaired upregulation of IRF4 and altered memory formation in CD8* T cells (Gomez-
Rodriguez et al., 2009; Conley et al., 2020; Solouki et al., 2020). Comparing CD4+* helper T cell

differentiation, strong TCR signals are assumed to promote effector Th1 over Th2 as well as Th17
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over iTreg fates and conflicting data suggested either Th1 over Tfh commitment at high TCR
signals or pronounced Tfh accumulation due to persistent antigen-TCR interactions (Milner et al.,
2010; Jorritsma et al., 2003; Gomez-Rodriguez et al., 2014; Keck et al. 2014; Baumjohann et al.,
2013). Moreover, recent work by Bartleson and colleagues proposes a pivotal role of tonic
signaling strength experienced by polyclonal populations with a diverse repertoire of TCR affinities
which tailors T effector versus Tfh cell decisions. Herein, the well-established IL-2-Blimp-1 axis
correlating to TCR activation and antagonizing Tfh-specific Bcl6 regulation has been supposed to
represent a model of T effector versus Tth cell decisions with low tonic signaling promoting Tth cell
fates (Bartleson et al., 2020). However, the reports described above mostly focused on T effector
or Tfh fate decisions and technical variations analyzing TCR avidity for antigen peptide:MHC
interactions have promoted controversial findings: Groups concluding increased TCR signal
strength promotes T effector responses used altered peptide ligand systems increasing tonic
signaling and TCR activation strength in vivo (Krishnamoorthy et al., 2017; Snook et al., 2018;
Kotov et al., 2019), while others characterized high antigenic TCR affinity essential for Tth cell
development utilizing either TCR-transgenic models or pMHC-tetramer binding readouts (Fazilleau
et al., 2009; Tubo et al., 2013; DiToro et al., 2018). Finally, biophysical determinants of different
TCR-peptide:MHC 1l systems such as ligand binding on/off-rates (Kon/Kof), dissociation constants
(Ka), ECso values and interaction dwell times (half-lives, ti2) appear to account for individual
antigen/TCR-specific signal intensities that dissect alternative Th cell fate programs and it remains
contentious to directly compare APL systems of multiple different parameters (Aleksic et al. 2010;
Govern et al., 2010).

Importantly, and apart from Tfth or Treg commitment, it has remained elusive how effects of TCR
strength enable to resolve the bifurcation of Th1 from Th17 cells within the T effector compartment.
In vitro OT-Il T cell experiments described in this doctoral thesis highlight the crucial effects of
TCR-induced Roquin cleavage as a specific integrator/regulator of Th17 effector differentiation and
illustrate side-by-side the crucial involvement of high antigen dose to promote Th17 but not Th1
effector cell fates. Conclusively, the interplay of TCR-induced MALT1 activity and Roquin function
defines a post-transcriptional threshold of TCR strength in Th17 differentiation and the model
strongly suggests a pivotal involvement of Roquin-based control of the transcriptional modulators
IRF4 and IkBns to foster gene regulatory programs specific for Th17 fates.

