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Summary

RIG-I-like receptors (RLR) are cytosolic pattern recognition receptors (PRR) which are piv-
otal for the detection of virus infection. RIG-I senses viral double-stranded RNAs (dsRNA)
and initiates cellular antiviral defense responses, resulting in the expression of type I and
III interferons (IFN). Secreted IFNs signal in an auto and paracrine manner and mediate
the transcriptional induction of distinct IFN-stimulated genes (ISG), which collectively es-
tablish an antiviral state of the cell.Whereas the topology of this pathway has been de-
scribed thoroughly, the dynamics, particularly of theRIG-I-mediated IFN induction, aremuch
less understood. In this study, I employed electroporation-based transfection with virus-like
5’ppp-dsRNA to synchronously activate the RIG-I signaling pathway in human lung ade-
nocarcinoma (A549) cells and thus characterize the dynamics of cell-intrinsic innate im-
mune responses. For this purpose, I focused on time-resolved western blotting of key path-
way components, live-cell imaging of transcription factor relocalization, and quantitative
RT-PCR of various target genes. Although previous studies reported intriguing cell-intrinsic
stochasticity in the activation of the RLR and IFN signaling pathways, simultaneous 5’ppp-
dsRNA stimulation of A549 cells resulted in highly deterministic and synchronous RIG-I
signaling. By employing an IFN-blind A549 cell line, harboring functional knockouts of the
receptors required for type I, II, and III IFN signaling, I analyzed the differences between
primary RIG-I-mediated signaling and the subsequent signaling phase downstream of the
IFN receptors. Interestingly, IFN signaling through the JAK/STAT cascade was not required
to induce the production of IFN. Utilizing the generated kinetic data of antiviral signaling as
foundation and collaborating with computational scientists, we developed and calibrated
a comprehensive mathematical model of the cell-intrinsic antiviral response system. This
model is able to predict the kinetics of signaling events induced upon dsRNA recognition
by RIG-I as well as feedback and signal amplification through IFN and JAK/STAT signal-
ing. Furthermore, I examined the impact of viral antagonists on signaling dynamics by em-
ploying viral proteins interfering with the host antiviral response system at defined steps:
the dengue virus (DENV) protein NS5 interferes with IFN signaling, whereas the NS3/4A
protease of hepatitis C virus (HCV), the Npro protease of classical swine fever virus (CSFV),
as well as NS1 of influenza A virus (IAV) all target RLR signaling and thereby inhibit the in-
duction of IFN. Additionally, the ORF6 protein of SARS-CoV-2 exhibits a multi-level strategy
to impede defense responses by targeting both IFN induction and IFN signaling. Strikingly,
the impact of these viral antagonists on antiviral signaling dynamics could be properly
simulated by the established mathematical model. Consequently, our model permits in
silico simulation of viral interference with the antiviral response system and provides a
powerful tool to study the impact of yet unknown viral antagonists or other factors per-
turbing antiviral innate immune responses. Lastly, since previous work in our lab demon-
strated an unexpectedly high overlap of RLR and IFN signaling-induced ISG expression,
I used whole-transcriptome expression profiling to examine and compare the underlying
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roles of the transcription factors IRF1 and IRF3 in IFN-independent RIG-I-mediated sig-
naling. Interestingly, dsRNA-induced expression of certain genes was both IRF3 and IFN-
independent. The dsRNA-induced expression of some of those genes was partially NF-κB-
dependent, whereas others seemed to be dependent on IRF1 or other transcription fac-
tors. In conclusion, this study provides insights into RIG-I-mediated but IFN-independent
signaling upon virus-like dsRNA stimulation and might, in conjunction with the established
mathematical model, facilitate deciphering the complexity of the virus-host interface.
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Zusammenfassung

RIG-I-ähnliche Rezeptoren (RLR) sind zytosolische Mustererkennungsrezeptoren (PRR),
die für die Erkennung von Virusinfektionen von zentraler Bedeutung sind. RIG-I erkennt vi-
rale doppelsträngige RNAs (dsRNA) und initiiert zelluläre antivirale Abwehrreaktionen, die
zur Expression von Interferonen (IFN) des Typs I und III führen. IFNs werden sekretiert,
vermitteln Signale auf auto- und parakriner Weise und induzieren die Transkription einer
Vielzahl von IFN-stimulierten Genen (ISG), die kollektiv einen antiviralen Zustand der
Zelle etablieren.Während die Topologie dieses Signalpfades ausführlich beschrieben
wurde, ist die Dynamik, insbesondere die durch RIG-I vermittelte IFN-Induktion, weit
weniger bekannt. In dieser Studie habe ich eine auf Elektroporation basierende Trans-
fektion mit virusähnlicher 5’ppp-dsRNA zur synchronen Aktivierung des RIG-I-Signalwegs
in menschlichen Lungenadenokarzinomzellen (A549) eingesetzt und somit die Dynamik
der zelleigenen angeborenen Immunantwort charakterisiert. Hierfür habe ich mich auf
zeitaufgelöstes Western Blotting von Schlüsselkomponenten des Signalwegs, Live-Cell-
Imaging der Translokation von Transkriptionsfaktoren und quantitative RT-PCR von
verschiedenen Zielgenen fokussiert. Obwohl vorherige Studien über eine erstaunliche
zelleigene Stochastizität bei der Aktivierung der RLR- und IFN-Signalwege berichteten,
führte die synchrone 5’ppp-dsRNA-Stimulation von A549 Zellen zu einer hochgradig deter-
ministischen und synchronen RIG-I-vermittelten Signalübertragung. Die Verwendung einer
IFN-blinden A549 Zelllinie mit funktionellen Knockouts der für die IFN-Signalübertragung
erforderlichen Rezeptoren vom Typ I, II und III ermöglichte es mir, die Unterschiede
zwischen der primären RIG-I-vermittelten Signalübertragung und der sekundären, den
IFN-Rezeptoren nachgeschalteten Signalkaskade zu analysieren. Interessanterweise war
die IFN-Signalübertragung durch die JAK/STAT-Kaskade nicht erforderlich, um die IFN-
Produktion in einer Art Auto-Feedback zu induzieren. In Kollaboration mit Bioinformatik-
ern haben wir ein umfassendes mathematisches Modell des zelleigenen antiviralen Ab-
wehrsystems entwickelt und kalibriert, wobei wir die kinetischen Daten der antiviralen Sig-
nalübertragung als Grundlage verwendeten. Das Modell ermöglicht eine genaue Vorher-
sage der Kinetik von Signalprozessen, die der dsRNA-Erkennung durch RIG-I nachgeschal-
tet sind, sowie der Rückkopplung und Signalverstärkung durch sekretiertes IFN und
die JAK/STAT-Signalübertragung. Darüber hinaus untersuchte ich die Auswirkungen vi-
raler Antagonisten auf die Signaldynamik, indem ich einige bekannte virale Proteine, die
das antivirale Abwehrsystem des Wirts in definierten Prozessen beeinträchtigen, verwen-
dete: während das Dengue Virus (DENV) Protein NS5 den IFN-Signalweg beeinträchtigt,
greifen die NS3/4A Protease des Hepatitis C Virus (HCV), die Npro Protease des klas-
sischen Schweinepest Virus (CSFV), sowie NS1 des Influenza A Virus (IAV) alle in den
RLR-Signalweg ein und hemmen somit die Induktion von IFN. Darüber hinaus zeigt das
ORF6 Protein von SARS-CoV-2 eine mehrstufige Strategie zur Hemmung des antiviralen
Systems, indem es sowohl auf die IFN-Induktion als auch auf die IFN-Signalübertragung
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abzielt. Die Auswirkungen dieser viralen Antagonisten auf die antivirale Signaldynamik kon-
nten mit dem etablierten mathematischen Modell korrekt simuliert werden. Folglich er-
möglicht unser Modell eine in silico Simulation der viralen Interferenz auf das antivirale
Abwehrsystem und bietet ein wertvolles Werkzeug zur Untersuchung der Wirkungsweise
noch unbekannter viraler Antagonisten oder anderer Faktoren, die die RLR- und/oder IFN-
Signalübertragungbeeinträchtigen. Da frühereArbeiten aus unseremLabor eine unerwartet
hohe Überlappung von RLR- und IFN-induzierter ISG-Expression aufzeigten, untersuchte
und verglich ich mittels Expressionsanalysen die zugrundeliegenden Rollen der Transkrip-
tionsfaktoren IRF1 und IRF3 bei der IFN-unabhängigen RIG-I-vermittelten Signalübertra-
gung. Interessanterweise war die dsRNA-induzierte Expression bestimmter Gene sowohl
IRF3- als auch IFN-unabhängig. Die dsRNA-induzierte Expression einiger dieser Gene war
teilweise NF-κB-abhängig, während andere von IRF1 oder anderen Transkriptionsfaktoren
abhängig zu sein schienen. Die vorliegende Studie gibt Einblicke in die RIG-I-vermittelte aber
IFN-unabhängige Signalübertragung bei der Erkennung virusähnlicher dsRNA und könnte
in Verbindung mit dem etablierten mathematischen Modell die Entschlüsselung der Kom-
plexität der Schnittstelle zwischen Virus und Wirt erleichtern.
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1. Introduction
Humans and other mammals are continuously exposed to a variety of pathogenic and non-
pathogenic microbes, which can threaten normal homeostasis or cause disease. Hence,
they have developed an intricate immune system to sense pathogens, mount a fast defense
response, and remember the pathogen to protect themselves against future infections. The
immune system in mammals contributes to maintaining the hosts integrity through its
two major parts, the innate and the adaptive immune system, which are tightly intercon-
nected. Adaptive immune responses are highly specific and induce the production of anti-
bodies through T and B lymphocytes but take time to develop after the initial encounter with
a pathogen (reviewed in [1,2]). Receptors expressed on the surface of T and B lymphocytes,
the T cell receptors (TCR) and B cell receptors (BCR), respectively, recognize distinct anti-
gens and initiate immune responses. In order to identify a variety of antigens, diversity of
TCRs and BCRs is generated through gene rearrangements during T cell and B cell de-
velopment, as well as somatic hypermutation. In contrast to adaptive immune responses,
the evolutionary ancient and highly conserved innate immune responses are not specific
to a particular pathogen, but rather provide immediate host defenses against invading
pathogens by broadly recognizing non-self structures (reviewed in [3–5]).
The evolutionary battle between pathogens and their hosts resulted in a continuous
improvement and adaptation of the host immune system. In turn, pathogens, espe-
cially viruses, developed complex mechanisms to counteract and evade immune re-
sponses. Viruses are intracellular pathogens which can only replicate within a host
cell. Depending on the viral evasion strategy, immune responses can either be delayed or
overall dampened, providing an opportunity for efficient virus replication (reviewed in [6]). To
determine the outcome of an infection, it is essential to investigate the dynamics of the
immune response as well as the dynamic impact of viral antagonists. This will ultimately
provide insights into the cellular antiviral signaling system, viral immune evasion, and virus-
host interactions.
This work focusses on the investigation of the above-mentioned dynamics of cell-intrinsic
innate antiviral signaling. Thus, the following introduction will cover the composition and
function of innate immunity, mainly regarding the signaling network that is activated and
modulated in response to viral infections.

