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Summary

Transcription factor activity shapes a wide variety of cellular processes, from directing cell fate
during tissue development to modulating responses to environmental stimuli. The
transcription factors NF-kB, AP-1, and NF-AT are particularly noteworthy because of their
ubiquitous expression and the breadth of processes they regulate. In T lymphocytes, they are
essential for both activation and effector functions, tailoring the adaptive immune response
through a pathogen-specific gene expression profile. However, T cell stimulation by an antigen
not only stimulates isolated signaling pathways culminating in the activation of these

transcription factors, but also induces extensive crosstalk within a complex signaling network.

In this study, we engineered a reporter Jurkat T cell line with eCFP, mCherry, and eGFP as
fluorescent markers of NF-kB, AP-1, and NF-AT transcriptional activities. Using different
inhibitors and stimulation conditions, we demonstrated the accurate and comprehensive
quantification of T cell signaling crosstalk, activation kinetics, and responsiveness to stimuli.
This novel Jurkat cell line thus serves as a powerful tool to elucidate T lymphocyte signaling

and activation mechanisms in physiological and disease contexts.

Using our newly generated reporter Jurkat T cell line, we studied the consequences of
congenital gain- or loss-of-function CARDT1 mutations leading to immunological diseases.
Overexpression of these patient-derived mutations allowed us to assess their impact on the
activation of NF-kB, AP-1 and NF-AT signaling. We could not detect any aberrant AP-1 and
NF-AT transcriptional activity induced by mutant CARD11 beyond the previously characterized
dysregulation of NF-kB, suggesting that the patients' symptoms may not be linked to
transcriptional activity of AP-1 and NF-AT. Nevertheless, the novel reporter Jurkat T cell line
has established itself as a versatile biological platform for the concurrent, comprehensive study

of key T cell transcription factors, both qualitatively and quantitatively.

In the second part of this study, we demonstrate that SARS-CoV-2 triggers NF-kB-mediated
transcriptional responses in host cells. By overexpressing (OE) SARS-CoV-2 proteins identified
in a SARS-CoV-2 human contactome study for their binding to human NF-kB pathway

components and performing NF-kB reporter assays, we identified Nsp14 as a key inducer of
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NF-kB activity, a function observed in several human coronaviruses and SARS-CoV-2 variants.
In addition, our studies revealed a dose-dependent relationship between Nsp14 and NF-«kB
induction that was amplified by Nsp14's cofactors. By evaluating Nsp14 mutants, we linked
NF-kB up-regulation to the N7-methyltransferase enzymatic activity of Nsp14. Under stable
or inducible Nsp14 expression, the inherent instability of Nsp14 became apparent, and we
could not detect Nsp14-induced expression of classical NF-kB target genes beyond a very
weak induction of CXCL8. Furthermore, although we could not determine stable protein-
protein interactions, gene knockout studies implicated Nsp14 in the activation of canonical
NF-kB signaling through NEMO and p65, whereas the non-canonical pathway remained
unaffected. Overall, we propose that Nsp14 potentiates the transcriptional activity of canonical
NF-kB complexes, rather than directly initiating NF-kB activation. This suggests that other
SARS-CoV-2 proteins and the host innate immune response may synergistically contribute to
primary NF-kB activation, culminating in an escalating cycle of inflammation with excessive

cytokine release.
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Zusammenfassung

Die Aktivitat von Transkriptionsfaktoren beeinflusst eine Vielzahl von zelluldren Prozessen, von
der Steuerung der Zelldifferenzierung wahrend der Gewebeentwicklung bis zur Modulation
von Reaktionen auf Umweltreize. Die Transkriptionsfaktoren NF-«kB, AP-1 und NF-AT sind
aufgrund ihrer ubiquitdren Expression und der Diversitat der Prozesse, die sie regulieren,
besonders bemerkenswert. In T-Lymphozyten sind sie sowohl fiir die Aktivierung als auch far
die Effektor-Funktionen von wesentlicher Bedeutung und steuern die adaptive Immunantwort
durch ein pathogenspezifisches Genexpressionsprofil. Die Stimulierung der T-Zellen durch ein
Antigen stimuliert jedoch nicht nur isolierte Signalwege, die in der Aktivierung dieser
Transkriptionsfaktoren gipfeln, sondern fiihrt auch zu einem umfangreichen Crosstalk

innerhalb eines komplexen Signalnetzwerks.

In dieser Studie haben wir eine Reporter-Jurkat T-Zelllinie mit eCFP, mCherry und eGFP als
fluoreszierende Marker fiir die Transkriptionsaktivitaiten von NF-kB, AP-1 und NF-AT
entwickelt. Durch den Einsatz verschiedener Inhibitoren und Stimulationsbedingungen
konnten wir eine genaue und umfassende Quantifizierung der T-Zell-Signallbertragung, der
Aktivierungskinetik und der Reaktion auf Stimuli nachweisen. Diese neuartige Jurkat-Zelllinie
dient somit als leistungsfahiges Instrument zur Aufklarung von Signal- und
Aktivierungsmechanismen in T-Lymphozyten unter physiologischen und krankheitsbedingten

Bedingungen.

Anhand unserer neu entwickelten Reporter-Jurkat T-Zelllinie untersuchten wir die Folgen
angeborener CARD177-Mutationen mit aktivierendem oder inhibierendem Effekt, die zu
immunologischen Erkrankungen fiihren. Die Uberexpression dieser von Patienten
stammenden Mutationen ermdglichte es uns, ihre Auswirkungen auf die Aktivierung von NF-
kB, AP-1 und NF-AT-Signalen zu bewerten. Wir konnten keine abweichende AP-1- und NF-
AT-Transkriptionsaktivitat feststellen, die durch die CARD77-Mutation Uber die bereits
beschriebene Dysregulation von NF-kB hinaus induziert wurde, was darauf hindeutet, dass die
Symptome der Patienten mdglicherweise nicht mit der Transkriptionsaktivitat von AP-1 und

NF-AT zusammenhangen. Nichtsdestotrotz hat sich die neuartige Reporter-Jurkat T-Zelllinie
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als vielseitige biologische Plattform fiir die gleichzeitige, umfassende Untersuchung wichtiger

T-Zell-Transkriptionsfaktoren sowohl in qualitativer als auch in quantitativer Hinsicht bewahrt.

Im zweiten Teil dieser Studie zeigen wir, dass SARS-CoV-2 NF-kB-vermittelte transkriptionelle
Reaktionen in Wirtszellen auslést. Durch Uberexpression von SARS-CoV-2-Proteinen, die in
einer Studie zum SARS-CoV-2-Mensch Kontaktom aufgrund ihrer Bindung an Komponenten
des menschlichen NF-kB-Signalwegs identifiziert wurden, und durch die Durchfihrung von
NF-kB-Reporter-Assays konnten wir Nsp14 als einen wichtigen Ausloser der NF-kB-Aktivitat
identifizieren, eine Funktion, die bei mehreren humanen Coronaviren und SARS-CoV-2-
Varianten beobachtet wird. Darliber hinaus zeigten unsere Studien eine dosisabhangige
Beziehung zwischen Nsp14 und der NF-kB-Induktion, die durch die Nsp14-Kofaktoren
verstarkt wurde. Durch die Untersuchung von Nspl14-Mutanten konnten wir die starkere
Aktivierung von NF-kB mit der enzymatischen Aktivitat der Nsp14 N7-Methyltransferase in
Verbindung bringen. Bei stabiler oder induzierbarer Nsp14-Expression wurde die inharente
Instabilitat von Nsp14 deutlich, und wir konnten keine Nsp14-induzierte Expression klassischer
NF-kB-Zielgene Uber eine sehr schwache Induktion von CXCL8 hinaus feststellen. Dartiber
hinaus konnten wir zwar keine stabilen Protein-Protein-Bindungen feststellen, aber Gen-
Knockout-Studien ergaben, dass Nsp14 an der Aktivierung der kanonischen NF-kB-
Signalibertragung durch NEMO und p65 beteiligt ist, wahrend der nicht-kanonische
Signalweg unbeeinflusst blieb. Insgesamt schlagen wir vor, dass Nsp14 die
Transkriptionsaktivitat der kanonischen NF-kB-Komplexe potenziert, anstatt die NF-kB-
Aktivierung direkt zu initiieren. Dies deutet darauf hin, dass andere SARS-CoV-2-Proteine und
die angeborene Immunreaktion des Wirtes synergistisch zur primaren NF-kB-Aktivierung
beitragen, die in einem eskalierenden Entziindungszyklus mit GbermaBiger Zytokinfreisetzung

gipfelt.
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1 Introduction

1 Introduction

Transcription factors play a pivotal role in the regulation of gene expression and serve as
central mediators in a variety of essential cellular processes (1). These range from determining
cell fate during development to initiating specific cellular programs in response to external
stimuli. Although every cell within an organism shares identical genetic information, it's the
differential transcription of genes that allows for the vast biological diversity among cell types.
In general, there are general transcription factors that regulate the expression of all genes, and
master transcription factors that drive the formation of specific organs by controlling specific
sets of genes. Such factors ensure the expression of essential proteins, such as structural
proteins. In addition, many genes are regulated by a complex network of specific transcription
factors. This interplay results in the formation and regulation of different cell types with unique
structures and functions. In other cases, transcription factors play a key role in modifying gene
transcription patterns in response to external stimuli, reflecting changing conditions

surrounding differentiated cells.

Among the ubiquitously expressed transcription factors, nuclear factor k-light-chain-enhancer
of activated B-cells (NF-kB) stands out as it regulates a wide range of processes from
development to homeostasis and disease (2). Within immune cells, NF-kB plays a central role
in shaping the pathogen-specific inflammatory response. This function is complemented and
sometimes intertwined with other key transcription factors such as nuclear factor of activated

T-cells (NF-AT) and activator protein-1 (AP-1) (3, 4).
1.1 Transcriptional regulators of immune cells

1.1.1 The transcription factor NF-kB

The transcription factor nuclear factor k-light-chain-enhancer of activated B-cells (NF-kB) is
ubiquitously expressed and is activated by a variety of stimuli. These include physical and
oxidative stress, cellular stress, and the engagement of various immune cell receptors (2, 5).
The role of NF-kB is diverse, ranging from the regulation of embryonic development, apoptosis

and proliferation to inflammatory responses, cell adhesion, and even tumorigenesis (2, 5-7). In
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1 Introduction

lymphocytes, it is essential for the activation, expansion, and effector functions during an

immune response, as demonstrated in numerous genetic mouse models (8).

NF-kB is assembled from the group of five evolutionarily conserved proteins, the Rel family,
which are structurally related (9, 10). All Rel family proteins share the Rel homology domain
(RHD), which allows dimerization, nuclear translocation, and DNA binding (Figure 1-1). Three
of them, RelA/p65, RelB and c-Rel, contain an additional transcriptional activation domain
(TAD), providing transcriptional activity to the dimers. In contrast, NF-kB1 (p50) and NF-kB2
(p52) lack such a transactivation domain and are therefore transcriptionally inactive. NF-kB
exists as homo- or heterodimers and in resting cells it is tightly controlled by inhibitor of NF-
kB (IkB) family members (2). The IkB proteins, such as IkBa, IkB or IkBy, all contain five to
seven ankyrin repeats that bind to the RHD domain of the NF-kB subunits. This interaction
masks the nuclear localization signal in the RHD domain and sequesters NF-kB in the cytosol.
Comparable ankyrin repeats that function similarly to IkBs are contained in the C-terminal
halves of NF-kB1 and NF-kB2, both of which are synthesized as long precursor proteins p105
and p100. Upon stimulation, degradation of the IkB proteins and cleavage of p105 and p100
to p50 and p52, respectively, leads to release of NF-kB, which then translocates to the nucleus.
Since each NF-kB subunit has distinct functions and specific preferences for DNA binding sites,
the multitude of combinations allows for specific target gene activation and therefore highly

specific responses (11-13).
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Figure 1-1: Schematic representation of the NF-kB/Rel protein family and the IkB protein family.
(A) Members of the NF-kB protein family are shown. All share a Rel homology domain (RHD), while only RelA, RelB
and c-Rel additionally contain a transactivation domain (TAD). RelB contains an additional leucine zipper (LZ)
domain, while p100 and p105 contain an additional glycine-rich region (GRR), ankyrin repeats and a death domain
(DD). (B) Members of the IkB protein family are shown. All contain a variable number of ankyrin repeats.

1.1.1.1 The canonical and non-canonical pathways of NF-kB activation

The wide range of stimuli induces NF-kB activation by either the canonical or the non-
canonical pathway (2, 8). The canonical NF-kB pathway is defined by activation of the IKK
complex, leading to degradation of kB proteins and engagement of heterodimers containing
RelA/p65 or c-Rel (Figure 1-2) (14). This pathway is activated by a plethora of stimuli ranging
from engagement of immune cell membrane receptors such as T cell receptor (TCR), TNFR1,
TLR and IL1-R to DNA damage or oxidative stress, as well as intracellular immune receptors
such as NOD-like and RIG-I-like receptors (NLR and RLR). All these triggers initiate signaling

cascades involving phosphorylation, ubiquitination, and assembly of protein complexes that
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converge on the activation of the IkB kinase (IKK) complex. Consisting of the ubiquitin-binding
regulatory subunit IKKy/NEMO and the catalytic subunits IKKa and IKKB, the IKK complex
integrates inputs from various upstream signaling cascades. Ubiquitination of NEMO and
phosphorylation of IKKP activate the complex, which phosphorylates IkB proteins, induces

their proteasomal degradation, and promotes translocation of NF-kB to the nucleus (14, 15).

The non-canonical NF-kB pathway relies exclusively on NF-kB-inducing kinase (NIK)-mediated
processing of p100 to p52, which forms heterodimers with RelB (8, 16). This pathway is
associated with a subset of the TNFR superfamily, including lymphotoxin-B receptor (LTPR), B-
cell activating factor receptor (BAFFR), receptor activator of NF-kB (RANK), and CD40 (17-21).
While NIK is proteasomally degraded under basal conditions, receptor ligation mediates the
accumulation of NIK (22, 23). Once stabilized, NIK forms a complex with IKKea, inducing its
activation and thus IKKa-mediated phosphorylation of p100 (24-26). This induces p100
ubiquitination and selective proteasomal processing to p52 by removing the inhibitory C-
terminal domain (24). The released p52 forms transcriptionally active heterodimers with RelB

in the nucleus (16).
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Figure 1-2: The canonical and non-canonical NF-kB signaling pathway.

The canonical NF-kB signaling pathway is activated by receptor stimulation, including TCR, TLR, IL-1R, and TNFR1.
This triggers a series of protein modifications and complex formations, culminating in the assembly of the
NEMO/IKK complex. Once active, IKK-B phosphorylates IkB-a, leading to its proteasomal degradation, which
facilitates the release and subsequent nuclear translocation of NF-kB. Alternatively, the non-canonical pathway is
activated by receptors such as CD40, BAFFR, and RANK. In this pathway, the continuous degradation of NIK is
inhibited upon stimulation. Stabilized NIK then associates with IKK-a dimers. Activated IKK-a mediates the
processing of p100 to p52, thus releasing the p52/RelB dimer, which then translocates to the nucleus.

1.1.2 The transcription factor AP-1

The activator protein-1 (AP-1) is one of the longest known transcription factors and its activity
is induced by a variety of stimuli ranging from physical stress to growth factors, hormones,
and cytokines (3). While it generally mediates a wide spectrum of effects such as cell survival,
proliferation, and death, it specifically has a crucial role for the immune system by regulating

T-cell activation, differentiation, effector function and T-cell anergy (27).

AP-1 transcription factors are dimers formed by proteins belonging to the Jun, Fos, Maf and
activating transcription factor (ATF) subfamilies and all of them share a basic region-leucine

zipper (bZIP) domain that allows their dimerization (28). Among the variety of AP-1 proteins,
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c-Jun has the highest transcriptional activation potency and often forms stable heterodimers
with Fos proteins, whereas other AP-1 proteins show variance in their ability to dimerize and
induce gene expression (3). This combinatorial diversity, coupled with the intricate regulatory

mechanisms, results in a plethora of AP-1 target genes and biological effects (28, 29).

However, unlike NF-kB, AP-1 proteins are present at low levels in the basal state and must be
expressed upon stimulation before they can act as transcription factors. Stimulatory signals
induce a plethora of mitogen-activated protein kinase (MAPK) pathways that lead to AP-1
activity (30, 31). In general, these pathways can be grouped into three distinct cascades that
induce activation of the MAPK subgroups extracellular-signal-regulated kinase (ERK) 1/2, c-
Jun N-terminal kinases (JNK) 1/2, and p38 (Figure 1-3). Once activated, both ERK and JNK
proteins act in the nucleus and promote transcription of the fos gene (32). In addition, JNK
proteins directly modify pre-existing c-Jun and ATF2 in the nucleus and enhance their
transcriptional activity (33, 34). Finally, p38 activates various transcription factors for Jun

expression (35).
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Figure 1-3: The AP-1 signaling pathway.
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Stimulatory signals induce a plethora of mitogen-activated protein kinase (MAPK) pathways with three distinct
major cascades. They differ in the activation of the ERK1/2, JNK1/2, and p38 MAPK subgroups. Once activated, they
promote transcription and activation of AP-1 proteins, thereby stimulating AP-1 transcriptional activity.

1.1.3 The transcription factor NF-AT

As NF-kB, also the transcription factor nuclear factor of activated T-cells (NF-AT) is expressed
ubiquitously and implicated in a broad set of functions including developmental processes in
various tissues, cell growth, angiogenesis and cancer formation (4, 36, 37). In lymphocytes, NF-
AT regulates activation, differentiation, metabolism, cytokine expression and apoptosis and is
therefore essential for an effective immune response (38-41). However, it is also associated

with T cell anergy and exhaustion (see 1.2.1) (42).

The NF-AT family consists of the four calcineurin-regulated NF-AT1-4 and the calcineurin-
independent NF-AT5 (43, 44). While NF-ATS5 is associated with osmotic stress, NF-AT1-4 are
regulated by cytosolic Ca®* levels (43, 45). All NF-AT proteins share a conserved REL homology
domain for DNA binding and dimer formation as well as a less conserved regulatory domain,
also called NF-AT homology domain (43). Alternative splicing in combination with different
promoters and polyadenylation sites leads to numerous isoforms with each NF-AT protein
having distinct as well as redundant functions (38, 41). NF-AT forms transcriptionally active
homo- and heterodimers, but more often it functions in high-affinity complexes with other
transcription factors, such as AP-1 (see 1.1.2), allowing for different sets of transcribed target

genes and thus biological responses driven by NF-AT (4).

The transcriptional activity of NF-AT is tightly regulated by phosphorylation. Under basal
conditions, NF-AT is highly phosphorylated and remains in the cytosol (46). Upon stimulation
of cell surface receptors, such as receptor tyrosine kinases, GPCRs, or immunoreceptors, the
phospholipase catalyzes the formation of IPs, which activates store-operated Ca** influx from
the ER (4, 47). The subsequent induced Ca®" influx across the plasma membrane contributes
to the elevation of intracellular Ca** levels and Ca**-activated calmodulin binds to the
phosphatase calcineurin. This promotes calcineurin to release its autoinhibition and expose its
active site (Figure 1-4) (48-51). Extensive calcineurin-mediated dephosphorylation of NF-AT in
its regulatory domain induces conformational changes that unmask nuclear localization

signals and induce NF-AT translocation to the nucleus (46, 52-54). In addition,
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dephosphorylated NF-AT shows increased affinity for binding DNA (55). In the nucleus, NF-AT
is immediately subjected to re-phosphorylation, which promotes its export back to the cytosol
(4). Re-phosphorylation is a multi-step mechanism involving nuclear priming and export
kinases as well as cytosolic maintenance kinases such as GSK3 or CK1 (4, 56-58). Overall, the
Ca®* levels required for efficient activation, inactivation kinetics and post-translational
regulation differ between the different NF-AT proteins, suggesting specificity depending on

the type and intensity of stimulation (59-62).
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Figure 1-4: The NF-AT signaling pathway.

Stimulatory signals induce the synthesis of IP3, which leads to calcium efflux from the ER and calcium influx across
the plasma membrane. As intracellular Ca®* levels are elevated, Ca®*-activated calmodulin (CaM) binds and activates
the phosphatase calcineurin. Calcineurin-mediated dephosphorylation of NF-AT induces conformational changes
that unmask the nuclear localization signal (NLS) of NF-AT. As a result, NF-AT translocates to the nucleus and
becomes transcriptionally active.

30



1 Introduction

1.2 Transcriptional response in adaptive immunity

Transcription factors are critical for modulating cellular responses to a variety of external
stimuli (1). The nature of the stimulus and the associated intracellular signaling pathways
determine which transcription factors are activated. While a given stimulus may affect different
cell types, each cell type responds differently based on its inherent function. The combined
influence of the type of transcription factors activated and the transcription of selected target

genes determines the overall response of the cell.

T-lymphocytes, as part of the adaptive immune system, play an important role by recognizing
non-self-antigens via their T-cell receptors (see 1.2.2) (1, 63). In response to this recognition,
intracellular signaling cascades are initiated, leading to the activation of transcription factors
such as NF-kB, NF-AT, and AP1. These factors orchestrate a defense response consisting of

specific target gene expression tailored to the particular immune challenge.

1.2.1 The T cell response is regulated by the transcription factors NF-kB, NF-AT and
AP1

Stimulation of the TCR activates T cells and induces their differentiation into specific subtypes,
proliferation, cytokine production and survival (64). While the different subtypes of T cells
allow a targeted response to any type of pathogen (see 1.2.2), their tight regulation is essential
for a balanced response and to avoid autoimmune or inflammatory diseases. The molecular
signaling induced by TCR stimulation is complemented and intertwined with signaling
pathways activated by costimulatory receptors and cytokines. Together, they form a complex
signaling network that activates and controls the transcription factors nuclear factor k-light-
chain-enhancer of activated B-cells (NF-«kB) (see 1.1.1), AP-1 (see 1.1.2), and nuclear factor of

activated T-cells (NF-AT) (see 1.1.3).

1.2.1.1 Signaling pathways induced by TCR/CD28 co-engagement

Upon antigen stimulation, TCR-CD3 complexes form clusters with their co-receptors CD4 /
CD8 and CD28 and recruit numerous other signaling proteins (Figure 1-5). They associate with
and activate the protein tyrosine kinases Lck and Fyn, which phosphorylate CD3 at its
conserved immunoreceptor tyrosine activation motifs (ITAMs) (65, 66). The phosphorylated

ITAMs allow binding of zeta-chain-associated protein kinase 70 (ZAP70) through its SH2
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domain and activation of ZAP70 by Lck-mediated phosphorylation (66, 67). ZAP70
phosphorylates the transmembrane adaptor molecule linker for activation of T cells (LAT) as
well as the cytosolic adaptor molecule lymphocyte cytosolic protein 2 (SLP76) (68-70).
Together, they provide the seed for the formation of a multiprotein signaling complex that
includes growth factor receptor-bound protein 2 (Grb2), GRB2-related adaptor downstream
of Shc (GADS), and phospholipase C gamma (PLCy) and activates several downstream proteins
(68, 71). Activated PLCy generates the second messengers DAG and IP; from membrane-
bound PIP,, which mediate the activation of NF-kB, AP-1, and NF-AT through various

downstream signaling pathways (72, 73).

To achieve full and productive T cell activation, CD80 or CD86 presented on APCs is required
to stimulate the co-receptor CD28. It recruits and activates the p85 regulatory subunit of PI3K,
which in turn synthesizes PIP, and PIP; (74, 75). These are second messengers that recruit
pleckstrin homology domain-containing proteins such as phosphatidylinositol-dependent
kinase 1 (PDK1) and Vav (76). While Vav1 is proposed to integrate signals from TCR and CD28,
activated PDK1 binds and phosphorylates PKC8 (77-79). Moreover, PKCB is recruited by DAG
to the TCR/CD28 complex, and thus PKCB integrates signals from both TCR and CD28 and is

a central component for antigen-induced activation of NF-kB (80).

The link from upstream TCR signaling to downstream canonical NF-kB and AP1 activation is
formed by the high molecular weight complex of caspase recruitment domain (CARD)-
containing MAGUK 1 (CARD11), B-cell CLL/lymphoma 10 (BCL10), and mucosa-associated
lymphoid tissue protein 1 (MALT1) (CBM) (see below) (78, 81, 82). Upon antigen ligation, the
CBM complex is formed and upon polyubiquitination, BCL10 and MALT1 recruit the IKK
complex via its ubiquitin-binding subunit NEMO and activate the canonical NF-kB pathway

(83, 84).

The second protein recruited to the TCR/CD28 complex by DAG is the Ras guanyl nucleotide
exchange factor RAS guanyl releasing protein 1 (RasGRP1) (85). It activates Ras, which in turn
initiates the MAPK cascade that ends in the activation of ERK1/2 (85, 86). In contrast, activation
of JNK1/2 and p38 in T cells depends mainly on BCL10 and MALT1 activity in the CBM complex
(87, 88). Also, IKK-B promotes AP-1 activity by promoting MAPK/ERK1/2 signaling and

stabilizing phosphorylation of c-Fos (89, 90).
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The second messenger IP; generated by PLCy opens IP; receptor channels in the endoplasmic
reticulum (ER) and induces an initial Ca®* influx upon TCR stimulation (47). ER membrane-
bound calcium sensor proteins then activate Ca®*-release-activated Ca** (CRAC) channels in
the plasma membrane to promote a prolonged increase in cytosolic Ca®* levels (48, 49). This
induces the Ca®*/Calcineurin signaling pathway and hence NF-AT activity. In addition, CD28
co-stimulatory signals indirectly prevent NF-AT deactivation and thus increase NF-AT

transcriptional activity (91).
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Figure 1-5: Proximal T cell receptor signaling and activation of NF-kB, AP-1 and NF-AT.

Stimulation of the TCR and its co-receptors CD4/CD8 and CD28 induces various intracellular signaling cascades
that activate the transcription factors NF-kB, AP-1 and NF-AT. Upon receptor ligation, a multi-protein complex
forms at the immunological synapse. Following a cascade of tyrosine phosphorylations, PLCy generates DAG and
IP3. These allow for the activation of the canonical NF-kB, MAPK-AP-1 and calcineurin-NF-AT pathways.
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1.2.1.2 CARD11 - the molecular seed of the CBM complex

The CBM complex assembles upon TCR/CD28 stimulation and connects the proximal TCR
signaling with the canonical NF-kB and JNK signaling cascades and is therefore not only
essential for the activation of transcriptional activity, but also indispensable for all NF-kB and
JNK-driven processes such as efficient T cell activation, proliferation and cytokine expression

(92, 93). It consists of the proteins CARD11, BCL10 and MALT1.

CARD11 belongs to the MAGUK family of kinases and is expressed only in lymphoid and
myeloid cells (94). It can be divided into five domains that provide different functions necessary
for effective signaling (Figure 1-6) (94). The C-terminal PDZ, SH3 and GUK domains together
form the MAGUK domain, which localizes CARD11 to the plasma membrane and contributes
to the formation of CARD11 multimers upon activation (82, 95). Similarly, the coiled-coil
domain is involved in CARD11 oligomerization, whereas the N-terminal CARD domain
assembles with the CARD domain of BCL10 (96, 97). In addition to its N-terminal CARD
domain, BCL10 contains a C-terminal S/T-rich region (92, 93). MALT1 consists of an N-terminal
death domain (DD), three immunoglobulin-like (Ig) domains and a paracaspase domain
between Ig2 and Ig3. Together, BCL10 and MALT1 constitutively form pre-assembled
complexes by interaction of the BCL10 CARD and S/T-rich domain with the MALT1 Ig1, Ig2
and DD domain (98-100).

Upon TCR/CD28 stimulation various kinases, including PKCB, are activated and promote
strong phosphorylation of CARD11, which induces structural rearrangement to an active open
CARD11 conformation (Figure 1-6) (101, 102). Active CARD11 then recruits pre-assembled
BCL10-MALT1 molecules and large signaling filaments are formed (78, 98, 103). Subsequently,
BCL10 and MALT1 recruit additional protein complexes and promote the activation of the

canonical NF-kB signaling pathway (92).
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Figure 1-6: Assembly of the CBM complex.

Upon TCR engagement, the closed, inactive conformation of CARD11 is released by phosphorylation to an open,
active conformation. CARD11 oligomerizes at the cell membrane, recruits pre-assembled BCL10-MALT1 complexes
and initiates the formation of CBM filaments. Abbreviations: immunoglobulin-like (Ig), paracaspase (Para), death
domain (DD).

CARD11 has been shown to regulate its activity by modulating its conformational state. The
linker region between the coiled-coil and the MAGUK domain is central to this process. At rest,
the linker region binds the CARD and the coiled-coil domain intramolecularly and thus keeps
CARD11 folded in an inactive closed conformation (Figure 1-6) (104, 105). Upon antigen
ligation, the linker region is strongly phosphorylated, which disrupts the intramolecular
interactions and induces a conformational change to an active open conformation. The best
studied phosphorylation sites for CARD11 activation are S559 and S652, which are targeted
by PKCO/PKCp (Figure 1-7) (101, 102). In addition, numerous phosphorylation sites have been
associated with activating effects, such as S116, S556, S558, and S562, which are modified by
CaMKII, HPK1, and IKK, respectively (101, 106-108). However, phosphorylation of other sites
such as S615, S644 and S893 have an inactivating effect on CARD11 (108-111). In addition,

dephosphorylation and proteasomal degradation are also used to counteract CARD11 activity
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(112, 113). Overall, CARD11 is regulated by a complex interplay of modifications and

interacting proteins, reflecting its importance for lymphocyte function.
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Figure 1-7: Schematic representation of the phosphorylation sites in CARD11.

The open active conformation of CARD11 with its protein domains and major phosphorylation sites are indicated.
Phosphorylation events associated with CARD11 activation are shown in green and phosphorylation events
associated with CARD11 inactivation are shown in red.

1.2.1.3 Crosstalk of NF-kB, AP-1 and NF-AT in T lymphocytes

In addition to the individual effect of each transcription factor activity, there is also crosstalk
between activated transcription factors. This emphasizes that transcriptional regulation is
driven by an intertwined, finely tuned signaling network in which small defects can have far-

reaching detrimental consequences.