4.3. MALT1-insensitive Roquin-1 (Rc3h1Mins)

The CRISPR/Cas9-based model of MALT1-insensitive Roquin-1 (Rc3h1Mins) has uncovered that
repression of IkBns represents a major mechanism of preferential Roquin activity to integrate TCR
signaling into the modulation of NF-kB activation and Th17 cell fate control. Both Roquin-1Mins’*+ gand
Roquin-1MinsiMins restricted |kBns upregulation during P/I- or OVA peptide-induced activation to limit
Th17 cell differentiation in vitro. Importantly, gain-of-function Roquin-1MinsMins a5 well protected
from Th17-driven EAE disease in vivo.
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Gene editing by CRISPR/Cas9-guided homology-directed repair was employed to create the
Rc3h1Mins knockin in the mouse germline (Fig. 13). Constitutive gene expression of Rc3h1Mins was
verified in immunoblots of CD4+ T cells stimulated with P/l to induce cleavage of Roquin paralogs
and to test MALT1 insensitivity of Rc3hMins’* and Rc3h1MinsMins T cells (Fig. 15). Heterozygous
Rc3h1Mins/+ was already sufficient to maintain half of full-length Roquin-1 expression during T cell
activation, while homozygous Rc3h1MinsiMins T cells completely lacked Roquin-1 cleavage
fragments. Notably, independent of Roquin-1Mins hoth Roquin-2 and Regnase-1 were still targeted
by MALT1 cleavage (Fig. 15). Rc3h1Mins mice did not show apparent immunological phenotypes
under homeostatic conditions and Roquin-specific direct targets were expressed at endogenous
levels similar to wildtype controls. Upon in vitro stimulation, however, maintained presence of full-
length Roquin-1 in Rc3h1Minsi+ and Rc3h1MinsiMins T cells selectively attenuated TCR-dependent
induction of targets including TNFa, Nfkbid (IkBns), OX40 and IRF4 (Fig. 15-18). Strongest target
repression in Rc3h1MinsiMins T cells was observed for protein and mRNA levels of TNFa and Nfkbid
(IkBns) that showed attenuated induction in both P/l stimulations of CD4* T cells and antigen-
induced OT-ll co-cultures (Fig. 15-18). In more detail, TCR strength-dependent induction of IkBns
relative to cells without antigen stimulus and its individual mean fluorescence intensities were
reduced in Rc3h1MinsMins OQT-|| cells which was not the case for IRF4 that was only reduced in
absolute expression levels but not in its fold-induction. These target-specific effects in Rc3h1Mins T
cells align well with Roquin-RNA-IP analyses conducted in LPS-stimulated RAW264.7
macrophages that revealed 475-fold enrichment of the Nfkbid mRNA target containing multiple
binding sites including a unique tandem CDE and 192-fold enrichment of the proinflammatory
cytokine Tnfa mRNA (Leppek et al.,, 2013). Importantly, both 3-UTR CDE sequences are
conserved across multiple (= 10) vertebrate species providing evidence of mRNA CDE motifs as
the primary Roquin targets (Leppek et al., 2013). In total, six cooperative stem-loop structures and
a linear sequence element (LBE) have been identified to account for robust post-transcriptional
regulation of the Nfkbid 3’-UTR, requiring at least three stem-loops for strongest regulation
mediated by decapping, deadenylation and translational inhibition (Essig et al., 2018). In line with
potential high avidity binding of multiple stem-loops, the unique repression of IkBns induction by
Roquin-1MinsiMins was even comparable to mepazine-pretreated Roquin-1WT T cells in which
pharmacological inhibiton of the MALT1 protease mirrored maintained Roquin-1 expression during
P/I stimulation (Fig. 15).

Together, these data established an important functional connection of the Th17 determining
factors MALT1, Roquin and IkBns as Rc3h1MinsiMins T cells were specifically impaired in Th17
differentiation (Fig. 24). The MALT 1/Roquin/IkBns axis sets a unique post-transcriptional threshold
of TCR strength in Th17 differentiation because blocking Roquin-1 cleavage by MALT1 did not shift
cell fates towards iTreg differentiation as previously observed for TCR strength- and ITK-
dependent control of Th17 differentiation (Gomez-Rodriguez et al., 2009; Gomez-Rodriguez et al.,
2014). Likewise, already the heterozygous knockout of Nfkbid, thus altered expression levels of
IkBns, significantly reduced the frequencies of Th17 cells (Fig. 25). This supports the idea that
defined thresholds of IkBns expression and its transcriptional activity determine Th17 fate