1.1 Cellular Components of the Innate Immune System

The innate immune system not only comprises physical and chemical barriers but encom-
passes specialized cells originating from precursor cells in the bone marrow (Figure I). For
instance, cells of the myeloid lineage are derived from a common myeloid progenitor cell
and not only give rise to blood-building cells like megakaryocytes and erythrocytes, but to
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1. INTRODUCTION

different formsof granulocytes,mast cells, monocytes, and dendritic cells. Cells of the gran-
ulocyte lineage, i.e., neutrophils, eosinophils, and basophils, possess essential functions in
innate immune responses. As an example, neutrophils are recruited to sites of infection by
cytokines or chemokines and are able to phagocytize invading pathogens. They produce
large amounts of reactive oxygen species (ROS), which are cytotoxic to bacterial pathogens
[7]. Additionally, they have been described to produce considerable amounts of distinct
cytokines and chemokines, such as tumor necrosis factor (TNF) [8, 9], and interleukin-8
(IL-8) [10, 11], emphasizing their pivotal role in innate immunity. Similarly, eosinophils se-
crete toxic substances as well as pro-inflammatory cytokines and are particularly active
against helminths (reviewed in [12]). On the other side, although deriving from distinct lin-
eages, basophils sharemany features withmast cells, both potently inducing inflammatory
responses (reviewed in [13]).Maturing frommonocytes cycling the blood uponmacrophage
colony-stimulating factor (M-CSF) stimulation, macrophages recognize and destruct for-
eign antigens and damaged cells by phagocytosis. Activated macrophages present anti-
gens to helper T cells, produce large amounts of cytokines, e.g., TNF, IL-6, IL-12, or inter-
feron (IFN)-γ , and thereby recruit specialized immune cells to the site of infection (reviewed
in [14]).

Hematopoietic stem cell

Megakaryocyte

Platelets

Erythrocytes Myeloblast Lymphoblast

Eosinophil Basophil
Granulocytes

Neutrophil Monocyte T cell B cell NK cell

Macrophage Dendritic cell

Myeloid
progenitor cell

Lymphoid
progenitor cell

Figure I: Simplified scheme of hematopoiesis comprising the myeloid and lymphoid lin-
eages.
Immune cells originate from a common precursor in the bone marrow, the hematopoietic stem cell. The major
effectors of adaptive immunity, the T and B cells, arise from a common lymphoid progenitor cell, whereasmost
cells of the innate immune system originate from a commonmyeloid progenitor cell. As exception, natural killer
(NK) cells classify as innate immune cells but develop from a lymphoid progenitor cell. Figure is created with
BioRender.com.
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Another type of professional antigen-presenting cells (APC) are dendritic cells (DC), origi-
nating from both, myeloid and lymphoid progenitor cells [15, 16]. Plasmacytoid DCs (pDC)
present antigens to T cells (reviewed in [17]), are characterized by the secretion of high levels
of type I IFNs [18–21], and are described to be essential in viral infections [22–24] (reviewed
in [25]). Lastly, originating from the lymphoid lineage, natural killer (NK) cells detect and in-
duce apoptosis in abnormal cells, i.e., cancer or virus-infected cells, upon recognition by
distinct mechanisms (reviewed in [26–29]). Interestingly, NK cells are also able to produce
and secrete cytokines, such as TNF, IFN-γ , and IL-1, which are crucial for defense responses
against distinct pathogens [30].

1.2 Pattern Recognition Receptors

An essential element of the cellular response of innate immunity is the discrimination of self
and non-self. Non-self recognition is based on conserved molecular motifs, i.e., pathogen-
associated molecular patterns (PAMP), recently often referred to as microbe-associated
molecular patterns (MAMP1), or damage-associatedmolecular patterns (DAMP), by pattern
recognition receptors (PRR). PAMPs are conserved structures usually found within invad-
ing microbes, whereas DAMPs are endogenous molecules released or activated during tis-
sue stress and cell damage. Commonly, PAMPs include, for instance, bacterial lipopolysac-
charides (LPS) or flagellin, fungal β-Glucan, or viral DNA and RNA molecules. In contrast,
DAMPs are classified into intracellular and extracellular DAMPs and comprise, e.g., extra-
cellular ATP and extracellularmatrix fragments, respectively (reviewed in [31–33]). Naturally,
given the broad spectrum of molecular patterns of both, invading microbes or endogenous
stress, PRRs are numerous and can either be membrane-associated or cytoplasmic. Upon
activation, PRRs induce anti-microbial and pro-inflammatory responses to eliminate or con-
tain the (infectious) elicitors (Figure II).
Generally, PRRs are subdivided into fivemajor families: the nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLR), the C-type lectin receptors (CLR), the AIM2-like re-
ceptors (ALR), the toll-like receptors (TLR), and the retinoic acid-inducible gene-I (RIG-I)-like
receptors (RLR) (reviewed in [34–36]). Since NLRs, CLRs, and ALRs are of minor relevance
within this thesis, they are only briefly introduced, whereas TLRs and RLRs are described in
separate sections.
NLRs are cytosolic receptors which are comprised of several C-terminal leucine-rich re-
peats (LRR) required for ligand binding, a central nucleotide binding domain (NBD, also
NACHT) that facilitates oligomerization, and a variable N-terminal region. Depending on
the N-terminal region, NLRs can be subdivided into twomain groups: NLRs harboring an N-
terminal caspase activation and recruitment domain (CARD) are classified as the NLR fam-
ily CARD domain containing (NLRC) subfamily, whereas a pyrin domain in the N-terminal
region characterizes the NLR family of proteins (NLRP) [37]. The most prominent members

1PAMPs are not exclusive to pathogens, but generally described for microbes, thus, the term MAMP may
be more accurate. However, throughout this thesis, the conventional term PAMP is employed.
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of the NLRC subfamily, NOD1 (NLRC1) and NOD2 (NLRC2), are crucial for detection of bac-
terial peptidoglycan (PGN) and, thus, essential for host defense against bacterial pathogens
(reviewed in [38]). NLR pyrin domain-containing 3 (NLRP3) belongs to the NLRP subfamily
and is part of the most-studied canonical inflammasome comprised of NLRP3, apoptosis-
associated speck-like protein containing aCARD (ASC), and caspase-1. Interestingly, NLRP3
can be activated by a wide range of stimuli, including bacterial and fungal components or
toxins [39–43], as well as pathogen-associated RNA [44–46]. However, a direct binding be-
tween NLRP3 and the biochemically dissimilar ligands could not be observed.Moreover,
inflammasome activation upon PAMP or DAMP recognition leads to the processing and,
thus, activation of pro-inflammatory cytokines, such as IL-1β and IL-18, ultimately resulting
in inflammation and pyroptotic cell death (reviewed in [47,48]).
Membrane-bound C-type lectin receptors (CLR) are mainly expressed on APCs and recog-
nize carbohydrate structures present on the surface of distinct pathogens, e.g., β-glucans
on fungal cell walls. Some CLRs, such as dendritic cell-associated C-type lectin (Dectin)-
1 and Dectin-2, can induce signaling pathways that directly activate nuclear factor-κB
(NF-κB), thus, mediating innate inflammatory responses (reviewed in [49,50]).
Cytoplasmic proteins, such as cyclic GMP-AMP synthase (cGAS), absent in melanoma 2
(AIM2), and DNA-dependent activator of interferon-regulatory factors (DAI), sense cytoplas-
mic DNA which could be released upon damage to the nucleus or mitochondria and during
bacterial or viral (e.g., herpes simplex virus-1, HSV-1) infections [51, 52]. Similarly to NLRP3,
AIM2 induces inflammasome-dependent IL-1β maturation and pyroptosis [53–55]. In con-
trast, cGAS produces a cyclic dinucleotide secondmessenger (cGAMP) that activates stim-
ulator of interferon genes (STING) upon DNA recognition and subsequently triggers an IFN-
mediated defense response [56,57].
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Figure II: Schematic depiction of PRR families and exemplary ligands.
NOD-like receptors (NLR), AIM2-like receptors (ALR), and the DNA sensor cGAS are cytosolic sensors of PAMPs
and DAMPs, whereas C-type lectin receptors (CLR) and toll-like receptors (TLR) belong to themembrane-bound
sensors.Most TLRs reside within the plasma membrane but TLR3, -7, -8, and -9 are located within the endoso-
mal membrane, detecting foreign nucleic acids of different types. Figure is created with BioRender.com.

1.2.1 Toll-Like Receptors

Toll-like receptors (TLR) likely represent the most multifaceted class of PRRs. In humans,
all of the ten functional TLRs are membrane-bound signal receptors, but are expressed
in membranes of different subcellular structures, thus, able to detect distinct ligand types
found in various microbes. For instance, homodimers or heterodimers of TLR1, -2, -4, -5,
-6, and -10 are expressed on the cell surface of numerous immune and non-immune
cells and specifically recognize a variety of PAMPs, including lipoproteins, LPS, and flag-
ellin. Notably, distinct ligands are described for most TLRs but the specific ligand of TLR10
is still unknown. Furthermore, homodimers of TLR3, -7, -8, and -9 are expressed in endo-
somal membranes and recognize nucleic acids. Specifically, TLR3 senses double-stranded
RNA (dsRNA), TLR7 and TLR8 both bind single-stranded RNA (ssRNA), and TLR9 recog-
nizes DNA with non-methylated CpG.
Generally, TLRs elicit inflammatory responses upon pathogen recognition. However, TLR10
is the only TLR reported to exhibit anti-inflammatory properties (reviewed in [58]). TLRs are
composed of a cytoplasmic toll/IL-1 receptor (TIR) domain, a transmembrane domain, and
an extracellular domain harboring LRRs. The TIR domain mediates signal transduction by
binding different adapter proteins and the extracellular domain is responsible for PAMP
recognition. Upon PAMP detection, TLRs trigger intracellular signaling pathways resulting
in the induction of pro-inflammatory cytokines, chemokines, and IFNs. Depending on the
specific adapter proteins recruited to the cytoplasmic TIR domain upon ligand detection,
TLR signaling can be divided into themyeloid differentiation primary response 88 (MyD88)-

5



1. INTRODUCTION

dependent and/or TIR domain-containing adapter inducing IFN-β (TRIF)-dependent path-
way. The association of all TLRs (except TLR3) with MyD88 in the MyD88-dependent path-
way recruits members of the IL-1 receptor-associated kinase (IRAK) family, which in turn
interact with TNF receptor-associated factor (TRAF) 6. This ultimately results in the acti-
vation of mitogen-activated protein kinases (MAPK) and NF-κB signaling.Within the TRIF-
dependent pathway, TRIF is either directly recruited by TLR3 or indirectly recruited to TLR4
by the bridging adapter protein TRAM.Hence, TLR4 exemplifies the TRIF and MyD88-
dependent pathway. Interestingly, in addition to activating NF-κB and MAPK signaling for
the expression of inflammatory cytokines, TRIF is mediating the recruitment of the IKK-
ε/TBK1 kinases leading to IRF3 phosphorylation and eventually the expression of IFN-β (re-
viewed in [59–61]).