The availability of AP-1 is partially dependent on NF-kB activity, because on the one hand, a
major transcription factor that drives the expression of AP-1 family proteins is a target gene
of NF-kB (114). On the other hand, a certain subset of AP-1 proteins is also NF-kB target genes
and is expressed upon canonical NF-kB activity (115). After their expression, the delayed
activity of these AP-1 factors is required for a continued, fully functional secondary
transcriptional response. In addition, direct binding of NF-kB p65 to c-Jun and c-Fos induces
their DNA binding and activation (116). In turn, c-Jun and c-Fos can promote as well as inhibit
the transactivation of p65 (90, 116). Taken together, NF-kB activity facilitates and regulates the

expression and activation of AP-1 at multiple levels, but AP-1 also affects NF-kB activity.

NF-AT partners with various transcription factors that determine the induced biological
response. In immune effector cells, it often cooperates with AP-1, integrating (co-stimulatory)
signals from multiple pathways, which is essential for an effective immune response (43). The
concerted action of NF-AT and AP-1 is based on composite DNA regions that contain the
respective binding sites in close proximity to each other and allow a stable complex formation

between NF-AT, AP-1 and DNA (117).
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Without a partner transcription factor, e.g., in the absence of a co-stimulus that induces AP-1
activity, the binding of NF-AT dimers to target genes that drive T-cell activation is particularly
weak and leads to weak T-cell activation (43). In the further course the T cells become
unresponsive to antigen stimulation, even after re-stimulation with a new, strong stimulus,
which characterizes the states of T cell anergy and exhaustion (42). At the molecular level,
anergic cells exhibit defective Ras activation and thus impaired AP-1 activity, whereas Ca*-
induced activation of NF-AT is unaffected (118, 119). In fact, pure NF-AT transcription
complexes and a specific set of anergy-associated target genes are proposed to drive the
anergy program (37). The balance between T cell activation and T cell anergy is controlled by
the availability of partner transcription factors for NF-AT: while both gene programs are
induced upon T cell activation, NF-AT complexes are more stable once they interact with
partner transcription factors and thus deactivate the activity of weak-affinity pure NF-AT

complexes (120).

1.2.2 The adaptive immune system

The human body is constantly exposed to pathogenic organisms such as bacteria, viruses, and
fungi. Therefore, it has evolved an immune system that prevents pathogens from invading,
multiplying, and spreading in the body, but also detects and eliminates them once they have
invaded the human host (121). The immune system consists of the lymphoid organs, various
cell types (leucocytes) and proteins and can be divided into two main parts, the innate and the
adaptive immune system. Both components interact and are tightly regulated, as deregulation
can lead to diseases such as serious infections, inflammation, cancer, and autoimmune

diseases.

The adaptive immune response is evolutionarily younger than the innate immune system and
takes several days to fully develop after infection (63, 121). Instead, it is highly specific in the
recognition of various antigens, fights pathogens systemically and specifically, and forms an
immunological memory (63, 122). It also includes positive amplification that provides an
appropriate level of response as well as self-limiting negative feedback mechanisms that
prevent severe tissue damage and disease (63, 123). It consists of a humoral and a cell-

mediated part: The humoral response consists of antibodies produced and secreted by B
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lymphocytes that target free, extracellular pathogens (see below), while the cell-mediated
response is implemented by T lymphocytes that target intracellular pathogens (see below).
Both B and T lymphocytes originate from bone marrow lymphoid progenitors (123, 124).
However, while B cells undergo their entire development in the bone marrow, early-stage T

cells migrate to the thymus as thymocytes to complete their development.

Both B and T cells express antigen receptors that belong to the Ig superfamily (1). The B cell
receptor (BCR) consists of two light chains and two heavy chains, with the entire light chains
and the N-terminal portions of the heavy chains forming the antigen-binding site (variable
region). In contrast, the T cell receptor (TCR) consists of only two transmembrane polypeptides
(v and B or & and y chains). To be able to respond to the infinite variety of antigens, the BCR
and TCR antigen-binding domains must exist with a wide range of affinities. This is achieved
by the process of V(D)J recombination, in which gene segments are joined by site-specific
genetic recombination. The V, D, and J gene segments are encoded at different loci, each of
which contains a large number of gene segment alleles from which to choose. In addition,
junctional diversification is added by the loss or insertion of nucleotides at the recombination
sites. In this way, combinatorial diversification is ensured, allowing for a reservoir of an
estimated 10" to 10° different receptors early in lymphocyte development, even before the first
antigen contact (63). Newly generated antigen receptors are tested for central tolerance, which
includes efficient binding in positive selection and lack of self-reactivity in negative selection,

and later controlled for peripheral tolerance (1, 121, 123).

Upon pathogenic invasion, antigen-presenting cells (APCs) of the innate immune system (see
1.3.1), such as dendritic cells, internalize the pathogen and present the processed antigen to
lymphocytes located in secondary lymphoid organs, including lymph nodes (63, 125). There, T
cells with TCRs that bind the presented antigen are activated (see below). In parallel, B cells
within the lymph node are activated upon antigen recognition by their BCRs, aided by T helper
cell presentation (see below). Following this antigen-specific activation, also known as clonal
selection, both T and B cells undergo clonal expansion and subsequently differentiate into
effector and memory cells. Soon after responding to the invader, most effector cells die by

apoptosis, but the memory cells persist and provide the basis for a potential secondary
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response. When the body is challenged by the same antigen again, the memory cells are

activated and ensure a faster and stronger secondary response.

1.2.2.1 B Lymphocytes

B lymphocytes are primarily responsible for the production and secretion of antibodies specific
to a pathogen (63, 124). They are activated either by binding free antigen with their BCR, which
is a membrane-bound antibody, or by pathogen presentation from antigen-binding follicular
dendritic cells. Upon co-stimulation by T lymphocytes with affinity for the same antigen,
provided by binding the CD40 receptor of the B cell and secreting cytokines (see 2.2.2), the B
cells mature into antibody-producing plasma cells. These then migrate to the periphery and

secrete large amounts of antibodies with the same antigen binding site as their BCR.

Secreted antibodies circulate in body fluids where they specifically recognize and bind
antigens, which can be pathogen-derived proteins as well as polysaccharides, lipids, or small
molecules (1, 63). By binding, they neutralize pathogenicity and mark the pathogen for
detection by the complement system or phagocytes. There are different classes of antibodies
that all share the same antigen binding site but differ in the immune responses they mediate.
The initial BCR and first secreted antibodies are class IgM antibodies, which have the most
antigen binding sites and efficiently induce the complement system. During maturation, T cell
signals induce isotype switching and promote the synthesis of other antibody classes with
individual biological functions, such as either IgG, the major antibody in secondary immune
responses, or IgD, IgE, or IgA (1, 123, 124). Additionally, somatic hypermutation introduces
point mutations into the antigen-binding region of antibodies as T cells mature. This process

refines and increases their affinity for specific antigens.

In addition to plasma cells, B cells also form long-lived plasma cells that continue to secrete

low levels of antibodies after infection, as well as memory cells for a secondary response (63).

1.2.2.2 T Lymphocytes

T lymphocytes represent cell-mediated adaptive immunity. Their functions are diverse and
range from direct induction of cell death in infected cells to supportive and
immunomodulatory functions for other immune cells in controlling invading pathogens (1,

63).
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The TCR identifies non-self peptides by specialized receptors known as major
histocompatibility complexes (MHC) (63). There are two classes of MHC proteins, MHC class |
and class Il: MHC class | are expressed by all nucleated cells and continuously present peptides
from the ubiquitin-dependent proteolysis of the cytosolic proteome (126). While peptides
from endogenous proteins are ineffective against T cell activity, a T cell response is triggered
upon detection of irregular peptides, such as viral proteins. MHC class Il are expressed by
APCs, especially dendritic cells, which consistently process extracellular proteins. After
ingestion of the pathogen, its proteins are digested in lysosomal proteolysis, loaded onto MHC

class Il and presented to T cells in a local lymph node.

For effective T cell activation, various co-receptors and adhesion proteins complement the TCR
binding strength and transmit co-stimulatory signals (1, 124, 127). The CD4 and CD8 co-
receptors bind the invariant part of the MHC Il and MHC | proteins, respectively, and thus not
only stabilize TCR antigen binding, but also control the type of target cell with which the T cell
engages. Lineage differentiation of CD4* and CD8" cells is a multi-step process in the thymus
and depends on several influential factors such as cytokines, TCR signaling, transcription
factors, CD4 and CD8 gene regulation, and even modulations in the periphery (128, 129).
However, CD4 expression characterizes helper T cells, while CD8 expression characterizes

cytotoxic T cells (63).

In addition to CD4 or CD8 co-receptors, the TCR associates with CD3 proteins, which provide
the link between the cell surface activation signal and cytoplasmic signaling cascades (1, 124).
Another essential T cell co-receptor is CD28, which binds to CD80 and CD86 on APCs and
ensures effective T cell activation by induction of complementary downstream signaling (see

1.2.1).

CD4" T cells activate features of the adaptive immune response specifically tailored to the type
of pathogen (63). They differentiate into Ty1, Tu2 or Ty17 cells depending on the individual
cytokine environment which is generated in autocrine and paracrine manner upon activation
(123, 129). While Tu1 cells mainly drive cell-mediated responses, Tu2 cells promote the humoral
response and Ty17 cells support the neutrophil response (see 1.3.1). In contrast, some CD4* T
cells remain in the lymph node to stimulate B cells. Cytotoxic CD8" T cells (Tc1 cells) directly

target cells that express non-self-proteins, such as virus-infected cells or tumor cells. By
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inserting perforins into the cell membrane, they infiltrate the targeted cell with granzymes that

induce caspase activation and consequently DNA fragmentation and apoptosis (124).

To ensure tolerance to self-antigens and prevent autoimmunity, suppression of self-reactive
lymphocytes is crucial (1, 63). To this end, those lymphocytes that have TCRs with high affinity
for self-antigens are either targeted for negative selection and thus die by apoptosis, while
some CD4+ differentiate into Treg cells during lymphocyte maturation. In addition, tolerance
is maintained in mature lymphocytes outside the thymus in so-called peripheral tolerance.
Peripheral tolerance is promoted by the induction of anergy (see 1.2.1) in the absence of
costimulatory signals, the engagement of inhibitory receptors on APCs or other T cells, such
as CTLA-4 or PD-1, or by Treg cells, which exert negative regulation by expressing the

inhibitory receptor CTLA-4, secreting immunosuppressive cytokines, and absorbing IL-2.

1.2.2.3 Heterogeneous germline mutations in CARD717 cause BENTA and CADINS
diseases
CARD11, which is exclusively expressed in lymphoid and myeloid cells, is essential for
scaffolding CBM complex formation upon TCR-stimulated canonical NF-kB activation (92, 94).
Dysregulated NF-kB signaling is associated with diverse diseases ranging from inflammatory
diseases to malignancies, autoimmunity and immunodeficiency diseases (130-133). In this line,
somatic CARD11 mutations such as L251P have been associated with diffuse large B-cell
lymphoma, angioimmunoblastic T-cell lymphoma, follicular helper T-cell-derived lymphoma,
and adult T-cell leukemia/lymphoma, as they have been shown to promote increased NF-«B
activity under basal and stimulated conditions (134-136). Similarly, inborn errors in any
component of the CBM complex, classified as human inborn errors of immunity, also have
severe consequences, and are associated with a variety of primary immunodeficiency diseases
(137). Besides pure loss of function, an increasing number of germline point mutations in
CARD11 are associated with CARD11 gain of function (GOF), resulting in B cell expansion with
NF-kB and T cell anergy (BENTA) disease, or loss of function (LOF), resulting in CARD11

associated atopy with dominant interference of NF-kB signaling (CADINS) disease.

Patients with heterozygous LOF germline mutations in CARD11, classified as CADINS disease,
suffer from severe atopic disease and combined immunodeficiency leading to increased

susceptibility to infections (138, 139). First, the missense mutations E57D, L194P and R975W
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were discovered in affected patients with recurrent pulmonary infections causing respiratory
symptoms and viral skin infections as a typical symptom (Figure 1-8) (139). Other patients with
missense mutations such as R30W, R47H, R72G, R75Q, L92W, K143X, R187P and R974C
presented with multi-organ atopy, autoimmunity and high susceptibility to infections (138,
140). Mechanistically, the mutant CARD11 interferes with functional wild type (WT) CARD11,
presumably by disrupting CBM complex formation, and impairs NF-«kB signaling (138-141).
However, the mutations are distributed across different domains of CARD11, and mechanistic
links between pathogenic CARDT1 mutations and the diverse phenotypes beyond NF-kB

signaling in different patients remain elusive.

BENTA
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F130I
C49Y G123FE134G
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Figure 1-8: Schematic of heterozygous germline mutations in CARD11.
Mutations identified in patients diagnosed with BENTA disease are shown in the upper part (green) and mutations
identified in patients diagnosed with CADINS disease are shown in the lower part (red).

In contrast, heterozygous GOF CARD 11 germline mutations cause a lymphoproliferative and
immunodeficiency disorder classified as BENTA (142). In the first patients diagnosed with this
disease, the missense mutation E134G was found, but more patients with other mutations such
as C49Y, G123S, G123D, F130I were later identified (137, 142-144). Patients usually suffer from
polyclonal B cell lymphocytosis associated with splenomegaly, lymphadenopathy, and
accumulation of immature and naive B cells with poor capacity for humoral immune responses
(142, 143, 145). This is associated with primary immunodeficiency leading to frequent sinus
and ear infections and in some cases viral infections (142, 144). At the molecular level, CARD11
aggregates in both patient B and T cells, and the mutations appear to disrupt the
autoinhibition of CARD11 by inducing constitutive CBM complex formation and consequently

spontaneous constitutive activation of NF-kB (142, 146). Upon stimulation, patient T cells
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resemble a state of anergy and are hyporesponsive, as reflected by their decreased activation
of JNK, ERK, and NF-kB signaling, poor proliferation, and reduced interleukin secretion.
Similarly, mouse experiments with constitutively active IKKB revealed a B cell proliferation and
T cell anergy phenotype, suggesting cell type-specific consequences of constitutive NF-kB
induction (147, 148). Off note, some of the BENTA-associated germline mutations can also be
found as somatic mutations in patients diagnosed with lymphoid malignancies (146).
Oncogenic L251P CARD11, used as a positive control in our studies, induces elevated levels of
constitutive and stimulated NF-kB activity similar to the BENTA-associated mutant CARD11
and exhibits a high proportion of spontaneously formed CARD11 aggregates (134).
Nevertheless, the dichotomy in the functional consequences of spontaneous CBM complex

activation in B and T cells cannot yet be explained mechanistically.

1.3 Transcriptional response upon SARS-CoV-2 infection

The human body is constantly challenged by the invasion of pathogens, which are countered
by a robust immune system. Viruses are a major group of these pathogens that pose a
persistent threat to human health. Our immune system is adept at detecting and neutralizing
viral invasions, yet the recently emerged SARS-CoV-2 virus, a member of the human
coronavirus family, caused millions of deaths in the recent pandemic (149). A critical aspect of
SARS-CoV-2 pathogenicity, which results in severe forms of COVID-19 disease, is its ability to
induce an exaggerated and sustained activation of NF-kB transcriptional activity (150, 151).

This overactive response culminates in a dysregulated and detrimental immune response.

1.3.1 Human immune response against pathogens

1.3.1.1 The innate immune system

The innate immune system is highly conserved, although limited in specificity, and provides
the first and immediate line of defense against pathogens (121, 124). The cellular compartment
consists of cells for direct, cell-mediated cytotoxicity, such as natural killer cells, and

phagocytes, such as macrophages and dendritic cells.

Phagocytes recognize pathogens with a group of germline-encoded receptors called pattern
recognition receptors (PRR) (124, 127, 152). The PRR vary from secreted mannan-binding lectin

to cell surface endocytic receptors to signaling pathway inducing receptors, such as toll-like
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receptors (TLR), NOD-like receptors or RIG-like receptors, and trigger various immune
responses. Their pathogen recognition is based on highly conserved, invariant structures
found in most pathogens but not in human cells, summarized as pathogen-associated
molecular patterns (PAMPs). Once a phagocyte binds a PAMP, it engulfs the pathogen, called
phagocytosis, and digests it in the endosomal-lysosomal system. The pathogen-derived
peptides resulting from the digestion are then presented on the surface of the phagocyte to

promote the activation of the adaptive immune response (see 1.2.2).

The second major element of innate immunity is the complement system (124). It consists of
at least 20 serum glycoproteins that are active in an amplification cascade of protein cleavage
and increases the efficiency of pathogen ingestion by phagocytes. Primarily it is activated by
antibodies binding to an antigen, but alternatively it can be activated by bacterial or yeast
polysaccharides or via the mannan-binding lectin pathway. Either way, all triggers coincide
with the activation of the central component C3, additional downstream cascade reactions and
lead to the formation of transmembrane pores (membrane attack complex) in the surface of

the pathogen, allowing osmotic lysis.

Once an invading pathogen has triggered an immune response, pro-inflammatory signals
recruit leukocytes to the site of inflammation through a combination of adhesion molecules
and chemokine gradients (124, 153). Adhesion molecules are located on the cell surface and
modulate cytoskeletal organization, thus directly driving leukocyte migration. Chemokines are
synthesized by innate immune cells and form a chemical gradient with chemotactic function
to the site of inflammation to recruit more leukocytes and amplify the initial acute
inflammatory response. Chemokines are a subgroup of cytokines and beyond
chemoattraction, cytokines act as small messenger proteins in an autocrine, paracrine, or
endocrine manner. Binding to their cell surface receptors initiates intracellular signaling and
induces diverse effects such as cell activation, division, migration, or apoptosis. Furthermore,
specific cytokine compositions ensure the interaction between innate and adaptive immune
cells in the lymph node and control the priming of T cell subsets for an immune response

appropriate to the type of infection.
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1.3.1.2 Immune response to viral infection

Once a virus binds to the host cell surface, it enters the host cell by inducing endocytosis,
membrane fusion, or receptor-mediated endocytosis and releases its genomic DNA or RNA
into the cytosol (1, 63). There it exploits the host cell machinery, such as ribosomes and
polymerases, and employs numerous strategies to alter host cell processes to focus all

resources on its reproduction.

The released viral genomic material is a critical PAMP that is recognized by endosomal TLRs,
RIG-like RNA sensor proteins, and DNA sensor proteins cGAS, IFI16, and STING (154). Upon
binding, the antiviral immune response is initiated and aims to neutralize the infected host cell
as well as protect adjacent uninfected cells. As a central element of the antiviral response, IRF
transcription factors induce IFN gene expression and IFN type | and type Il secretion.
Stimulated interferon receptors activate the transcription factors STAT1, STAT2, and IRF9,
whose IFN-stimulated gene products initiate an antiviral state, including expression of host
cell restriction factors, accumulation of lymphocytes in lymph nodes, increase in cytotoxicity
of NK and CD8" cells, skewing of T cell development toward the Ty1 subset, and upregulation
of MHC class | expression (63). In addition, recognition of viral PAMPs activates the
transcription factor NF-kB, which drives the expression of pro-inflammatory factors such as
CXCL8, which is secreted to attract neutrophils, as well as CCL2-5 to bait other immune cells

and IL-6 to stimulate acute phase virus clearance (154-157).

Moreover, CD8" lymphocytes recognize infected cells and induce their apoptosis, activate
nucleases and secrete IFN-y to stimulate phagocytes (63, 154). Virus-induced MHC class |

depletion allows NK cells to recognize infected host cells and induce their cell death.

However, there is a complicated interplay between the antiviral immune response and the viral
ability to evade the immune system (154). Viruses have a variety of immune escape
mechanisms such as antigenic shift, interference with MHC class | antigen presentation,
inducing T-cell exhaustion, hindering humoral, interferon and inflammatory responses, and

affecting cytokines and apoptotic processes (154, 158, 159).
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1.3.1.3 Diseases caused by human coronaviruses

Until 2019, there were six human coronaviruses (HCoVs), assigned to the genus of a-
coronaviruses (HCoV-229E, HCoV-NL63) and [-coronaviruses (HCoV-OC43, HCoV-HKUT,
MERS-CoV, SARS-CoV-1) (160). All of them probably spilled over from bats and infected
humans via an individual intermediate host. While all HCoVs share a general genome
organization and life cycle, they differ in detail such as the host receptors used for the virus
entry as well as their accessory proteins. While HCoV-NL63 and SARS-CoV-1, bind with its
spike protein to the ACE2 receptor of human cells to initiate virus internalization whereas the
other HCoVs exploit different cell surface receptors. Generally, HCoVs cause respiratory tract
infections of varying severity, but in interplay with comorbidities, weak immune responses and

in elderly individuals, severe complications have been reported for all of them (160, 161).

The group of HCoV-NL63, HCoV-229E, HCoV-HKU1 and HCoV-OC43 are spread globally and
cause mild or moderate seasonal respiratory infections (160). They have a short incubation
time of 2-4 days and make up for 15-30% of common cold cases but usually, the infections
are self-limiting. Although in some cases, particular and severe complications are connected

to those viruses, they are no thread for the global health.

In contrast, SARS-CoV-1 and MERS-CoV caused epidemic outbreaks, emerging 2002 in China
and 2012 in Saudi Arabia, respectively (162, 163). Patients infected with SARS-CoV-1 or MERS
have fever and myalgia and show a broad spectrum of respiratory symptoms after an
incubation time longer than known from the other human coronaviruses (163, 164). Over the
course of infection, this can worsen to a pneumonia, respiratory failure, and acute respiratory
distress syndrome (161). In addition, also other organs such as the liver, kidneys,
gastrointestinal tract, and the nervous system are affected (160). Patients have markedly
elevated levels of cytokines and chemokines that cause a strong inflammatory response in the
respiratory tract and consequentially, severe damages in the lung tissue (165, 166). Overall,
this leads to more severe cases and high mortality rates of 35% for MERS-CoV and 10% for

SARS-CoV-1 infections (164, 167).
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1.3.2 SARS-CoV-2 - the newly emerged human coronavirus

In December 2019, a new human infecting coronavirus has been discovered in the region of
Wuhan in China. A cluster of patients showed symptoms of a respiratory infection and
pneumonia and unbiased sequencing of their clinical samples revealed high sequence identity
with a bat SARS-like CoV (168). The authorities designated the virus as SARS-CoV-2 and the
caused disease coronavirus disease 19 (COVID-19) (169, 170). Upon rapid spread of the virus,
it caused a global pandemic with more than 700 million confirmed cases and over 6.9 million

deaths until April 2023 (149).

SARS-CoV-2 belongs to the coronaviridiae family and is classified as B-coronavirus (169). As
such, itis the latest member of the coronavirus family that can infect humans (160, 161). Similar
to HCoV-NL63 and SARS-CoV-1, SARS-CoV-2 attaches to the ACE2 receptor using its spike

protein to infect human cells (171).

1.3.2.1 COVID-19 - the disease caused by SARS-CoV-2

The most common symptoms among COVID-19 patients are very comparable with SARS-CoV-
1 and MERS infections, such as dry cough, shortness of breath, fever and fatigue but also
additional symptoms occur, such as olfactory and gustatory dysfunctions (160, 161, 172).
These symptoms can occur very mildly, presumably asymptomatic, as well as in very severe
manifestation. Similarly, as with SARS-CoV-1 and MERS infections, patients further suffer from
pathologic conditions in other organs, such as the gastrointestinal tract, liver, kidneys, nervous
system, immune system and the cardiovascular system (172, 173). Overall, approximately 5%
of COVID-19 patients need intensive care over the course of the disease. An estimation of the
COVID-19 mortality is complicated by various impact factors, such as an unknown number of
undiagnosed patients, the local protective measures, local availability, and quality of medical
care as well as the outbreak stage. In Germany, the case fatality rate (CFR) peaked at
approximately 5% but consistently dropped since then and now remains below 0.5%, whereas

countries with insufficient medical care still have a CFR of up to 18% until today (174).

During the SARS-CoV-2 pandemic, numerous variants of the ancestral strain have evolved by
acquiring point mutations across the viral genome (175). Especially mutations in the spike

protein affect central features such as the infectivity, virulence, transmissibility, and immune
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escape (176). This is reflected in the general evolution towards higher transmissibility and
infectivity as well as more efficient immune escape across variants. In Germany, three different
variants consecutively predominated the occurrence of infection (175). In January 2021, the a
variant became prominent as it had significantly higher transmissibility as well as virulence
compared to the ancestral strain (177, 178). This was followed from the & variant in June 2021
with another increase of transmissibility, estimated to 60% compared to the a variant, and
enhanced replication rate as well as immune escape (179, 180). The o variant replaced the
variant in December 2021 and keeps evolving new subvariants since then. It had adapted to a
vaccinated population by improved immune escape, transmissibility and multiplication rate
(181, 182). However, its virulence dropped and infected patients showed less severe symptoms

and inflammatory responses.

1.3.2.2 Pathogenic inflammatory response in severe cases of COVID-19

Besides a majority of COVID-19 patients who recover from the viral infection without intensive
medical treatment, some suffer from a more severe disease progression similar as known from
SARS-CoV-1 and MERS infections and require hospitalization (160, 172). Comorbidities and
risk factors such as high age, obesity, heart conditions, chronic kidney disease, asthma or
diabetes significantly increase the risk to develop fatal symptoms, necessitating intensive care

(183).

Generally, all organs that are affected by a SARS-CoV-2 infection can also take more severe
damage, leading to a variety of complications (172). Besides liver and kidney pathologies,
many hospitalized patients suffer from lymphopenia (173, 184). However, the major
complication among hospitalized COVID-19 patients is pneumonia and acute respiratory
distress syndrome. These can result in severe tissue damage in the lung and can progress to

sepsis and acute respiratory failure (173) (185, 186).

Analysis of the immune response in patients with severe forms of COVID-19 revealed that
SARS-CoV-2 affects both major aspects of the antiviral immune response (150, 151). On the
one hand, the interferon response is significantly reduced, while on the other hand, the
inflammatory cytokine response is significantly increased. This leads to another complication
characteristic of severe cases of COVID-19, which is excessive levels of a variety of cytokines

and chemokines such as TNF-o, IL-1B, IL-6, IL-8, IL-10 and IL-16 in the blood and
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bronchoalveolar lavage fluid (BALF) of patients (150, 151, 184, 187-190). This disproportionate
release leads to a dysregulated systemic hyperinflammation, classified as cytokine storm
syndrome (185, 186, 191). Ultimately, the hypercytokinemia is accompanied by whole-body
tissue damage, multiorgan failure and a driving cause for fatale outcome. A detailed analysis
of patients’ blood from COVID-19 patients with graded disease severity uncovered a direct
correlation between the disease severity and the degree of inflammatory pathway induction
and hypercytokinemia (150). Further, the magnitude of increase in cytokines is directly
proportional to the patients” viral load in the nasopharynges, BALF as well as in the blood (150,
187, 190). As result, elevated inflammatory markers are suggested as prognostic factors for

severe disease progression (191, 192).

A central regulator of immune responses and inflammation is the transcription factor NF-«xB
(14). Correlating genes up-regulated in COVID-19 patients’ blood with their disease severity
grade revealed a gradual upregulation of the NF-kB pathway with increasing severity (150).
Metatranscriptomic analyses of BALF samples confirmed the induction of NF-kB signaling and
downstream chemokine signaling (190). Also, proteomic analyses of patient lung tissue
displays this correlation, as it reveals a strong upregulation of upstream canonical and non-
canonical NF-kB pathway proteins and downstream cytokines and chemokines (193). Finally,
also in vitro experiments infecting human lung cell lines with SARS-CoV-2 virus reproduce the
upregulation of cytokines and chemokines (151, 194, 195). Monitoring the transcriptional
changes upon in vitro SARS-CoV-2 infections over time highlighted the upregulation of TNF-
a signaling via the activation of NF-kB pathways as initial response starting 6 hours post

infection already (196).

1.3.2.3 SARS-CoV-2 genome and proteome

Coronaviruses are large, enveloped viruses with a single-stranded, positive sense RNA genome
and the basic genomic structure is comparable across all HCoVs (161). The genome has a size
of 26-32 kilobases, which is exceptionally large, and is protected by a 5'-terminal cap and a 3'-
poly-A tail. The upstream two-thirds of the genome encode ORF1a and ORF1b that encode all
non-structural proteins, followed by the genes for the structural proteins spike (S), envelope

(E), membrane (M) and nucleocapsid (N) (Figure 1-9). Additionally, this 3'-genomic stretch is
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interspersed with ORFs encoding accessory viral proteins, which genomic location and number
of genes strongly vary among the human coronaviruses (160, 161).

SARS-CoV-2 genome (bp)
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Figure 1-9: Schematic representation of the SARS-CoV-2 genome.

The SARS-CoV genome is approximately 30 kilobases in size. Two thirds of the genome encode ORF1a and ORF1b,
which encode non-structural proteins (Nsp) 1-16, in addition to the structural proteins spike (S), envelope (E),
membrane (M) and nucleocapsid (N). The 3' genomic region also contains nine ORFs encoding accessory viral
proteins.

Interestingly, SARS-CoV-1 and SARS-CoV-2 have seven and eight accessory proteins,
respectively, whereas the other HCoVs, that cause more mild diseases (see 1.3.1), have none
or one (160). A comparison of the genomic sequences of SARS-CoV-1 and SARS-CoV-2
accessory proteins reveals only moderate sequence identity of 20 — 85%, whereas the non-
structural proteins forming the viral replicase-transcriptase complex (RTC) mostly share > 95 %
sequence identity (197). Overall, SARS-CoV-2 shares approximately 80 % sequence identity
with SARS-CoV-1 (198) and therefore, functional similarities are expected and SARS-CoV-1
research findings are transferred to SARS-CoV-2 regarding essential viral features as the virus

life cycle, replication and immune escape.