commitment. IkBns-dependent defects in Th17 differentiation of Rc3h1Mins T cells were similar to
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effects observed for graded knockout of Nfkbid alleles and low levels of IkBns induction in
Rc3h1MinsMins T cells were equivalent to attenuated IkBns expression in Nfkbid®+; CD4-Cre T cells
(Fig. 15, 17, 25). These results reciprocally confirm the current view on Roquin-regulated Th17
fates as increased Th17 differentiation in Roquin-deficient CD4+ T cells could be partially
normalized back to WT levels by knockdown experiments utilizing Nfkbid-specific shRNA that did
not affect IFN-y producing Th1 cells (Jeltsch et al., 2014). Similarly, deficiency in Nfkbid (IkBns) has
been associated with impaired thymic Treg development, reduced peripheral Treg cells and both in
vitro iTreg-specific Foxp3 as well as Th17-specific IL-17A induction have been reported impaired
(Annemann et al., 2015; Schuster et al., 2012). These effects have been explained by IkBns
binding to the Foxp3 promotor and the kB site CNS3, interaction of IkBns with c-Rel and p50 as
well as reduced IL-2Ra (CD25) and IL-2RB (CD122) expression leading to an accumulation of
thymic Foxp3- precursor Treg cells in Nfkbid-- mice (Schuster et al., 2012; Schuster et al., 2017).
However, dual effects on IL-2R and Foxp3 expression were not observed for Rc3h1Mins mice
whose Foxp3 expression appeared similar to wildtype counterparts, thus suggesting lacking
MALT1 inducibility of Foxp3 under homeostatic conditions (Fig. 24). Of note, no differences in
Treg-specific signaling via STAT5 phosphorylation have been observed for Nfkbid-deficient T cells
which is as well different from Jtk’- T cells that have increased IL-2-dependent p-STAT5 but
impaired IL-6/TGF-B-dependent p-STAT3 signaling and thus promote Foxp3* iTreg fates at the
expense of Th17 differentiation (Gomez-Rodriguez et al., 2009; Gomez-Rodriguez et al., 2014).
Putting the observed defects of in vitro Th17 differentiation to the test, Rc3h7MinsiMins mice
prevented the severe onset of Th17-driven in vivo EAE disease which correlated with impaired
Th17 commitment and reduced EAE symptoms reported for Nfkbid- mice (Fig. 28, 29 and
Kobayashi et al., 2014).

To further strengthen the mechanistic understanding of Roquin-1-mediated suppression of IkBns
during T cell stimulation, future studies should as well focus on CD4+ T cell proliferation kinetics,
IL-2R expression as well as IL-2, IL-6 or TGF-B responsiveness. Likewise, and with respect to
shRNA knockdowns of Nfkbid in DKOT cells, reexpression of IkBns in Rc3h1MinsMins T cells by viral
reconstitution represents another elegant strategy to provide mechanistic evidence for the unique
Roquin-specific regulation of Nfkbid mRNA relevant for Th17 control. Eventually, these data
strongly suggest Roquin-dependent repression of IkBns as an inverse readout of TCR strength or
MALT1 activity, respectively, and indicate that limited upregulation of IkBns in Rc3h1Mins mice
phenocopies deficiency in Nfkbid and its effects on Th17 fate decisions.

4.4. Comparing Rc3h1Vins with CBM-associated mutant models

The Carma1/CARD11-Bcl10-MALT1 (CBM) signalosome is a central regulator of T cell signaling
that drives transcriptional NF-kB activation and the MALT1 protease employs direct cleavage of
substrate proteins to modify TCR-inducible NF-kB signaling and post-transcriptional
gene regulation. Unexpectedly, Malt1FP/PD mice revealed overt pathologies compared to

otherwise healthy MALT1-deficient models. The Malt1Pb/PD mice showed multiorgan T/B cell
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infiltrations, lymphadenopathy accompanied by abnormal cellularity of B220+ B cells, CD4+/CD8+*
cells, enhanced peripheral activation of CD4+/CD8* T cells, elevated IgG1 and IgE antibody titers
and increased production of IFN-y and IL-4 cytokines (Bornancin et al., 2015). In total, Malt1Pb/PD
pathologies were majorly assigned to an IPEX syndrome-like phenotype, showing defective Treg
and innate-like B cell development concomitant to their relative dysbalance to increased IFN-y-
mediated autoinflammation. Similar to Malt1/- mice, inactivation of MALT1 protease was
associated with reductions in peritoneal B1 B cells, PP-localized GC B cells, splenic MZ B cells,
follicular helper T cells, natural Treg cells and impaired production of TNFa, IL-10 and IL-2
cytokines. Interestingly, both c-Rel and p50, known interactors of the Roquin top target Nfkbid
(IkBns), revealed impaired upregulation upon anti-CD3/CD28-guided T cell activation together with
defective proliferative responses and impaired induction of IL-2 (Bornancin et al., 2015; Gewies et
al., 2014). Notably, c-Rel is specifically targeted by the MALT1 substrate Regnase-1 and thus c-Rel
expression is possibly controlled by maintained Regnase-1 activity in Malt1PD/PD T cells (Uehata et
al., 2013). Likewise, rendering Roquin-1 insensitive to MALT1 appears to maintain control over
IkBns expression levels and it supports the idea that IkBns induction represents a potential reporter
of MALT1 activity. In fact, concerted action of both factors c-Rel and IkBns could affect IL-2
induction or proliferation of T cells and determine development and expansion of iTreg/Th17 cells
found reduced in both cRel- and Nfkbid-deficient models (Chen et al., 2011; Grinberg-Bleyer et al.,
2017; Schuster et al., 2017). Both MALT1 models were less capable of in vitro Th17 induction and
protected mice from EAE disease, yet Malt1PD/PD but not heterozygous Malt1PD/'WT was necessary
to limit Th17-specific CNS infiltration (Brustle et al., 2012; Jaworski et al., 2014; Bornancin et al.,
2015).