1.2.2 RIG-I-Like Receptors

Retinoic acid-inducible gene I-like receptors (RLR) are cytosolic sensors specifically detect-
ing viral RNAs upon infection and subsequently initiating antiviral defense responses. The
RLR family encompasses the three members retinoic acid-inducible gene-I (RIG-I),
melanoma differentiation antigen 5 (MDA5), and laboratory of genetics and physiology
2 (LGP2). RLRs are expressed in most tissues and cell types, share a number of struc-
tural similarities, and are comprised of up to three distinct domains (Figure III). Specifically,
shared between all RLR family members are a C-terminal domain (CTD) and a central
DExD/H box RNA helicase domain. The central helicase domain is described to hydrolyze
ATP and bind RNA. It is subdivided into two tandem helicase domains, Hel-1 and Hel-2,
an interspaced helicase insertion domain, Hel-2i, and a pincer domain (reviewed in [62–
64]). Furthermore, a repressor domain (RD) within the CTD is a common feature of RIG-I
and LGP2 and is described to be involved in the autoregulation of RIG-I [65]. RIG-I andMDA5
both additionally possess two N-terminal CARD domains, which mediate downstream sig-
nal transduction. Although LGP2 is still able to bind viral RNA, it lacks the N-terminal CARDs,
rendering it unable to transduce signaling upon RNA detection [66]. Nonetheless, LGP2 is
suggested to act as a regulator of RIG-I and MDA5 signaling.Whereas LGP2 inhibits RIG-I
signaling by competitively binding the RIG-I agonist [67], it facilitates the binding of MDA5
to its ligand and, thus, enhances MDA5 signaling [68,69].
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Figure III: Domain structure of RIG-I-like receptors.
All RLRs comprise a C-terminal domain (CTD) and a central DExD/H box RNA helicase domain. The latter is
subdivided into two tandemhelicase domains, Hel-1 andHel-2, an interspaced helicase insertion domain, Hel-2i,
and a pincer domain. Unlike RIG-I and MDA5, LGP2 does not possess the N-terminal caspase activation and
recruitment domains (CARD). Figure is created with BioRender.com.

Although similarly organized, RIG-I and MDA5 seem to prefer distinct ligand proper-
ties. RIG-I is described to be involved in the recognition of sendai virus (SeV), respiratory
syncytial virus (RSV), vesicular stomatitis virus (VSV), influenza A virus (IAV), and hepati-
tis C virus (HCV), whereas MDA5 rather recognizes encephalomyocarditis virus (EMCV) or
coronaviruses. Interestingly, both RIG-I and MDA5 are involved in the detection of dengue
virus (DENV), West Nile virus (WNV), and rotaviruses (reviewed in [70, 71]).
Intensive studies on the mechanisms of viral recognition by RIG-I and MDA5 specified
the distinct characteristics of the respective ligands. In essence, RIG-I monitors the 5’-end
of RNA molecules for distinct biochemical properties and specifically recognizes foreign
structures. For instance, viral RNAs typically harbor diphosphate or triphosphatemoieties at
the 5’-end (5’-(p)pp). Host mRNAs, however, are capped at their 5’-ends and mature tRNAs
as well as rRNAs usually only have a single phosphate or lack the phosphorylation com-
pletely and, thus, are not recognized by RIG-I [72, 73]. The double-stranded nature of viral
RNAs, preferentially forming a blunt end [74,75], and an unmethylated 5’-terminal nucleotide
at its 2’-O position [76] are additional RNA properties essential to induce RIG-I activa-
tion. These RNA characteristics substantially improve foreign RNA detection by RIG-I, how-
ever, recent studies demonstrated that at least 5’-phosphorylation becomes dispensable
with increasing length of dsRNA [77,78]. Naturally, many viral RNAsmatch the required char-
acteristics of RIG-I agonists. For instance, the genome of several negative-sense, single-
stranded RNA viruses, such as IAV, contains partially self-complementary segments, which
can form double-stranded RNA structures and, thus, be recognized by RIG-I upon viral in-
fection [74, 79].
Specific ligand properties for MDA5 are much less understood.Whereas RIG-I depends
on distinct RNA 5’-end properties and engages in terminal RNA binding, MDA5 senses
longer dsRNAs with no end specificity, binds internally, and assembles into ATP-dependent,
oligomeric filaments on the RNA [78, 80–82].MDA5 was also shown to be crucial for
the recognition of defective interfering particles (DIP), also known as defective interfer-
ing viruses, generated during, e.g., paramyxovirus replication [83]. DIPs have lost important
functions required for proper viral replication and hence require the concurrent infection of
a cell by a helper virus [84].
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Crystal structure investigations of RLRs in ligand-free or ligand-bound conditions provided
further insights into the mechanism of receptor activation. In the absence of any ligand,
RIG-I remains in an inactive, auto-repressed conformation statemediated by the interaction
of the two CARDs and the Hel-2i domain within the DExD/H box. Consequently, in this form
the CARDs are sterically unable to interact with other binding partners, such as the mito-
chondrial antiviral-signaling protein (MAVS), and are, hence, unable to induce downstream
defense responses. However, upon recognition of viral dsRNA, RIG-I undergoes conforma-
tional rearrangements. The CTD of RIG-I binds the 5’-ppp while the helicase domain wraps
around the RNA in a C-clamp-like fashion, thereby triggering an RNA binding-dependent
conformational change and exposing the sequestered CARDs for signaling. Subsequently,
multiple RIG-I proteins cooperatively oligomerize along the dsRNAmolecule [77] and the ex-
posed CARDs are now accessible for homotypic binding with the CARD-containing adapter
protein MAVS [85, 86]. Notably, RIG-I oligomers are stabilized by covalent lysine 63 (K63)-
linked ubiquitination of the CTD and CARDs, whereas non-covalently bound K63-linked
polyubiquitination has been shown to activate RIG-I [87, 88]. Although the distinct E3 ubiq-
uitin ligases tripartite motif containing (TRIM) 25 and ring finger protein 135 (RNF135), also
known as Riplet, have been proposed to be involved in RIG-I K63-polyubiquitination, re-
cent studies demonstrated that only Riplet directly catalyzed RIG-I ubiquitination, whereas
TRIM25 was dispensable for RIG-I-mediated antiviral immune responses [89–92].
Despite structural similarities, MDA5 recognizes its ligand in a different manner than
RIG-I. In contrast to RIG-I, the CARDs of MDA5 are not sequestered in the absence of a
ligand, thus, MDA5 remains in a more open and flexible conformation [80]. Upon ligand
detection, the helicase domain of MDA5 wraps around dsRNA molecules and the CTD
interacts with the Hel-1 domain, forming a closed ring around the dsRNA [82]. Similar to
RIG-I, MDA5 assembles in oligomeric filaments along the dsRNA, enabling the interac-
tion of MDA5 CARDs with the CARD of MAVS [82, 93]. Furthermore, the E3 ubiquitin ligase
TRIM65 catalyzes a K63-linked ubiquitination of MDA5, thus enhancing MDA5 activation
and oligomerization on the dsRNA molecule [94].

1.3 RLR Signaling

Upon ligand binding, CARD exposure of RIG-I and MDA5 enables oligomerization on the
RNA molecule and the subsequent interaction with other (regulatory) proteins, such as the
adapter protein MAVS.MAVS is comprised of a C-terminal transmembrane domain and an
N-terminal CARD domain involved in the interaction with CARDs of RIG-I and MDA5.MAVS
predominantly localizes to the outer mitochondrial membrane but was additionally identi-
fied inmitochondria-associatedmembranes of the ER (MAM) and peroxisomalmembranes
[95–99]. However, a recent study demonstrated that the subcellular localization of MAVS
had no effect on the activation of antiviral responses in hepatocytes [95]. Interaction of RIG-I
and MDA5 with MAVS results in the initiation of MAVS aggregation on MAVS-associated
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membranes, forming highly ordered helical structures, which serve as a signaling platform
for the recruitment of additional interaction partners [97,100–103]. Interestingly, the forma-
tion of these prion-like aggregates of MAVS upon viral infection is further promoted by the
E3 ubiquitin ligase TRIM31, which interacts with MAVS and catalyzes the K63-linked polyu-
biquitination of distinct lysine residues on MAVS [104].
Antiviral responses upon RLR and MAVS activation commence two distinct signaling
pathways (Figure V, left panel). First, activated MAVS recruits TRAF proteins, in particu-
lar, TRAF2, -3, and -6, the TNF receptor 1-associated protein (TRADD), and other regu-
latory proteins to the MAVS signalosome. K63-linked autoubiquitination of the E3 ubiqui-
tin ligase TRAF3 subsequently recruits and activates the TANK-binding kinase 1 (TBK1)
and IKK-ε, which in turn phosphorylate and, thus, activate the transcription factors in-
terferon regulatory factor (IRF) 3 and/or IRF7 [105–109]. IRF3 is basally expressed in
most human cells, whereas basal expression of IRF7 is restricted to distinct immune
cells, predominantly pDCs, and is otherwise induced upon IFN stimulation (reviewed in
[110]). Intriguingly, the presence of both IRF3 and IRF7 was described to be crucial for IFN-α
expression upon viral infections [111]. Phosphorylated IRF3 and IRF7 homo or heterodimer-
ize, translocate to the nucleus, and induce the expression of IFNs, pro-inflammatory cy-
tokines, and some interferon-stimulated genes (ISG) [105–109]. Second, recruitment of
TRAF6 to the MAVS signalosome induces its autoubiquitination to further recruit trans-
forming growth factor-activated kinase 1 (TAK1) and the canonical IKKs (IKK-α, IKK-β, IKK-
γ/NEMO) [112–115]. Notably, activation of TAK1 not only activates canonical NF-κB signal-
ing but induces the MAPK pathway [116, 117]. Upon subsequent phosphorylation of the in-
hibitor of NF-κB (IκBα) by the IKK complex, NF-κB translocates to the nucleus and culmi-
nates in the expression of a large array of genes, predominantly encoding pro-inflammatory
cytokines [112, 118]. These NF-κB-mediated responses are characterized by the expression
of NF-κB target genes, such as the TNF-α-induced protein 3 (TNFAIP3) and the C-C motif
chemokine ligand 5 (CCL5) [119–121].