After entering the host cell, the coronaviral genomic RNA directly serves as mRNA for the
synthesis of the viral replicase-transcriptase, which is encoded in ORF1 and ORF1b, upon
exploitation of the host ribosomes (161). Both ORF1's are translated by ribosomal
frameshifting and the resulting polyproteins ppla and pplb are cleaved by the two viral
proteases papain-like protease (PLpro, contained in Nsp3) and main protease (Mpro, Nsp5)
into the different non-structural proteins (199-201). These subsequently form the viral RTC. In
SARS-CoV-2, the viral RNA-dependent RNA polymerase is represented by Nsp12 and binds to
Nsp7 and Nsp8, which are the RNA primase (202-204). Together, these are scaffolded by the
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membrane-anchored protein Nsp3 as well as attached to two helicases (Nsp13) and the
complex of Nsp10, Nsp14 and Nsp16 (205, 206). In this complex, Nsp10 has a scaffolding and
activity enhancing function for the mRNA cap methylation complex (207, 208). Nsp14 performs
the viral proofreading with its exonuclease domain and forms the cap-0 with its N7-methyl
transferase activity (see below) (207). This is further modified to a cap-1 by the 2'O-methylating
activity of Nsp16 (209). The entire replication and transcription process take place in the
confined space of double-membrane vesicles (DMV) which formation are promoted by Nsp4
and Nsp6 (210). Other non-structural proteins are suggested to have complementary
functions, such as interference with the host protein expression through Nsp1 binding to the
host ribosomes or contribution to immune evasion from the innate immune defense by Nsp15,
as is acts as endoribonuclease and removes the PAMP 5’-polyuridines from the RNA (-) strand

(211, 212).

After assembly of the viral RTC, it synthesizes a full-length RNA (-) strand to then, on the one
hand, replicate full length RNA (+) strands for new virions and, on the other hand, transcribe
sub-genomic mMRNAs containing ORF's downstream from ORF1 (197). These sub-genomic
RNAs are then utilized for the translation of the structural and accessory proteins. While the
nucleocapsid protein N binds to viral genomic RNA and forms nucleoprotein complexes, the
other structural proteins M, E and S form new virions in the host ER Golgi intermediate
compartment (213-215). The accessory proteins contribute to SARS-CoV-2 replication and
pathogenicity in various manners, as for example by promoting the virus release (ORF3a),
inducing inflammatory processes (ORF3a) and counteracting IFN-1 signaling (ORF8, ORF9b),

whereas the functions of other ORF proteins are still elusive (197, 216-219).

1.3.2.4 SARS-CoV-2 Nsp14

The nonstructural protein Nsp14 is highly conserved across the different human coronavirus
species (220, 221). Itis a bifunctional protein and can be structurally divided into an N-terminal
exonuclease (ExoN) domain, a linker region, and a C-terminal N7-methyltransferase (N7-
MTase) domain (Figure 1-10) (208). The exonuclease activity proofreads and excises wrongly
inserted nucleotides during replication to ensure the genomic stability and is essential for
SARS-CoV-2 replication (207, 221, 222). Crystal structures reveal that the ExoN domain is

structurally related to the DEDD superfamily of exonucleases, with additional elements for
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binding its cofactor Nsp10 (223, 224). The catalytic center of the ExoN domain is composed of
four conserved acidic residues, D90, E92, E191, H268 and D273, and holds two metal ions,
presumably Mg®* or Mn** (207, 208). The binding of Nsp10 causes substantial conformational
changes and allows for catalytic activity of the exonuclease. Furthermore, the protein stability

of Nsp14 in complex with Nsp10 is strikingly increased (225).

The C-terminal N7-MTase domain catalyzes the methylation of the cap-guanine at position
N7 to form the cap-0 structure, which is an intermediate step in the viral RNA capping process
(207, 222). The capping of viral RNA contributes to viral survival and replication by protecting
the RNA from host cell exonucleases, concealing it from recognition by the host antiviral
response and allowing for viral RNA translation by the host machinery. Structural analysis of
the MTase domain has revealed a unique fold, that is atypical of the traditional Rossman fold
found in other RNA cap-MTase domains (208, 226). The active site brings the pre-capped RNA
substrate and the methyl donor S-Adenosyl methionine (SAM) to proximity to facilitate a
methyl group transfer. Mutational analysis of Nsp14 identified the residues W86, R310, D331,
G333 and Y368 as the core SAM binding site and thus critical for MTase activity (207, 227).
Binding of S-Adenosyl-homocysteine (SAH), which is the co-product of the MTase reaction,
induces a conformational change in an SAM/SAH interacting loop and increases the Nsp14
protein stability, as described for Nsp10 binding the Nsp14 ExoN domain (208, 225). The hinge
region connects the two Nsp14 domains and ensures a high level of mobility (228). It consists
of a short loop (aa 286-300) between the domains but is complemented by three -sheets
that are inserted in the MTase domain fold (aa 406-430) (208, 228).

Besides these two main enzymatic activities, Nsp14 is also suggested to counteract the
interferon response in various manners, promote recombination during replication and

modulate host cell splicing(229-233) (234).

W86 D90E92 E191 H268 D273  R310 D331G333 Y368 active site
| || | | | residues
- ExoN H N7-MTase -
flexible region hinge SAM  hinge funtional
Nsp10 interaction region binding loop  region regions

Figure 1-10: Schematic representation of Nsp14.
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Nsp14 consists of an N-terminal ExoN domain and a C-terminal N7-MTase domain. Residues of the respective
catalytic centers are highlighted, as well as protein regions with additional functions for structure, biological activity,
and cofactor interactions.

1.3.2.5 SARS-CoV-2-human contactome maps viral protein-protein interactions with
NF-kB signaling pathway
The systematic mapping of viral and human protein-protein interactions is a widespread
approach to understand how SARS-CoV-2 is disturbing the human cell homeostasis. Many
highly recognized studies used SARS-CoV-2 protein overexpression in Hek293(T) cells
followed by AP-MS or Bio-ID coupled with MS to identify virus-host protein interactions (235-
238). Others, such as May et al., applied the same Bio-ID and MS strategy in the human lung
cell line A549 (239). The study of Stukalov et al. even complemented a virus-host interactome
in A549 cells with additional determination of the host cell total proteome, transcriptome,
ubiquitome and phosphoproteome after expression of SARS-CoV-2 proteins (240).
Nevertheless, both techniques have a bias to display protein interactions in co-complexes, that
are stable but may be indirect, and only coincide with each other to a limited extend (241,

242).

To address the discovery of direct, potentially transient, protein-protein interactions, a
consortium of scientists performed a large-scale interactome mapping through a yeast two
hybrid screen (242). The screen was performed with complementary assay versions and the
results were quality-controlled and combined in a SARS-CoV-2-human contactome network.
The comparison of the novel contactome with previously published SARS-CoV-2-human
protein-protein interactions revealed overlapping results to a certain degree but also
numerous so far undiscovered virus-host interactions as well as improved coverage of the
individual tissue proteomes. The detailed analysis of the novel identified virus-host protein
interactions revealed that targeted host proteins enriched in various pathways. One of these
was the broad field of immune response. Specifically, Nsp9, Nsp14 and Nsp16 bound to NF-
kB signaling pathways key components, such as TRAF2, IKBKG (NEMO) and REL (c-Rel) (Figure

1-11). Also, Nsp6 was found to interact with different immune receptors.
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Figure 1-11: SARS-CoV-2 contactome with human interacting proteins.

SARS-CoV-2 human contactome network extracted from large-scale interactome mapping by a yeast two-hybrid
screen. Human proteins that bind to viral Nsp6, Nsp9, Nsp14, and Nsp16 are labeled and highlighted in pink.
Among these, factors involved in the human immune response, including key components of the NF-kB pathway,
as well as viral proteins that bind them, are highlighted in bold. Figure adapted from (242).
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2 Aims of the study

The coordinated activity of various transcription factors is critical for the modulation of gene
transcription in response to external stimuli. In T lymphocytes, stimulation of the TCR activates
a broad signaling network that ultimately converges on the induction of the key transcription
factors NF-kB, AP-1, and NF-AT. Together, their activity drives a highly pathogen-specific

immune response defined by an individualized composition of target gene expression.

To date, studies have focused on the activity of individual transcription factors without
examining their crosstalk with each other. To address this gap, we developed a Jurkat T cell
line that allows concurrent quantification of NF-kB, AP-1, and NF-AT activity using specific
fluorescent proteins to comprehensively analyze T cell activation signaling relevant to
immunological homeostasis. Using this tool, we investigated the impact of CARD11 gain- and
loss-of-function mutations associated with immunological diseases on signaling pathways and
their crosstalk, with the aim of elucidating the complex relationship between these mutations

and the diverse patient symptoms.

Dysregulated NF-kB signaling is a hallmark of COVID-19 pathology, particularly in severe cases
with an overactive immune response. Large-scale interactome mapping revealed that SARS-
CoV-2 proteins interact with key components of the NF-kB pathway and host immune
receptors. On this basis, the second part of the study aims to dissect how SARS-CoV-2 proteins
mechanistically modulate host cell NF-kB signaling. We identified the central function of SARS
CoV-2 Nsp14in stimulating NF-kB. Therefore, we tested the role of its functional domains and
enzymatic activities by comparing Nsp14 from different human coronaviruses and SARS-CoV-
2 variants, and by studying the effects of Nsp14 mutations, cofactors, and pharmacological
inhibitors. In addition, we probed the direct interactions between Nsp14 and human proteins
implicated in the interactome data using binding assays and gene knock-out cell lines to

define the essential human proteins required for Nsp14-mediated activation of NF-kB.

Overall, the goal of this study is to address the knowledge gap regarding transcription factor
interactions in immune responses and the molecular mechanisms underlying NF-kB activation

by SARS-CoV-2 proteins.
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3 Results

3.1 Transcriptional activation in T cells

3.1.1 A novel reporter Jurkat T cell line to study NF-kB, AP1 and NF-AT crosstalk

Activation of T lymphocytes leads to transcriptional activation of the three major transcription
factors NF-kB, AP-1 and NF-AT (2, 27, 38). The signaling pathways upstream of each
transcription factor, as well as their target gene products, crosstalk with each other (43, 243).
Thus, to gain a more comprehensive picture of T lymphocyte signaling and activation
processes in homeostasis and pathogenic settings, we generated a Jurkat T cell line that
expresses ECFP under the control of NF-kB, mCherry under the control of AP-1 and EGFP under
the control of NF-AT. Upon activation of either transcription factor, it binds to the respective
response element and initiates the expression of the fluorescent protein, which can be

quantified in single cells by flow cytometric analysis.

3.1.1.1 Generation of a fluorescence-based triple transcriptional reporter Jurkat T cell
line

For the generation of the triple transcriptional reporter (TTR) system, we obtained pSIRV NF-

kB, AP-1 and NF-AT reporter plasmids generated by the Steinberger lab (244). Each reporter

construct was amplified by PCR and ligated into our empty lentiviral pHAGE backbone (Figure

3-1).

pHAGE 4 NF-<B RE ‘ MP‘ ECFP = @ @  NF-B ECFP
pHAGE _{ AP-1 RE ‘ MP mCherry s e== e AP-1 mCherry
pHAGE NF-AT RE ’ MP EGFP —— e== = NF-AT EGFP

MP: minimal promotor
RE: response element

Figure 3-1: Scheme of NF-kB eCFP, AP-1 mCherry and NF-AT eGFP reporter constructs.
All three constructs were amplified from original retroviral pSIRV-constructs and ligated into a lentiviral pHAGE
backbone.

We then generated lentiviruses for each reporter construct and performed lentiviral
transduction of WT Jurkat T cells (TTR Jurkat T cells). To generate TTR Jurkat T cells with a
maximal analytical range, we titrated the three viruses used for the transduction, stimulated

the recovered cell lines, and determined the fluorescent signals by flow cytometry (data not
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shown). We selected the final TTR WT Jurkat T cell line for minimal fluorescent background in
the unstimulated state and maximal fluorescent signal from the largest population fraction

upon stimulation (Figure 3-2).
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Figure 3-2: TTR Jurkat T cell line stimulated with anti-CD3/CD28.

Activation of (A-C) NF-kB, (D-F) AP-1 and (G-H) NF-AT was determined by flow cytometry of (A-C) ECFP, (D-F)
mCherry and (G-1) EGFP positive cells. Cells were stimulated with anti-CD3/CD28 and secondary antibodies (anti-
IgG's) for 5 hours prior to measurement. Quantification of stimulated cells was determined as (B) ECFP, (E) mCherry
and (H) EGFP mean fluorescence intensity (MFI) and as (C) %ECFP, (F) %mCherry and (I) %EGFP positive cells by
gating. The data represent an example experiment.

Flow cytometry measurement of fluorescent reporter cells is a single cell assay and therefore
provides insight into the spectrum of transcription factor activation upon stimulation across
an entire cell population. This means that small numbers of cells with both low and high levels
of transcriptional activity are resolved, rather than going undetected in the averaged readout
of a cell pool assay. In general, this assay allows the analysis of two different aspects: On the

one hand, it is possible to use a gating strategy that selects for positive fluorescent signals to
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quantify the population of cells with activated transcription factor (% fluorescence positive
cells) (Figure 3-2B, E, H). On the other hand, fluorescence intensity reflects the level of
transcription factor activity and can be quantified by calculating the median fluorescence

intensity (MFI) of the populations (Figure 3-2C, F, I).

The AP-1 mCherry reporter was activated in most cells, resulting in a shift with a single peak
and enabling the calculation of an MFI representing the intensity of AP-1 activity. In contrast,
the NF-kB ECFP and NF-AT EGFP reporters were usually not activated in the entire cell
population, but only in fractions, resulting in a flow cytometry shift with two peaks. Therefore,
the calculated median of the entire shift does not represent the level of activation in stimulated
cells only, but also counts in the unstimulated cells. Therefore, in such cases, the MFI may
underestimate the activity level of the transcription factor. Instead, their activation has usually
been quantified by determining the percentage of fluorescence-positive cells. The additional
display of representative shifts allows the comparison of the activation intensity among

fluorescence-positive cells and can be supported by the display of the MFI.

3.1.1.2 Specificity analysis of transcriptional reporters in the TTR Jurkat T cell line

To characterize the specificity of the triple reporter system and how crosstalk is reflected by
the three different fluorescent signals, we used different inhibitors targeting the T cell
activating pathways at different stages. Dasatinib was the most upstream inhibitor we used, as
it inhibits the non-receptor tyrosine kinases of the Src family, including Fyn and Lck, and thus
acts directly at the TCR receptor (Figure 3-3). We blocked NF-AT signaling with the calcineurin
inhibitor FK506, which resulted in hyperphosphorylated NF-AT being retained inactively in the
cytosol. To analyze the impact of NF-kB signaling, we first interfered with PKC8 using the pan-
PKC inhibitor sotrastaurin and secondly targeted IKK-f in the IKK complex, which is further
downstream in the signaling cascade, with MLN120B. Titrations of all inhibitors and anti-
CD3/CD28 stimulation were added to the cells and transcriptional activation was measured

after 24 hours.
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Figure 3-3: T cell signaling with inhibitors used for specificity analysis of the triple reporter system.

Upon antigen binding and TCR stimulation, the protein tyrosine kinases Lck and Fyn, inhibited by dasatinib,
phosphorylate the immunoreceptor tyrosine-based activation motifs (ITAMs) within CD3 chains. Zap-70 binds to
the phosphorylated CD3, recruiting LAT and a multiprotein complex is formed. Activated PLCy1 catalyzes the
formation of DAG and IPs. DAG activates the CBM and IKK complexes, which induce NF-kB, via PKCB. In this cascade,
PKC® is inhibited by sotrastaurin and IKKp is inhibited by MLN120B. AP-1 is induced via RasGRP1 and the CBM
complex, whereas |P3 stimulates calcium efflux from the ER, thereby activating NF-AT via calcineurin (inhibited by

FK506).
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3 Results

The activity of NF-«xB (Figure 3-4A) and AP-1 (Figure 3-4B) was significantly reduced by 5.0 nM
dasatinib. With increasing dose, their activation was further inhibited and the highest dose of
100 nM almost completely abolished NF-kB and AP-1 activity. NF-AT activation appeared to
be even more sensitive to dasatinib, as increasing doses gradually suppressed NF-AT and an
almost complete block of NF-AT activity was achieved with already 25 nM dasatinib (Figure
3-4C). Overall, the upstream tyrosine kinase inhibitor dasatinib efficiently inhibited the

activation of all three transcription factors.
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Figure 3-4: TTR Jurkat T cells treated with dasatinib and stimulated with anti-CD3/CD28.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were treated with 1.0 — 100 nM dasatinib for 30 minutes before they were stimulated
with anti-CD3/CD28 and secondary antibodies (anti-lgG's) for 24 hours before measurement. The bars show
quantification of (A) %ECFP positive cells, (B) mCherry MFI or (C) %EGFP positive cells as mean + SD with n = 3 and
representative shifts. Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for
multiple comparisons. Asterisks mark statistical significance compared to stimulated controls without inhibitor.

****p < 0.0001.

Inhibition of NF-AT by FK506 was effective at a dose of 1.0 nM and directly resulted ina >2.5-
fold reduction of NF-AT activity (Figure 3-5C). This was further suppressed by 10 nM FK506 to
almost the level of unstimulated cells. However, FK506 also affected NF-kB at a dose of 1.0 nM
to a significant but mild extent, which was enhanced to 50% interference by 10 nM FK506

(Figure 3-5A). In contrast, AP-1 did not appear to be affected by calcineurin inhibition (Figure

3-5B).
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Figure 3-5: TTR Jurkat T cells treated with FK506 and stimulated with anti-CD3/CD28.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were treated with 0.01 - 10 nM FK506 for 30 minutes before they were stimulated with
anti-CD3/CD28 and secondary antibodies (anti-lgG's) for 24 hours before measurement. The bars show
quantification of (A) %ECFP positive cells, (B) mCherry MFI or (C) %EGFP positive cells as mean + SD with n = 3 and
representative shifts. Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for
multiple comparisons. Asterisks mark statistical significance compared to stimulated controls without inhibitor. **P
< 0.005, ****P < 0.0001.

Sotrastaurin significantly hindered the NF-kB activity starting with a concentration of 10 nM,
which was potentiated in dose escalation (Figure 3-6A). While 100 nM induced a 5-fold loss of
NF-kB activity, 1000 nM Sotrastaurin completely inhibited the transcription factor. The
activation of AP-1 mirrored the loss of NF-kB activity with increasing doses, but less
pronounced. The AP-1 activity was significantly prevented by 100 nM and even more by 1000
nM Sotrastaurin, but there was still residual AP-1 signaling at the highest dose (Figure 3-6B).
Similarly, low doses of Sotrastaurin had no remarkable effect on NF-AT signaling, whereas the
highest dose of Sotrastaurin inhibited NF-AT by approximately 45% (Figure 3-6C). Taken
together, inhibition of PKCO mainly affected NF-kB and AP-1 signaling, whereas NF-AT was

more independent of PKCBO activity.
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Figure 3-6: TTR Jurkat T cells treated with sotrastaurin and stimulated with anti-CD3/CD28.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were treated with 1.0 — 1000 nM sotrastaurin for 30 minutes before they were
stimulated with anti-CD3/CD28 and secondary antibodies (anti-IlgG's) for 24 hours before measurement. The bars
show quantification of (A) %ECFP positive cells, (B) mCherry MFI or (C) EGFP MFI as mean + SD with n = 3 and
representative shifts. Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for
multiple comparisons. Asterisks mark statistical significance compared to stimulated controls without inhibitor. **P
< 0.005, ***P < 0.001, ****P < 0.0001.

The transcriptional activity of NF-kB was signaling gradually decreased with an increasing dose
of MLN120B. While the effect with 1.0 nM MLN120B was significant but still weak, there was a
>2-fold decline in NF-kB activity after treatment with the highest dose of 50 nM MLN120B
(Figure 3-7A). Accordingly, the activation of AP-1 showed a comparable trend and was weakly
inhibited by the highest dose of MLN120B (Figure 3-7B). The quantification of cells displaying
NF-AT activity suggested no inhibition of NF-AT activation by MLN120B (Figure 3-7C). As a
side note, the shifts of all samples treated with 50 nM MLN120B showed generally lower cell
counts in all channels, suggesting fewer live cells in the gate and thus some toxicity of high
doses of MLN120B. Overall, the effect of IKK-f inhibition was mainly limited to NF-«B signaling
with AP-1 again reflecting NF-kB activity, whereas the activity of NF-AT was not affected.
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Figure 3-7: TTR Jurkat T cells treated with MLN120B and stimulated with anti-CD3/CD28.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were treated with 1.0 - 50 nM MLN120B for 30 minutes before they were stimulated
with anti-CD3/CD28 and secondary antibodies (anti-lgG's) for 24 hours before measurement. The bars show
quantification of (A) %ECFP positive cells, (B) mCherry MFI or (C) EGFP MFI as mean + SD with n = 3 and
representative shifts. Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for
multiple comparisons. Asterisks mark statistical significance compared to stimulated controls without inhibitor.
*P < 0.05, **P < 0.005, ****P < 0.0001.

Overall, the TTR Jurkat T cells have been successfully established as a new versatile tool for the
quantification of transcriptional activity and crosstalk upon T cell stimulation. The fluorescence
signals are specific for the activity of each transcription factor and accurately reflect inhibition

of both upstream and downstream signaling, signaling crosstalk, and secondary effects.
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3.1.1.3 Determination of optimal stimulation conditions in TTR Jurkat T cells

Next, we wanted to characterize the dynamics of transcription factor activation by different
signals and over time. Therefore, we used three different stimuli that activate T lymphocytes
in different ways and compared the activation levels of each transcription factor after 0, 5 or
24 h stimulation. Stimulation with anti-CD3 and anti-CD28 antibodies (CD3/CD28) most
physiologically mimics T cell contact with an APC by stimulating the TCR subunit CD3 and the
co-receptor CD28 (Figure 3-8). In contrast, PMA and ionomycin (P/I) act more downstream of
TCR/CD28, activating PKCO (PMA) and Ca®" release from the endoplasmic reticulum
(ionomycin). The third stimulus, TNF-a, binds the TNFR1 and activates the IKK complex via
TRAF2/5 and TAK1/TAB1 and thus only the transcription factor NF-kB.
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Figure 3-8: T cell signaling with stimuli used to characterize transcription factor activation dynamics.
Upon TCR stimulation with anti-CD3 antibodies, the protein tyrosine kinases Lck and Fyn phosphorylate the ITAMs
within CD3 chains. Zap-70 binds to the phosphorylated CD3, recruiting LAT and forming a multiprotein complex.
Activated PLCy1 catalyzes the formation of DAG and IP3. DAG promotes PKCB activation, together with anti-CD28
antibody stimulated signaling or PMA stimulation, which induces CBM and IKK complex formation and NF-kB
activation. Alternatively, the IKK complex is activated by TNF-a stimulation. In parallel, AP-1 is induced via RasGRP1

and the CBM complex. IP3 stimulates calcium efflux from the ER as well as ionomycin stimulation, thereby activating
NF-AT via calcineurin.
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Both stimuli mimicking physiological T cell activation significantly activated NF-kB, resulting
in a population with active NF-kB of about 30% by anti-CD3/CD28 and an approximately
doubling of the NF-kB activity level by TNF-a after 5 h of treatment (Figure 3-9A). This
population increased to approximately 55% ECFP-positive cells with anti-CD3/CD28 and nearly
8-fold with TNF-a after 24 h of stimulation. Conversely, P/l treatment promoted NF-kB
activation in most of the population to an activity level that was 30 and 55 times higher after

5 and 24 h stimulation, respectively, compared to basal conditions.

AP-1 activity was significantly induced approximately 2-fold and 5-fold after 5 h of stimulation
with anti-CD3/CD28 and P/I, which was strongly enhanced to >4-fold and >20-fold,
respectively, after 24 h. In contrast, TNF-a did not activate AP-1 signaling after either 5 or 24

h of stimulation (Figure 3-9B).

Similarly, NF-AT was stimulated to a level of approximately 35% and 23% EGFP-positive cells,
respectively, after 5 hours of treatment with both anti-CD3/CD28 and P/I (Figure 3-9C). This
increased to >60% EGFP-positive cells for both after 24 h stimulation, whereas there was no

induction of NF-AT after TNF-a stimulation.

Overall, 5 h of stimulation with a suitable stimulus is sufficient to induce measurable
transcriptional activity, whereas prolonged stimulation over 24 h results in accumulation of
fluorescent protein and thus stronger signals. These allow for a wider range of signal

quantification and therefore a clearer determination of fine differences.
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Figure 3-9: Anti-CD3/CD28, P/l and TNF-a stimulation of TTR Jurkat T cells for 0, 5 and 24 hours.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were stimulated with anti-CD3/CD28, P/l or TNF-a for 0, 5 and 24 hours before
measurement. The bars show quantification of (A) %ECFP positive cells or ECFP MFI, (B) mCherry MFI or (C) %EGFP
positive cells as mean + SD with n = 3 and representative shifts. Statistical significance was analyzed using one-
way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.

In addition to the stimulation dynamics over time, we determined the optimal conditions for
the most efficient activation of all three transcription factors. To this end, we tested for the
optimal concentration of anti-CD3 and anti-CD28 antibodies, as well as stimulus amplification
by the addition of secondary anti-lgG antibodies, that crosslink the anti-CD3 and anti-CD28
antibodies. We first titrated 0 - 1000 ng/ml anti-CD3, either as a single stimulus or in
combination with anti-CD28 or anti-CD28 + secondary antibodies, and quantified

transcriptional activity by flow cytometry after 5 hours of stimulation.

Analysis of ECFP-positive cells revealed a similar pattern of NF-kB activation at different overall
levels across all three anti-CD3 titrations with different supplements, always peaking at 100
ng/ml anti-CD3 (Figure 3-10A). Anti-CD3 alone activated NF-kB in at most 10% of the cells at
very low intensity, as reflected by the shifts, but co-stimulation with anti-CD28 at each anti-
CD3 concentration significantly enhanced NF-kB activity. NF-kB activation by low
concentrations of anti-CD3 and anti-CD28 was further enhanced by supplementation with
secondary crosslinking antibodies. The most efficient NF-kB stimulation was achieved with 100
ng/ml anti-CD3 and anti-CD28, inducing NF-kB activity in approximately 35% and 33% of cells
without and with secondary crosslinking, respectively. However, the highest dose of 1000
ng/ml anti-CD3 resulted in a decrease of NF-kB activity to approximately 21% and 24% of
ECFP-positive cells without and with secondary crosslinking, respectively, compared to

stimulation with 100 ng/ml anti-CD3.

In contrast to NF-kB, both AP-1 and NF-AT were less sensitive to a gradual increase in anti-
CD3 concentration and were induced in a more switch-like manner. While 1 ng/ml anti-CD3
had no effect, both AP-1 and NF-AT were significantly induced at 100 ng/ml as well as 1000
ng/ml, attaining an mCherry MFI of 309 and 22% NFAT EGFP positive cells, respectively (Figure
3-10B, C). This was only marginally increased by the addition of anti-CD28 or anti-CD28 +

secondary antibodies. Stimulation with 10 ng/ml anti-CD3 increased the activation of AP-1
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and NF-AT modestly with each additional stimulus, anti-CD28 or secondary crosslinking, but

always at low levels.

Overall, AP-1 and NF-AT were efficiently activated by both high doses of anti-CD3, 100 ng/ml
and 1000 ng/ml, with minor enhancement by the higher dose. In contrast, NF-kB was
significantly most efficiently activated by 100 ng/ml anti-CD3. At this optimal dose of anti-
CD3, the addition of cross-linking antibodies did not enhance NF-kB activity, whereas the NF-

kB-inducing effects of lower doses of anti-CD3 are enhanced by antibody crosslinking.
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Figure 3-10: Titration of anti-CD3 for optimal stimulation of TTR Jurkat T cells.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were stimulated with titrations of anti-CD3, anti-CD3/CD28 or anti-CD3/CD28 +
secondary antibodies (anti-IgG's) for 5 hours before measurement. The bars show quantification of (A) %ECFP
positive cells, (B) mCherry MFI or (C) %EGFP positive cells as mean + SD with n = 3 and representative shifts.
Asterisks mark statistical significance compared to unstimulated controls. Statistical significance was analyzed using
one-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05, ***P < 0.001, ***P < 0.0001.

Next, we continued to work with 100 ng/ml anti-CD3 and investigated the optimal dose of
anti-CD28 stimulation. Therefore, we stimulated the cells with anti-CD3 and crosslinking
antibodies, titrated different doses of anti-CD28 and analyzed the transcriptional activation by
flow cytometry. Quantification of ECFP positive cells revealed that anti-CD28 alone already
stimulated NF-kB mildly (Figure 3-11A). This was enhanced almost 3-fold by the addition of
anti-CD3 stimulation. The reduction of anti-CD28 to 1.0 ug/ml did not affect the level of NF-
KB activity, whereas 0.3 pg/ml showed a significant decrease of the stimulatory effect. In
contrary, as expected, both AP-1 and NF-AT were, as expected, not activated by anti-CD28
alone but by combinatorial anti-CD3/CD28 stimulation (Figure 3-11B, C). Furthermore, there
was no substantial effect of reducing the dose of anti-CD28 on the activation of either

transcription factor.
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Figure 3-11: Titration of anti-CD28 for optimal stimulation of TTR Jurkat T cells.

Activation of (A) NF-kB, (B) AP-1 and (C) NF-AT was determined by flow cytometry of (A) ECFP, (B) mCherry and (C)
EGFP positive cells. The cells were stimulated with titrations of anti-CD28, 0.1 pug/ml anti-CD3 and secondary
antibodies (anti-IlgG's) for 5 hours before measurement. The bars show quantification of (A) %ECFP positive cells,
(B) mCherry MFI or (C) %EGFP positive cells as mean + SD with n = 3 and representative shifts. Asterisks mark
statistical significance compared to unstimulated controls. Statistical significance was analyzed using one-way
ANOVA followed by Tukey's test for multiple comparisons. ***P < 0.001, ****P < 0.0001.
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Thus, optimal stimulation of all three transcriptional reporters in the TTR Jurkat T cells was
achieved with 100 ng/ml anti-CD3 and 1.0 pg/ml anti-CD28. Since this dose efficiently
activated all transcription factors without secondary crosslinking antibodies, these were
omitted in future experiments using the optimized stimulation conditions and only added for

stimulations with lower concentrations of anti-CD3 and anti-CD28.

3.1.2 No transcriptional crosstalk induced by patient-derived CARD11 mutations

As scaffolding protein in the CBM complex, CARD11 has an essential role in the TCR/CD28
stimulated NF-kB signaling pathway (137). CARD11 mutations, that trigger a loss or gain of
the CARD11 function have detrimental consequences for the homeostasis of the immune
system. Heterozygous germline mutations that cause a loss of function characterized by
dampened activation of NF-«kB signaling upon stimulation in patient lymphocytes, are
classified as CADINS disease causing CARDT1 mutations. In contrast, another group of
heterozygous germline CARD 11 mutations induces the BENTA disease, which is featured by

strong B cell proliferation and anergic, hyporesponsive T cells.