Rc3h1MinsiMins mice appeared normal but shared some milder phenotypes with Malt1PD/PD mice
including the reduced thymic Treg frequencies without affecting iTreg development in vitro (Fig. 19,
24 and Bornancin et al., 2015; Gewies et al., 2014; Jaworski et al., 2014). Consistent with a gain of
Roquin-1 function in the Rc3h1Mins model frequencies and numbers of splenic Tfh and Tfr cells
were reduced in Rc3h1MinsiMins mice, which is opposite to accumulation of these cells and the loss
of Roquin function in DKOT mice but similar to the MALT1-deficient or C472A mutant models
(Fig. 22 and Essig et al., 2017; Vogel et al., 2013; Bornancin et al., 2015). Mechanistically, reduced
S6 phosphorylation (p-S6) at low TCR strength or basal signaling in vivo as well as improved
repression of /cos target mRNA could be responsible for low Tfh cell frequencies in Rc3h 1Mins/Mins
mice in which Tfh-promoting PISK/Akt/mTOR signaling and Pten regulation should be explored in
more detail (Essig et al.,, 2017). Intriguingly, similar effects on mTORC1-dependent S6
phosphorylation and thus T cell metabolism have been observed for Carma1, Bcl10 and MALT1
knockouts or MALT1 protease inhibition and Treg cell development has been associated with TCR/
IL-2-dependent mTORC1 activation to program suppressive CTLA-4/ICOS-mediated Treg
functions (Zeng et al.,, 2013; Nakaya et al., 2014; Hamilton et al., 2015). Yet, an inverse
relationship to Roquin-deficient mice was neither observed for the development of thymic iNKT
cells nor for biased commitment to iINKT17 cells in Rc3h1MinsMins mice (Fig. 27 and Drees et al.,
2017). Despite minor phenotypic changes in decreased thymic Treg and splenic Tfh cell

populations, Rc3h1MinsiMins mice appeared unchanged to wildtype counterparts with normal B cell
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development and peripheral CD4/CD8 activation (Fig. 20, 21, 23). These findings suggest that
different from Tfh and Tfr cells the development of Treg cells, B cells, NKT cells and probably also
yd T cells does not respond to the gain of Roquin-1 function or does not depend on TCR-induced
inactivation of Roquin-1, respectively. However, analyzing stimulation-dependent effects in T cells
derived from Rc3h1MinsiMins mijce, T cell-intrinsic levels of enhanced IFN-y but reduced TNFa
cytokines and a defect in Th17 differentiation in vitro were comparable to Malt7Pb/PD T cells (Fig.
21, 25 and Bornancin et al., 2015; Gewies et al., 2014; Jaworski et al., 2014). Both ex vivo Tregs
and in vitro CD4* Th1 cells from Rc3h1MinsMins mice showed increased IFN-y levels, which
recapitulated mild effects observed for different CBM mutants utilizing either Cd4-Cre or Foxp3-
IRES-YFP-Cre (FIC) knockout models for Carma1 (CARD11) or Bcl10, respectively (Di Pilato et
al.,, 2019; Rosenbaum et al., 2019). Similar to Carma1-- or Bcl10-- models, Rc3h1MinsiMins Tregs
expressed low levels of the Roquin targets OX40 and CTLA-4 indicating T cell-specific gain of
Roquin-1 function as well as a failure of effector (e)Tregs to express relevant suppressive signature
genes rendering them Th1-like producers of IFN-y (Rosenbaum et al., 2019). Lastly, mice treated
with the MALT1 inhibitor mepazine also showed increased IFN-y production and both Carma or
Bcl10 deficiencies and MALT1 paracaspase inhibition improved tumor suppression most likely
caused by activated IFN-y* Treg cells in the tumor microenvironment.