1.4 Regulation of RLR Signaling

Precise ligand recognition and signal transduction are crucial for accurate innate immune
responses and cellular homeostasis upon RLR activation. In fact, dysregulation of the RLR
pathway has been described to facilitate immune disorders. For instance, gain-of-function
mutations in the RLRs result in constitutive activation of the antiviral signaling response
and are known as the Singleton-Merten syndrome (SMS) [122]. Consequently, RLR signaling
is regulated by distinct mechanisms, including post-translational modifications (PTM) by
regulatory proteins, such as phosphorylation or ubiquitination, and general regulation by
interacting proteins. These mechanisms enable both positive and negative regulation of
RLR signaling (Figure IV, reviewed in [62–64]).
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1.4.1 RLR Regulation by Post-Translational Modifications

Protein ubiquitination is among the most extensively studied PTMs, and, as briefly men-
tioned in Section 1.3, ubiquitination of the RLRs is essential for signal induction upon dsRNA
recognition. In general, ubiquitination refers to the covalent attachment of one (monoubiq-
uitination) or more (polyubiquitination) ubiquitin molecules to the ε-amino group of a ly-
sine residue. Based on numerous studies, each type of polyubiquitination seems to have
the ability to act as a distinct intracellular signal, facilitating diverse outcomes of ubiqui-
tination, e.g., changing the stability, localization, or activity of a target protein. Specifically,
whereas K48-polyubiquitination regulates protein stability and marks proteins for degra-
dation, monoubiquitination is rather involved in the regulation of signal transduction and,
in the case of histone ubiquitination, transcriptional regulation [123]. Ubiquitination of tar-
get proteins comprises a three-step process: ATP-dependent activation of ubiquitin by a
ubiquitin-activating enzyme (E1) enables its transfer to a ubiquitin-conjugating enzyme (E2)
resulting in the ubiquitin attachment to a target protein mediated by a ubiquitin-ligating en-
zyme (E3). Strikingly, more than 600 distinct E3 ubiquitin ligases have been identified in
humans, emphasizing the importance of ubiquitination in the regulation of cellular home-
ostasis (reviewed in [124–126]).
Commonly, K63-linked and K48-linked polyubiquitination comprise the canonical protein
ubiquitination and are both essential in the regulation of RLR-mediated innate immunity. In
contrast to K48-linked ubiquitination, mostly targeting proteins for degradation [127, 128],
K63-linked ubiquitination results in protein activation [104, 129]. For instance, K63-linked
ubiquitination of the RIG-I CARDs by the E3 ubiquitin ligases TRIM25 and, more impor-
tantly, Riplet, are crucial for oligomerization, MAVS interaction, and hence signal transduc-
tion [87–91]. Further, USP4 proteolytically cleaves K48-linked ubiquitination from RIG-I and
thereby enhances RIG-I stability [130]. In contrast, RNF125-mediated K48-linked ubiquitina-
tion targets RIG-I for proteasomal degradation [131], removal of K63-linked polyubiquitin
by ubiquitin-specific peptidase (USP)-21 inhibits RIG-I [132], and linear ubiquitin chain as-
sembly complex (LUBAC) negatively affects TRIM25 stability and, thus, its interaction with
RIG-I [133]. Similarly, RNF125-mediated ubiquitination targets MDA5 for degradation [131]
and USP3-mediated deubiquitination additionally inhibitsMDA5 [134]. Recently, the E3 ubiq-
uitin ligase TRIM65 was described to promote K63-linked ubiquitination of MDA5, which is
required for MDA5 activation and oligomerization [94].
Naturally, the adapter protein MAVS as well as downstream signaling components are
also highly regulated by ubiquitination. For instance, whereas TRIM31-mediated K63-linked
polyubiquitination of MAVS promotes its activation and oligomerization [104], K48-linked
ubiquitination by TRIM25 was reported to target MAVS for proteasomal degradation
[135]. TRAF3 and TRAF6 are involved in the activation of TBK1 and IKKs through K63-linked
ubiquitination and are also regulated themselves [112]. Specifically, cellular inhibitor of apop-
tosis protein (cIAP)-1, cIAP2, and RNF166 mediate K63-linked ubiquitination and, thus, pos-
itive regulation of TRAF3 and TRAF6. OTUB1 and OTUB2, however, deubiquitinate both

10



1. INTRODUCTION

TRAFs resulting in the inhibition of antiviral responses [136–139]. Lastly, IRF3 is targeted for
proteasomal degradation by TRIM26-mediated K48-linked polyubiquitination [140]. Upon
nuclear translocation, IRF3 binds to peptidyl-prolyl cis/trans isomerase NIMA-interacting 1
(Pin1), which promotes its degradation through polyubiquitination [141]. Intriguingly, the E3
ubiquitin ligase TRIM21 exerts contrary regulatory mechanisms. In addition to negatively
regulating the stability of IRF3 by mediating polyubiquitination and proteasomal degrada-
tion, TRIM21 further sustains IRF3 activation by interfering with the Pin1-IRF3 interaction,
thus preventing IRF3 ubiquitination and proteasomal degradation [142, 143].
In addition to ubiquitination, protein phosphorylation is a common PTM, regulating pro-
tein activation and signal transduction. In essence, phosphorylation is the ATP-dependent
transfer of a phosphoryl (PO3) group to target proteins by kinases. Although phosphoryla-
tion can occur on multiple amino acid residues, the most common phosphorylation sites
are on serine, threonine, and tyrosine residues. In contrast, phosphatases remove phos-
phate groups from target proteins and are, thus, the counterpart to kinases. Both phospho-
rylation and dephosphorylation are crucial for proper RLR-mediated antiviral signaling. For
instance, whereas phosphorylation of the CARDs keeps RIG-I in an inactive state, dephos-
phorylation of both RIG-I and MDA5 is required for their activation and further signal trans-
duction. Previous studies established that the conventional protein kinase C-α (PKC-α) and
PKC-β are responsible for the phosphorylation of RIG-I at distinct sites [144]. However, upon
ligand detection, the CARDs of RIG-I andMDA5 are dephosphorylated by the phosphatases
PP1α and PP1γ , resulting in their activation [145]. In addition to CARD (de)phosphorylation,
the CTDs of both RIG-I and MDA5 were demonstrated to be phosphorylated by the casein
kinase II (CK2) and RIO kinase 3 (RIOK3), respectively [146, 147]. Remarkably, upon viral in-
fection RIG-I activity is additionally inhibited in a negative feedback loop through phospho-
rylation by the death-associated protein kinase 1 (DAPK1) [148].
Although TBK1 and IKK-ε are kinases themselves, both are activated by auto and transpho-
sphorylation at serine (S) 172. In fact, a recent study suggested the involvement of other
kinases since inhibition of TBK1 and IKK-ε still resulted in S172 phosphorylation upon dis-
tinct stimulation approaches [149–151]. Conversely, S172 dephosphorylation by the protein
phosphatase 1B (PPM1B) negatively regulated TBK1 activation, resulting in decreased an-
tiviral signaling upon viral infection [152]. Likely the most extensively studied phosphoryla-
tion event within the RLR signaling pathway comprises TBK1/IKK-ε-mediated IRF3 phos-
phorylation. In homeostatic conditions, IRF3 shuttles between the nucleus and the cyto-
plasm, but nuclear export and thus cytoplasmic localization of IRF3 is dominant [153]. Upon
RLR pathway activation, cytosolic IRF3 is phosphorylated at distinct residues within its
C-terminal region, resulting in nuclear translocation and the subsequent association with
the transcriptional coactivators CREB-binding protein (CBP) and E1A binding protein p300
(p300) [153–155]. This association remains stable until the protein phosphatase 2A (PP2A)
and its adapter protein receptor for activated C kinase 1 (RACK1) mediate IRF3 dephospho-
rylation, and thus, relocalization to the cytoplasm [156]. Recently, protein SUMOylation, i.e.,
the covalent attachment or detachment of small ubiquitin-like modifier (SUMO) proteins,
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has emerged as crucial regulatory mechanism of RIG-I and MDA5 activity. For instance,
TRIM38-mediated CARD and CTD SUMOylation prevents K48-linked polyubiquitin-induced
degradation of RIG-I and MDA5 in uninfected cells. However, at late phases of viral infec-
tions, RIG-I and MDA5 are deSUMOylated by sentrin/SUMO-specific protease 2 (SENP2),
which thus results in their proteasomal degradation [157]. Lastly, the attachment or removal
of an acetyl functional group mediated by (de)acetylases is able to modulate RLR signal
transduction. Acetylation of RIG-I within the CTD impairs its capability to bind viral RNA and
hence prevents RIG-I activation and oligomerization. Correspondingly, histone deacetylase
(HDAC) 6-mediated deacetylation of RIG-I reverses the impairment of RIG-I in RNA bind-
ing [158, 159]. Notably, whereas the regulatory mechanisms of PTMs on RIG-I and MDA5
have been characterized extensively, PTMs regulating LGP2 are yet to be identified.
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Figure IV: Major post-translational modifications of RIG-I and MDA5.
RIG-I and MDA5 both comprise distinct post-translational modifications (PTM) regulating their activity and sig-
nal transduction.Major PTMs include polyubiquitination (Ub), specifically K63 and K48-linked ubiquitination,
phosphorylation (P), SUMOylation (Su), and acetylation (Ac). PTMs can either have activating or inhibiting reg-
ulatory functions, indicated on the left or right site, respectively. Proteins which ultimately lead to RLR activation
are shown in green, proteins leading to RLR inhibition are illustrated in red. Figure is adapted from [64] and cre-
ated with BioRender.com.
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1.4.2 RLR Regulation by Interacting Proteins