The molecular mechanisms, how the respective CARD 17 mutations are leading to the patients’
symptoms are still elusive for both, CADINS and BENTA disease. To understand, whether the
symptoms are not solely caused by defective NF-kB signaling but also other central signaling
pathways, such as AP-1 and NF-AT, we studied the consequences of patient-derived CARDT1

mutations in the TTR Jurkat T cells.

3.1.2.1 Overexpressing mutant CARD11 replicates heterozygous mutations in patients
To study potential transcriptional crosstalk induced by CARDT1 mutations, we selected R30W,
E57D, L194P and R975W as examples for CADINS disease and C49Y as well as E134G as
examples for BENTA disease. In addition, we compared the BENTA-associated mutations with
L251P, which is a well-studied oncogenic CARDT1 mutation, and used it as a positive control.
We generated CARD11 constructs with the respective point mutations and used a plasmid
containing hACD?2, a truncated (A) version of the gene for the surface marker hCD2, linked to
the CARD11 cDNA by a Thosea asigna virus sequence (T2A). The T2A oligopeptide sequence
was first identified in picornaviruses (245). Its in-frame insertion between two protein coding

sequences mediates a process called ribosome skipping at the end of the T2A sequence. There,
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translation is terminated independently of a stop codon, the newly expressed polypeptide is
released from the ribosome while the ribosome skips to the next codon and continues
downstream translation. As a result, the two polypeptides separated by the T2A sequence are
expressed equimolarly as individual proteins, expressed from a single open reading frame
(245-247). Hence, this allows to quantitatively couple the protein expression of CARD11 with
the expression of the surface marker protein hACD2. In addition, CARD11 was tagged with a
strep-strep-flag to distinguish it from endogenous CARD11. To mimic the protein expression
in patients with heterozygous mutant CARDT1, we stably expressed WT and each mutant

CARD11 in TTR Jurkat T cells by lentiviral infection.

We first verified the equal CARD11 expression of the variants by quantifying hACD2 expression
by flow cytometry. Compared to WT CARD11-expressing cells, all other CARD11-expressing
cell lines exhibited the same level of hACD2 as shown by the FACS shifts, implying equal
expression of all CADINS-associated CARD11 variants (Figure 3-12A). However, CARD11
protein detected by WB revealed different stabilities of the respective CARD11 variants (Figure
3-12B). While WT, R30W, and R975W are expressed at levels comparable to endogenous
CARD11, L194P CARD11 appears to be less stable and thus reaches lower protein levels
compared to endogenous CARD11. In contrast, E57D CARD11 appears to be more stable than
other CARD11 variants.

The hACD2 expression coupled to the BENTA-associated CARD11 variants suggested slightly
higher expression of E134G and C49Y compared to WT CARD11, while the expression of L251P
CARD11 appeared to be at the same level as WT CARD11 (Figure 3-12C). However, protein
quantification by WB revealed a significantly decreased protein stability of both the BENTA-
associated and the oncogenic mutant CARD11 (Figure 3-12D). Therefore, mutant CARD11

protein levels were also lower compared to endogenous CARD11 levels.

Of note, WB with anti-Strep-tag staining revealed faint bands at the molecular weight of
SSF-CARD11 for both parental WT Jurkat cells and mock-infected WT Jurkat cells (Figure
3-12 B and D). These are presumably non-specific bands at the same molecular weight as
SSF-CARD11, as there is no corresponding band at the molecular weight of SSF-CARD11
(above endogenous CARD11) in anti-CARD11 staining of the same lysates. Finally, the

irregular appearance of this non-specific band can be followed in another set of lysates from
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the respective cell lines, prepared and analyzed early after infection, which showed no such
band in one set of anti-Strep-tag stained WBs, but a mild non-specific signal in another anti-

Strep-tag stained WB with the same lysates used for both experiments (data not shown).
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Figure 3-12: TTR Jurkat T cells overexpressing patient-derived CADINS and BENTA CARD17 mutations.

(A, B) Determination of CARD11 carrying CADINS patient-derived mutations (A) via co-expressed cell surface
marker protein hACD2 by flow cytometry and (B) via CARD11 protein levels determined by WB. (C, D) Determination
of CARD11 carrying BENTA patient-derived mutations (C) via co-expressed cell surface marker protein hACD2 by
flow cytometry and (D) via CARD11 protein levels determined by WB.

Overall, the lentiviral infections resulted in equivalent CARD 77 gene integrations of all infected
constructs, but the inherent increased or decreased stability of some variants led to
fluctuations in CARD11 protein levels between the different mutations. However, this is
expected to be similar in patients and we have therefore continued our studies with these cell

line sets.

Next, we examined the effect of the different patient-derived CARDT7 mutations on NF-kB
activation in our TTR Jurkat T cells by flow cytometry. Under untreated conditions, the
overexpression of WT CARD71 mildly enhanced the basal NF-kB activity level, whereas
mutated CARD11 did not. However, the effect occurred in less than 1% ECFP-positive cells and
was therefore negligible (Figure 3-13A). In contrast, upon additional T cell stimulation, there

was a significant negative regulation of NF-kB signaling by CADINS-associated mutations.
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Compared to cells overexpressing WT CARD11, the CD3/CD28-induced activity of NF-kB was
significantly reduced in approximately 20% of the cell populations expressing R30W, E57D and
L194P CARDT1 (Figure 3-13B). Only R975W CARDT1-expressing cells show CD3/CD28-
triggered NF-«kB induction, which was only slightly reduced compared to WT CARD11-
expressing cells. Stimulation with P/I revealed even more pronounced differences among the
four CADINS-associated CARD11 variants regarding their effects on NF-kB activity. Similar to
anti-CD3/CD28 stimulation, the R975W mutation again had the weakest effect, but reduced
the level of NF-kB activity by one third (Figure 3-13C). The other CARD11 mutants again
downregulated NF-kB significantly more strongly, also upon P/I stimulation, with an
intermediate effect of 2.5-fold reduction by R30W CARD11 and the strongest negative
regulation of 5-fold reduction by L194P CARD11.
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Figure 3-13: NF-kB activity in TTR Jurkat T cells overexpressing patient-derived CADINS CARD 11 mutations.
Activation of NF-kB was determined by flow cytometry and the cells were (A) unstimulated or stimulated with (B)
anti-CD3/CD28 or (C) P/l for 24 hours before measurement. The bars show quantification of %ECFP positive cells
or EGFP MFI as mean * SD with n = 3 and representative shifts. Statistical significance was analyzed using one-way
ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05, ****P < 0.0001.

Flow cytometric analysis of TTR Jurkat T cells overexpressing BENTA-associated and oncogenic
CARD11 variants revealed a minor enhancement of basal NF-kB signaling (Figure 3-14A). The

strongest effect was a tripling of cells with active NF-kB mediated by C49Y CARD11.
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Stimulation with anti-CD3/CD28 or P/I revealed comparable effects of the disease-associated
CARD11 variants: while there were no or only minor differences in stimulated NF-kB activity
upon overexpression of WT, E134G, or L251P CARD11, C49Y CARD11 again increased NF-kB
signaling in approximately 30% of the cell population upon anti-CD3/CD28 stimulation (Figure

3-14B) and by approximately 45% MFI upon P/I stimulation (Figure 3-14C).
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Figure 3-14: NF-kB activity in TTR Jurkat T cells overexpressing patient-derived BENTA CARD 117 mutations.
Activation of NF-kB was determined by flow cytometry and the cells were (A) unstimulated or stimulated with (B)
anti-CD3/CD28 or (C) P/l for 24 hours before measurement. The bars show quantification of %ECFP positive cells
or EGFP MFI as mean + SD with n = 3 and representative shifts. Statistical significance was analyzed using one-way
ANOVA followed by Tukey's test for multiple comparisons. ***P < 0.001, ****P < 0.0001.

In conclusion, expression of CADINS-associated mutant CARD 17 resulted in robust CARD11
protein levels and decreased induction of NF-kB activity upon T cell stimulation. In contrast,
BENTA-associated mutant CARD11 was only detectable at low protein levels, and only C49Y

CARD11 had a mild enhancing effect on NF-kB signaling upon T cell stimulation.
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3.1.2.2 CADINS- and BENTA-associated CARD11 mutations only mildly affect AP-1 and
NF-AT activity
To further elucidate whether the disease-associated mutant CARDT17 also induces
transcriptional crosstalk and affects the activation of AP-1 or NF-AT, we additionally analyzed
their transcriptional activity in the flow cytometry measurements.
As with NF-kB, the CADINS-associated mutant CARD11 did not substantially affect the basal
activity of AP-1 (Figure 3-15A). In contrast, CADINS-associated L194P and R975W CARD11
appeared to double the cell population with basal levels of NF-AT activity compared to WT
CARD11 expressing cells (Figure 3-15D). Stimulation with anti-CD3/CD28 induced comparable
levels of AP-1 (Figure 3-15B) and NF-AT activity (Figure 3-15E) in cells expressing both WT and
each mutant CARD11, with only minor variations between the expressed CARD 117 variants. The
induction of NF-AT by P/l stimulation also showed no substantial difference between any
CARD11 variants (Figure 3-15F), whereas R30W, E57D and L194P CARD11 inhibited the P/I
stimulated transcriptional activity of AP-1 by more than 50% (Figure 3-15C). In contrary, as
with NF-kB, R975W CARD11 had only a weak negative effect on AP-1.
Analysis of AP-1 and NF-AT activity levels in cells overexpressing WT or BENTA-associated
CARD11 revealed no major effect of the disease-associated mutations. Most of the FACS shifts
were well superimposed between the different cell lines, and the quantitative analysis also
revealed only minor fluctuations for most cell lines and conditions (Figure 3-16A-F). Regarding
AP-1 activation upon T-cell stimulation, only C49Y CARD11 very weakly increased the AP-1
transcriptional activity (Figure 3-16B, C). Similarly, C49Y and E134G CARD11 promoted NF-AT
activation upon T-cell stimulation in only approximately 7% of the cell population more than
WT CARD11 (Figure 3-16E, F). However, basal NF-AT activity was induced in up to 10% more
cells upon expression of C49Y, E134G or L251P CARD11 compared to cells expressing WT
CARD11 (Figure 3-16D).
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Figure 3-15: AP-1 and NF-AT activity in TTR Jurkat T cells overexpressing patient-derived CADINS CARD11
mutations.

Activation of (A-C) AP-1 and (D-F) NF-AT was determined by flow cytometry and the cells were (A, D) unstimulated
or stimulated with (B, E) anti-CD3/CD28 or (C, F) P/l for 24 hours before measurement. The bars show quantification
of mCherry MFI, %EGFP positive cells or EGFP MFI as mean = SD with n = 3 and representative shifts. Statistical
significance was analyzed using one-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05, **P
< 0.005, ****P < 0.0001.
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Figure 3-16: AP-1 and NF-AT activity in TTR Jurkat T cells overexpressing patient-derived BENTA CARD11

mutations.

Activation of (A-C) AP-1 and (D-F) NF-AT was determined by flow cytometry and the cells were (A, D) unstimulated
or stimulated with (B, E) anti-CD3/CD28 or (C, F) P/l for 24 hours before measurement. The bars show quantification
of mCherry MFI or %EGFP positive cells as mean + SD with n = 3 and representative shifts. Statistical significance
was analyzed using one-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05, **P < 0.005, ***P

< 0.001, ****P < 0.0001.
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Overall, there were only few and mild effects of the disease-associated CARD11 mutations
tested on the transcriptional activity of AP-1 or NF-AT. Upon strong stimulation by P/I
treatment of CADINS-associated mutant CARDT71 expressing cells, AP-1 activity was
diminished. In contrast, the BENTA-associated C49Y CARD11 mildly enhanced the activation
of AP-1 and NF-AT upon stimulation. Besides, both CADINS- and BENTA-associated mutant
CARD11 expressing cells exhibited increased basal NF-AT activity in small proportions of the

cell population.

To further analyze the enhanced basal activity of NF-AT upon mutant CARD117 expression, we
used the inhibitor FK506 to counteract this transcriptional activity (data not shown). However,
the EGFP-positive cells appeared insensitive towards calcineurin inhibition. Additionally, we
sorted the mutant CARD 117 expressing cells for low and high NF-AT transcriptional activity. We
studied whether the level of NF-AT activity may affect NF-kB or AP-1 transcriptional activity
via signaling crosstalk (data not shown). Also here, we could not identify significant differences,
neither in basal conditions nor upon stimulation, between cells with low vs. high basal levels

of NF-AT activity.

3.2 Transcriptional activation upon SARS-CoV-2 infection

3.2.1 SARS-CoV-2 Nsp14 activates the transcription factor NF-«kB

When SARS-CoV-2 enters the human host cell, its homeostasis is disrupted as SARS-CoV-2
interferes with endogenous processes to ensure its replication whereas the host cell initiates
various immune defense mechanisms. To gain insight into how exactly the virus perturbs host
cell homeostasis, a systematic mapping of protein-protein interactions between SARS-CoV-2
and human cells was performed (242). The screen revealed 204 direct virus-host interactions
with the immune response as a major targeted host cell function. These protein interactions
are of particular interest given the detrimental consequences of dysregulated NF-kB activation

that has been found in COVID-19 patients as well as upon in vitro SARS-CoV-2 infection.

3.2.1.1 Coronaviral Nsp14 is sufficient for NF-«kB activation
Among the viral proteins associated with the human immune response, Nsp9, Nsp14 and
Nsp16 were proposed to interact with proteins acting in the NF-«B signaling pathway, such as

REL, TRAF2 or IKBKG, while Nsp6 was suggested to bind immune receptors, such as CD40 or
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IL27RA (see 1.3.2, Figure 1-11). To validate these screening results and to identify the viral
proteins that modulate host cell NF-«B activity, we overexpressed the candidate proteins in
Hek293 cells and quantified the induced activation of NF-xB using a dual luciferase reporter
assay. In addition to the putative effectors Nsp9, Nsp14, Nsp16 and Nsp6, we used the viral
proteins E, N and Nsp7 as viral negative controls, since their contactome does not imply an
immunoregulatory function, and IKK-B and A20 as human positive and negative controls.
Comparing the NF-kB transcriptional activity 24 h after transfection, only IKK-f and Nsp14
significantly induced NF-kB activity (Figure 3-17A). In combination with TNF-a stimulation,
only A20, but none of the tested viral proteins, functioned as negative regulator counteracting
the NF-«B activity induced by TNF-a stimulation (Figure 3-17B). Instead, Nsp14 even enhanced
TNF-a-induced stimulation of NF-kB. WB analysis of protein expression levels in the NF-«B
reporter assay samples validated that all constructs were expressed, however protein levels
varied widely despite transfection of equal amounts of plasmid (Figure 3-17C). Nsp14, as well
as E, Nsp6 and Nsp7, was expressed at comparatively low levels. This implicates high efficiency

of Nsp14 in its function as an activator of NF-kB signaling even at low protein levels.

To increase the Nsp14 protein level and to understand whether this affects the level of induced
NF-kB activity, we continued with a titration of Nsp14, Nsp16 and Nsp9 (Figure 3-17D). The
WB showed increases in protein expression for each construct, again with Nsp14 at lower levels
compared to the others. Despites of this, Nsp14-induced NF-«kB activation was dose-
dependent and significantly enhanced with more Nsp14, while Nsp16 and Nsp9 still had no

effect on NF-kB.
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Figure 3-17: Nsp14 overexpression induces NF-kB activity in Hek293.

(A-B) Reporter assay quantifying NF-kB transcriptional activity after OE of IKK-B, A20 and SARS-CoV-2 proteins in
(A) unstimulated or (B) TNF-a stimulated condition with (C) representative WB for determination of protein
expression levels in Hek293. (D) NF-«B reporter assay in Hek293 after titrated OE of Nsp14, Nsp16 and Nsp9 with
representative WB for determination of protein expression levels. Data are the mean + SD with n = 3. Statistical
significance was analyzed using one-way ANOVA followed by (A-B) Dunnett's and (D) Tukey's test for multiple

comparisons. *P < 0.05, **P < 0.005, ****P < 0.0001.
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Over time, new SARS-CoV-2 variants have emerged and Nsp14 has been mutated in the & and
o variants. To investigate whether these Nsp14 point mutations modulate the induction of NF-
kB signaling, we generated the &-variant Nsp14 with a point mutation in the MTase domain
(A394V) and the o-variant with a point mutation in the ExoN domain (142V) (Figure 3-18A).
Overexpression of WT and variant Nsp14 to equivalent protein levels for all variants revealed

the same Nsp14-induced NF-kB activation as quantified by the NF-kB reporter assay (Figure

3-18B).
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Figure 3-18: Nsp14 from SARS-CoV-2 variants.

(A) Schematic representation of WT, & and o variant Nsp14 with point mutations identified in respective SARS-CoV-
2 variants. (B) NF-«xB reporter assay after WT or variant Nsp14 OE with representative WB for determination of
protein expression levels in Hek293. Data are the mean + SD with n = 3. Statistical significance was analyzed using
one-way ANOVA followed by Dunnett's test for multiple comparisons. ***P < 0.001, ****P < 0.0001.

Apart from their accessory proteins, human coronaviruses have a conserved genomic
structure. Gene alignment analyses have highlighted the conservation of Nsp14 and especially
its enzymatic cores across different human coronavirus strains (220, 221). To determine
whether the activation of NF-kB signaling by Nsp14 alone is therefore also applicable to other
coronaviruses or whether this is characteristic of SARS-CoV-2, we compared the effect of
Nsp14 proteins derived from different coronaviruses. We used Nsp14 from MERS-CoV and
SARS-CoV-1, which similarly trigger aberrant immune activation upon infection (248), as well
as HCoV-0C43, HCoV-229E and HCoV-NL63, which cause mild respiratory symptoms (249),
and compared their effect on NF-xB signaling. Most Nsp14 proteins promoted NF-«kB activity
to varying degrees, whereas HCoV-OC43 had no effect and HCoV-NL63 even decreased the

basal transcriptional activity (Figure 3-19A). The WB revealed significant fluctuations in the
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protein expression levels of the different Nsp14 proteins. A comparison of the Nsp14 protein
levels and the corresponding intensity of NF-kB activation revealed a positive correlation for
most coronaviruses. Only SARS-CoV-1 was an outlier and elicited significantly greater NF-«xB
stimulation compared to all other samples, while its Nsp14 expression was the lowest of all

NF-kB-inducing Nsp14 constructs.

The two coronaviruses that did not induce Nsp-14-dependent NF-kB signaling, HCoV-OC43
and HCoV-NL63, typically cause mild symptoms, whereas the Nsp14 of the third coronavirus
associated with mild symptoms, HCoV-229E, induced NF-kB activity. We wondered whether
this lack of NF-kB induction by HCoV-OC43 and HCoV-NL63 Nsp14 was due to their low
Nsp14 protein levels or whether their Nsp14 lacked the NF-kB activating function. Therefore,
we titrated HCoV-OC43 and SARS-CoV-2 Nsp14 to increase the expression levels and
monitored the transcriptional activation. With SARS-CoV-2, we reproduced our previous
finding of a Nsp14 dose-dependent increase in NF-kB activation (Figure 3-19B). In contrast,
HCoV-0OC43 Nsp14 accumulated only mildly over the titration and did not activate NF-kB even

at the highest dose.
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Figure 3-19: Nsp14 from various coronaviruses.

(A) NF-xB reporter assay after Nsp14 OE from various coronaviruses with representative WB for determination of
protein expression levels in Hek293. Data are the mean of the fold change relative to the control + SD with n = 3.
(B) NF-xB reporter assay in Hek293 after titrated OE of SARS-CoV-2 and HCoV-OC43 Nsp14 with representative
WB for determination of protein expression levels. Data are the mean + SD with n = 3. Asterisk mark statistical
significance compared to the control sample. Statistical significance was analyzed by A) one-sample t-test after
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calculating log2 fold changes normalized to the control sample and B) one-way ANOVA followed by Dunnett's test
for multiple comparisons. *P < 0.05, **P < 0.005, ****P < 0.0001.

Taken together, these data suggest that primarily Nsp14 is responsible for the induction of
NF-kB activity upon SARS-CoV-2 infection. This function is Nsp14 dose-dependent and not
affected by point mutations that occur in SARS-CoV-2 variants. Also, this feature appears to

be conserved in most other coronaviruses that infect humans.

3.2.1.2 Nsp14 is stabilized by Nsp10 and S-adenosylmethionine

Comparison of Nsp14 with other SARS-CoV-2 proteins and with Nsp14 from other
coronaviruses upon ectopic over-expression of single viral proteins in human cells, consistently
indicated markedly low levels of Nsp14 protein. Therefore, we continued to investigate the

stabilizing role of its cofactors Nsp10 and SAM.

The SARS-CoV-2 protein Nsp10 is known to form a stable complex with the N-terminal domain
of Nsp14, in which the stability of Nsp14 is significantly increased. To examine whether this
complex formation also augments the stimulation of NF-kB, we compared the effect of Nsp14
and Nsp10 alone with co-expressed Nsp14 and Nsp10. While Nsp14 was again weakly
expressed, it significantly accumulated upon co-expression with Nsp10 (Figure 3-20A). This
increase in Nsp14 protein was reflected in enhanced activation of NF-kB. Nsp10 alone did not
induce NF-kB, suggesting that the increased transcriptional activation upon co-expression of
Nsp10 and Nsp14 is solely due to the stabilization of Nsp14. To identify factors that stabilize

Nsp14 and thus allow enhanced activation of NF-kB.

The C-terminal MTase domain of Nsp14 uses SAM as a co-substrate and binding of S-
adenosylhomocysteine, which is the product of the MTase reaction, also stabilizes Nsp14.
Therefore, we supplemented the media of either IKK-B- or Nsp14-expressing cells with SAM
and used TNF-a stimulation as a control. Indeed, SAM significantly stabilized Nsp14 but not
IKK-B protein levels (Figure 3-20B). Furthermore, the induced NF-kB activity in Nsp14-
expressing cells was significantly boosted by the addition of SAM, whereas the NF-«B

activation induced by IKK-B was only slightly enhanced.
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Figure 3-20: Nsp14 is stabilized by Nsp10 and SAM.

(A) NF-kB reporter assay after overexpression of Nsp10, Nsp14 and Nsp10+Nsp14 with representative WB for
determination of protein expression levels in Hek293. (B) NF-kB reporter assay after Nsp14 OE combined with SAM
supplementation and TNF-a stimulation with representative WB for determination of protein expression levels in
Hek293. The OE and 1 mM SAM treatment were incubated for 72 h and 20 ng/ml TNF-a were added for the last
18 h. Values were normalized to untreated condition upon over-expression of each protein (Fold Change). Data are
the mean * SD with n = 3. Statistical significance was analyzed using (A) one-way ANOVA followed by Tukey's test
for multiple comparisons and (B) one-sample t-test after calculating log2 fold changes normalized to the control
treatment samples. *P < 0.05, ***P < 0.001

Hence, the addition of either cofactor stabilizes Nsp14, which consequently enhances the

Nsp14 dose-dependent stimulation of NF-kB.

3.2.1.3 Nsp14 requires functional MTase domain for NF-kB activation

Next, we addressed the question of how Nsp14 mechanistically activates NF-xB. To this end,
we generated Nsp14 mutants that were either truncated by a functional domain or lacked
catalytic activity due to point mutations in the active site (Figure 3-21A). After overexpression

of mutant Nsp14, we analyzed its ability to activate NF-kB using the NF-kB reporter assay.

The truncated forms of Nsp14 lacked either an entire enzymatic domain (AExoN and AN7-
MTase) or the N-terminal stretch (AN-Term), which is the binding interface for the cofactor
Nsp10 as well as an important structure for N7-MTase activity. The protein expression of the
truncated Nsp14 mutants was significantly higher compared to WT Nsp14 as detected by WB
(Figure 3-21B). Nevertheless, none of the truncation mutants was able to induce NF-kB activity.
By testing Nsp14 mutants with genetically inactivated catalytic centers, we found that D90A
E92A Nsp14, which lacks ExoN activity, still stimulated NF-kB signaling as efficiently as WT
Nsp14 (Figure 3-21C). In contrast, D331A Nsp14, which lacks N7-MTase function, completely
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lost its NF-kB-activating function despite higher expression levels. Combined disruption of

both catalytic functions (D90A E92A D331A) had no additional effect compared to D331A
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Figure 3-21: Nsp14 truncation and catalytically inactive mutants.

(A) Schematic representation of WT Nsp14 in comparison with truncation mutants and point mutants that lack
either enzymatic activity. (B-C) NF-kB reporter assay after OE of (B) Nsp14 truncation mutants and (C) catalytically
inactive Nsp14 point mutants with representative WB for determination of protein expression levels in Hek293.
Data are the mean + SD with n = 3. Statistical significance was analyzed using one-way ANOVA followed by Tukey's
test for multiple comparisons. *P < 0.05, ****P < 0.0001.

To validate that the catalytic function of the methyltransferase causes the induction of NF-kB
signaling, we used inhibitors of the MTase domain. Based on screens for specific Nsp14 MTase
inhibitors (250-253), we selected two promising compounds: Nitazoxazide is an approved drug
with antiviral activity against human coronaviruses (254, 255), which was also used in a clinical
trial for the treatment of COVID-19 (NCT04341493). Although it was the most potent inhibitor
of Nsp14-mediated RNA methylation based on in vitro experiments, its mode of action is not
well understood (256). Its activity against a variety of pathogens is associated with many
different proposed mechanisms, complemented by a proposed cap competition in SARS-CoV-
2 (256, 257). The second putative inhibitor, pyridostatin, had the most potent and selective
antiviral activity in an in vitro screen for Nsp14 MTase inhibitors, although the mode of action
is not yet understood (252). It is known to stabilize specific DNA structures and has been

suggested to target 5'-end RNA structures in a similar manner (252, 258). The general
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methyltransferase inhibitor sinefungin was used as a positive control. Structurally, it is a SAM
analog and has been used in the past against viral methyltransferases (259) and also for SARS-
CoV-2, sinefungin has been used as an Nsp14 methyltransferase inhibitor in in vitro

experiments (250, 252).

After overexpression of Nsp14, the inhibitors were added to the media for 16 h, before NF-kB
activity was quantified with the reporter assay. None of the inhibitors attenuated the Nsp14-
driven stimulation of NF-kB, but nitazoxanide even induced some mild NF-«kB activity in the
control (Figure 3-22). The WB also showed equal Nsp14 protein levels and no effect of the

inhibitors on Nsp14.
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Figure 3-22: Nsp14 treated with MTase inhibitors.
NF-«xB reporter assay after Nsp14 OE combined with MTase inhibitor treatment with representative WB for
determination of protein expression levels in Hek293. The OE was incubated for 24 h, all inhibitors were added for
the last 16 h at a concentration of 5 uM. Data are the mean + SD with n = 3. Statistical significance was analyzed
using two-way ANOVA followed by Tukey's test for multiple comparisons. There was no significant difference when
comparing the post-treatment samples to the DMSO control treatment in each set of overexpression.

In all, full-length Nsp14 with the MTase domain intact is required, suggesting that Nsp14
employs its methyltransferase activity to stimulate NF-kB. The fact that none of the MTase
inhibitors counteracted Nsp14-induced NF-kB signaling may either indicate a lack of activity
in our cell-based assay or that the compounds' modes of action do not interfere with the NF-

kB-inducing mechanism.

3.2.2 SARS-CoV-2 Nsp14 is inherently unstable

3.2.2.1 Nsp14 expression is downregulated upon stable integration in HEK293 cells
To further analyze how Nsp14 mechanistically affects NF-kB, we lentivirally transfected Hek293
cells to generate a cell pool in which all cells stably express Nsp14 at equivalent levels.

Wegenerated hACD2-T2A-Nsp14 constructs to quantitatively couple the protein expression
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of CARD11 with the expression of the surface marker protein hACD2 using the T2A sequence.
Thus, Nsp14 expression levels were determined by WB and hACD2 surface expression was

quantified by flow cytometry.

After allowing the cells to recover from lentiviral infection for 15 days, Nsp14 protein levels
were analyzed by WB. To detect Nsp14 protein, a very high exposure was required, resulting
in a strong non-specific band at ca. 50 kDa and a weak non-specific band at ca. 60 kDa. To
ensure differentiation of the detected Nsp14 from the non-specific signal at 60 kDa, we
confirmed the results with anti-Strep-tag staining (data not shown). The methyltransferase-
inactive D331A Nsp14 was stably expressed as evidenced by WB (Figure 3-23A). In contrast,
WT Nsp14 protein levels were significantly lower and barely detectable. This expression
pattern of WT and D331A Nsp14 was reproduced in cells infected with both lower and higher
virus concentrations (data not shown). Following culturing of the cells for an additional 15
days, D331A Nsp14 protein was significantly reduced to the detection limit, whereas WT Nsp14
was undetectable by WB.

In contrast to Nsp14 quantification by WB, hACD2 surface expression 15 days post infection
indicated equivalent transcription and translation of both transduced constructs (Figure
3-23B-C). The diminished protein expression determined by WB 30 days post infection was
similarly reflected in hACD2 surface expression: While the hACD2 shift of WT Nsp14 expressing
cells was significantly attenuated, D331A Nsp14 expressing cells still showed a greater shift
than WT Nsp14 expressing cells, but also significantly reduced compared to the control (Figure

3-23D-E).

This suggests that the stable expression of Nsp14 is first downregulated at the protein level
and then at the level of Nsp14 gene expression. In this process, both WT and mutant Nsp14
are inhibited, with a significant emphasis on reducing MTase active rather than inactive Nsp14

(see section 4.2.2).
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Figure 3-23: Hek293 stably expressing Nsp14.