Of note, also other targets of MALT1 in the NF-kB pathway can be crucial for phenotypic changes
in Malt1PD/PD mice that are not shared with Rc3h1MinsMins mice. Additionally, the lack of Roquin-1
cleavage could be compensated by cleavage of the functionally redundant Roquin-2 protein or the
functionally related Regnase-1 protein (Vogel et al., 2013; Jeltsch et al., 2014). Conclusively, the
data indicate that the impact of the MALT1 protease activity on Th17 differentiation and Th1/Th17-
driven autoimmunity segregates with cleavage of the Roquin-1 substrate, and different from
pharmacologic or genetic MALT1 paracaspase inhibition no development of IPEX-like pathologies
was observed in Rc3hMinsMins mice (Gewies et al., 2014; Demeyer et al., 2019; Martin et al.,
2019).

4.5. Implications, model and perspective

Implications. The discovery of TCR-induced proteolytic activity of MALT1 stimulated efforts to
establish specific inhibitors of MALT1 function to treat diffuse large B-cell lymphoma (DLBCL)
whose growth kinetics heavily depend on Carma1 mutations identified by shRNA library screens
and general downstream NF-kB activation (Ngo et al., 2006; Jaworski et al., 2016). In 2009, the
first tetrapeptide MALT1 inhibitor, z-VRPR-fmk, was validated for having preferential cytotoxicity on
cells derived from activated B cell-like (ABC) subtype DLBCL, which suggested essential roles of
MALT1 paracaspase activation in the survival and malignant proliferation of B cell-like DLBCL
(Ferch et al., 2009). Since then several other phenothiazine-based inhibtors of MALT1, namely
mepazine, thioridazine and promazine, as well as allosteric small molecule inhibitors, e.g. MI-2 or
MLT-747, MLT-748 and MLT-943, have been evaluated to block MALT1 proteolytic function and to

treat ABC-DLBCL in vitro and in vivo (Nagel et al., 2012; Fontan et al., 2012; Quancard et al.,
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2019; Martin et al., 2020). However, these preclinical strategies have been challenged by studies
showing that gene-edited MALT1 protease-dead knockin mice (systemic, conditional T cell-specific
or Treg-specific Malt1Pb/PD) suffer from autoimmune disease including dysbalanced immune
function and also pharmacological MALT1 inhibition led to dose-response reduction of peripheral
Tregs which resulted in progressive immune abnormalities and clinical manifestations of IPEX-like
pathology (Cheng et al., 2019; Demeyer et al., 2019; Martin et al., 2020). Conditional Malt1Pb/PD
expression in CD4+ T cells, i.e. MALT1-PDT mice (Malt1Pb/i; CD4-Cre), only partially phenocopies
systemic Malt1PD/PD mice indicating that other cell types, i.e. B cells, myeloid cells, NK cells and
epithelial cells, may contribute to Treg induction in a MALT1 paracaspase-dependent manner
(Ruland et al., 2018; Demeyer et al., 2019). In addition, loss-of-function CBM protein mutations
have been described for human immunodeficient (CID) patients lacking appropriate MALT1
expression or displaying dysfunctional MALT1 which caused reduced Treg numbers, compromised
T/B cell receptor signaling or low B cell numbers (Jabara et al., 2013; McKinnon et al., 2014;
Punwani et al., 2015; Quancard et al., 2019). Placed at the crossroads of fatal autoimmunity and
therapeutic potential for antitumor immunity, genetic or pharmacological manipulation of CBM
complex effector pathways majorly affects lymphocyte homeostasis and activation governed by
proper activation of gene expression, yet the T cell-intrinsic role of substrate-specific cleavage by
MALT1 activity has remained elusive.

Model. This doctoral thesis describes Rc3h1Mins (Roquin-1MinsiMins) ag the first MALT 1-insensitive
substrate that, at least in parts, recapitulates in vitro and in vivo effects of genetic or
pharmacological inhibition of the mouse MALT1 paracaspase. The data suggest Roquin-1 as a
target of TCR-induced MALT1 in CD4+* T cells with particularly high susceptibility to cleavage owing
to two individual arginine cleavage motifs at R510 and R579. Loss of Roquin activity is critical for
high TCR signal strength to release the robust repression of the high avidity target Nfkbid (IkBns)
inducing Th17 gene expression programs via the TCR-MALT1-Roquin-IkBns axis (Figure 30).
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Fig. 30: TCR/MALT1-induced Roquin cleavage to control IkBns-specific Th17 cells. Antigen/TCR
ligation and TCR signaling induce CBM complex formation and MALT1 paracaspase activity. MALT1-
dependent cleavage of Roquin paralogs reduces functional Roquin levels which gradually derepresses low-
or high avidity mRNA targets at differential TCR signal strengths. Derepression and induction of the high-
avidity Roquin target Nfkbid (IkBns) requires maximum TCR strength, quantitative cleavage of Roquin and
aligns with Th17 fate decisions (red). Low TCR strength is insufficient to induce IkBns and Roquin-1Mins/Mins
restricts IkBns expression to suboptimal levels inappropriate for Th17 but not Th1 differentiation (blue).