Apart from the regulatory mechanisms by PTMs, RLR activity is also modulated by nu-
merous host or even pathogen-derived proteins (Section 1.7). A remarkable example of
host-derived proteins regulating RLR signaling is the third RLR, LGP2. As described in Sec-
tion 1.2.2, LGP2 is able to bind viral RNA but lacks the CARD domains required for MAVS
interaction and activation. Nevertheless, positive and negative regulation of the RLR sig-
naling pathway through multiple mechanisms are described for LGP2. For instance, LGP2
recognizes RIG-I ligands in a competitive manner, thus diminishing RIG-I-induced antivi-
ral signaling [67, 160]. In contrast, LGP2 facilitates RNA recognition by MDA5, MDA5-RNA
binding, and MDA5 oligomerization, ultimately enhancing MDA5-mediated antiviral signal-
ing [69, 160–162]. However, how the contradictory roles of LGP2 in RLR signaling are con-
cisely regulated remains to be investigated.
A crucial feature of RLR signaling is the discrimination of self and non-self, which is en-
sured through distinct mechanisms. For instance, adenosine deaminases acting on RNA
(ADAR) 1 catalyzes the conversion of adenosine (A) to inosine (I) in dsRNA molecules,
which was recently reported to be a key process for marking dsRNA as self. This RNA-
editing process by ADAR1 thus limits cytosolic RNA sensing by RIG-I and MDA5, fur-
ther preventing adverse innate immune activation which could ultimately lead to immune-
mediated diseases [163–166]. Another dsRNA-binding protein reported to be involved in
modulating RLR signaling is the protein activator of the interferon-induced protein kinase
(PACT). Besides interacting with the CTD of RIG-I in order to stimulate its ATPase activ-
ity [167,168], PACTwas recently shown to promoteMDA5 activity by facilitating its oligomer-
ization [169]. Furthermore, numerous other DExD/H-box helicases have been implicated
in regulating RLR signaling. For instance, DEAH-box helicase 15 (DHX15) acts as a co-
receptor of RIG-I, facilitating ATP hydrolysis and binding of viral RNA [170], whereasDExD/H-
box helicase 60 (DDX60) promotes RIG-I-dependent signaling as well as IFN and ISG in-
duction [171–173]. The zinc finger CCHC domain-containing protein 3 (ZCCHC3), another
protein acting as co-receptor of RIG-I and MDA5, was reported to modulate RLR signal-
ing. Besides binding to RLR-activating RNAs with its C-terminal zinc finger domain, ZC-
CHC3 also interacts with the helicase and CTD domain of both RIG-I and MDA5, ultimately
enhancing RNA binding by the RLRs [174]. Interestingly, a recent study identified a novel
mechanism of interplay between the NLR and RLR pathways. Here, upon virus infection or
5’ppp-dsRNA stimulation, NLRP12 diminished RIG-I-mediated antiviral signaling responses,
supposedly by interacting with TRIM25, and thus hindering its ability to ubiquitinate and ac-
tivate RIG-I. Additionally, NLRP12 destabilized RIG-I by enhancing RNF125-mediated K48-
linked ubiquitination [175]. Lastly, 14-3-3ε, a member of the 14-3-3 protein family, forms a
complex with RIG-I and TRIM25, thereby stabilizing their interaction and facilitating their
association with MAVS [176]. Likewise, 14-3-3η was reported to mediate the relocalization
of MDA5 to mitochondrial-associated membranes, thus enhancing MDA5-dependent an-
tiviral signaling [177].
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1.5 The Interferon System

Viral infections induce intricate multi-layered immune responses in the host, ultimately pre-
venting viral spread and clearing the infection. An essential component of innate defense
responses are secreted cytokines, in particular IFNs. IFNs, termed after their ability to in-
terfere with viral replication, function as signaling molecules and enable cell-to-cell com-
munication crucial for many biological processes, specifically immune and inflammatory
responses (reviewed in [178–180]). Based on the respective receptor complex, IFNs are sub-
divided into three classes: type I, type II, and type III IFNs.

1.5.1 Type I Interferons

Commonly, viral infections and recognition of dsRNA by PRRs result in the production of
type I IFNs. Type I IFNs comprise the largest IFN family, encoding 13 partially homologous
IFN-α subtypes, a single IFN-β, and several less-characterized IFNs (IFN-ε, IFN-τ, IFN-κ,
IFN-ω, IFN-δ, and IFN-ζ). The best-studied andmost broadly expressed type I IFNs are IFN-α
and IFN-β, which induce potent antiviral signaling responses in both virus-infected and un-
infected cells. Previous studies identified at least four positive regulatory domains (PRD) in
the promoter of the IFN-β gene, whereas promoters of IFN-α genes contain similar PRD-
like elements (PRD-LE) [181, 182]. Interestingly, PRD I and III within the IFN-β promoter are
activated by members of the IRF family, whereas PRD II and IV are activated by NF-κB and
the heterodimer AP-1, respectively. Besides IRF3 and IRF7, othermembers of the IRF family,
specifically IRF1 and IRF5, have also been implicated in binding PRDs in type I IFN promoter
regions [183–189].
Expressed and secreted type I IFNs are detected by a heterodimeric receptor complex com-
prised of the interferon α and β receptor subunit (IFNAR) 1 and IFNAR2, which are both
ubiquitously expressed on cell surfaces. Intriguingly, although all type I IFNs are able to
bind the IFNAR receptor complex, differential responses mediated by distinct type I IFNs
have been described. This was mainly attributed to protein turnover rates, complex stabil-
ity, and distinct ligand affinities towards the receptor subunits, which ultimately determines
extent and dynamics of signaling complex formation (reviewed in [190, 191]). For instance,
previous studies demonstrated a higher binding affinity of IFN-β to the IFNAR receptors
as compared to the remaining type I IFNs [192–194]. The interaction of type I IFNs with
the heterodimeric IFNAR receptor elicits an intracellular signaling cascade encompassing
members of the janus protein kinase (JAK) family, specifically JAK1 and the non-receptor
tyrosine-protein kinase 2 (TYK2), which are associated with the cytoplasmic domains of IF-
NAR2 and IFNAR1, respectively. First, JAK1 and TYK2 phosphorylate cytoplasmic residues
of the IFNAR receptors, thereby recruiting signal transducer and activator of transcription
(STAT) 1 and STAT2.Notably, besides canonical STAT1-STAT2 heterodimerization, type I
IFN-mediated signaling also induces STAT1 homodimers, which are commonly associated
with type II IFN-mediated signaling [195]. Subsequently, the kinases phosphorylate both
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STAT1 and STAT2, which heterodimerize and then associate with IRF9, forming the trimeric
IFN-stimulated gene factor 3 (ISGF3) complex [196]. Lastly, the ISGF3 complex translocates
to the nucleus, binds to IFN-stimulated response elements (ISRE) within gene promoter re-
gions [197], and induces the expression of a large number of ISGs. ISGs exert a variety of
biological functions (Section 1.6), e.g., impacting viral replication and amplifying RLR and
IFN signaling, to ultimately establish an antiviral state (Figure V, reviewed in [198–203]).

1.5.2 Type II Interferons

The only type II IFN, IFN-γ , is very distinctive from other IFNs. Although IFN-γ is predomi-
nantly produced in specialized immune cells, such as activated T and NK cells, it can stimu-
latemany different cell types if the IFN-γ receptor (IFNGR) complex is expressed on their cell
surface [204]. The heterodimeric IFNGR complex is composed of the IFNGR1 and IFNGR2
subunits. Ligand detection by the IFNGR1 subunit results in receptor complex formation,
induction of JAK2 autophosphorylation and activation, and subsequently transphosphory-
lation of JAK1 by activated JAK2 [205–207]. Activated JAK1 then phosphorylates IFNGR1,
recruiting STAT1 to the complex and further enabling STAT1 activation through phosphory-
lation [208,209]. Phosphorylated STAT1 forms a homodimer, also known as IFN-γ activated
factor (GAF), translocates to the nucleus, and binds IFN-γ activation site (GAS) elements
within the promoter regions of, e.g., ISGs (Figure V, [210,211]). Strikingly, IFNGR phosphory-
lation was reported to emerge within one minute of IFN-γ treatment [207,212].
IFN-γ signaling is able to induce the expression of some ISGs, which contribute to a di-
rect antiviral defense. However, the establishment of an antiviral state is still mainly at-
tributed to type I and III IFN signaling [213, 214]. Instead, IFN-γ was reported to rather pro-
mote antiviral immunity through regulatory effects on innate immunity and to further link
innate and adaptive immune responses. For instance, IFN-γ initializes the release of ROS
by, e.g., macrophages, through the upregulation of required cellular components [215–217],
promotes macrophage polarization, and subsequently primes these cells to produce pro-
inflammatory cytokines [218, 219]. Lastly, IFN-γ affects and enhances the antigen presen-
tation process on APCs which ultimately increases stimulation of the adaptive antiviral re-
sponse [220,221] (reviewed in [222]).
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Figure V: Schematic illustration of the RLR and IFN signaling pathway.
The cytosolic RLRs RIG-I and MDA5 are activated by immunostimulatory RNAs, for instance, viral RNAs. Upon
ligand binding, both undergo conformational changes, exposing and oligomerizing their CARDs, which en-
ables homotypic CARD-CARD interactions with MAVS.MAVS predominantly localizes to the outer mitochon-
drial membrane and upon activation and oligomerization, triggers signal transduction via two distinct signaling
pathways. First, activation of the kinases TBK1 and IKK-ε results in the phosphorylation and nuclear transloca-
tion of IRF3 and/or IRF7. Second, IKK-α/IKK-β/IKK-γ complex-induced degradation of the NF-κB inhibitor, IκBα,
enables NF-κB to translocate to the nucleus. Consequently, the translocated transcription factors induce the
expression of IFNs, pro-inflammatory cytokines, and some ISGs. Secreted IFNs further act in an autocrine and
paracrinemanner and induce IFN signaling via their cognate IFN receptors. Type I and III IFN signaling results in
the formation of the ISGF3 complex, comprised of STAT1, STAT2, and IRF9, binding to ISRE elements within the
genome. Type II IFN signaling leads to STAT1 homodimerization, which, upon translocation into the nucleus,
binds GAS elements within the genome. Both ISGF3 and STAT1 homodimer binding induces the expression of a
large variety of ISGs, ultimately establishing the antiviral state of the cell. Figure is created with BioRender.com.