(A) Protein levels of Nsp14 determined 15 and 30 days after lentiviral transduction of Hek293 in two representative
biological replicates, analyzed by WB. (B-E) Quantification of Nsp14 expression via co-expressed cell surface marker
protein hACD2 by flow cytometry (B-C) 15 days after infection. (D-E) 30 days after infection. (B, D) Shifts are
representative, determined in biological replicate 2. (C, E) Fold Change of AMFI (Delta Median Fluorescence
Intensity; ratio of measured MFI [sample] and MFI [control cells]) normalized to mock-infected cells, values are
mean + SD, n = 4. Statistical significance was analyzed by one-sample t-test after calculating log2 fold changes
normalized to the Mock sample. *P < 0.05, **P < 0.005

3.2.2.2 Inducible Nsp14 expression reveals post-translational instability of Nsp14

The low levels of Nsp14 and the additional loss of expression over time after stable integration
suggest some mechanisms downregulating Nsp14 expression and/or stability at the
transcriptional or post-translational level. Therefore, we generated Hek293 and HCT116 cells
expressing WT or D331A Nsp14 under the control of a tetracycline responsive element. This
DOX-inducible expression allows us to monitor the dynamics of Nsp14 expression and
associated regulatory mechanisms over time. After transducing the Nsp14 constructs, we
treated the cells with puromycin to select for a cell pool where all cells expressed Nsp14. We
then investigated the optimal dose of doxycycline to induce maximal expression of Nsp14.
After treatment with titrated doses of doxycycline for 4 days, Nsp14 protein levels were
analyzed by WB. In both cell lines, Hek293 (Figure 3-24A) and HCT116 (Figure 3-24B),

doxycycline treatment induced D331A Nsp14 protein expression, albeit at low levels requiring
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high exposure for detection, whereas WT Nsp14 was again barely detectable. Neither WT nor

D331A Nsp14 expression could be enhanced by increasing the dose of doxycycline.

control WT Nsp14  D331A Nsp14 control WT Nsp14  D331A Nsp14
kal 6 8 S R o 5 2 & 0 & < « DOX[ugm] [kDal 6 & 2 & 06 8 2 & o o < & DOX[ug/mi]
Nsp14 Nsp14
55 - - - i2saB08 - 1 JE R — -—a“—assaa’”
el ——— W,V 40 - W W e e W W W (-Actin

40 -

* unspecific band * unspecific band

Figure 3-24: Hek293 and HCT116 with inducible Nsp14 expression.
(A) Hek293 and (B) HCT116 with tet-on regulated Nsp14 expression. Expression of WT or D331A Nsp 14 was induced
with titration of doxycycline for 4 days and Nsp14 expression was determined by WB.

We continued to use the DOX-inducible Nsp14 expression to investigate whether the Nsp14
expression in general and the significant difference between WT and D331A Nsp14 specifically
is regulated at the transcriptional or translational level. Therefore, we harvested mRNA after
doxycycline treatment and quantified Nsp74 transcripts by RT-PCR. In contrast to the different
protein levels measured after gene induction with the same DOX dose, WT and D331A Nsp14
transcripts were at equivalent levels in Hek293 (Figure 3-25A) and HCT116 (Figure 3-25B) cells,
suggesting equal transcription. Next, we added the proteasome inhibitor MG-132 to analyze
whether proteasomal degradation controls Nsp14 at the post-translational level. Again, the
overall low protein levels required high exposure for detection, which increased the
appearance of non-specific bands and prevented clear analysis. However, WT Nsp14 to
accumulate in Hek293 (Figure 3-25C) and presumably also in HCT116 (Figure 3-25D) upon
MG-132 treatment, although only to a minor extent. In contrast, D331A Nsp14 did not appear

to be affected by the proteasome.
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Figure 3-25: WT Nsp14 protein is instable in Hek293 and HCT116 cells.

Doxycycline-induced expression of Nsp14 in (A, C) Hek293 and (B, D) HCT116 cells. (A-B) Nsp14 transcript levels
after induction of Nsp14 expression with 0.5 pg/ml DOX for 4 days in (A) Hek293 and (B) HCT116 cells analyzed by
RT-PCR. Values measured for Nsp14 were normalized to RPII transcript levels (mean = SD, n = 3). Statistical
significance was analyzed using one-way ANOVA followed by Tukey's test for multiple comparisons. ***P < 0.001,
****P < 0.0001. (C, D) Stabilization of WT Nsp14 by addition of 25 pM MG-132 for 6 hours in addition to induction
of Nsp14 expression with 0.5 pg/ml DOX for 4 days in (C) Hek293 and (D) HCT116 cells. Lysates were analyzed for
Nsp14 protein levels by WB.

In summary, Nsp14, especially methyltransferase-active Nsp14, was consistently expressed at
very low levels, even at stable or inducible expression. hACD2 analysis and mRNA
quantification suggested equivalent transcription of both methyltransferase-active and
inactive Nsp14 that was impaired after prolonged expression. The accumulation of WT Nsp14
upon proteasomal inhibition indicates inherent instability as well as degradation of active

Nsp14.

3.2.3 Overexpressed Nsp14 is not sufficient to induce endogenous NF-kB signaling

3.2.3.1 Nsp14 does not activate the endogenous NF-kB signaling pathway

To explore at what point in the NF-kB pathway Nsp14 interferes to mediate its activating
stimulus, we overexpressed WT and D331A Nsp14, with IKK-B as a positive control, and
examined total protein levels as well as activating protein modifications throughout the

canonical and non-canonical NF-«kB pathway.
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Overexpression of IKK-B significantly activated the canonical pathway as evidenced by
phosphorylation of TAK1, IKKo/B and p65, as well as mild cleavage of p105 and degradation
of IkB-a (Figure 3-26A). Although IKK- is not directly active in the non-canonical pathway, its
overexpression even caused a mild expression of clAP2, presumably via some crosstalk, and
some enrichment of RelB, which is a target gene of NF-«kB (Figure 3-26B). The expression of
Nsp14 was clearly weaker compared to IKK-, and as noted above, WT Nsp14 is less expressed
than the D331A Nsp14 mutant (Figure 3-26A, B). In addition, the total protein concentration
in the sample derived from WT Nsp14 overexpressing cells was lower compared to the other
samples, as reflected by reduced B-actin. Nevertheless, there was no evidence of altered
protein levels, such as accumulation of NIK or RelB. Surprisingly, analysis of both canonical
and non-canonical NF-kB signaling also revealed no evidence of active signaling by protein

phosphorylation upon expression of Nsp14.

To verify that overexpressed Nsp14 is not sufficient to induce endogenous NF-kB signaling,
we increased Nsp14 protein levels by titration. Nevertheless, Nsp14 remained weaker
expressed than IKK-B (Figure 3-26C). While IKK-B activated the pathway as evidenced by
phosphorylation of IKKa/B, IkB-a, and p65 and degradation of I1kB-o, Nsp14 was ineffective

with respect to the endogenous signaling cascade.
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Figure 3-26: The endogenous NF-kB signaling pathway is not activated by Nsp14 overexpression.

(A-B) WT and D331A Nsp14, along with IKK-B, were overexpressed in Hek293 cells and lysates were analyzed by
WB for activation of the (A) canonical and (B) non-canonical NF-kB signaling pathway. Western blots displayed in
(A) and (B) were performed with the same lysates, the same Flag and Actin stains are shown in both figures. (C) WT
Nsp14 OE was titrated, and lysates were analyzed by WB for activation of the canonical NF-«B signaling pathway.

In summary, there were no protein modifications reflecting activation of the endogenous NF-
KB signaling pathway upon Nsp14 overexpression, which contrasts with our results with the

NF-kB reporter assay.
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3.2.3.2 Nsp14 does not efficiently induce transcription of endogenous NF-kB target
gene loci
To follow up on these conflicting findings in reporter assays and WB analysis, we examined
whether Nsp14 can induce transcription of endogenous NF-kB target gene loci. We
overexpressed WT and D331A Nsp14 as well as IKK-B in Hek293 cells and prepared lysates for
protein and gene expression analysis. WB analysis showed that all constructs were expressed,
but at different levels as described above (Figure 3-27A). We started with the quantification of
CXCL8 transcripts, as CXCL8 is consistently upregulated in COVID-19 patients. Indeed, IKK-
and WT Nsp14, but not the methyltransferase-defective D331A Nsp14, significantly induced
CXCL8 transcription (Figure 3-27B-C). However, the effect of WT Nsp14 was very mild, as
demonstrated by the fact that CXCL8 transcript levels were approximately 60-fold higher in
IKK-B expressing cells compared to WT Nsp14 expressing cells. Transcripts of other well-
known NF-kB target genes, specifically NFKBIA, TNFAIP3, and ICAMI1, were also markedly
enriched upon IKK-f expression (Figure 3-27D, F, H), but not WT or D331A Nsp14 expression
(Figure 3-27E, H, I).
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Figure 3-27: Expression of NF-kB target genes upon Nsp14 overexpression.

(A) Protein levels of transfected Nsp14 and IKK-B in two representative biological replicates analyzed by WB. (B - I)
Expression of NF-kB target genes (B, C) CXCL8 (D, E) NFKBIA (F, G) TNFAIP3 (H, I) ICAMT in Hek293 cells
overexpressing (B, D, F, H) IKK-B and (C, E, G, I) WT or D331A Nsp14, quantified in RT-PCR. Values measured for
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target genes were normalized to RPII transcript levels (mean + SD, n = 3). Statistical significance was analyzed using
(B, D, F, H) unpaired Students” t-test and (C, E, G, I) one-way ANOVA followed by Tukey's test for multiple
comparisons.

Since Nsp14 could stimulate NF-kB-dependent transcription of the plasmids used in the
reporter assay, but not of most of the endogenous NF-kB target genes tested, we wondered
whether Nsp14 might not be sufficient to remodel and open endogenous NF-kB target gene
promoters. We addressed this by combining TNF-a stimulation with Nsp14 overexpression to
add a stimulus that induces chromatin remodeling and opening of NF-kB binding sites. After
verifying the expression of Nsp14 by WB (Figure 3-28A), we quantified the transcript levels of
CXCL8, NFKBIA and TNFAIP3. We detected a mild upregulation of CXCL8 and TNFAIP3 upon
Nsp14 expression, although not statistically significant, which was enhanced by co-stimulation
with TNF-a (Figure 3-28B, D). NFKBIA transcription was induced by TNF-a stimulation alone
or in combination with Nsp14 but not by Nsp14 alone (Figure 3-28C). Nevertheless, the
combinatorial effects of TNF-ot and Nsp14 were just as strong as the effect of TNF-a alone for

all target genes analyzed, indicating that Nsp14 did not contribute substantially.
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Figure 3-28: Expression of NF-kB target genes upon Nsp14 overexpression and TNF-a stimulation.

(A) Protein levels of transfected Nsp14 in one representative biological replicate analyzed by WB. (B - D) Expression
of NF-kB target genes (B) CXCL8 (C) NFKBIA (D) TNFAIP3 in Hek293 cells upon Nsp14 OE and TNF-a stimulation,
quantified in RT-PCR. Values measured for target genes were normalized to RPII transcript levels (mean + SD, n =
4). Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for multiple comparisons.
*P < 0.05, **P < 0.005, ****P < 0.0001.

Given the inherent instability of Nsp14, which could be counteracted by the addition of the
cofactors Nsp10 or SAM, we next examined whether this influences Nsp14-mediated
transcriptional activity of NF-kB at endogenous loci. Therefore, we overexpressed Nsp10,
Nsp14 or both together and confirmed the stabilization of Nsp14 by Nsp10 as shown by WB
(Figure 3-29A). Subsequent gene expression analysis by RT-PCR revealed a very mild
upregulation of ICAMT, although not statistically significant (Figure 3-29C, D), but no effect on
CXCL8, NFKBIA and TNFAIP3 gene expression (Figure 3-29B, D) upon overexpression of Nsp14.
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In contrast, Nsp14 stabilized by Nsp10 significantly, although still very weakly, induced the
transcription of CXCL8, ICAM1 and NFKIBA, but not TNFAIP (Figure 3-29B-E).
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Figure 3-29: Expression of NF-«kB target genes upon Nsp14 overexpression and Nsp10 co-expression.

(A) Protein levels of transfected Nsp14 and Nsp10 in one representative biological replicate analyzed by WB. (B -
E) Expression of NF-kB target genes (B) CXCL8 (C) ICAMT (D) NFKBIA (E) TNFAIP3 in Hek293 cells upon Nsp14 OE
and Nsp10 co-expression, quantified in RT-PCR. Values measured for target genes were normalized to RPII
transcript levels (mean + SD, n = 3). Statistical significance was analyzed using one-way ANOVA followed by Tukey's
test for multiple comparisons. *P < 0.05, **P < 0.005, ***P < 0.001

Supplementation of cells with SAM also stabilized Nsp14 in a similar manner as previously
shown and verified by WB (Figure 3-30A). However, again no strong transcription of NF-«B
target genes was detectable. Similar to the previous experiment, Nsp14 overexpression led to
a slight increase in CXCL8 transcripts, but this was not statistically significant (Figure 3-30B).
Stabilization by SAM supplementation could slightly increase Nspl14-induced gene
transcription of ICAM1 and TNFAIP3, but this was statistically significant only for ICAMT (Figure
3-30C, E).

97



3 Results

CXCL8 ICAM1
0.010 w__ 0.004 -
D EE N
o= >
>Q 4 [0} *
B 00087 2% 0.003
a8 o=
5% 0.006 53
29 2.2 0.002
c.2 5=
g:—g 0.004 5g
°E L5 i
A 2 g 0.002 - %5 0.001
SE ©
= @
£ 0.000 1L A 0.000 M- \
ctrl.  3xF- ctrl.  3xF-
3xF- NSP14 NSP14
ctl.  NSP14
[kDa] + + 1mmsam D E
70 - - NFKBIA TNFAIP3
55- e L I 087 w0127
o= o=
40. - —— B-Actin 3 B 0107 oo
B2 0.4 ‘82 0.08
To sG-D
2% 23 0.06-
S'c o
= £ 0.29 - £ 0.04
25 25
g <002+
[ i e d
0.0 ¥+ 0.00 T+ 1mMSAM
ctrl.  3xF- ctrl.  3xF-
NSP14 NSP14

Figure 3-30: Expression of NF-kB target genes upon Nsp14 overexpression and SAM treatment.

(A) Protein levels of transfected Nsp14 in one representative biological replicate analyzed by WB. (B - E) Expression
of NF-kB target genes (B) CXCL8 (C) ICAMT1 (D) NFKBIA (E) TNFAIP3 in Hek293 cells upon Nsp14 OE and SAM
treatment, quantified in RT-PCR. Values measured for target genes were normalized to RPII transcript levels (mean
+ SD, n = 3). Statistical significance was analyzed using one-way ANOVA followed by Tukey's test for multiple
comparisons. *P < 0.05.

Overall, these results suggest that transient overexpression of Nsp14 was sufficient to induce
NF-kB transcriptional activity on a co-transfected reporter plasmid whereas it could not induce

robust transcription of endogenous NF-«B target gene loci modeled by chromatin.

3.2.4 Nsp14-induced canonical NF-kB signaling relies on NEMO/IKKy and NF-kB p65

3.2.4.1 Nsp14 does not form stable complexes with putative human binding partners

The systematic mapping of SARS-CoV-2 protein interactions with the human host cell
proteome revealed that Nsp14 binds to 27 human proteins (242). Among those were
NEMO/IKBKG, c-Rel and TRAF2, which are all part of the canonical and/or non-canonical NF-

kB signaling pathways (Figure 3-31).
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Figure 3-31: Schematic of the canonical and non-canonical NF-kB signaling pathways with putative Nsp14
interactors highlighted.

TRAF2 acts as a positive regulator in the TNFR1 receptor complex, inducing canonical NF-kB signaling, whereas it
has a negative regulatory function in TNF superfamily receptor complexes, that activate non-canonical NF-kB
signaling. While NEMO and p65 function exclusively in canonical NF-kB signaling, RelB is active only in non-
canonical NF-kB activity. Proteins identified in the Nsp14 contactome are highlighted in color.

To understand how MTase-active Nsp14 regulates the stimulation of NF-kB mechanistically,
we examined complex formation of Nsp14 with the putative human binding partners.
Therefore, we co-expressed eGFP-Nsp14 with cytosolic Flag-NEMO or Flag-TRAF2 and nuclear
Flag-c-Rel or Flag-p65 and controlled the experiment with co-expression of eGFP-Nsp14 with
Flag-Nsp10 as well as IKK-B-eGFP with Flag-NEMO. After performing GFP-Trap pulldowns we
tested for proteins associated with Nsp14 by Western blot. In both experiments we found
stable complex formation of eGFP-Nsp14 with Flag-Nsp10 and eGFP-IKK-B with Flag-NEMO,
as expected (Figure 3-32A). In contrast, we could neither detect any binding of Nsp14 to the

cytosolic Flag-NEMO or Flag-TRAF2 (Figure 3-32B) nor to the nuclear Flag-cRel or Flag-p65.

This implies that Nsp14 does not form stable complexes with either of the putative human
interactors in NF-kB signaling pathways but may instead modulate NF-«kB signaling

independent from direct binding.
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Figure 3-32: Nsp14 does not stably bind putative human binding partners.

(A-B) eGFP-Nsp14 was co-expressed with (A) flag-tagged NEMO and TRAF2 or (B) flag-tagged cRel and p65. Co-
expression of eGFP-Nsp14 with flag-tagged Nsp10 and IKK-B-eGFP with flag-tagged NEMO were used as positive
controls. Association of Nsp14 with putative human interacting proteins was analyzed by Nsp14 pull down via GFP-

Traps and Western blot.
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3.2.4.2 Nsp14 induces canonical NF-xB signaling via NEMO and p65, but not c-Rel

The next step was to dissect whether Nsp14-induced NF-kB activation relies on the canonical
or non-canonical pathway. To this end, we continued to analyze NF-kB activation in the
absence of the human candidate proteins, as they may still be involved despite failing to form

stable complexes with Nsp14.

We generated knockout (KO) Hek293 cells using CRISPR/Cas9 technology and performed

either cell dilution to expand single cell clones or puromycin selection to grow KO cell pools.

We started with NEMO, which is the non-catalytic subunit of the IKK complex and a central
hub of the canonical NF-kB signaling pathway (Figure 3-31). We used single guide RNAs
(sgRNAs) targeting either exon 3 (sgRNA #1) or exon 2 (sgRNA #2) of IKBKG (Figure 3-33A),
transfected the guides and Cas9, and expanded single cell KO clones. The clones were tested
for NEMO protein expression by Western blot analysis, which revealed absence of NEMO in
all clones (Figure 3-33B). In addition, genomic DNA was isolated from these clones, the sgRNA
target site was amplified by PCR, and the KO was confirmed by sequencing the amplified
fragment (data not shown). For further experiments, we selected two clones (#3 and #18)
generated with sgRNA #1 and one clone (#36) generated with sgRNA #2. We transfected WT
and IKBKG KO cells with Nsp14 or stimulated the cells with TNF-a and quantified the NF-kB
activity using the reporter assay. As expected, TNF-a did not stimulate NF-kB activity but also
the basal level of NF-kB signaling is reduced in IKBKG KO cells (Figure 3-33C). Similarly, Nsp14-
driven induction of NF-kB was significantly impaired, but not completely abolished, in IKBKG
KO cells. Western blot analysis of the lysates verified equivalent Nsp14 expression levels in all
cell lines, thus excluding variance in Nsp14 protein levels as a determinant for NF-«B

stimulation (Figure 3-33D).
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Figure 3-33: Nsp14-induced NF-kB signaling is significantly impaired in IKBKG (NEMO) KO Hek293.

(A) Scheme of the IKBKG exons targeted by Cas9 with sgRNA #1 (exon 3) or sgRNA #2 (exon 2). (B) Absence of
NEMO protein in IKBKG KO Hek293 cell clones analyzed by Western blot. (C) NF-kB reporter assay after TNF-a
stimulation or Nsp14 OE in WT and /KBKG KO Hek293 with (D) representative WB for determination of protein
expression levels. Data are the mean + SD with n = 3. Statistical significance was analyzed using two-way ANOVA
followed by Tukey's test for multiple comparisons. ****P < 0.0001.

The NF-kB family member c-Rel acts as a transcription factor downstream of NEMO by forming
homo- and heterodimers with p50 and p65 (260) (Figure 3-31). It was also identified in the
Nsp14 contactome, suggesting a role in Nsp14-stimulated activation of NF-«kB. To determine
whether Nsp14 regulates NF-kB activity via c-Rel, we performed lentiviral infections with the
LentiCRISPRV2 system. We used three different sgRNAs targeting exon 2 (sgRNA #2), exon 3
(sgRNA #3) and exon 5 (sgRNA #1) (Figure 3-34A) together with a scramble control containing
only Cas9 without sgRNA and puromycin selection after Cas9 and sgRNA transduction to
generate three different REL KO Hek293 cell pools. Western blot analysis showed a complete
absence of c-Rel in all REL KO cell pools (Figure 3-34B). Next, we overexpressed Nsp14 in
parallel with TNF-a stimulation and quantified NF-kB activity with the reporter assay. With
both treatments, we observed robust activation of NF-kB without deficiency in REL KO cells
(Figure 3-34C), despite equivalent Nsp14 expression as verified by Western blot analysis
(Figure 3-34D).
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Figure 3-34: cRel is not essential for NF-kB activation induced by Nsp14.

(A) Scheme of the REL exons targeted by Cas9 with sgRNA #1 (exon 5), sgRNA #2 (exon 2) or sgRNA #3 (exon 3).
(B) Absence of c-Rel protein in REL KO Hek293 cell pools analyzed by Western blot. (C) NF-kB reporter assay after
TNF-a stimulation or Nsp14 OE in control and REL KO Hek293 with (D) representative WB for determination of
protein expression levels. All values were normalized to untreated control cells (Fold Change). Data are the mean
+ SD with n = 3. Statistical significance was analyzed by one-sample t-test after calculating log2 fold changes
normalized to the control treatment sample. There was no significant difference when comparing the KO cell line
samples with the scramble cell line sample in each treatment set.

Another NF-kB subunit is p65, which forms homo- and heterodimers with p50 and c-Rel to
exert its transcriptional transactivation function (260) (Figure 3-31). Therefore, we asked
whether p65 is involved in Nsp14-stimulated NF-kB activity, either alone or in complex with c-
Rel. Using the lentiCRISPRv2 system, we generated pools of RELA KO Hek293 cells with three
different sgRNAs targeting exon 3 (sgRNA #1 (5'-end) and #2 (3'-end)) or exon 4 (sgRNA #3)
and combined sgRNA #1 and #2 with REL sgRNA #1 to generate REL/RELA double knockout
(DKO) Hek293 (Figure 3-35A). The depletion of p65 and c-Rel was verified by Western blot
analysis (Figure 3-35B). We started to analyze the cell pools lacking p65 by equivalent
overexpression of IKK-3 or Nsp14 as displayed in the Western blot analysis (Figure 3-35C). The
reporter assay revealed a significant loss of NF-kB activation stimulated by either IKK-3 or
Nsp14 in REL KO cells. This was true even in cells transduced with RELA sgRNA #1, although
re-evaluation of p65 ablation in Western blot analysis suggested residual p65 expression.
Comparison of Nsp-14-driven NF-kB induction with basal activity levels in REL KO cells
suggested some residual Nsp14-induced NF-kB activity, although not statistically significant.
Using the REL/RELA DKO, we tested whether c-Rel contributes to the residual NF-kB activity in
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REL KO cells. However, after equivalent overexpression of IKK-f and Nsp14, we demonstrated
that the activation of NF-kB by either stimulus was not further reduced by additional c-Rel

depletion in RELA KO cells (Figure 3-35D).
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Figure 3-35: Nsp14-induced NF-kB activity is mainly based on p65.

(A) Scheme of the RELA exons targeted by Cas9 with sgRNA #1 (exon 3, 5'-end), sgRNA #2 (exon 3, 3'-end) or
sgRNA #3 (exon 4) (B) Absence of p65 and c-Rel protein in RELA KO and REL/RELA DKO Hek293 cell pools analyzed
by Western blot. (C-D) NF-kB reporter assay after IKK-B or Nsp14 OE in control and (C) RELA KO Hek293 or (D)
REL/RELA DKO Hek293 with representative WB for determination of protein expression levels. Data are the mean
+ SD with n = 3. Statistical significance was analyzed using two-way ANOVA followed by Tukey's test for multiple

comparisons. *P < 0.05, **P < 0.005, ****P < 0.0001.

In summary, Nsp14-induced stimulation activates canonical NF-kB signaling mediated by
NEMOY/IKK. Further, the Nsp14-stimulated NF-«xB relies on p65 but not c-Rel as crucial

component of the transcription factor.

3.2.4.3 Non-canonical NF-kB signaling is not essential for Nsp14-driven NF-kB activity
The last human candidate protein identified in the Nsp14-contactome, that is part of NF-«xB
signaling pathways, is TRAF2. In fact, TRAF2 assembles into complexes at various receptors
and has a dual role in NF-kB signaling. In the canonical NF-«kB pathway induced by a stimulated

TNFR1 complex, it assembles in a complex with TRADD, clAP1/2, LUBAC and RIP1 and plays
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an activating role in the recruitment and activation of the IKK complex (Figure 3-31) (261). In
contrast, under basal conditions TRAF2 binds to receptors that promote non-canonical NF-«kB
signaling and mediates the inhibitory degradation of NIK, thus acting as a negative regulator
(16). Upon ligation of such receptors, degradation of TRAF2 is part of the activating

mechanism.

To determine whether TRAF2 mediates Nsp14-dependent activation of NF-«kB via either
pathway, canonical or non-canonical, we generated TRAF2 KO clones. After transfection with
two sgRNAs both targeting exon 2 (Figure 3-36A) and Cas9, we expanded single cell clones
and tested them for TRAF2 expression by Western blot. None of the TRAF2 KO clones showed
TRAF2 expression (Figure 3-36B), so we selected clone #7 and #19 for further analysis. After
TNF-a stimulation or overexpression of Nsp14, we quantified the activation of NF-kB using
the reporter assay. In unstimulated conditions, TRAF2 KO cells showed enhanced basal NF-«B
activation, presumably because of missing suppression of non-canonical signaling (Figure
3-36C). However, there was no significant loss of NF-kB activation by TNF-a or equivalent
Nsp14 expression, as verified by Western blot analysis (Figure 3-36D). Instead, clone #19 even
displayed mildly enhanced NF-kB signaling upon Nsp14 overexpression, which may be driven

by elevated basal NF-kB activity and slightly higher expression of Nsp14.
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Figure 3-36: TRAF2 is not required for Nsp14-driven activation of NF-kB.

(A) Scheme of the TRAF2 exons targeted by Cas9 with sgRNA #1 (exon 2, 5'-end) and sgRNA #2 (exon 2, 3'-end).
(B) Absence of TRAF2 protein in TRAF2 KO Hek293 cell clones analyzed by Western blot. (C) NF-kB reporter assay
after TNF-a stimulation or Nsp14 OE in WT and TRAF2 KO Hek293 with (D) representative WB for determination of
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protein expression levels. Data are the mean + SD with n = 3. Statistical significance was analyzed using two-way
ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05.

Since we could already rule out interference with upstream non-canonical NF-kB signaling
using the TRAF2 KO cells, we also investigated whether Nsp14 affects downstream non-
canonical NF-kB signaling. RelB is the third NF-«kB subunit with a transactivation domain and
heterodimerizes with p52 for non-canonical NF-kB activity (260) (Figure 3-31). We generated
RELB KO and RELB/RELA DKO cells using the LentiCRISPRv2 system and three different sgRNAs
targeting RELB exon 2 (sgRNA #2) or exon 4 (sgRNA #1 (5'-end) and #3 (3'-end)) (Figure
3-37A). Western blot analysis after puromycin selection showed successful ablation of RelB
with sgRNA #1 and #3, but not with sgRNA #2, and in DKO cells additionally a significant
reduction of p65 protein levels (Figure 3-37B). Therefore, cells generated with RELB sgRNA #2
were excluded from further experiments. However, RelB ablation did not affect Nsp14-induced
NF-kB activation, as reflected by the reporter assay (Figure 3-37C). Similarly, we again detected
a strong inhibition of Nsp14-driven NF-kB activity with p65 depletion, whereas there was no

further reduction in transcriptional activity in RELB/RELA DKO cells (Figure 3-37D).
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Figure 3-37: Nsp14 does not trigger RelB-dependent non-canonical NF-kxB signaling.

(A) Scheme of the RELB exons targeted by Cas9 with sgRNA #1 (exon 4, 5'-end), sgRNA #2 (exon 2) or sgRNA #3
(exon 4, 3’-end) (B) Absence of RelB and p65 protein in RELB KO and RELB/RELA DKO Hek293 cell pools analyzed
by Western blot. (C-D) NF-kB reporter assay after Nsp14 OE in control and (C) RELB KO Hek293 or (D) RELB/RELA
DKO Hek293 with representative WB for determination of protein expression levels. Data are the mean + SD with
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n = 3. Statistical significance was analyzed using two-way ANOVA followed by Tukey's test for multiple
comparisons. **P < 0.005, ***P < 0.001.

Taken together, this suggests that Nsp14 does not interact with non-canonical NF-«xB

signaling, but mainly stimulates NEMO/IKK and NF-«kB p65 activity.
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4 Discussion

Transcription factors are central to the regulation of gene expression, coordinating a wide
range of essential cellular functions from developmental fate determination to specific cellular
responses to extrinsic signals. Within the immune system, NF-kB plays a central role in
orchestrating a tailored inflammatory response to pathogens, a role that is both
complemented and modulated by crosstalk with other transcription factors such as NF-AT and

AP-1.

4.1 Generation and application of a TTR Jurkat T cell line

Upon antigen recognition, T cell receptor engagement triggers a complex interplay of
intracellular signaling cascades culminating in the activation of the key transcription factors
NF-kB, AP-1, and NF-AT. These cascades and their associated gene products control T
lymphocyte differentiation, proliferation, survival, and cytokine production. To elucidate these
processes, we have developed a Jurkat T cell reporter line using ECFP, mCherry, and EGFP as
fluorescent indicators of NF-kB, AP-1, and NF-AT activity, respectively. This tool allows an

integrated analysis of signaling dynamics and functional responses in T lymphocytes.

CADINS and BENTA are two diseases caused by heterozygous loss-of-function and gain-of-
function germline mutations, respectively, in CARD11. So far, they have been described to
affect NF-kB activity, but this is not sufficient to mechanistically explain the patients'
symptoms. We investigated whether mutant CARD11 may also modulate the crosstalk with
AP-1 and NF-AT and used our new TTR Jurkat T cells to comprehensively study the effects of
CADINS- and BENTA-associated CARD11 mutations on T cell activation. Although we could
not detect any modulation of AP-1 or NF-AT activity, this study demonstrates the advantages

of the new reporter cell line.