It is tempting to speculate that MALT1 activity is guided in an affinity- and substrate-specific
manner. The susceptibility of Roquin to MALT1-dependent cleavage may be compensated by
overall increased Roquin-1 expression in CD4* T cells (5-fold higher than Roquin-2) to ensure
Roquin-1 threshold levels at low TCR signal strength that still inhibit Th17-relevant mRNA targets.
With this, even at reduced Roquin expression due to MALT1-driven depletion, high-affinity mRNA
targets such as Nrkbid with multiple CDE motifs would be kept in check to prevent excessive Th17
differentiation, maintaining suboptimal levels of Th17 promoting factors. Both antigen-induced and
TCR strength-dependent in vitro assays of Th17 differentiation and target upregulation as well as
the Rc3h1Mins model specifically restricting IkBns induction confirm this hypothesis and contribute a
mechanistic understanding from multiple perspectives. Upregulation of IkBns can be envisioned as
a direct readout for antigen/TCR-induced MALT1 activity that inversely correlates with Roquin

function. Conclusively, Roquin-1 integrates TCR strength in a MALT1-dependent proteolytic
cascade and employs post-transcriptional repression of Nfkbid (IkBns) as the major mechanism for
the prevention of excessive Th17 polarization.
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Perspective. In view of the observed effects of Re3h1Mins it will be of importance to combine the
current model with MALT1-insensitive Roquin-2 (Rc3h2) to not only elucidate target-specific
contributions of Roquin-1/2 cleavage products but also to exclude contributions of Roquin cleavage
to general Malt1PP/PD phenotypes not observed for Rc3h1MinsMins mice. Future work will answer
these questions by generating MALT1-insensitive Roquin-2 (Rc3h2) or also Regnase-1 (Zc3h12a)
alleles and combining them with Rc3h1MinsMins glleles. Selectively rendering MALT1 substrates
insensitive to TCR-induced cleavage will allow comprehensive analyses of exclusive, redundant or
cooperative contributions of MALT1 substrates to the observed dysregulation of lymphocyte
homeostasis in Malt1PP/PD mice or mice treated with long/short-term doses of pharmacological
MALT1 inhibitors. Utilizing fluorophore-conjugated anti-lkBns and anti-Roquin-12a1-510 cleavage
antibodies, cell subset-specific effects of enhanced IkBns and pronounced cleavage of Roquin-1
may be deciphered in autoimmune disease models or diseased human samples from patients
suffering from Th17-mediated multiple sclerosis, systemic lupus erythematosus (SLE), psoriasis or
rheumatoid arthritis (RA). Mechanistically, in-depth analyses of TCR-induced gene expression
changes in Rc3h1Mins or wildtype T cells may be addressed by RNA sequencing (RNA-seq) and
RNA/protein interaction kinetics may be further elucidated by various CLIP techniques (UV cross-
linking and immunoprecipitation, i.e. CLIP, iCLIP, CLIP-seq, HITS-CLIP, KIN-CLIP) indicating how
Roquin-1Mins maintains interactions with high-affinity CDE or ADE motifs such as in the Nfkbid 3'-
UTR during antigen/TCR-mediated lymphocyte activation (Hafner et al., 2010; Lee et al., 2018;
Sharma et al., 2021).