1.5.3 Type III Interferons

Type I and III IFNs exhibit similar functions and were originally considered to be re-
dundant. However, type III IFNs differ structurally and were hence designated a new
class of IFNs. Four distinct type III IFNs, specifically IFN-λ1 (IL-29), IFN-λ2 (IL-28A),
and IFN-λ3 (IL-28B), as well as the most recently detected IFN-λ4 were identified so
far [223–225]. Interestingly, although all type III IFNs share a high degree of sequence
homology, different receptor binding affinities were reported. Specifically, IFN-λ1 exhibited
the highest binding affinity to IFNLR1, whereas IFN-λ3 had the lowest [226]. The function
of IFN-λ1, IFN-λ2, and IFN-λ3 in antiviral defense responses has been characterized
extensively and is broadly accepted. However, the precise function of IFN-λ4 remains dis-
puted. Although exogenously produced IFN-λ4 showed antiviral activity, it is still debated
whether cells can produce IFN-λ4 themselves [227–229] (reviewed in [230]).
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Type III IFNs are produced and secreted by most cell types but the required receptor
complex is only expressed on the surface of some cells, resulting in cell type-specific re-
sponses [231–233]. Type III IFNs bind to a heterodimeric receptor complex composed of
the type III IFN receptor (IFNLR1), also known as IL28R1, and the interleukin 10 recep-
tor 2 (IL10R2). Interestingly, the latter is not only used by type III IFNs but shared with
other IL-10 family members [223, 225]. The IL10R2 receptor is ubiquitously expressed in
almost all cell types, whereas IFNLR1 represents the limiting factor in type III IFN sig-
naling. IFNLR1 is expressed on cell surfaces of epithelial cells, e.g., lung, intestine, and
liver cells [231–233], as well as some immune cells, e.g., DCs, NK cells, and neutrophils
[234–237]. Although type I and III IFNs employ distinct receptor complexes, they both sig-
nal through the JAK/STAT pathway, utilizing the ISGF3 complex to ultimately induce the
expression of ISGs [238, 239]. Nevertheless, kinetic differences in gene expression upon
type I and III IFN stimulation were described recently [240, 241]. For instance, IFN-λ stim-
ulation resulted in a long-lasting ISG induction, whereas IFN-α stimulation led to early-
peaking gene expression, which quickly declined again due to negative feedback regula-
tion [242,243]. Importantly, the delayed IFN-λ-induced expression of ISGs was not a conse-
quence of lower receptor levels, since overexpressing IFNLR1 did not lead to a faster ISG
induction, indicating that type I and III IFNs possess unique mechanisms to regulate down-
stream signaling cascades [241]. In fact, a recent study demonstrated that although JAK1
is critical for the activation of both type I and III IFNs, TYK2 seems to be dispensable for the
latter [244, 245]. In humans several mutations within the TYK2 locus have been identified,
however, their susceptibility to viral infections was unimpaired. This further emphasizes a
TYK2-independent type III IFN signalingwhichmight ultimately serve as a first line barrier to
control viral infections [246,247]. Still, how signaling downstream of the type III IFN receptor
culminates in further differences between type I and III IFNs remains to be investigated.

1.5.4 Regulation of Interferon Signaling

Dysregulation of both the RLR and IFN pathway have been linked to autoinflammatory dis-
eases, which in the case of IFN are termed interferonopathies. Generally, they are character-
ized by a constant overproduction of IFNs, either by constitutive upregulation of activating
processes or constraints in negative regulatory systems (reviewed in [248,249]). Classic ex-
amples of diseases with enhanced type I interferon signaling include the Aicardi–Goutières
syndrome (AGS) and systemic lupus erythematosus (SLE) [250,251]. Thus, tight regulation
mechanisms of this pathway are crucial for cellular homeostasis.
As demonstrated previously for RLR signaling, PTMs such as phosphorylation, ubiquiti-
nation, and acetylation are crucial for IFN-mediated positive and negative regulation of
innate immune responses. Activating phosphorylation events of JAK1, TYK2, STAT1, and
STAT2 are commonly known to be induced by type I IFN signaling. Notably, STAT1 was re-
ported to be additionally phosphorylated on a distinct serine residue through the MAPK
pathway [252]. Consistently, negative regulation through dephosphorylation is mediated

17



1. INTRODUCTION

by distinct phosphatases, for instance members of the suppressor of cytokine signaling
(SOCS) and protein tyrosine phosphatases (PTP) families. SOCS1 is able to bind IFNAR1
and to diminish the kinase activity of JAKs by directly binding them, thus abrogating STAT1
phosphorylation [253]. Similarly, the SH2 domain containing phosphatase (SHP1) and SHP2
of the PTP family specifically dephosphorylate JAK1 and STAT1, respectively [254–256].
Regulation through ubiquitination-mediated protein degradation was reported for vari-
ous IFN pathway components. For example, the ubiquitin ligase Skp1-Cullin1-HOS-Roc1
(SCFHOS) induces the ubiquitination and degradation of the IFNAR1 receptor [257]. The
STAT interacting LIM protein (SLIM) interacts with both STAT1 and STAT4 to catalyze their
ubiquitin-mediated degradation, thus negatively regulating STAT signaling upon IFN stim-
ulation [258]. Furthermore, the SMAD specific E3 ubiquitin protein ligase 1 (Smurf1) tar-
gets STAT1 for K48-linked polyubiquitination and, hence, proteasomal degradation upon
IFN-γ signaling [259]. In contrast to this, deubiquitinating enzymes enhance IFN-mediated
antiviral activity. For instance, the deubiquitinase USP2a sustains IFN signaling by asso-
ciating with activated STAT1, thereby blocking its K48-linked ubiquitination and degrada-
tion [260]. Upon IFN-γ stimulation, K63-linked polyubiquitination of STAT1 is mediated by
the natural killer lytic-associatedmolecule (NKLAM), promoting STAT1 phosphorylation and
thus positively regulating its transcriptional activity [261]. Further, the conjugation of SUMO
moieties on STAT1 by the protein inhibitors of activated STAT 1 (PIAS1) negatively regulates
STAT1-mediated transcription and thus diminishes IFN signaling and ISG expression [262].
Although lysine acetylation is predominantly known asmodification of histones, serving as
a marker associated with transcriptional activation, acetylated non-histone proteins were
also identified. Upon type I IFN stimulation, dimerized IFNAR receptors recruit the cytoplas-
mic histone acetyltransferase (HAT) CBP, which in turn acetylates IFNAR2 [263]. Likewise,
CBP catalyzes the IFN-mediated acetylation of STAT2 and IRF9 which is crucial for IRF9
or STAT1 binding, respectively, and is consequently essential for the formation of the
ISGF3 complex [263]. Remarkably, STAT1 is regulated by a dynamic phosphorylation and
acetylation-dependent cross-regulation: a CBP/HAT complex catalyzes STAT1 acetylation,
which recruits a phosphatase resulting in STAT1 dephosphorylation and hence inactiva-
tion. In turn, HDAC3 deacetylases STAT1 upon IFN stimulation, thus promoting STAT1 phos-
phorylation and signal transduction [264].
Recently, the PTM termed ISGylation gained importance in the regulation of IFN sig-
naling. The IFN-induced protein ISG15 represents the first identified ubiquitin-like protein,
containing two ubiquitin-like domains [265]. Similar to ubiquitination, ISG15 can be co-
valently attached to target proteins in a three-step process resulting in their ISGylation
[266]. ISGylation is performed by the three E1-E3 proteins ubiquitin-like modifier-activating
enzyme 7 (UbE1L, E1), ubiquitin carrier protein L6 (UBCH8, E2), and HECT domain and
RCC1-like domain-containing protein 5 (HERC5, E3). However, only one ISG15 deconjugat-
ing protein, the ubiquitin-specific peptidase 18 (USP18), was implicated in this process
[267–272]. Components of the IFN-mediated antiviral signaling are engaged in both, ISGy-
lation and deconjugation of ISG15. For instance, JAK1 and STAT1 are heavily ISGylated in
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USP18 knockout cells, resulting in sustained phosphorylation and thus DNA association
of STAT1 [273, 274]. Consequently, USP18 knockout mice were reported to be resistant to
viral infections [275], whereas the lack of UbE1L resulted in an increased susceptibility to
influenza B virus infection [276].

1.6 Interferon-Stimulated Genes

Viral infections trigger distinct signaling cascades, leading to the production and secretion
of IFNs, which ultimately induce the expression of a wide array of interferon-stimulated
genes (ISG). ISG-encoded proteins collectively establish an antiviral state of a cell and
promote distinct processes, including direct antiviral defenses, antiproliferative effects,
and the stimulation of adaptive immune responses. Counterintuitively, many ISGs are
also direct targets of primary RLR signaling, thus can even be induced in the absence
of IFN signaling and are sometimes referred to as virus-stimulated genes (VSG). In fact,
several studies demonstrated an IRF3 or NF-κB-mediated induction of VSG expression
during the early phase of infection [106, 277] (reviewed in [278–280]).Whereas most ISGs
are strictly expressed upon IFN stimulation, some are basally expressed in addition to
being IFN-inducible [281]. For instance, basal expression of the PRRs RIG-I and MDA5
is crucial for viral sensing and the activation of IRFs. However, IFN-induced expression
of both additionally primes cells for further pathogen detection in a positive feedback
manner [160, 173, 282–284]. Notably, some members of the IRF family, in particular IRF1,
IRF7, and IRF9, are IFN-inducible and thus considered ISGs, whereas IRF3 expression
seems to be IFN-independent [173, 185, 285–288]. Another remarkable ISG example is
interferon-induced protein with tetratricopeptide repeats (IFIT) 1, whose expression is
induced by both, primary RLR and IFN-mediated signaling [106].
Since ISGs are usually induced as part of a broad cooperating transcriptional pro-
gram, identifying specific effects of individual ISGs can be challenging. However, recent
studies determined distinct molecular mechanisms behind the antiviral properties of
some classical ISGs, mediating antiviral effects through, e.g., blocking of viral entry,
viral RNA degradation, or inhibition of viral translation and replication (Figure VI). For
instance, although it was known for a while that interferon-induced transmembrane
protein (IFITM) 3 inhibits viral entry, only recently studies determined the mechanism by
which IFITM3 blocks membrane fusion of viruses entering cells through an endocytic
route [289–291]. According to Spence et al., IFITM proteins reside in endocytic vesicles
which fuse with invading viruses and thus facilitate trafficking of virus-containing vesicles
to lysosomes [292]. The MX dynamin-like GTPase (MX) 1 targets another post-entry
process and specifically blocks trafficking of the viral machinery through the nuclear pore
complex. Additionally, early gene expression of some single-stranded RNA viruses, such
as IAV, can be inhibited by MX1 [293–296] (reviewed in [297,298]).
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A critical step in the viral replication cycle targeted by many ISGs is translation. The pro-
tein kinase R (PKR), another classical ISG, is a dsRNA-dependent kinase which phosphory-
lates the eukaryotic translation initiation factor 2 α (eIF2α) tomodulatemultiple cellular pro-
cesses including (viral) translation (reviewed in [299–301]). In contrast, members of the IFIT
family target viral protein synthesis and replication via distinct mechanisms. For instance,
IFIT1 acts on a wide range of viruses by recognizing viral RNA molecules, either harboring
5’ppp moieties or lacking a 5’-O-methylation at their cap structure [302]. Binding of IFIT1 to
5’ppp-RNAs sequesters viral RNAs out of replication complexes and thus limits viral replica-
tion, whereas binding of RNAs with non-methylated caps impedes viral protein translation
through the competition with the translation initiation factors eIF4E and eIF4F [303–307].
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Figure VI: Different ISGs targeting distinct steps in the viral replication cycle.
The viral replication cycle can be subdivided into six major steps: (1) viral entry, (2) viral genome nuclear import,
(3) mRNA synthesis, (4) viral protein synthesis, (5) viral genome replication and degradation of viral RNAs, and
(6) virion assembly and egress. Examples of ISG effectors targeting each step are indicated. Figure is adapted
from [202] and created with BioRender.com.