4.1.1 The TTR system displays the activation of major T cell transcription factors

The new TTR Jurkat T cell line is a powerful tool for comprehensive and simultaneous analysis
of the activity of the major T cell transcription factors NF-«kB, AP-1 and NF-AT. Furthermore,

single cell analysis by flow cytometry allows a qualitative analysis by analyzing in how many
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cells there is transcriptional activity (% fluorescence pos. cells) and a quantitative analysis by

measuring the intensity of transcriptional analysis (MFI).

Until now, the analysis of T cell activation was mainly limited to cell pool analysis methods or
single signaling pathways. Assays that analyze entire pools of cells, such as electromobility
shift assay, dual luciferase assay, or Western blot, allowed the estimation of transcription factor
activity as an average of all analyzed cells (262-264). However, this neglected the insight into
each individual cell and therefore the understanding of whether all cells were activated to a
similar extent or whether only a few cells were strongly activated while another subgroup was
unresponsive. Furthermore, the quantification of transcriptional activity could only be
estimated with limited accuracy based on EMSA or WB, while the use of dual luciferase assays
based on transient reporter expression limits the time period monitored and also does not
reflect transcriptional activity at chromatin modeled gene loci in the nucleus (262-264). In
contrast, the use of single fluorescent transcription reporters stably integrated into the
genome of cells allowed the analysis of a single cell over variable time periods and the precise
quantification of transcriptional activity, but only for one transcription factor per cell line (265).
Therefore, the novel TTR Jurkat T cell line offers a more precise analysis of T cell activation and

represents a broader spectrum of signaling pathways that regulate T cell activation processes.

Reporter plasmid constructs were obtained from Jutz et al. (244), but our methodology
differed by using a polyclonal reporter cell pool rather than a monoclonal cell line. While flow
cytometric analysis of cell pools inherently produces broader shifts than that of clonal
populations, this approach mitigates the risk of clonal bias. Clonal variance is a major concern
because site-specific integration of reporter constructs can bias responses to stimuli,
potentially yielding artifactual data (266). In contrast, our polyclonal system provides a more
representative view of T cell activation by averaging the bias of individual cell responses. This
method ensures a more reliable interpretation of activation signals, despite the trade-off in

signal resolution that comes with using a heterogeneous cell population.

Subsequent validation of the new TTR Jurkat T cell line using various inhibitors and stimuli
confirmed the specificity of the system in detecting transcription factor activation and in
reflecting crosstalk in upstream signaling pathways as well as among transcription factors

(Figure 4-1). The effects of inhibitors targeting different arms of the T cell signaling network
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emphasized the relative independence of Ca®'-regulated NF-AT activity and the close
interrelationship between NF-kB and AP-1 activating pathways. As a general pattern,
downregulation of NF-kB was associated with a reduction of AP-1 activity, reflecting the
regulation of AP-1 subunits by NF-kB (114, 115). However, PKCO inhibition with sotrastaurin
not only affected NF-kB and AP-1, but even slightly reduced the induction of NF-AT. This could
be caused by PKCB, which affects NF-AT by altering IP; generation and Ca®" mobilization, or
it could be a consequence of NF-AT requiring cooperation with AP-1 for efficient
transcriptional activity (43, 267). In contrast, interference with calcineurin activity revealed
crosstalk with the NF-kB activating pathway, for example through dephosphorylation of BCL-
10 by calcineurin (268).
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Figure 4-1: T cell signaling with crosstalk between NF-kB, AP-1 and NF-AT signaling pathways.

Upon T cell stimulation with anti-CD3, the multiprotein complex is formed at the membrane and activated PLCy1
catalyzes the formation of DAG and IP3. DAG activates, together with anti-CD28 antibody stimulated signaling or
PMA stimulation, the NF-kB pathway via PKCO and the AP-1 pathway via RasGRP1 and the CBM complex.
Alternatively, the IKK complex formation in induced by TNF-a stimulation. IP3, as well as ionomycin stimulation,
stimulates calcium efflux from the ER, thereby activating NF-AT via calcineurin. Downstream of the signaling
cascades, NF-kB drives de novo synthesis of AP-1 subunits, while AP-1 and NF-AT cooperate for a T cell-activating
transcriptional program. Dashed lines indicate additional signaling crosstalk detected in this study.

The TTR Jurkat T cell line facilitates monitoring of activation dynamics for all three transcription

factors. However, the inherent delay of the system in accumulating fluorescent proteins to
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detectable levels makes it unfavorable for detecting very early, rapid, or small differences in
signaling. Nevertheless, comparative measurements after five and 24 hours of stimulation
clearly showed differential activation kinetics in our assays. NF-«kB activation was rapidly
detected because its preformed, cytosolic active components are rapidly released upon
stimulation (2). NF-AT also responds immediately to stimulation, and the enhanced eGFP
signal after sustained stimulation underscores its requirement for sustained elevation of
intracellular Ca®* levels (49). In contrast, the mCherry signal indicative of AP-1 activation is
delayed, reflecting the need for de novo synthesis of its active components (3). Thus, despite
the temporal resolution limitations, the TTR system effectively reflects the signaling dynamics

and interplay between these transcription factors.

Treatment with different stimuli in a range of concentrations not only enabled the
determination of an optimal stimulation, but also validated the sensitivity of the TTR system
to such variations. Concerning the activation of NF-kB, the synergy of a main and a co-stimulus
is clear and measurable, since both anti-CD3 and anti-CD28 alone induced a low level of eCFP
expression, but only together they induced full eCFP expression and thus, NF-kB activity. Also,
the fluctuation of NF-kB-induced eCFP expression upon titration of both, CD3 and CD28,
reflects the subtle interplay of both signaling pathways as described previously (79). In
contrast, both AP-1 and NF-AT are largely independent of CD28 signaling and depend

predominantly on LAT complex formation and PLCy activation.

As an aside, in previous work we have shown that stimulation with CD3 titration can facilitate
detailed examination of specific response parameters, including stimulation thresholds and
the intensity of transcriptional responses (111). In a separate application, the TTR system has
been used to examine individual aspects of T cell signaling more comprehensively (269).
Putting these aspects together, the new reporter opens a wide range of possibilities to study

T cell signaling both comprehensively and in depth.

Taken together, the novel TTR Jurkat T cell line represents an important tool to precisely
examine endogenous regulatory mechanisms and downstream responses. This innovative tool
allows in-depth and comprehensive analyses of T cell activation processes, with broad

applications for research in diverse biological contexts.
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4.1.2 CADINS- and BENTA-causing CARD11 mutations are not inducing transcriptional

crosstalk in T cells

CARD11, which serves as a scaffolding protein within the CBM complex, plays a central role in
the NF-kB signaling pathway that is activated by TCR/CD28 stimulation. Therefore, mutations
in CARD11 can adversely affect the balance of the immune system and lead to various diseases.
CADINS and BENTA disease are both caused by heterozygous germline mutations of CARDT7,
with CADINS associated with LOF and BENTA associated with GOF function mutations.
However, the spectrum of symptoms cannot be explained by dysregulated NF-kB signaling
alone. We have used the new TTR Jurkat T cell line to investigate a possible crosstalk with AP-
1 or NF-AT signaling, which may alter the overall T cell activation. Although we could not
demonstrate a crosstalk to AP-1 or NF-AT contributing to CADINS or BENTA disease, this study
demonstrates that the TTR Jurkat T cells are a versatile and powerful new tool to

comprehensively study T cell activation signaling at the single cell level.

The growing group of CADINS-associated CARD 11 mutations are not focused on a specific
CARD11 domain. Instead, many mutations occur in the CARD domain, but also the coiled-coil
and MAGUK domains can contain such disease-causing mutations. In our study, stable
overexpression of R30W, E57D, and L194P CARD11 with mutations in the CARD or coiled-coil
domain counteracted NF-kB activation upon stimulation, which is consistent with the results
of previous studies using transient expression of these mutant CARD 77 (138-140). However,
Ma et al. also described a mild but significant impairment of NF-kB stimulation after transient
expression of the R975W CARD11 variant mutated in the MAGUK domain, whereas we could
not replicate this negative regulatory effect on NF-kB (139). In addition to the impairment of
NF-kB activation, the R30W mutation was also associated with reduced phosphorylation of
JNK in a heterozygous mouse model, suggesting crosstalk of negative regulation with AP-1
(141). However, in our TTR Jurkat T cells the AP-1 activity was only slightly decreased by the
strong P/l stimulation and not by the more natural anti-CD3/CD28 stimulation. Thus, R30W
may interfere with JNK phosphorylation, but does not have a significant downstream effect on
AP-1 activation and is therefore unlikely to be critical for patient symptoms. Finally, there was

no modulation of NF-AT activity by either of the CADINS-associated CARD11 mutants.
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These results suggest that the respective CARDT1 mutations affect only NF-kB downstream
signaling, without significant crosstalk with AP-1 or NF-AT. It has been previously shown that
R30W, E57D and L194P CARD11 are defective in the formation of the CBM complex (138, 139).
Therefore, it can be speculated that mutations in the CARD, coiled-coil or MAGUK domain
affect binding to BCL10, aggregation of CARD11 or recruitment to the plasma membrane.
Depending on the severity and nature of the mutation, CBM complex formation and
downstream NF-kB and JNK signaling may be partially or completely affected, resulting in

different symptoms in different patients.

In BENTA patients, a single heterozygous mutation in CARD117 can have GOF features, reflected
in B cell proliferation and constitutive NF-kB activity in B and T cells, and at the same time LOF
features, associated with T cell anergy upon stimulation. To date, this has been attributed to a
consequential failure of CARD11 autoinhibition leading to constitutive formation of the CBM
complex and IkB-a degradation, thereby activating NF-kB (142, 146). However, the origin of
the anergic phenotype has not been identified, yet. Here, we detected some very mild
enhancement of NF-«kB by C49Y CARD11 in basal and stimulated condition but we could not
reproduce this clear constitutive NF-kB activity upon overexpression of C49Y and E134G
CARD11 described previously (142, 146). Based on the activating signal from the CBM complex
without co-receptor stimulation, we speculated that this single signal could provoke NF-AT
driving anergy. In addition, patient T cells exhibited a lack of JNK phosphorylation, which could
result in decreased AP-1 activity and thus, promote expression of anergy-associated NF-AT
target genes. (142). However, we did not find any modulation of NF-AT activity by mutant
CARD11 and there was only slightly enhanced AP-1 activity by expression of C49Y but not
E134G CARD11 upon anti-CD3/CD28 stimulation.

Comparing the mutant CARD11 protein levels, the C49Y and E134G CARD11 protein levels
were comparatively low. This was true not only in our study but also in the stable
overexpression by Chan et al. and the transient co-expression by Snow et al. (142, 146). This
could indicate, for example, inherent instability of mutant CARD11, endogenous counter-
regulation leading to degradation of mutant CARD11, or severe deleterious effects leading to
premature cell death upon exceeding a critical level of mutant CARD11. These processes may

be regulated differently in B and T cells, leading to the dichotomy observed in BENTA patients:
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While B cells can cope with mutant CARD11 and the resulting amplification of NF-kB signaling,
T cells may have evolved mechanisms to counteract, including the induction of an anergic

state independent of NF-AT activation.

Regardless of their LOF or GOF classification, certain overexpressed mutant CARD11 variants
resulted in persistent NF-AT activity in a subset of cells. Follow-up experiments to elucidate
this phenomenon were inconclusive, as the NF-AT activity did not respond to calcineurin
regulation, nor did it appear to affect the NF-«kB or AP-1 pathways. Therefore, we hypothesize
that the observed persistent eGFP signal may not be directly attributable to NF-AT induction
but may instead result from aberrant epigenetic activation or the positional effect of reporter

gene integration within a highly transcriptionally active genomic region in these cells.

A close analysis of previous studies on CADINS- and BENTA-associated CARD11 mutations
revealed that some mechanistic in vitro studies were performed in CARD17-deficient Jurkat T
cells overexpressing mutant CARD17 homozygously. In this setting, C49Y and E134G CARD11
indeed significantly induced constitutive activation of NF-kB (142, 144). In contrast, upon
ectopic, transient overexpression of mutant CARDT7 in WT T cells, aberrant T cell activation is
much weaker, especially compared to WT CARD11 overexpressing cells (142, 270). On the
other hand, stable overexpression of C49Y CARD171 in WT Jurkat T cells clearly induces
constitutive NF-kB activity as detected by EMSA (146). Similar differences based on the choice
of expression system occurred for the CADINS-associated R975W CARD11. While
homozygous transient expression of E57D, L194P, and R975W CARD11 significantly impeded
NF-kB activation, this effect was substantially reduced by heterozygous transient expression
of R975W CARD11 compared to the other mutants (139). Taken together, these results suggest
that the protein level of mutant CARD11 on the one hand and the ratio of additional WT
CARD11 on the other hand are critical factors that regulate the severity of perturbations by
mutant CARD11. Furthermore, this is modulated differently by transient and stable mutant
CARD11 expression and varies between individual mutations. Indeed, in our experiments, the
protein levels of C49Y and E134G CARD11 were significantly lower than endogenous WT
CARD11, which may explain the weak effects on downstream signaling and is a limitation of

the study.
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However, our experimental approach using stable overexpression of mutant CARD 17 closely
approximates the cellular conditions observed in patient lymphocytes. Given the moderate
effects reported in previous studies using heterozygous mutant CARDT1 expression, we are
confident that our experimental design provides a close representation of the signaling

dynamics present in patient-derived lymphocytes (139, 142, 270).

The observation that the effect of mutant CARD11 on signaling is more subtle than expected
supports the notion that patient phenotypes may arise from more than impaired NF-«B
activity. It suggests that the perturbations in CBM complex formation and function may extend
their influence to other signaling axes, potentially beyond the scope of AP-1 and NF-AT. This
interplay of multiple, nuanced alterations within the cellular signaling network may culminate

in the diverse clinical manifestations associated with the diseases.

4.2 The SARS-CoV-2 Nsp14 stimulates host cell NF-xB activity

When SARS-CoV-2 infects human cells, it disrupts cellular homeostasis and triggers immune
responses. Systematic mapping of the SARS-CoV-2 human contactome revealed protein-
protein interactions associated with the human immune response. Considering the severely
dysregulated NF-kB activity leading to hyperinflammation in COVID-19 patients, we used
these results as a starting point to investigate the molecular mechanism of how SARS-CoV-2

induces NF-kB signaling in host cells.

4.2.1 Full length Nsp14 with active MTase domain stimulates NF-kB

Based on the results of the systematic virus-host cell interactome, we tested all viral proteins
associated with immune response proteins for their ability to activate NF-«kB. We identified
Nsp14 as the SARS-CoV-2 protein that induces NF-kB activity in a dose-dependent manner.
By testing Nsp14 variants derived from SARS-CoV-2 virus variants as well as from other human

coronaviruses, we found that this is a more general property of Nsp14.

The Nsp14 protein level of the different human coronaviruses and the level of induced NF-kB
activity were positively correlated, as SARS-CoV-1 and MERS-CoV Nsp14 were well expressed
and both induced NF-kB even more than SARS-CoV-2 Nspl14. Both diseases are also

characterized by a strong inflammatory response with increased levels of cytokines and
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chemokines, suggesting comparable activation mechanisms (165, 166). In contrast, Nsp14
derived from other human coronaviruses was expressed rather weakly and no activation of
NF-kB was detected, which probably contributes to the mild symptoms caused (160). In
particular, the protein stability of HCoV-OC43-derived Nsp14 appears to be tightly regulated,
as shown in the titration experiment. Taken together, these observations indicate that the
stability of the Nsp14 protein varies among human coronaviruses. The observed association
between reduced levels of Nsp14 and decreased NF-kB activation suggests that therapeutic
targeting of Nsp14 may reduce the severity of the symptoms it induces. However, the
consequences of NF-kB induction by Nsp14 appear to be additionally individually regulated
among the different human coronaviruses. This is suggested by the expression of Nsp14
derived from HCoV-229E, which resulted in protein and NF-kB activity levels comparable to
those of Nsp14 derived from SARS-CoV-2. However, infection with HCoV-22E is associated
with only mild cold-like symptoms, suggesting an additional regulation controlling the NF-«kB-

induced inflammatory response (160).

To elucidate the molecular mechanisms driving Nsp14-induced host cell NF-kB signaling, we
performed a systematic evaluation of Nsp14 domains and enzymatic functions. Notably, the
two domains of Nsp14 are structurally interdependent, although they exhibit independent
enzymatic activities and this is reflected in their ability to induce NF-kB (207, 271). Removal or
truncation of either domain resulted in complete prevention of NF-kB activation, a finding
consistent with the results reported by Li et al. (272). Interestingly, mutation of the ExoN
catalytic center had no effect on NF-kB induction. Instead, genetic inactivation of the MTase
catalytic center led to a complete inhibition of Nsp14-triggered NF-kB activation, which is
corroborated by findings from another study (234). The Nsp14 MTase domain acts without
recognition of sequences that mark viral RNA and can substitute for homologous enzymes in
other organisms (271). Thus, even in the absence of assistance from other viral proteins, Nsp14
may be able to affect the capping of host cell RNAs. This could disrupt host cell mRNA
homeostasis and consequently the levels of endogenous proteins. Changes in the expression
levels of either direct regulators of the NF-kB pathway, such as A20 or IkB-a, or modulating
enzymes, such as kinases or ubiquitin ligases, which modify the signaling pathway that

activates NF-kB through their enzymatic activities, could then culminate in NF-kB activation.
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As a second approach to verify the importance of the MTase enzymatic activity, we used
different inhibitors targeting the Nsp14 MTase domain: Both nitazoxanide and pyridostatin
have been identified as inhibitors of Nsp14 MTase activity in in vitro screens and reduced virus
replication in cell-based assays (252, 255, 256). As positive controls, we used the standard
MTase inhibitor and SAM analog sinefungin. However, none of the inhibitors affected the
Nsp14-induced activation of NF-kB. This may indicate that the modes of action of these
compounds, which remain undefined for SARS-CoV-2 Nsp14, may not target the molecular
mechanism of Nsp14 to activate NF-kB. In addition, the concentrations of inhibitors may not
have been sufficient to affect the overexpressed Nsp14 in our model, especially considering
that the levels of active enzyme may be lower during natural viral infection or in the context
of antiviral assays and recombinant protein studies. Moreover, several cellular factors may
contribute to the reduced efficacy of these compounds in our assays. Cellular mechanisms
may limit the intracellular accumulation of inhibitors, either by restricting their uptake,
accelerating their metabolism, or actively exporting them, thus reducing their effective
concentrations and consequently their inhibitory potential on Nsp14. Furthermore, the
binding affinity of the inhibitors to the MTase domain of Nsp14 may be too weak to compete
with the enzyme's natural substrate, SAM, in the cellular milieu. Besides, endogenous MTase
enzymes within the cell may have higher affinities for these inhibitors, thus reducing their
inhibitory effects on Nsp14. Nevertheless, there is a growing number of studies with in silico
and (n vitro screens, proposing a variety of Nsp14 MTase inhibitors which efficacy and ability

to cross plasma membranes remain to be verified in vivo (250-253).

In addition to the critical role of the MTase domain, our study demonstrated that the cofactors
of both Nsp14 domains, SAM and Nsp10, contribute to increased Nsp14 protein levels as well
as NF-kB induction. This finding is consistent with previous research highlighting the
stabilization of Nsp14 upon co-expression with Nsp10, as well as the addition of SAH, which
is a by-product of the MTase reaction (207, 225). While there is a crystal structure resolving
how Nsp10 stabilizes Nsp14, there is currently no structural analysis of Nsp14 in complex with
SAH (224). However, we propose that the binding of SAM strengthens the conformation of
the flexible SAM binding region, similar to the Nsp10-induced stabilization (208). Considering

the dose-dependent relationship between Nsp14 and NF-kB activation, which mirrors the
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correlation observed between the viral load in patients and the extent of their inflammatory
responses, we suggest that the enhanced NF-kB activity is directly linked to the accumulation
of Nsp14 protein (150, 190). However, the presence of the co-substrate may also enhance the
enzymatic activity of Nsp14 MTase, which is essential for NF-kB induction. In addition, SAM
supplementation may affect NF-kB through several other pathways, as evidenced by the mild
NF-kB induction in IKK-B overexpressing controls and presented in the existing literature (273-
276). Nevertheless, SAM does not stabilize IKK-[ protein levels, suggesting a separate mode

of action with Nsp14.

In conclusion, we have shown that the expression of Nsp14 alone is sufficient to induce NF-«B
in the host cell. This Nsp14 function requires the full-length protein with the enzymatically
active N7-MTase domain. Furthermore, this NF-kB inducing activity of Nsp14 is present in all

SARS-CoV-2 variants as well as other human coronaviruses.

4.2.2 Nspl4is instable without viral accessory proteins

As a next step, we wanted to understand how Nsp14 interacts with host cell signaling pathways
leading to NF-kB activation. Therefore, we generated cells with stable or inducible Nsp14
expression as a valuable tool and found that WT Nsp14 and, to a lesser extent, D331A Nsp14

are inherently unstable.

Both approaches, lentiviral infection allowing for stable expression and doxycycline-inducible
expression of Nsp14, resulted in substantially low protein levels, with significantly less WT
Nsp14 compared to D331A Nsp14. This could not be reversed by increasing the dose of
doxycycline in the inducible Nsp14 expressing cells. The strong and equivalent expression of
CD2 in the stably Nsp14-expressing cells as well as equal transcript levels of WT and D331A
Nsp14 detected in both cell lines inducibly expressing Nsp14 suggest that the Nsp14 genes
are transcribed equally. Inhibition of proteasomal degradation showed that especially active
Nsp14 was stabilized, suggesting that the Nsp14 protein is unstable and degraded. This
implies that host cells tightly control the expression, stability, and activity of Nsp14 due to its
potential negative impact on cellular functions. The use of proteasomal degradation as a
defense mechanism against viral proteins has been extensively studied for other viruses, such

as HIV-1 (277, 278). Therefore, we speculate that the cells recognize Nsp14 as non-self and its
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N7-MTase activity as potentially harmful and thus initiate its removal. In addition, cells stably
expressing Nsp14 appeared to downregulate Nsp14 gene transcription in the long term, as
indicated by significant loss of hACD2 expression. Silencing of integrated transgenes is also a
well-known defense mechanism of infected host cells and appears to be applied in cells with

genomic integration of Nsp14 (279).

Our previous finding, that Nsp14-Nsp10 interaction stabilizes Nsp14 and enhances its ability
to induce NF-kB activation implicates a strong cooperativity between viral factors in
influencing human immune and inflammatory responses. On this basis, we anticipate that
working with in vitro SARS-CoV-2 infections would provide the full spectrum of viral accessory
factors that contribute to Nsp14 stabilization and counteraction of host cell defense
mechanisms. Moreover, such studies could reveal the physiological levels of Nsp14 present in
cells from infected patients, thus avoiding the potential artifact of overexpression inherent in
our current assays. It is important to acknowledge that the forced overexpression of Nsp14
protein levels in our study may be a limitation, as it may induce cellular stress responses and
activate innate defense mechanisms. As a result, dissecting the nuances of host defenses upon
artificial induction of high levels of Nsp14 may not accurately and exclusively reflect the

immune response elicited during natural viral infection.

Overall, active Nsp14 protein levels are consistently maintained at a low equilibrium within the
host cell, reflecting robust cellular regulatory mechanisms. This underscores the effective
response of the host cell, which employs defense mechanisms to mitigate the potential

damage resulting from Nsp14 enzymatic activity.

4.2.3 Nsp14 induces NF-kB activity via the canonical signaling pathway

To address the unresolved question of how Nsp14 interferes with host cell signaling pathways
culminating in NF-kB activation, we continued to work with transient overexpression of Nsp14
and analyzed the NF-kB-inducing upstream signaling pathways as well as NF-kB target gene
expression. We found that there was very little NF-kB target gene expression from

endogenous loci but could specify that Nsp14 acts on NF-kB via NEMO and p65.

Based on the hypothesis that Nsp14 N7-MTase activity may modify host cell mRNA and thus

either protein levels of direct NF-kB pathway proteins or modulating enzymes, leading to
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variations in modifications such as phosphorylation, we analyzed the canonical and non-
canonical signaling pathway by WB. However, in contrast to overexpressed IKK-f, there was
no detectable activation of either pathway upon expression of Nsp14. Therefore, we focused
on downstream effects and analyzed the transcriptional activity of NF-kB towards endogenous
gene loci. Overexpression of active Nsp14, but not D331A Nsp14, induced transcription of the
NF-kB target gene CXCL8, consistent with in vitro studies by Zaffagni et al. and Li et al. as well
as consistently elevated levels of IL-8 in the blood and lungs of patients (151, 184, 188, 189,
234, 272). As an aside, previous studies have proposed that IL-8 counteracts the interferon
response to viral infection and facilitates viral replication (280, 281). Also in the context of
SARS-CoV-2 infection, this property of IL-8 may contribute to the overall deficiency in the

interferon response and may account for its prominent upregulation in COVID-19 patients.

Except for CXCL8, which induction was extremely mild compared to the overexpression of IKK-
B, there was no transcription of other classical NF-kB target genes such as NFKBIA, TNFAIP3
or ICAMT induced by Nsp14. Surprisingly, the addition of TNF-a stimulation, Nsp10 co-
expression or SAM supplementation did not increase target gene expression, even though
Nsp14 protein was stabilized by Nsp10 and SAM. This is in stark contrast to the strong
enhancement of NF-kB activity we detected with ectopically expressed reporter plasmids.
Although similar studies reported increases in /L6 and NFKBIA transcripts in addition to CXCL8
under analogous experimental conditions, they also failed to show elevated transcript levels
of a broader panel of NF-kB target genes (234, 272). Our attempts to replicate these findings
were unsuccessful, as our reanalysis of the RNA sequencing data from Zaffagni et al. did not
confirm a significant increase in NFKBIA levels, or in any other NF-kB target gene, nor was /L6
induction evident in our samples (data not shown). In addition, our findings contradict results
from in vitro SARS-CoV-2 infection of A549 cells, which stimulated the transcription of
numerous NF-kB target genes (196). Comparing the studies, we suggest that different
experimental setups and cellular environments provide different insights into the underlying
mechanism. First, the firefly reporter plasmid is transiently expressed outside the genomic
environment and is therefore readily accessible to NF-kB. Conversely, NF-kB binding sites
within the promoter regions of endogenous loci may be inaccessible within chromatin

structures and require remodeling for efficient target gene transcription. Second, the use of
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different cell lines provides variant protein levels across the proteome, which is an additional
factor that may influence the efficiency of Nsp14 in modulating NF-kB signaling. And third, as
discussed above, Nsp14 is not stable and therefore protein levels are difficult to control when
overexpressed in cells, whereas in vitro SARS-CoV-2 infections provide the full viral
environment. Thus, Nsp14 alone can promote NF-kB activity, but full induction of target genes
from endogenous loci requires the involvement of additional viral or host elements, possibly

involving mechanisms for chromatin decondensation.

Knowing that Nsp14 does not directly modify the canonical or non-canonical NF-kB pathway,
we followed up on the findings from the virus-host interactome. According to the yeast two-
hybrid screen results, Nsp14 binds to the NF-kB pathway proteins TRAF2, NEMO and c-Rel.
Despite of this, we could not detect stable protein-protein interactions between Nsp14 and
any of the putative human binding partners. However, a transient or unstable interaction may

not be detectable by our assay.

Besides, a proteomic screen identified inosine 5'-monophosphate dehydrogenase 2 (IMPDH2)
as a potential binding partner of Nsp14, with pull-down assays confirming this interaction
(235, 272). This Nsp14-IMPDH2 complex is postulated to enhance the enzymatic activity of
IMPDH2, which has been implicated as a critical factor in Nsp14-driven NF-kB activation (234,
272). However, the primary role of IMPDH2 is known to be in de novo GTP biosynthesis,
regulating nucleotide metabolism, a pathway of particular interest in oncology (282, 283).
Consequently, the direct link between IMPDH2 activity and NF-kB signaling remains tenuous,
with studies reporting conflicting results regarding its effect on NF-kB as well as other
pathways such as p38, JNK1/2, ERK1/2, and AKT (284-286). The exact molecular mechanisms
remain elusive, suggesting that IMPDH2 may exert a more general modulation of cellular
signaling networks. Furthermore, the specific mechanistic details of how the Nsp14-IMPDH2
interaction influences NF-kB signaling during SARS-CoV-2 infection have not been elucidated
(234, 272). Zaffagni et al. hypothesized that Nsp14-induced IMPDH2 activity increases
intracellular GTP levels, which in turn are required for capping, and thus may promote Nsp14
MTase activity. However, this hypothesis does not directly explain how Nsp14 MTase activity

leads to increased levels of NF-kB activity.
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In contrast, our series of gene KO experiments revealed that Nsp14 induces NF-kB via the
canonical signaling pathway requiring NEMO and p65, whereas the putative binding partners
TRAF2 and c-Rel as well as RelB are not required for Nsp14-induced NF-kB activity. The KO of
IKBKG completely abolished NF-kB activation upon stimulation with TNF-a and significantly
prevented Nsp14-induced NF-kB activation, suggesting the functional involvement of NEMO
in Nsp14-driven NF-kB activation. Nevertheless, the residual level of NF-kB activity observed
after Nsp14 expression in the IKBKG KO cells suggests that Nsp14 still elicits some NF-kB
transcriptional response, presumably through a NEMO-independent mechanism.
Furthermore, Nsp14 relies on p65, a protein not initially identified in our Nsp14 contactome,
instead of c-Rel to initiate NF-kB signaling. This observation is consistent with previous
research demonstrating p65 phosphorylation and translocation following SARS-CoV-2
infection and in vitro Nsp14 expression (196, 272). This observed discrepancy between the
contactome results, and our functional data could be attributed to the structural similarity of
c-Rel and p65, as both proteins have identical functional domains, overlapping activation
triggers and target genes (260). This functional redundancy may also extend to Nsp14-
mediated NF-kB activation, where they may compensate for each other depending on their
expression levels in different cell types. Notably, NF-kB signaling induced by SARS-CoV-2 plays
a dual role, contributing both to the cytokine storm during infection and facilitating viral
replication. In vitro experiments using A549 lung cells have demonstrated the essential role of
NEMO, c-Rel and p65 in SARS-CoV-2 replication (196, 242). This supports the hypothesis that
c-Rel and p65 may act in a compensatory manner. Further studies are needed to determine
whether Nsp14-triggered NF-kB activation is responsible for driving SARS-CoV-2 replication
and to explore whether variations in the requirement for c-Rel and p65 are associated with
specific cell types. In conclusion, Nsp14 triggers NF-kB transcriptional activity through the
canonical signaling pathway, relying on NEMO and p65, with CXCL8 as a key target gene.