Analyzing T cell fate decisions, the consequences of reduced peripheral Tth cells in Re3h1Mins mice
may be further tested by either NP-OVA peptide immunizations of OT-II T cell recipients or by acute
infections of SMa-TCR T cell recipients with LCMV (Armstrong) to analyze the in vivo polarization
of Th1/Tfh and GC B cells. Apart from specific immune challenges, T cell metabolism and calcium
signaling are a well-known drivers of helper T cell differentiation and mitochondrial oxidative
phosphorylation (OXPHOS) as well as increased calcium influx promote pathogenic Th17 fates
(Kaufmann et al., 2019). Of note, pharmacological blockade of OXPHOS reduced BATF-dependent
Th17 differentiation and promoted IL-2/STAT5-dependent Foxp3 induction in CD4+ T cells (Shin et
al., 2020). This aligns well with similar observations for ltk-deficient T cells instructing only reduced
IRF4 induction and favoring iTreg over Th17 fates (Gomez-Rodriguez et al., 2014), yet a reciprocal
relationship of iTreg over Th17 fates was not observed for the Rc3h1Mins model. Metabolic changes
also including CTLA-4/Treg-relevant mTORC1 signaling may additionally contribute to altered T
cell fate decisions described for Malt1Pb/PD and Rc3h 1MinsiMins mice (Zeng et al., 2013).

Finally, with respect to Treg-specific downregulation of CTLA-4 and OX40 signature genes and
cytokine profiles shifted towards IFN-y production, Treg identity markers as well as proliferation
and IL-2 signaling of Rec3h1Mins T cells will be of interest to describe cell cycle progression or
expansion of Re3hMins T cells in which MALT1 function is selectively blocked to disable Roquin-
specific post-transcriptional control of gene expression. Intratumoral alterations of Treg identity and
function have been described for Treg-specific deficiencies in Carmal and Bcl10 expression
associated with therapeutic potential to elicit intratumoral Th1 autoimmune responses driven by
IFN-y producing Tregs. Together with PD-1/PD-L1-targeted immune checkpoint therapy (ICT), both
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mouse models of inhibited CBM complex function and also pharmacological MALT1 inactivation
mediated destabilization of Treg cells towards self-reactive pro-inflammatory contributors of local
antitumor responses restricting tumor growth in melanoma models (Di Pilato et al., 2019;
Rosenbaum et al., 2019). Since mouse models of cRel deficiency and its chemical inhibition by
pentoxifylline (PTXF) treatment as well increased IFN-y-mediated antitumor responses by affecting
Treg identity and suppressive function, it will be of great interest to similarly compare Nfkbid-
deficient and Rc3h1MinsMins models in B16-, D4M.3A- or MC38-induced tumor experiments to
explore which CBM-dependent transcriptional factors and modulators of T cell differentiation
determine altered Treg performance relevant for cancer immunotherapy approaches (Grinberg-
Bleyer et al., 2017). Strikingly, targeted deletion of the endoribonuclease Regnase-1 (iKO) was
reported to program long-lived CD8+ effector cells for improved cancer therapy and its
ribonucleolytic activity was linked to regulation of the transcriptional modulator BATF whose
enhanced expression fuels mitochondrial fithness and promotes pro-inflammatory effector
responses (Wei et al., 2019). Hence, it will be necessary to selectively combine genetic mouse
models and pharmacological inhibitors of CBM or NF-kB function to decipher individual, redundant,
cooperative or even antagonistic modulators of antitumor responses that appear to strongly
depend on fine-tuned iTreg/Th1/Th17 cell fate decisions and its involved metabolic changes. For
this, CRISPR/Cas-based technologies make it possible to modulate genomes with relative ease
allowing to combine multiple transgenic models. Advanced gene editing strategies will be helpful to
link genetic variation to precise phenotypic outcomes and to answer long-standing questions of
fine-tuned immunological reactivity and peripheral T cell tolerance.

Importantly, the Rc3h1Mins mouse model shows that the impact of the MALT1 protease activity on
Th17 differentiation and Th17-driven autoimmunity but not insufficient Treg function and IPEX-like
pathologies segregates with Roquin-1 substrate cleavage. This suggests that strengthening the
function or specifically rendering Roquin-1 insensitive to MALT1 cleavage rather than systemically
inhibiting the MALT1 paracaspase activity would represent a preferred therapeutic avenue for the
treatment of Th17-mediated autoimmunity. Conclusively, the development of a Roquin-specific
small molecule inhibitor targeting the interaction with the MALT1 paracaspase would resemble an
elegant approach to circumvent the described IPEX-like pathologies in protease-dead Malt71PDb/PD
mice but to selectively mitigate Th17 cell pathogenicity in autoimmune diseases.
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