A recently characterized example of an ISG effector suppressing viral, specifically fla-
vivirus, replication is the endoplasmic reticulum (ER)-localized interferon α inducible pro-
tein (IFI) 6.Mechanistically, the formation of replication organelles, which are character-
ized by single-membrane invaginations at the ER and harbor the viral replication machin-
ery, is inhibited by IFI6, likely by interfering with the membrane-perturbing function of fla-
viviruses [173,308–310]. A more direct mechanism to impair viral replication is the immedi-
ate degradation of viral RNAs upon infection.Members of the oligoadenylate synthetases
(OAS) family, the zinc antiviral protein (ZAP), and ISG20 are among the best-studied exam-
ples. Upon viral RNA binding, OAS proteins synthesize 2’-5’-linked oligoadenylates to ac-
tivate ribonuclease latent (RNaseL), which efficiently degrades viral genomes (reviewed
in [311, 312]). ZAP targets viral mRNAs for exosome-mediated degradation and thus also
acts as an inhibitor of viral translation [313]. Lastly, ISG20 suppresses replication of mul-
tiple viruses by degrading their genomes with its 3’ to 5’ exonuclease function [314]. Late
stages of viral replication are characterized by virion assembly and egress from the infected
cell. Although many ISGs target earlier phases of the viral replication cycle, only few ISGs
targeting these late steps have been identified. Among those few are the transmembrane
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protein tetherin (encoded by BST2) and the guanylate binding protein (GBP) 5. Interestingly,
GBP5 impairs incorporation of the viral envelope protein (env) into virions [315], whereas
tetherin anchors budding virions to the cell surface and thus prevents them from being re-
leased [316]. In summary, ISGs cooperatively act on cellular processes as well as distinct
phases of the viral life cycle to ultimately inhibit viral replication and establish viral defenses.

1.7 Viral Evasion Strategies

While the full induction of host-cellular antiviral responses potently inhibits viral replica-
tion, most viruses evolved intricate strategies capable of evading innate immunity to effi-
ciently replicate and spread. The distinct antagonistic mechanisms against RLR-mediated
immune responses are extensive and can occur at every level of signaling. For instance,
some viral antagonists directly interact with host proteins, whereas others degrade or
cleave them to avert activation of antiviral signaling. The viral nonstructural protein (NS) 1
of IAV prevents induction of IFN signaling by binding dsRNA, thus sequestering the medi-
ator of RIG-I activation [317–319]. In addition to sequestering dsRNA, NS1 was reported to
directly bind RIG-I, thereby inhibiting the transcriptional induction of IFN-β [320]. In contrast,
the N-terminal protease (Npro) of classical swine fever virus (CSFV) specifically targets IRF3
for proteasomal degradation [321–323]. In fact, the inhibition of phosphorylation and thus
activation of IRF3 as a key transcription factor seems to be a commonly usedmechanismof
distinct viruses. For instance, the immediate-early protein 62 (IE62) of Varicella-Zoster virus
(VZV) blocks the sequential phosphorylation of IRF3 by TBK1 [324], whereas the NS3/4A
protease of HCV directly cleaves MAVS from mitochondrial or peroxisomal membranes
and thus prevents downstream activation and signaling [325, 326]. Interestingly, the sup-
pression of IFN response has been proposed to be one of the causes for HCV persistence
upon infection [327–331].
In contrast to the above-described virus-encoded proteins targeting the RLR-mediated sig-
naling cascade, some viruses rather focus on interfering with the IFN-mediated signal-
ing. Accordingly, the nonstructural protein 5 (NS5) of DENV antagonizes type I IFN signaling
by interacting with the host protein UBR4 to mediate proteasome-dependent STAT2 degra-
dation [332–334]. Notably, DENV encodes several antagonist of both IFN production and
signaling, but the NS5 protein seems to be the most potent inhibitor of antiviral signal-
ing [332, 335–337]. Interestingly, NS5 proteins of distinct flaviviruses were reported to tar-
get different steps of the antiviral signaling pathway. For instance, whereas DENV NS5 pro-
motes STAT2 degradation, the NS5 protein of WNV potently prevents STAT1 phosphoryla-
tion [338]. The severe acute respiratory syndrome coronavirus (SARS-CoV) 2 represents an-
other remarkable example of multi-level antagonism of antiviral signaling, involving almost
all its encoding viral proteins (reviewed in [339]). The accessory protein ORF6 was consis-
tently identified as themost potent inhibitor of the antiviral response [340–342]. ORF6 binds
to nuclear complexes, blocking nuclear translocation of IRF3, STAT1, andSTAT2, and conse-
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quently causes a compromised induction of ISGs [340,343, 344]. ORF6-mediated blocking
of the nuclear pore can further cause nuclear retention of host mRNAs, leading to an even
stronger reduction in host gene expression [343].

1.8 Mathematical Modeling of Biological Systems

Evidently, the antiviral signaling response is complex and, hence, dissecting individual
mechanisms of regulation and viral antagonism proved to be non-trivial. Advanced tech-
nologies generating large amounts of, e.g., single cell data might provide insights into this
intricate system, however, require clever and innovative ways to be interpreted. A powerful
tool to dissect complex biological processes are mathematical models, which often use a
systemof biochemical reactions converted into ordinary differential equations (ODE). ODEs
are based on the law of mass action, which states that reactants must collide for a reac-
tion to occur. It further states that the rate of a reaction is proportional to the product of the
molar concentrations of the reactants as well as the reaction rate constant (also known
as reaction rate coefficient, k). Hence, the reaction rate constant quantifies the rate and di-
rection of a chemical reaction and thereby serves as a proportionality factor.Mass action
kinetics state that a reaction rate is the product of a rate constant (k) and the mass (i.e.,
the concentration of a substrate) and thus mass action kinetics describe the dynamics of
systems of chemical reactions. In addition to kinetic rate constants of biological processes,
the initial conditions, i.e., concentrations, of model species are another essential parame-
ter of mathematical models. In experimental settings, initial conditions are often based on,
e.g., steady state protein and mRNA concentrations (reviewed in [345–347]).
Mathematical models can contribute to explain and to predict experimental outcomes and
thus promote the interpretation and comprehension of biological systems. In fact, they
have provided crucial insights for many biological systems, including the type I IFN re-
sponses. For instance, Qiao et al. developed a computational model of the innate immune
responses in IFN-pretreated DCs. Experimentally, pretreated cells were infected with IAV
and intracellular dynamics of IRF7, IFN-α, IFN-β, and SOCS1 mRNA expression was exam-
ined. The arising model provided critical insights into the kinetics of type I IFN induction
upon virus infection and further predicted saturation threshold values for IFN treatment,
which could be confirmed with experimental data [348]. Another recent study established
a comprehensive mechanistic model of the type I IFN responses in human hepatoma cells
(Huh7.5), comprising IRF9 and STAT1/2-mediated positive feedback loops, as well as nega-
tive feedback regulation throughUSP18 and SOCS [349]. Here, kineticmeasurements of dis-
tinct signaling components in IFN-α-primed and treated Huh7.5 cells were used for model
calibration. Remarkably, model analysis revealed a STAT2 and IRF9-mediated hypersensi-
tization of the IFN pathway upon low dose IFN-α prestimulation. Contrarily, prestimulation
with a high dose of IFN-α led to USP18 and SOCS1-mediated desensitization [349]. Similarly,
during the current global pandemic of coronavirus disease 2019 (COVID-19) caused by
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SARS-CoV-2, mathematical model simulations have been applied to improve clinical out-
comes of infected patients. Specifically, somemodels determined cost-effective strategies
for distinct drug therapy combinations, whereas others were established to serve as a ba-
sis for personalized treatments [350–352]. In conclusion, mathematical modeling provides
critical insights in complex biological systems, which might be difficult to obtain solely ex-
perimentally. The combination of experimental data and in silico modeling facilitates the
identification of key mechanisms in innate immune signaling as well as the intricate viral-
host interaction and thus promotes the development of effective vaccines and antiviral ther-
apies.
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2. Materials

2.1 Consumables

Table 1: Consumables.

Product Company

AD1 4D-Nucleofector Y Kit Lonza
Cell culture plate 6 well, 12 well, 24 well, 96 well Greiner Bio-One GmbH
Cell scraper Sarstedt AG & Co.
Cellstar cell culture dish 6 cm, 10 cm, 15 cm Greiner Bio-One GmbH
Costar 50ml reagent reservoir Corning GmbH
Costar stripette 5ml, 10ml, 25ml, 50ml, Corning GmbH
Cover slip Glaswarenfabrik Karl Hecht GmbH
Cryo vials Greiner Bio-One GmbH
Electroporation cuvettes, 0.4 cm gap Bio-Rad Laboratories
Falcon petri dish 10 cm Corning GmbH
Falcon tubes 15ml, 50ml Corning GmbH
Filter 0.2µm GE Healthcare
Hard-Shell PCR plates 96 well Bio-Rad Laboratories
Immun-Blot PVDF membrane for protein blotting Bio-Rad Laboratories
Kimtech Science prevision wipes Kimberly-Clark Worldwide
Micro tube 1.5ml, 2ml Sarstedt AG & Co.
Microscope slides Thermo Fisher Scientific
Microseal ’B’ PCR plate sealing film Bio-Rad Laboratories
Millipore Stericup 150ml Durapore 0.22µm filter unit Merck KGaA
Neubauer counting chamber Neolab
PCR SingleCap 8er-SoftStrips Biozym Scientific GmbH
Pipet tips 10µl, 100µl, 1000µl, filtered STARLAB GmbH
Pipet tips 10µl, 20µl, 200µl, 1000µl STARLAB GmbH
Pipet tips 5ml Eppendorf AG
SafeSeal micro tube 1.5ml, 2ml Sarstedt AG & Co.
Scalpel B. Braun Melsungen AG
Syringe 5ml , 10ml , 20ml BD Biosciences
Whatman filter paper GE Healthcare Life Sciences
XCEED nitrile gloves Barrier Safe Solutions International, Inc.
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2.2 Chemicals, Reagents, and Kits

Table 2: Chemicals, Reagents, and Kits.