Notably, there is no involvement of the non-canonical RelB in NF-kB transcriptional activation.

Our results lead us to hypothesize that the MTase enzymatic activity of Nsp14 is critical,
potentially modifying viral or host mRNAs to modulate NF-kB transcriptional activity. This
action is likely to result in the primary enhancement of the transcriptional activity of canonical

NF-kB complexes, including p65, as opposed to serving as an initial activator of NF-kB. This
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proposed model suggests that Nsp14 does not directly trigger upstream NF-kB signaling, but
rather amplifies the basal NF-«kB activity inherent in cells, as demonstrated by the residual
activity in IKBKG KO cells. A similar phenomenon has been observed with respiratory syncytial

virus and a comparable mechanism is conceivable (287).

Also, the stimulation of NF-kB may result from the orchestrated action of several different
stimuli in addition to Nsp14 MTase activity. On the one hand, several studies have implicated
other SARS-CoV-1 proteins, such as E, N, S, 3a and 7a, in the stimulation of NF-kB, which may
also apply to their analogues in SARS-CoV-2 (288-291). On the other hand, virus-induced
innate immune signaling such as TLR, RIG-l or MDA5 downstream signaling as well as ER stress
may also contribute to the stimulation of NF-kB (157, 161, 292). The synergy of these
concurrent SARS-CoV-2-induced inflammatory triggers including Nsp14 may culminate in a
modest activation of NF-kB, sufficient to initiate cytokine and chemokine release. As the
infection progresses, positive feedback loops may amplify this response, generating a stronger
wave of NF-kB activation, resulting in the release of even more cytokines and the start of a

vicious cycle of inflammation.

4.3 Conclusion and perspectives

The engagement of T cell receptors initiates a complex signaling network that ultimately
converges on the induction of three key transcription factors, specifically NF-kB, AP-1, and NF-
AT. Together, they orchestrate a highly pathogen-specific immune response characterized by

a distinct profile of target gene expression.

We have generated a Jurkat T cell line containing the NF-kB, AP-1 and NF-AT response
elements linked to the expression of the fluorescent proteins eCFP, mCherry and eGFP and
demonstrated their advantages for comprehensive quantification of transcriptional activities
by flow cytometry. A future application is a CRISPR-Cas9 KO screen that, when coupled with
various T cell treatments - ranging from different types of stimulation and inhibitors to the
incorporation of disease-related mutations - can facilitate an in-depth dissection of TCR
signaling pathways. Such an approach would elucidate the roles of specific proteins within the
TCR signaling complex, delineate the contributions of co-receptor pathways to various

downstream signaling events, and unravel the intricate signaling networks that link receptor
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activation to transcription factor responses. In addition, the use of cell sorting techniques to
enrich populations based on changes in transcriptional activity, with subsequent mass
spectrometry or RNA sequencing analysis of these populations, may reveal previously

unrecognized regulators in T cell signaling pathways.

In this study, we used the new TTR Jurkat T cell line to decipher potential transcriptional
crosstalk upon expression of patient-derived CADINS and BENTA-associated CARDI11
mutations. However, we could not identify any significant aberrant activity of AP-1 or NF-AT
induced by mutant CARD11. In both diseases, the CARD 77 mutations are mainly located in the
CARD and coiled-coil domain, which facilitate the CARD11 autoinhibition. Previous studies
have shown that some mutations promote CBM complex formation, while others disrupt it
(138, 141, 146). It would be interesting to model these different mutations in a CARD11
structure to understand whether there is a mechanistic pattern of how single point mutations
can efficiently modulate the autoinhibition. Furthermore, this could provide insights into what
other protein interactions between the CBM complex and signaling molecules might be
affected and consequently contribute to the different symptoms of the patients. Besides, the
generation of CARD11 KO TTR Jurkat T cells and reconstitution with mutant CARD11 only
would allow for generally stronger phenotypes and potentially reveal mild effects on AP-1 and
NF-AT. Finally, cells with highly aberrant NF-kB, AP-1 or NF-AT could be enriched by cell
sorting and subsequently analyzed by mass spectrometry for modulated protein levels or
post-translational modifications involved in T cell signaling. By incorporating these
approaches, knowledge gained from the study of oncogenic CARD11 mutations should be
integrated into the analysis. Such studies have already contributed to a comprehensive
understanding of the role of CARD11 in CBM complex assembly and the perturbations caused
by disease-associated mutations (293-295). The use of this knowledge will be of great value

in our exploration of the molecular basis of CARD11-associated pathologies.

In the second part of this study, we focused on elucidating the process that allows for
disproportionate stimulation of NF-kB during SARS-CoV-2 infection of human host cells. The
NF-kB-induced cytokine storm syndrome in COVID-19 patients is characterized by excessive
levels of cytokines and chemokines and is one of the major causes of severe disease

progression (185, 186, 191). Therefore, elucidation of the molecular mechanisms underlying
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this potent NF-kB activation is the necessary basis for the development of targeted treatment
options. Mechanistically, we have shown that full-length Nsp14 with N7-MTase catalytic
activity is central to the stimulation of canonical NF-kB activity. The necessity of the
catalytically active methylase domain implies that Nsp14 may also modify endogenous host
MRNA. However, it is still unclear how this would be spatially regulated, as Nsp14 localizes to
viral double-membrane vesicles in the cytosol to modify viral RNA but would need to
translocate to the nucleus to target host mRNA. Various imaging studies have localized Nsp14
primarily to the cytosol but could not rule out nuclear Nsp14 (248, 296-299). It would be
interesting to determine whether the virus provides a transport mechanism with its own
proteins or whether it can hijack a host cell machinery for this Nsp14 translocation. In addition,
it will be of particular interest to determine which host mRNAs are affected, whether Nsp14
follows a selective or non-selective pattern, and to elucidate the underlying mechanisms

culminating in the activation of NF-kB.

Overall, the results of this study provide an important element in the understanding of how
SARS-CoV-2 infection leads to NF-kB hyperactivation in COVID-19 patients. Together with the
wealth of other SARS-CoV-2 studies, this lays the foundation for the development of targeted
anti-inflammatory treatments that either specifically target the SARS-CoV-2 Nsp14 MTase
domain or interfere with the Nsp14-dependent activation of NF-kB further downstream in the

mechanism.
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5.1 Instruments and equipment

Agarose gel chambers

Attune Acoustic Focusing Cytometer
Autoclave — VX-95

Bacterial culture flasks/tubes

Cell culture centrifuge, 5804

Cell culture flasks

Cell culture flasks/plates

Cell culture plates

Cell scraper

Cell strainer (100 uM)

Cell viability analyzer - ViCell-XR
Cell-counting chamber Neubauer
Centrifuge Beckman Avanti J-26 XP
Centrifuges - 5810R, 5417R, 5471C, 5804
CO:; incubators

Cooling cell culture centrifuge, 5810R
Cooling table centrifuge, 5417R

Cryo tubes

Electroporation cuvettes, Gene Pulser
Electroporator - Gene Pulser Xcell System
Eppendorf tubes

FACS tubes

Falcon tubes

Filter pipette tips - TipOne

Freezers and Fridges

Gel Documentation System - Intas Gel iX
Imager
Heatblock

Ice machine — Scotsman AF20
Incubator shaker — 126
Incubators

LightCycler plates 96 well
LightCycler480

Magnetic stirrer

Micro scales, scale

5 Materials

NeolLab, Heidelberg

Thermo Fisher Scientific, Waltham, USA
Systec, Linden

Schott, Zwiesel; BD, Heidelberg
Eppendorf, Hamburg

BD, Heidelberg

BD, Heidelberg; Nunc, Wiesbaden

BD, Heidelberg; Nunc, Rochester, USA
Sarstedt, Newton, USA

Neolab, Heidelberg

Beckman Coulter, Krefeld

Neolab, Heidelberg

Beckman Coulter, Krefeld

Eppendorf, Hamburg

Binder, Tuttlingen

Eppendorf, Hamburg

Eppendorf, Hamburg

Greiner Bio-One, Frickenhausen
Bio-Rad, Miinchen

Bio-Rad, Miinchen

Eppendorf, Hamburg

BD, Heidelberg; Wagner & Munz, Minchen
BD, Heidelberg

StarLab, Hamburg

Liebherr, Ochsenhausen

Intas, Gottingen

Techne, Staffordshire, UK

Scotsman Ice Systems, Vernon Hills, USA
New Brunswick Scientific, Hamburg
Sartorius, Gottingen; Heraeus, Hanau
4titude, Berlin

Roche, Mannheim

Neolab, Heidelberg

Kern & Sohn, Balingen
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Microscopes

Microwave

Nanodrop 2000

Petri dishes

pH meter - inoLab pH7110

Pipette tips

Pipettes - Reference

Pipetting aid - accu-jet pro

Plastic filter tips TipOne (RNase free)
Plastic pipettes

Plastic tips

Power supplies - EV202, EV243
Precision scale — New Classic MS
PVDF membrane

Rotator — Intelli-Mixer

SDS-PAGE chamber

Semi-dry blotter

Serological pipettes - Cellstar
Shaker - Polymax 1040

Syringes

Table centrifuge, 5471C
Thermocycler

Thermocycler — Mastercycler gradient
Tissue Culture Hoods Safeflow 1.2
Ultra-pure water system - Milli-Q Plus
ViCell-XR cell viability analyzer
Vortexer

Western blotting transfer — PVDF-
membrane,

0.45 pm

Western blotting transfer — Whatman paper

Whatman paper
Berthold Centro LB960 microplate reader
INTAS ECL Chemostar

BD LSRFortessa™ Cell Analyzer
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Leica, Wetzlar

SHARP, Hamburg

Thermo Fisher Scientific, Waltham, USA
Greiner Bio-One, Frickenhausen
WTW, Weilheim

Eppendorf, Hamburg

Eppendorf, Hamburg

Brand, Wertheim

StarLab, Hamburg

Greiner Bio-One, Frickenhausen
Eppendorf, Hamburg

Consort, Turnhout, Belgium
Mettler Toledo, GieBen

Merck Millipore, Darmstadt
Neolab, Heidelberg

Roth, Karlsruhe

PHASE, Libeck; Peglab, Erlangen
Greiner Bio-One, Frickenhausen
Heidolph Instruments, Schwabach
Braun, Melsungen

Eppendorf, Hamburg

Eppendorf, Hamburg

Eppendorf, Hamburg

Nunc, Wiesbaden

Merck Millipore, Darmstadt
Beckman Coulter, Krefeld
Heidolph Instruments, Schwabach
Merck Millipore, Darmstadt

Roth, Karlsruhe
Roth, Karlsruhe
Berthold, Bad Wildbad

INTAS Science Imaging Instruments,
Gottingen
BD, Heidelberg



5.2 Chemicals

5.2.1 General chemicals

Acrylamide/Bisacrylamide

Agarose

Ammonium persulfate (APS)
Ampicillin

Bovine serum albumin (BSA)
Calcium chloride (CaCly)

cOmplete — Protease Inhibitor Cocktail
Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

DNA 1kb plus ladder

dNTP-Mix

DPBS (w/o MgCl, and CaCly)

Ethanol (EtOH, p. a.)

Ethidium bromide (EtBr)
Ethylenediaminetetraacetic acid (EDTA)
Gel Loading Dye, Purple (6x)
GFP-Trap

Glycerol

Glycine

HEPES

Isopropyl alcohol (p.a.)

Kanamycin

LB-Agar (Luria/Miller)

LB-Medium (Luria/Miller)
Magnesium chloride

Methanol (MeOH, p.a.)

Milk powder

Monopotassium phosphate (KH,PO.,)
Nonidet P40 substitute (NP-40)
PageRuler Prestained Protein Ladder
Polybrene

Potassium chloride (KCI)

Roti-Load 1 - 4x SDS sample buffer
S.0.C. Medium

Sodium acetate

5 Materials

Roth, Karlsruhe

Biozym, Hessisch Oldendorf

Bio-Rad, Mlinchen

Roth, Karlsruhe

Sigma-Aldrich, Taufkirchen

Roth, Karlsruhe

Roche, Mannheim

Roth, Karlsruhe

Sigma-Aldrich, Taufkirchen

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

NEB, Frankfurt

Chromotek, Martinsried

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Freiburg

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

Sigma-Aldrich, Taufkirchen

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Taufkirchen

Roth, Karlsruhe

Roth, Karlsruhe

Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe
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Sodium chloride (NaCl)

Sodium dodecy! sulfate (SDS)

Sodium fluoride

Sodium hydrogen phosphate (Na;HPO.)
Sodium vanadate

TAE buffer (50x)
Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)-aminomethan (Tris)
TritonX-100

Trizol

Tween-20

Western blotting detection (ECL substrate)

20x LumiGlo and 20x Peroxide
X-tremeGENE HP Transfection Reagent

B-Glycerophosphate

Roth, Karlsruhe

Roth, Karlsruhe

Sigma-Aldrich, Taufkirchen

Roth, Karlsruhe

Roth, Karlsruhe

Omnilab, Bremen

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe

Cell Signaling Technology, Frankfurt

Roche, Mannheim
Sigma-Aldrich, Taufkirchen

5.2.2 Cell culture

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

DMEM (Dulbecco’s modified eagle medium)
Fetal calf serum (FCS)
Penicillin-Streptomycin (10,000 U/ml) (P/S)
RPMI (Roswell Park Memorial Institute) 1640
Trypsin (0.05%)/EDTA

Optimem
DMSO

5.2.3 Stimulants and inhibitors

Dasatinib

doxycycline (DOX)

FK506

lonomycin

MG-132

MLN120B

nitazoxanide

Phorbol 12-myristate 13-acetate (PMA)
pyridostatin

S-adenosylmethionine (SAM)
sinefungin

Sotrastaurin

Tumor necrosis factor alpha (TNFo)

132

Roth, Freiburg

Biomol, Hamburg

Sigma Aldrich, Taufkirchen
Santa Cruz, Heidelberg
Calbiochem, Schwalbach
Merck Millipore, Darmstadt
Biozol, Eching

Biomol, Hamburg

Merck Millipore, Darmstadt
Biomol, Hamburg

Sigma Aldrich, Taufkirchen
Biomol, Hamburg

Biozol, Eching

Biomol, Hamburg



5.3 Buffers and solutions

2x HBS (HEPES buffered saline)
4x Stacking gel buffer

5x Separation gel buffer
Annealing buffer

Blocking solution (WB)
Blotting buffer

Co-IP buffer

High salt buffer

Agar plates
LB medium
PBS (phosphate buffered saline)

PBS-T
SDS Electrophoresis buffer
Separation gel

Stacking gel
TBE buffer

5.4 Kits and enzymes

Herculase Il DNA Polymerase
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50 mM HEPES (pH 7), 280 mM NaCl, 1.5 mM Na,HPO,
0.5 M Tris (pH 6.8)

1.88 M Tris (pH 8.8)

50 mM Tris-HCI (pH 8.0), 70 mM NadCl

5% (w/v) milk powder in PBS-T

25 mM Tris (pH 8.3), 192 mM Glycine, 20% (v/v) MeOH
150 mM NaCl, 25 mM HEPES (pH 7.5), 0.2% (v/v) NP-
40, 1T mM glycerol, 1 mM DTT, cOmplete protease
inhibitors, 10 mM NaF, 8 mM B-glycerophosphate, 300
MM sodium vanadate

20 mM HEPES (pH 7.9), 350 mM Nadl, 20% (v/v)
glycerol, T mM MgCl,, 0.5 mM EDTA, 0.1 mM EGTA, 1%
(v/v) NP-40, 1 mM DTT, cOmplete protease inhibitors,
10 mM NaF, 8 mM B-glycerophosphate, 300 uM
sodium vanadate

LB (20 g/l), Agar (15 g/I)

25 g/l

137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPQO4, 1.7 mM
KH>PO4

0.1% (v/v) Tween-20 in PBS

25 mM Tris (pH 8.8), 192 mM Glycine, 0.1% (w/v) SDS
375 mM Tris (pH 8.8), 7.5-15% (v/v) Acrylamide,

0.1% (w/v) SDS, 0.1% (w/v) APS, 0.1% (v/v) TEMED

125 mM Tris (pH 6.8), 3% (v/v) Acrylamide, 0.1% (w/v)
SDS, 0.1% (w/v) APS, 0.1% (v/v) TEMED

Tris (50 mM), Boric acid (50 mM), EDTA (1 mM), pH 8.3

Agilent Technologies, Waldbronn

NucleoSpin Gel and PCR Clean-up Kit Macherey-Nagel, Diren

NucleoSpin Plasmid Mini Kit
Plasmid Maxi Kit

Proteinase K

QlAshredder

Restriction enzymes

Restriction buffers

RNeasy RNA isolation Kit

T4 DNA ligase

Takyon™ No ROX SYBR 2X MasterM
Verso cDNA Synthesis Kit

Dual Luciferase System 1000 Assays

Macherey-Nagel, Diren
Macherey-Nagel, Duren

NEB, Frankfurt

Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

NEB, Frankfurt

ix blue dTTP  Eurogentec, Seraing, Belgium

Thermo Fisher Scientific, Waltham, USA
Promega, Madison, USA
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5.5 Plasmids and Oligonucleotides

5.5.1 Vectors

Table 5-1: List of general vectors.

General vector

Information

pHAGE-PGK-L1-hACD2-T2A-
Flag-Strep-Strep (pPHAGE-SSF;
mock)

PEF-3x FLAG (3xF)

PEF-HA

pX458

LentiCRISPR v2

pMD2.G
psPAX2

pLV-tTRKRAB-red

PEGFP-C1
PEF-3xF-A20

pHAGE-SSF-L251P CARD11

pcDNA-3xF-cRel
PRK5-3xF-IKKp
IKKB-eGFP

pcDNA3-3xF-NEMO

Lentiviral vector. Obtained from Dr. Marc Schmidt-
Supprian. Flag-Strep-Strep-Tag was cloned into
pHAGE-PGK-L1-hACD2-T2A by Sall/BamHI.

Basis vector pEF4HIS-C (Invitrogen). His sequence was
replaced by three repeating Flag sequences
(Hindlll/Kpnl, D. Krappmann).

Basis vector pEF4HIS-C (Invitrogen). His sequence was
replaced by HA sequences (HindlIll/BamHI, A.
Eitelhuber)

Cas9 from S. pyogenes with 2A-EGFP, and cloning
backbone for sgRNA (addgene #52961; gifted by F.
Zhang)

Cas9 from S. pyogenes in lentiviral vector with
puromycin selection marker, cloning backbone for
sgRNA (addgene #48138; gifted by F. Zhang)
Lentiviral envelope plasmid (addgene #12259; gifted by
D. Trono)

Lentiviral packaging plasmid (addgene #12260; gifted
by D. Trono)

cDNA of RFP was transferred into pLV-tTRKRAB empty
plasmid (S. Pfeiffer, addgene #12249; gifted by D.
Trono)

Mammalian expression vector for N-terminal eGFP-
tagged protein expression (Clontech)

cDNA of A20 was transferred into pEF-3xF empty
plasmid (EcoRI/Notl; H. Yin)

cDNA of CARD11 mutant 2 N-terminally tagged with
StrepTagll was transferred into pHAGE empty plasmid
(M. Bognar)

cDNA of cRel was transferred into pcDNA empty
plasmid (addgene #27253; gifted by T. Gilmore)
cDNA of IKKB was transferred into pRK5 empty plasmid
(D. Krappmann)

cDNA of IKKB was transferred into pEGFP-N1 empty
plasmid (D. Krappmann)

cDNA of NEMO was transferred into pcDNA3 empty
plasmid (D. Krappmann)
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Viral gene sequences were synthesized based on SARS-
CoV-2 Wuhan-Hu-1, NCBI reference NC_045512.2, start
and stop codons were added by site-directed

mutagenesis and transferred into pMH-Flag-HA empty
plasmid (addgene #101766, B. Weller)

pEF-3xF-TRAF2

cDNA of TRAF2 was transferred into pEF-3xF empty

plasmid (T. Gehring)

Table 5-2: List of vectors generated for this study.

Additional vectors

Information

pHAGE-NF-«kB-eCFP

pHAGE-AP-1-mCherry

pHAGE-NF-AT-eGFP

pHAGE-SSF-CARD11
variants: WT, R30W, C49Y, E57D, E134G,
L194P, R975W

pEF-3xF-Nsp14
variants: WT, A394V (), 142V (o)

pEF-3xF-Nsp14
origins: SARS-CoV-2, SARS-CoV-1, MERS-
CoV, HCoV-0C43, HCoV-229E, HCoV-NL63

pEF-3xF-Nsp14
variants: AN-Term, AExoN, AN7-MTase,
D90A E92A, D331A, D90A E92A D331A

pHAGE-SSF-Nsp14
variants: WT, D331A
pLVTHM-Nsp14
variants: WT, D331A
eGFP-Nsp14

pEF-3xF-Nsp10

NF-kB response element coupled to cDNA of
eCFP was transferred into pHAGE empty
vector (Sall/Xbal)

AP-1 response element coupled to cDNA of
mCherry was transferred into pHAGE empty
vector (Sall/BamH/)

NF-AT response element coupled to cDNA
of eGFP was transferred into pHAGE empty
vector (Sall/BamH)/)

cDNA of CARD11 variants were transferred
into pHAGE-SSF empty plasmid
(Notl/BamHI; templates were gifted from A.
Snow)

cDNA of Nsp14 variants were transferred
into pEF-3xF empty plasmid (Notl/BamHI;
templates were gifted from P. Falter-Braun)
cDNA of Nsp14 variants from different viral
origins were transferred into pEF-3xF empty
plasmid (Notl/BamHI; templates were gifted
from P. Falter-Braun)

Mutations were introduced by site-directed
mutagenesis. ¢DNA of Nspl4 was
transferred into pEF-3xF empty plasmid
(Notl/BamH])

cDNA of Nsp14 variants were transferred
into pHAGE-SSF empty plasmid (Xbal/Sall)
cDNA of Nsp14 variants were transferred
into pLVTHM empty plasmid (NEBuilder)
cDNA of Nsp14 variants were transferred
into pPEGFP-C1 empty plasmid
(Xho1 / BamHI)

cDNA of Nsp10 was transferred into pEF-
3xF empty plasmid (Notl/BamH]I; template
was gifted from P. Falter-Braun, sequence

135



5 Materials

based on SARS-CoV-2 Wuhan-Hu-1, NCBI
reference NC_045512.2)

PEF-3xF-p65 cDNA of p65 was transferred into pEF-3xF
empty plasmid (Not | / BamHI; addgene
#21966)

5.5.2 Sequences of used sgRNA

Table 5-3: List of sgRNAs used and vectors into which they were ligated.

Name Sequence (5'- 37) Targeted exon vector

TRAF2 sgRNA #1  GCCGGGCTGTAGCAACTCCA Exon 2 pX458

TRAF2 sgRNA #2  AGGCCCTTCCAGGCGCAGTG Exon 2

IKBKG sgRNA #1 TGCATTTCCAAGCCAGCCAG Exon 3 pX458

IKBKG sgRNA #2 GCTGCACCATCTCACACAGT  Exon?2

RELA sgRNA #1  CAAGTGCGAGGGCGCTCCG  Exon 3 LentiCRISPR v2
RELA sgRNA #2  TATCTGTGCTCCTCGCCT Exon 3

RELA sgRNA #3 ~ TCACCAAGGACCCTCCTCAC Exon 4

REL sgRNA #1 ATTGGGTTCGAGACAACAGG Exon5 LentiCRISPR v2

REL sgRNA #2 TAATTGAACAACCCAGGCAG Exon 2
REL sgRNA #3 GTTGGAAAAGACTGCAGAGA Exon 3
RELB sgRNA #1  AACGGCTTCGGCCTGGACGG Exon 4 LentiCRISPR v2
RELB sgRNA #2 ~ CTCCTCACTCTCGCTCGCCG  Exon 2
RELB sgRNA #3 ~ GCCACGCCTGGTGTCTCGCG  Exon 4

5.5.3 Primer for RT-PCR

Table 5-4: Human RT-PCR primer sequences.

Target gene Sequence (5'- 37) Tm
RPII fw GCACCACGTCCAATGACA 64 °C
RPII rev GTGCGGCTGCTTCCATAA

CXCL8 fw (272) CTTGGCAGCCTTCCTGATTT 60 °C
CXCL8 rev GGGTGGAAAGGTTGGAGTATG

ICAM fw GGCTGGAGCTGTTGAGAAC 64 °C
ICAM rev ACTGTGGGTTCAACCTCTG

NFKBIA fw AGGACGGGGACTCGTTCCTG 64 °C

NFKBIA rev CAAGTGGAGTGGAGTCTGCTG
TNFAIP3 fw CTGAAAACGAACGGTGACGG 64 °C
TNFAIP3 rev CGTGTGTCTGTTCCTTGAGCG

Nsp 14 fw CGGAAACCCAAAGGCTATCA 60 °C
Nsp14 rev TGTGGGTAGCGTAAGAGTAGAA
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5.6 Escherichiacoli (E. coli) strains

TOP10

F-mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 AlacX74

recA1 araD139 A(ara-leu)7697 galU galK rpsL(Str®) endA1 nupG

STBL3

F'mcrB mrr hsdS20(rB", mB") recA13 supE44 ara 14 galk2

lacY1 proA2 rpsL20(Str®) xyl-5 X leu mtl-1

5.7 Eukaryotic cell lines

Jurkat T cells
Hek?293 cells

Hek293T cells

TTR Jurkat T cells
TRAF2"" Hek293 cells
IKBKG™” Hek293 cells
RELA” Hek293 cells
REL” Hek293 cells
RELB” Hek293 cells
scramble Hek293 cells

5.8 Antibodies

human T cell line, derived from acute T cell
leukemia patient
human  embryonic  kidney cell line  containing

Adenovirus 5 DNA
HEK293 cells containing SV40 large T-antigen

human T cell line, generated by lentiviral infection

human embryonic kidney cell line, generated by CRISPR/Cas9
human embryonic kidney cell line, generated by CRISPR/Cas9
human embryonic kidney cell line, generated by CRISPR/Cas9
human embryonic kidney cell line, generated by CRISPR/Cas9
human embryonic kidney cell line, generated by CRISPR/Cas9
human embryonic kidney cell line, generated by CRISPR/Cas9

5.8.1 Primary antibodies

Table 5-5: List of used primary antibodies.

Antibody Dilution Source Identifier

Mouse monoclonal 1:5000 Santa Cruz, Heidelberg Cat#sc-47778;
B-Actin (C4) RRID: AB_626632
Rabbit monoclonal 1:1,000 Cell Signaling Cat #4435; RRID:
CARD11 (1D12) Technology, Frankfurt AB_2070359
Mouse monoclonal 1:1,000 BD, Heidelberg Cat#552782; RRID:
clAP2 (F30-2285) AB_394463

Rabbit polyclonal 1:1,000 Santa Cruz, Heidelberg Cat#sc-70, RRID:
cRel AB_ 2178727
Rabbit polyclonal 1:1,000 Cell Signaling Cat#2555; RRID:
anti-GFP Technology, Frankfurt AB_390710
Mouse monoclonal 1:1,000 Cell Signaling Cat#4814.

IkBox (L35A5) Technology, Frankfurt RRID: AB_390781
Mouse monoclonal 1:1,000 Merck Millipore, Cat#05-536; RRID:
IKKo (14A231) Darmstadt AB_11213043
Mouse monoclonal 1:10,000 Sigma-Aldrich, Cat#F3165;
anti-FLAG M2 Taufkirchen RRID: AB_259529
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Mouse monoclonal
anti-HA [12CA5]
Mouse monoclonal
IKKy/NEMO (1.7.26)
Rabbit polyclonal
NIK

Rabbit polyclonal
Nsp14

Rabbit polyclonal
NF-kB2 p100/p52
Rabbit monoclonal
NF-kB p105/p50 (E381)
Rabbit polyclonal
NF-kB p65 (C-20)
Mouse monoclonal
p-IkBa (S32/36) (5A5)
Rabbit monoclonal
p-IKKa/B (S176/180)
(16A6)

Rabbit polyclonal
p-IKKo (S180)/IKKB
(5181)

Rabbit monoclonal
NF-kB p-p65 (S536)
Rabbit monoclonal
p-TAK1 (Thr184/187)
(90C7)

Rabbit monoclonal
RelB (C1E4)

HRP conjugated mouse
monoclonal Strep
Rabbit polyclonal

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

1:1,000

Sigma-Aldrich,
Taufkirchen
Santa Cruz, Heidelberg

Cell Signaling
Technology, Frankfurt
Cell Signaling
Technology, Frankfurt
Cell Signaling
Technology, Frankfurt
Abcam,

Cambridge, UK

Santa Cruz, Heidelberg

Cell Signaling
Technology, Frankfurt
Cell Signaling
Technology, Frankfurt

Cell Signaling
Technology, Frankfurt

Cell Signaling
Technology, Frankfurt
Cell Signaling
Technology, Frankfurt

Cell Signaling
Technology, Frankfurt
IBA, Goéttingen

Cell Signaling

Cat#11583816001,
RRID: AB_514505
Cat#sc-71331;
RRID: AB_1124812
Cat#4994; RRID:
AB_2297422
Cat#99098

Cat#4882; RRID:
AB_10695537
Cat# ab32360;
RRID: AB_776748
Cat#sc-372; RRID:
AB_632037
Cat#9246; RRID:
AB_2151442
Cat#2697; RRID:
AB_2079382

Cat#2681; RRID:
AB 331624

Cat#3033; RRID:
AB_331284
Cat# 4508

Cat#4922, RRID:
AB_2179173
Cat#2-1509-001

Cat#4712, RRID:

TRAF2 Technology, Frankfurt AB_2209848
5.8.2 Secondary antibodies
Table 5-6: List of secondary antibodies.

Antibody Dilution Source Identifier

Donkey polyclonal anti-mouse IgG

Donkey polyclonal anti-rabbit IgG

1:10,000 Jackson

ImmunoResearch,
Cambridgeshire, UK

1:10,000 Jackson

ImmunoResearch,
Cambridgeshire, UK

Cat#715-035-150;
RRID: AB_2340770

Cat#711-035-152;
RRID: AB_10015282
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Table 5-7: List of stimulatory antibodies.
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Antibody

Source

Identifier

Mouse monoclonal anti-human CD28 [CD28.2]
Mouse monoclonal anti-human CD3 [HIT3a]
Rat monoclonal anti-mouse IgG1 [A85-1]

Rat monoclonal anti-mouse IgG2a [R19-15]]

BD Biosciences,
Franklin Lakes, USA
BD Biosciences,
Franklin Lakes, USA
BD Biosciences,
Franklin Lakes, USA
BD Biosciences,
Franklin Lakes, USA

Cat#555725;
RRID: AB_396068
Cat# 555336;
RRID: AB_395742
Cat#553440;
RRID: AB_394860
Cat#553387;
RRID: AB_394825

5.8.4 FACS antibodies

Table 5-8: List of FACS antibodies.

Antibody

Source

Identifier

Mouse monoclonal anti-CD2-APC [RPA-2.10]

Thermo Fisher

Cat# 17-0029-41

!

Scientific, Waltham, RRID: AB_10806970

USA
5.9 Software
Adobe lllustrator CS6 (version 16) Adobe Systems, San José, USA
Adobe Photoshop CS6 (version 16) Adobe Systems, San José, USA
CLC Main Workbench (version 7.0.3) Qiagen, Hilden

Endnote 21

FlowJo (version 10)

GraphPad Prism (version 8.0.2)
Microsoft Office 2010

Affinity Photo (Version 1.10.5)
Affinity Designer (Version 1.10.5)

ChemoStar software
(Chemo Star Imager Version 0.3.18)
MikroWin 2010

Clarivate Analytics, Philadelphia, USA
FlowJo LLC, Ashland, USA
GraphPad, San Diego, USA

Microsoft Corp.,

Redmond, USA

Serif, Nottingham, UK
Serif, Nottingham, UK
INTAS Science Imaging, Gottingen

Labsis, Neunkirchen-Seelscheid
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6 Methods

6.1 Molecular biology methods

6.1.1 Polymerase chain reaction

For DNA amplification, polymerase chain reaction (PCR) was performed according to the

standard protocol with adjusted times and cycle numbers.

Table 6-1: PCR standard protocol.

Component Amount
Template DNA 30 ng

5" primer (10 pM) 1.25 pl
3" primer (10 uM) 1.25 ul
dNTP (25 mM) 0.5 pl
Herculase buffer (10x) 10 pl
DNA polymerase (Herculase) 1.0 pl

Add to 50 pl H,O

Table 6-2: PCR standard program.

Step Temperature Time

Melting 98 °C 2 min

Melting 98 °C 30s

Annealing Tm primer -5°C 20s 30 - 40 cycles
Extension 72 °C 1min/1kb

Extension 72 °C 2 min

After amplification, the correct product size was confirmed on an agarose gel, and the PCR
products were purified using a NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel)
according to the manufacturer's instructions. Megaprimer PCR was used for site-directed
mutagenesis to generate enzymatically inactive Nsp14 mutants. In the first step, the
megaprimer was amplified using a primer containing the desired mutation and a primer
covering the closer end of the coding sequence. In the second step, the purified megaprimer
fragment was used in a second PCR to amplify the full-length gene. The PCR product was then

cloned into the target vector using restriction enzymes. pLVTHM constructs were cloned using
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the NEBuilder HiFi DNA assembly cloning kit according to the manufacturer's instructions

(NEB).

6.1.2 DNA restriction digestion, agarose gel electrophoresis and DNA extraction

PCR products were digested with restriction enzymes in appropriate buffers supplied by NEB.
Agarose gels were prepared by dissolving agarose in TBE buffer with the addition of ethidium
bromide. After enzymatic digestion, the products were mixed with 6x DNA loading buffer and
separated by gel electrophoresis in TBE buffer at 90 V. For product size determination, 5 pl of
1 kb plus DNA ladder was loaded on the side. DNA fragment bands were visualized with UV
light and excised from the gel. For gel extraction of DNA, the NucleoSpin Gel and PCR

Clean-up Mini kit (Macherey-Nagel) was used according to the manufacturer's instructions.

6.1.3 DNA ligation and transformation of E.coli

The digested DNA fragments and plasmid backbones were ligated using the T4 DNA Ligation
Kit (NEB) according to the manufacturer'sinstructions. Depending on the size ratio of the insert
fragment to the backbone, a molar ratio of 1:3 to 1:5 was used for ligation. The ligation mixture
was added to competent Escherichia coli (E. coli) TOP10 or STBL3 cells. After 10 minutes of
incubation on ice, a heat shock at 42°C for 45 seconds was performed. The cells were cooled
again on ice, 500 pl of S.0.C. medium was added, and the cells were incubated at 37°C for 60
minutes on a shaker. The grown cells were plated on LB agar plates with appropriate antibiotic

and incubated overnight at 37°C.

6.1.4 Cultivation of E.coli and plasmid preparation

To isolate plasmid DNA, transformed E. coli were grown in LB medium supplemented with the
appropriate antibiotic overnight on a shaker (180 rpm) at 37°C. For analysis, 3 ml of LB medium
was inoculated with a single colony picked from an LB agar plate, and DNA was isolated using
the NucleoSpin Plasmid Mini Kit (Macherey-Nagel) according to the manufacturer's
instructions. To prepare larger amounts of plasmid DNA, competent E. coli were re-
transformed with 100-400 ng of the purified plasmid and grown overnight on a shaker (180
rpm) at 37°C in 200-400 ml LB medium supplemented with the appropriate antibiotic. Plasmid
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isolation was performed using the NucleoBond Xtra Maxi Kit (Macherey-Nagel) according to

the manufacturer's instructions.

6.1.5 DNA sequencing

Purified DNA and appropriate primers were sent to Eurofins Genomics (Ebersberg, Germany)

for sequencing.

6.1.6 Genomic DNA extraction

For the extraction of genomic DNA from eukaryotic cells, 1 x 106 cells were washed once with
ice-cold PBS and resuspended in 100 pul RNAse-free H20. The cells were lysed by incubation
at 95°C for 5 min and 20 mg/ml proteinase K was added. The mixture was incubated at 52 °C
for 3 h and then the proteinase K was inactivated by a heat shock at 95 °C for 5 min. The
mixture was cleared by centrifugation at 6000 x g for 2 min and the supernatant was diluted

with H20O to the desired concentration.

6.1.7 RNA extraction

For RNA extraction from cells overexpressing WT or D331A Nsp14, 2x 10° cells were washed
once with ice-cold PBS, 5 volumes of Trizol were added and incubated for 5 min at RT. After
adding 1 volume of chloroform, the sample was shaken vigorously, incubated for 3 min, and
centrifuged at 20,000 x g for 5 min at 4 °C. The colorless aqueous phase was then isolated,
homogenized on QlAshredder columns (Qiagen), and used for RNA isolation using the RNeasy
Kit (Qiagen) according to the manufacturer's instructions. For the other experiments, RNA was
harvested from 2x10° cells and isolated using the RNeasy Kit (Qiagen) according to the
manufacturer's instructions. The concentration of RNA was then measured using NanoDrop

and the RNA was stored at -80°C.

6.1.8 Reverse transcription into cDNA

The RNA was transcribed to cDNA using the Verso cDNA synthesis kit (Thermo Fisher Scientific
according to the manufacturer's instructions. Doing so, random hexamers served as primers

for the Reverse Transcriptase and generated cDNA samples were stored at -20 °C.
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6.1.9 Real-time PCR

To quantify RNA levels of specific genes, quantitative real-time PCR (RT-PCR) was performed
using the Takyon™ No ROX SYBR 2X MasterMix blue dTTP (Eurogentec). This mix contains the
fluorescent dye SYBR Green, which binds to double-stranded DNA. Therefore, the fluorescent
signal increased with each amplification cycle and was detected using a LightCycler 480 (LC-

480, Roche). The following standard protocol was used for RT-PCR:

Table 6-3: RT-PCR standard protocol.

Component Amount
Template cDNA 2.5 pl (25 ng)
5" primer (20 uM) 0.5 ul

3" primer (20 uM) 0.5 ul
Takyon™ No ROX SYBR 2X MasterMix blue dTTP 5 pl

H.O 1.5 ul

Table 6-4: RT-PCR standard program.

Step Temperature Time

Melting 95 °C 10 min

Melting 95 °C 10s

Annealing 60 °C / 64 °C 10s } 40-45 cycles
Extension 72 °C 10s

Melting curve 60 °C-95 °C 2 min

Human RNA polymerase Il (RP2) was used as an internal control for quantification of target
gene expression. Calculation of relative expression levels was performed using the AACp

method (300).
6.2 Cell culture methods

6.2.1 Storage of cell lines

For storage of suspension and adherent cells, a pellet of 0.5-1x10’ cells was resuspended in 1
ml of freezing medium (DMEM/RPMI, 20% FCS, 15% DMSO). The samples were then
transferred to cryotubes and placed in a freezing chamber containing isopropanol at -80°C

overnight. For long-term storage, cells were stored in liquid nitrogen.
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6.2.2 Cultivation of cell lines

Hek293, Hek293T and HCT116 cells were grown in DMEM medium containing 10% FCS and
100 U/ml P/S at 37°C and 5% CO2 in a humidified atmosphere. When the cells reached 80%
confluence, they were split. To detach the cells from the culture dishes, they were rinsed with
PBS and incubated with 1-3 ml of 0.05% trypsin/EDTA solution for approximately 5 minutes.
The trypsin reaction was stopped by adding fresh DMEM medium. The cells were then either

diluted in flasks or seeded in appropriate dishes for subsequent experiments.

Jurkat T cells were maintained in RPMI medium containing 10% FCS and 100 U/ml P/S at a
density of 0.2 - 1.5 x 10° cells/ml. One day before an experiment, the cells were supplemented

with fresh media and adjusted to a density of 0.8 x 106 cells/ml.

6.2.3 Lentiviral transduction of Jurkat T cells and Hek293 cells

For lentivirus production, 2.5x10° Hek293T cells were seeded in a 10 cm dish the day before.
Cells were transfected with 1 pg pMD2.G (Addgene #12259, gifted by D. Trono), 1.5 ug psPAX2
(Addgene #12260, gifted by D. Trono) and 2 pg plasmid of interest using X-tremeGENE HP
DNA Transfection Reagent (Roche) according to the manufacturer's protocol. After a 3-day
incubation period for virus production, the virus-containing supernatant was filtered through
a 045 pm pore size filter and viral transduction was performed after addition of 8 pug/ml
polybrene. The cells were incubated with the virus for an appropriate time, then washed three

times with PBS and kept in fresh medium for recovery.

For the generation of TTR Jurkat T cells, single virus productions were performed for each
reporter construct. Subsequently, 0.5x10° Jurkat T cells were infected with either 2000 pl virus
transducing pHAGE-NF-kB-eCFP, 500 pl virus transducing pHAGE-AP-1-mCherry or 2000 pl
virus transducing pHAGE-NF-AT-eGFP for single reporter Jurkat T cells used as controls or
1500 pl virus transducing pHAGE-NF-kB-eCFP, 500 pl virus transducing pHAGE-AP-1-mCherry,
and 3000 pl virus transducing pHAGE-NF-AT-eGFP together for TTR Jurkat T cells. After 24
hours of incubation, the virus was removed from the cells and the cells were allowed to recover

for two weeks before analysis.

To generate stable CARD11- or Nsp14-expressing cell lines, cells were lentivirally transduced

with different pHAGE-hACD2-T2A-CARD11 and pHAGE-hACD2-T2A-Nsp14 constructs. With
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the T2A element, both a truncated human surface marker, hACD2, and CARD11 / Nsp14 are
translated from the same mRNA using a mechanism known as ribosomal skipping (301). After
translation termination at the 2A C-terminus and release of the nascent polypeptide from the
ribosome, the downstream sequence is translated by the same ribosome, resulting in the
production of two different proteins. For stable overexpression of CARD11, 0.5x10° Jurkat T
cells were infected with 1500 pl of virus, whereas for stable overexpression of Nsp14, 200,000
Hek293 cells were infected with 50 pl of virus. After 24 hours of incubation, the virus was

removed from the cells and the cells were allowed to recover for two weeks before analysis.

6.2.4 Generation of knock out cell lines

To generate Hek293 cells with knockout (KO) of TRAF2 and IKBKG, cells were transfected with
pX458 plasmids (Addgene #48138, gifted by F. Zhang) containing Cas9 and sgRNAs using the
calcium phosphate protocol as described in 6.2.6. After 24 hours of incubation, GFP-positive
cells were isolated by FACS sorting. The sorted cells were then seeded into 96-well plates at
various densities (0.5, 2, and 5 cells/well) using serial dilution. These plates were then incubated
for approximately 10 days to allow time for cell clones to grow, which were then harvested,

expanded, and analyzed by PCR and Western blot.

HEK293 cells with knockouts of REL, RELA, and RELB were generated by lentiviral transduction
of LentiCRISPR v2 constructs carrying Cas9 and sgRNAs targeting these genes, while control
cell lines (referred to as "scramble"”) were generated with constructs lacking any sgRNA.
Lentivirus production and cell transduction procedures were performed according to the
protocols described in 6.2.3. Transduction was performed with 1 ml virus (for REL KO) or 3 ml
virus (for RELA and RELB KO) together with 8 ug/ml polybrene added to 350,000 HEK293 cells.
For double knockouts (DKO), the volume of virus and polybrene was doubled. Transduced
cells were subjected to puromycin selection at a concentration of 1.0 pg/ml for 48 hours and
then maintained at the same puromycin concentration. The successful knock our was

confirmed by WB.

6.2.5 Generation of HCT116 and Hek293 cells with tet-on regulated Nsp14 expression

A two-step viral transduction process was used to generate Hek293 and HCT116 cells with

DOX-inducible Nsp14 expression. In the first step, the TetR-KRAB cassette was integrated
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using pLV-tTRKRAB-red, and in the second step, the tetracycline response element-regulated
Nsp14 expression constructs (pLVTHM- empty as control, pLVTHM-WT Nsp14, and pLVTHM-
D331A Nsp14) were introduced. Both viral transductions were performed using 2 ml virus-
containing supernatant and 8 pg/ml polybrene in 480,000 HEK293 or HCT116 cells. After three
days of incubation, the transduced cells were washed twice with PBS and successful infection,
resulting in >90% HEK293 KRAB and HCT116 KRAB cells, was verified by fluorescence
microscopy. After the second transduction, freshly washed cells were treated with 1.0 pg/ml
DOX for three days and then selected with puromycin by combining 1.0 pg/ml DOX with 1.0
pug/ml puromycin for 48 hours. Cells were then maintained under standard conditions and

individual Nsp14 expression was induced by the addition of DOX.

6.2.6 Overexpressing proteins in Hek293 cells

For protein overexpression and subsequent NF-kB assay, 1x10° Hek293 cells were transfected
using the calcium phosphate method. Cells were seeded on a 60 mm dish one day before
transfection. For transfection, different total amounts of DNA between samples were
equalized by adding empty vector DNA. DNA was diluted in 200 pl of 250 mM Cadl, solution
and mixed by vortexing. The DNA mixture was then added dropwise to 200 ul of 2x HBS
solution while gently vortexing. The transfection mixture was incubated for 15 min at RT and
then added dropwise to the cells. After 6 hours of incubation, the transfection medium was

replaced with fresh medium and cells were analyzed or treated 24 hours after transfection.

For the preparation of protein lysates used for GFP Traps or direct analysis by Western blot,
2.5x10° cells were seeded and the amount of DNA as well as the calcium phosphate

transfection protocol were adjusted by a factor of 2.5.

6.2.7 Stimulation and inhibitor treatment of Jurkat T cells

One day before stimulation, cells were diluted to a density of 0.8x10° cells/ml. For stimulation,
cells were seeded at a density of 0.8x10° cells/ml in a 24-well plate and the stimulants were

added. All stimulations were incubated for 5 hours unless otherwise stated.

PMA / ionomycin stimulation was performed at a concentration of 200 ng/ml PMA and 747

ng/ml ionomycin. Unless otherwise indicated, anti-CD3/CD28 stimulation was performed with
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100 ng/ml murine anti-human anti-CD3 antibody (IgG1) and 1.0 pg/ml murine anti-human
anti-CD28 antibody (IgG2a). For cross-linking of stimulating antibodies, 1.6 pg/ml anti-mouse
IgG1 and 1.6 pg/ml anti-mouse 1gG2a were used. For TNFa stimulation, 20 ng/ml TNFa was
used. Inhibitors were added at concentrations of 1.0-100 nM dasatinib, 0.01-10 nM FK506, 1.0-
1000 nM sotrastaurin, and 1.0-50 nM MLN120B 30 minutes prior to cell stimulation.

6.2.8 Stimulation and compound treatment of Hek293 cells

TNFa stimulation was performed with 20 ng/ml TNFa for 4 hours. SAM supplementation was
performed at a concentration of T mM SAM for 72 hours. When SAM supplementation was
combined with TNFa stimulation, TNFa was added 18 hours before the end of the SAM
incubation period. To inhibit Nsp14 MTase activity, the inhibitors nitazoxanide, pyridostatin,
and sinefungin were added at a concentration of 5 uM for 6 hours. MG-132 treatment was

performed at a concentration of 25 pM for 6 hours.

6.3 Flow cytometry

6.3.1 Staining of surface molecules

To measure the surface expression of hACD2 on infected cells, a sample of 0.1x 106 cells was
washed and resuspended in PBS. For staining, the anti-CD2-APC antibody was added at a
1:400 dilution and incubated for 15 min at 4°C in the dark. After washing and resuspension in

PBS, the cells were analyzed in an Attune Acoustic Focusing Cytometer.

6.3.2 Flow cytometry and cell sorting

Sorting of GFP-positive cells during KO cell line generation (7.2.4) was performed on a
Cytomation MoFlow coupled to a SortMaster DropletControl (Cytomation) using a 100 pm

nozzle.

The TTR Jurkat T cells were washed and resuspended in PBS after stimulation and analyzed on
a Fortessa. Jurkat T cells expressing only one transcriptional reporter were used as control cells

to allow for compensation.
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6.4 Biochemical and immunological methods

6.4.1 Preparation of whole cell lysates

For analysis of protein expression levels and downstream pathway activation, 1x10° to 3x10°
Jurkat T cells were collected by centrifugation at 350 x g for 5 minutes at 4 °C, washed with
PBS, and then lysed in 50-100 pl of high salt buffer. In the case of Hek293 cells used for the
same analysis, 1.0-2.5x10° cells on 6 cm or 10 cm dishes were washed with PBS and 350 or 500
ul of high salt buffer was added. The cells were then scraped from the dishes and the resulting
lysates were transferred to tubes. These lysates were vortexed for 20 minutes at 4°C and then
centrifuged (20,000 x g, 10 minutes, 4°C) to remove insoluble cellular debris. For Western blot
analysis, 4x SDS loading buffer (Rotiload, Roth) was added to the samples and boiled at 95°C

for 4 minutes.

6.4.2 Protein-protein interaction studies

To study protein interactions, 2.5 x 10° Hek293 cells were seeded in 10 ¢cm dishes and
transfected the next day with 7.5 pg pEGFP-C1 and 5 pg 3xFlag-pEF4 constructs (6.2.6). After
24 h incubation, the cells were washed with PBS, 500 ul of co-IP buffer was added, and the
cells were scraped from the plates. The transferred lysates were incubated in tubes for 20 min
at 4°C with shaking. After clearing the lysates by centrifugation (20,000 x g, 10 min), a sample
of 30 pl lysates was taken, mixed with 4x SDS loading buffer (Rotiload, Roth) and boiled at
95°C for 4 min (lysate control). The remaining cell extracts were mixed with GFP Trap beads
(Chromotek), previously equilibrated in co-IP buffer, and incubated for 1 h at 4°C with rotation.
The beads were then washed six times in co-IP buffer (2500 x g, 2 min, 4 °C centrifugation)
and resuspended in 25 pl 4x SDS loading buffer (Rotiload, Roth) and boiled at 95°C for 7 min.

Both lysate and pull-down fraction were analyzed by WB and antibody detection.

6.4.3 SDS polyacrylamide gel electrophoresis

Cellular protein extracts were subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing conditions. Acrylamide concentrations ranging from 7% to 12.5% and the
polymerization starters APS and TEMED were used to generate separation gels with different

pore sizes. After complete polymerization of the separating gel, a 5% polyacrylamide stacking
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gel with sample wells was overlaid. After complete polymerization, protein lysates were loaded,
and a pre-stained protein ladder (Thermo Fisher Scientific) was included for estimation of
protein molecular weights. Electrophoresis was performed in SDS electrophoresis buffer at 120

V for 60 to 90 min.

6.4.4 Western Blot

To detect proteins separated by SDS-PAGE, a semi-dry Western blot (WB) transfer system was
used to transfer proteins electrophoretically to PVDF membranes. The PVDF was first activated
in methanol and then equilibrated in blotting buffer. The membrane and SDS gel were
sandwiched between Whatman filter papers soaked in blotting buffer and placed in the
blotting device. The transfer was performed for 110 min at a current of 90 mA per gel. After
the transfer, the membranes were incubated in PBS-T with 5% milk at RT with shaking to
prevent non-specific antibody binding. Specific primary antibodies were diluted in PBS-T with
2.5% milk and incubated with the membrane overnight at 4°C with shaking. The next day, the
membranes were washed three times in PBS-T and horseradish peroxidase (HRP)-coupled
secondary antibodies (in PBS-T containing 1.25% milk) were added for 1 hour at RT, shaking.
Detection was by enhanced chemiluminescence catalyzed by HRP upon addition of LumiGlo
reagent (CST). The light emission resulting from the enzymatic reaction was detected using an

ECL Chemocam imager (INTAS) and ChemoStar software (INTAS).

6.4.5 NF-kB reporter assay

For the NF-kB reporter assay, 1x10° Hek293 cells were seeded in a 60-mm dish and transfected
the next day using the calcium phosphate protocol (6.2.6). The transfection mixture contained
10 ng NF-kB reporter plasmid (6 x NF-kB firefly luciferase pGL2), 50 ng pTK reporter (Renilla
luciferase), and 2-12 pg protein expression vectors. After 24 h incubation, cells were either
treated or analyzed directly. Luciferase activity was quantified using a dual luciferase reporter
kit (Promega) according to the manufacturer's instructions. For confirmation of target protein
expression, 30 ul lysate samples were supplemented with 4x SDS loading buffer (Rotiload,
Roth) and boiled at 95°C for 4 min for analysis by WB. Luminescence of both firefly and renilla
luciferases was measured using a luminometer (Berthold Centro LB960 microplate reader,

MikroWin 2010 software) and reported in relative light units (RLU). NF-kB induction was
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expressed as the ratio of firefly luminescence (RLU) to Renilla luminescence (RLU) (Relative NF-

KB activation).

6.5 Statistical analysis

For NF-kB reporter assays and RT-PCR, we used a sample size of either three or four (n = 3 or
n = 4), and results are expressed as mean * standard deviation (SD). The unpaired Student's
t-test was used to determine statistical significance between two independent groups. When
comparing multiple groups with a single variable, we used one-way ANOVA with post hoc
analysis using either Tukey's or Dunnett's multiple comparison test. For data sets with multiple
groups and two variables, two-way ANOVA followed by Tukey's multiple comparison test was
used. Fold change data were normalized to control samples as described in the figure legends,
and statistical significance for these data was determined by calculating log2 fold changes
relative to the normalizations and assessed using a one-sample t-test. Significance levels are

indicated by asterisks: * for P < 0.05, ** for P < 0.005, *** for P < 0.001, and **** for P < 0.0001.

151






7 Abbreviations

7 Abbreviations

°C

aa
alpha / a
ANOVA
AP-1
APC
APS
ATF
BAFFR
BALF
BCL10
BCR
BENTA
bp

BSA
bZIP
Ca2+
CaCl;
CADINS

CaM
CARD
CARD11
CARMA1
Cas9

CBM

CD
CD3/CD28
cDNA
CFR
clAP1/2
CO;
COVID-19
CRAC
CRISPR
C-Terminus
ctrl.

d

DAG

DD

DKO
DMEM

degree Celsius

amino acid

anti

Analysis of Variance

activator protein-1

antigen-presenting cells

ammonium persulfate

activating transcription factor

B-cell activating factor receptor
bronchoalveolar lavage fluid

B-cell CLL/lymphoma 10

B cell receptor

B cell expansion with NF-kB and T cell anergy
base pairs

Bovine serum albumin

basic region-leucine zipper

calcium

Calcium chloride

CARD11 associated atopy with dominant interference of NF-«B
signaling

calmodulin

caspase recruitment domain

Caspase recruitment domain-containing protein 11
CARD-containing MAGUK 1 (also known as CARD11)
CRISPR-associated protein-9
CARD11-BCL10-MALT1

cluster of differentiation

anti-CD3 and anti-CD28 antibodies
complementary DNA

case fatality rate

cellular inhibitor of apoptosis 1 and 2

carbon dioxide

coronavirus disease 19
Ca2+-release-activated Ca2+

Clustered Regularly Interspaced Short Palindromic Repeats
Carboxyl-terminus

control

delta

diacylglycerol

death domain

double knockouts

Dulbecco’s modified eagle medium

153



7 Abbreviations

AMFI delta median fluorescence intensity
DMSO Dimethyl sulfoxide

DMV double-membrane vesicles

DNA deoxyribonucleic acid

DOX doxycycline

DSB double-strand break

DTT Dithiothreitol

E envelope

E.coli Escherichia coli

ECL enhanced chemiluminescence
EDTA Ethylenediaminetetraacetic acid
endog. endogenous

ER endoplasmic reticulum

ERK extracellular-signal-regulated kinase
EtBr Ethidium bromide

EtOH Ethanol

EV empty vector (used as control)
ExoN exonuclease

FACS fluorescence-activated cell sorting
FC Fold Change

FCS Fetal calf serum

g gram

g gravity

GADS GRB2-related adaptor downstream of Shc
GFP green fluorescent protein

GOF gain of function

GPCR G protein-coupled receptors

Grb2 growth factor receptor-bound protein 2
GRR glycine-rich region

GUK Guanylate kinase

h hour

h human

HBS HEPES buffered saline

HCoV human coronavirus

Hek human embryonic kidney

HRP horseradish peroxidase

I lonomycin

IB inhibitor of NF-B alpha

IFNy interferon gamma

Ig immunoglobulin-like

IKK IkB kinase

IL interleukin

IL-1R interleukin-1 receptor

IMPDH2 inosine 5'-monophosphate dehydrogenase 2
IP3 inositol 1,4,5-trisphosphate
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ITAM immunoreceptor tyrosine activation motif
kB inhibitor of kB

JNK c-Jun N-terminal kinases

KCl Potassium chloride

kDa kilo Dalton

KH.PO4 Monopotassium phosphate

KO knockout

I liter

LAT linker for activation of T cells

LB Luria/Miller

LC LightCycler

LOF loss of function

LTBR lymphotoxin-f3 receptor

LZ leucine zipper

M molar concentration

MAGUK Membrane-associated guanylate kinase
MALT1 mucosa-associated lymphoid tissue protein 1
MAPK mitogen-activated protein kinase
MeOH Methanol

MERS Middle East Respiratory Syndrome
MFI median fluorescence intensity

MHC major histocompatibility complexes
min minute

ml milliliter

mM millimolar

MP minimal promoter

Mpro main protease

mRNA messenger RNA

MTase methyltransferase

N nucleocapsid

Na,HPO4 Sodium hydrogen phosphate

NaCl Sodium chloride

NEMO NF-B essential modulator

NF-AT nuclear factor of activated T-cells
NF-«kB nuclear factor k-light-chain-enhancer of activated B-cells
ng nanogram

NIK NF-kB-inducing kinase

NLR NOD-like receptor

NLS nuclear localization signal

nM nanomolar

NP-40 Nonidet P40 substitute

Nsp non-structural proteins

N-terminus amino-terminus

O, oxygen

OE overexpression
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oncog.
ORF

P

p.i.

P/l
P/S
PAMP
Para
PBS
PBS-T
PCR
PD
PDK1
PDZ
PH
PI3K
PIP>
PIPs
PKC
PLCy
PLpro
PMA
PRR
RANK
RasGRP1
RE
Rel.
RHD
RLR
RLU
RNA
RP2
RPMI
RT
RTC
RT-PCR
S

SAH
SAM
SARS
SD
SDS
SDS-PAGE
sgRNA
SH3
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oncogenic

open reading frame

phosphorylation

post infection

PMA and ionomycin
Penicillin-Streptomycin
pathogen-associated molecular pattern
paracaspase

phosphate buffered saline

PBS-Tween 20

Polymerase chain reaction

pull-down
phosphatidylinositol-dependent kinase 1
post-synaptic density 95/discs large/zonula occludens
pleckstrin homology

phosphoinositide 3 kinase
phosphatidyl inositol 4,5-bisphosphate
phosphatidyl inositol 3,4,5-trisphosphate
protein kinase C
phospholipase C gamma

proteases papain-like protease
Phorbol 12-myristate 13-acetate
pattern recognition receptors

receptor activator of NF-kB

RAS guanyl releasing protein 1
response element

relative

Rel homology domain

RIG-I-like receptors

relative light units

ribonucleic acid

RNA polymerase I

Roswell Park Memorial Institute

room temperature
replicase-transcriptase complex
Real-time PCR

spike

S-Adenosyl-homocystein

S-Adenosyl methionine

severe acute respiratory syndrome
standard deviation

Sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis
single guide RNA

SRC Homology 3



SLP76
SSF
TAD
TCR
TEMED
TLR
Tm
TNFa
TRAF
Treg
Tris
TTR
M9

unstim.

v/v
w/v
WB
WT
ZAP70

lymphocyte cytosolic protein 2
2xStrep-tag ll-Flag

transcriptional activation domain
T cell receptor
Tetramethylethylenediamine
toll-like receptors

melting temperature

Tumor necrosis factor alpha

TNF receptor associated factor
regulatory T cell
Tris(hydroxymethyl)-aminomethan
triple transcriptional reporter
microgram

unstimulated

volume per volume

weight per volume

Western Blot

wild type

zeta-chain-associated protein kinase 70
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