Product Company Identifier

β-mercaptoethanol Sigma-Aldrich M6250
Acrylamide:Bisacrylamide (BAA; 29:1) Roth A515.1
Adenosine 5’-triphosphate (ATP) Sigma-Aldrich A2383
Agar Sigma-Aldrich A1296
Agarose Roth 3810.3
Alkaline phosphatase, calf intestinal (CIP) NEB M0290
Ammonium persulfate (APS) Roth 9592.1
Benzonase nuclease Merck Millipore 70746-4
Blasticidin S hydrochloride MP Biomedicals 15047750
Bromphenol blue AppliChem GmbH A2331
Calcium chloride AppliChem GmbH A4689
CalPhos Mammalian Transfection Kit Takara Bio Europe 631312
Carbenicillin disodium salt Sigma-Aldrich C1389
Clarity Western ECL Substrate Bio-Rad Laboratories 170-5061
Coelenterazine PJK Biotech 102171
Cytotox Green Dye Sartorius 4633
Deoxyribose nucleoside triphosphate (dNTP) VWR 733-1270
Dimethyl sulfoxide (DMSO) VWR 23.500.297
DIY Human IFN-λ1/2/3 ELISA (TCM) PBL Assay Science 61840-1
D-Luciferin PJK GmbH N/A
DMEM, high glucose Thermo Fisher Scientific 41965062
Double-stranded RNA (dsRNA; 400 bp) in vitro-generated N/A
DTT Sigma-Aldrich 10197777001
EGTA AppliChem GmbH A0878
Ethanol VWR 20.821.330
Ethylenediaminetetraacetic acid (EDTA) AppliChem GmbH A3553
Fetal calf serum (FCS) Thermo Fisher Scientific 10270106
Gateway BP Clonase II Enzyme mix Thermo Fisher Scientific 11789-100
Gateway LR Clonase II Enzyme mix Thermo Fisher Scientific 1946833
Gel electrophoresis DNA loading dye Thermo Fisher Scientific R0611
Gel electrophoresis RNA loading dye Thermo Fisher Scientific R0641
Gene Ruler 1 kb Thermo Fisher Scientific SM0311
Gene Ruler 100 bp Thermo Fisher Scientific SM0241
Geneticin (G418) Sulfate Santa Cruz Biotechnology SC-29065B
Gentamicin (50 mg/mL) Thermo Fisher Scientific 15750037
Glycerol Sigma-Aldrich 15523-1L-M
Glycine Sigma-Aldrich 3326
Glycyl Glycin Sigma-Aldrich G3915-500G
Hepes Roth 9105.2
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 43-688-14
IFN-α BIOZOL GmbH 11100-1
IFN-β R & D Systems 8499-IF-

010/CF
IFN-γ R & D Systems 285-IF-100
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Product Company Identifier

IFN-λ1 PeproTech 300-02L
Isopropanol VWR 89370-086
iTaq Universal SYBR Green Supermix Bio-Rad Laboratories 17251525
Kanamycin sulphate Thermo Fisher Scientific 15470594
L-Glutathion Sigma-Aldrich G-4251
Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific 11668030
LumiKine Xpress hIFN-beta 2.0 ELISA InvivoGen luex-hifnbv2
Magnesium chloride Merck Millipore 7791-18-6
MEM Non-Essential Amino Acids Solution
(NEAA; 100x)

Thermo Fisher Scientific 11140050

Methanol Sigma-Aldrich 322415
Midori Green Advance Biozym 617004
Milk powder Roth T145.1
Monarch DNA Gel Extraction Kit NEB T1020
Monarch Plasmid Miniprep Kit NEB T1010
Monarch Total RNA Miniprep Kit NEB T2010
NucLight Rapid Red Reagent Sartorius 4717
NucleoBond PC 500 Macherey-Nagel 740574.50
NucleoSpin RNA Plus Macherey-Nagel 740984250
OptiMEM Thermo Fisher Scientific 31985047
PBS (10x Dulbecco’s) powder AppliChem GmbH A0965,9050
PEI (Polyethylemine) 25 kDa linear Polysciences, Inc. 23966-2
Penicillin-Streptomycin (10 000U/mL) Thermo Fisher Scientific 15140122
Poly(C) Sigma-Aldrich P4903
Poly(I:C) Sigma-Aldrich P9582
Polyethylenglycol 8000 (PEG) Roth 0263.2
Potassium chloride Roth 6781.1
Potassium hydroxide (10N) LabChem LC193701
Precision plus dual color prestained protein marker Bio-Rad Laboratories 1610374
Puromycin dihydrochloride Sigma-Aldrich P7255
Q5 High-Fidelity PCR Kit NEB E0555
Restriction enzymes and buffers NEB N/A
Ribose nucleoside triphosphate (rNTP) Thermo Fisher Scientific R0481
RNasin (40U/µl) Promega N2511
Simeprevir Hölzel Diagnostika HY-10241
Sodium acetate Roth 6773.1
Sodium dodecyl sulfate (SDS) Roth CN30.3
Spermidin Sigma-Aldrich S0266
ssRNA ladder NEB N0362S
T4 DNA ligase NEB M0202S
T4 DNA ligase reaction buffer NEB B0202S
T4 polynucleotide kinase NEB M0201S
T7 RNA polymerase NEB M0251S
Telaprevir Hölzel Diagnostika S1538-5
Tetramethylenediamine (TEMED) Roth 8142.1
Tris Base Roth 4855.2
Tris-HCl Roth 9090.3
Triton X-100 AppliChem GmbH A497
Trypsin-EDTA (0.05%), phenol red-20 Thermo Fisher Scientific 25300-096
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Product Company Identifier

U-PLEX Interferon Combo Human Kit Meso Scale Diagnostics K15094K
V-PLEX Chemokine Panel 1 Human Kit Meso Scale Diagnostics K15047D
V-PLEX Pro-inflammatory Panel 1 Human Kit Meso Scale Diagnostics K15049D
V-PLEX Viral Panel 2 Human Kit Meso Scale Diagnostics K15346D
Western Lightning Plus ECL PerkinElmer NEL104001EA
Yeast Extract BioChemica AppliChem GmbH A1552
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2.3 Media, Buffers, and Solutions

Table 3: Media, Buffers, and Solutions.
If not stated otherwise, buffers and solutions were prepared in ddH2O.

Solution Composition

Annealing buffer 50mM NaCl, 10mM Tris (pH 8.0)
Cell freezing cryo medium 90% FCS, 10% DMSO
Cytomix 120mM KCl, 0.15mM CaCl2, 10mM KPO4 buffer, 25mM Hepes,

2mM EGTA, 5mM MgCl2
DMEM (complete) DMEM with 10% fetal calf serum, 1xMEM NEAA,

1x Penicillin-Streptomycin
DMEM (P/S-free) DMEM with 10% fetal calf serum, 1xMEM NEAA
Firefly luciferase assay buffer 25mM Glycyl Glycin, 15mM KPO4 buffer, 15mM MgSO4, 4mM

EGTA, 2mM ATP, 1mM DTT, 80 µM D-Luciferin
KPO4 buffer 90.8mM K2HPO4, 9.2mM KH2PO4

LB agar LB medium with 0.5% Agar
LB medium 1% Bacto-Trypton, 0.5% Yeast extract, 0.5% NaCl
Luciferase lysis buffer 10% Glycerol, 1 % Triton X-100, 25mM Glycyl Glycin, 15mM

MgSO4, 4mM EGTA, 1mM DTT
PBS-Tween (PBS-T) PBS with 0.1% Tween-20
Phosphate-buffered saline (PBS) 0.01% PBS powder
Protein sample buffer 5% glycerol, 16.25mM Tris (pH6.8), 0.5% SDS, 1.25%

β-mercaptoethanol, bromophenol blue
Renilla luciferase assay buffer 25mM Glycyl Glycin, 15mM KPO4 buffer, 15mM MgSO4, 4mM

EGTA, 2mM ATP, 1mM DTT, 3.36 µM Coelenterazine
Reverse transcription mix 20% RT Buffer (10x), 20% RT Random Primers (10x), 8% dNTP

Mix (25x), 10% RNase Inhibitor, 10% MultiScribe Reverse
Transcriptase

RRL buffer 80mM Hepes, 12mM magnesium chloride, 2mM Spermidin,
40mM DTT, 10mM sodium acetate

SDS-PAGE resolving gel 25% resolving gel buffer, 8-12% BAA, 0.1% TEMED, 0.1%
saturated ammonium persulfate solution

SDS-PAGE resolving gel buffer 1.5M Tris Base, 0.4% SDS, pH8.8
SDS-PAGE stacking gel 13% stacking gel buffer, 10% BAA, 0.1% TEMED, 0.15% saturated

ammonium persulfate solution
SDS-PAGE stacking gel buffer 1M Tris Base, 0.8% SDS, pH6.8
Semi-dry transfer buffer 2.5mM Tris Base (pH8.3), 15mM Glycine, 10% Methanol
T4 dimerization mix 10% T4 10x ligation buffer, 10% T4 PNK, 10µM forward oligo,

10µM reverse oligo
T4 DNA ligation mix (10µl) 1µl ligation buffer (10x), 1µl T4 DNA ligase, 1µl DNA oligo dimers

(pre-diluted 1:200), 100 ng linearized vector backbone
TBS-Tween TBS with 0.1% Tween-20
TE buffer 10mM Tris, 1mM EDTA, pH8.0
Tris-acetate-EDTA (TAE) buffer 40mM Tris, 20mM acetic acid, 1mM EDTA
Tris-buffered saline (TBS) 2 nM Tris-HCl (pH 7.5), 15 nM NaCl
Tris-glycine-sulfate (TGS) buffer 192mM Glycine, 25mM Tris Base, 0.1% SDS, pH8.3
Western blot blocking buffer PBS with 0.5% Tween-20, 5% protease free milk powder
Wet blot transfer buffer 2.5mM Tris Base (pH8.3), 15mM Glycine, 20% Methanol
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2.4 Bacteria and Viruses

For all cloning experiments and re-transformations, the following bacteria strain was used:
E. coli DH5α: F’/endA1 hsdR17A (rk-mk+) supE44 thi-1 recA1 gyrA (Nalr) relA1∆(lacZYA-
argF)U169 deoR (φ80dlac∆(lacZ)M15).

Sendai virus (SeV) was provided by Prof. Dr. Rainer Zawatzky (DKFZ, Heidelberg).

2.5 Cell Lines

Table 4: Cell Lines.

Cell line Source

A549 Heidelberg University Hospital
A549 EF-1α-ORF6 SARS-CoV-2 [353]
A549 EF-1α-Npro CSFV [353]
A549 EF-1α-NS1 IAV This study
A549 EF-1α-NS3/4A HCV [353]
A549 EF-1α-NS5 DENV [353]
A549 IFNAR1 KO IFNLR1 KO (IFNR DKO) [353]
A549 IFNAR1 KO IFNLR1 KO IFNGR1 KO (IFNR TKO) [287]
A549 IFNR TKO IRF1 KO This study
A549 IFNR TKO IRF3 KO This study
A549 IFNR TKO MAVS KO This study
A549 IRF3-eGFP H2B-mCherry [353]
A549 IRF3 KO [354]
A549 IRF3 KOROSA26-IRF3 [353]
A549 IRF9 KO [287]
A549 IRF9 KOROSA26-IRF9 [353]
A549 STAT1 KO [355]
A549 STAT2 KO [353]
HEK293T DKFZ, Heidelberg
HepG2 DKFZ, Heidelberg
HepG2 EF-1α-ORF6 SARS-CoV-2 [353]
Huh7 LucUbiNeo-Con1 DKFZ, Heidelberg
Huh7 LucUbiNeo-JFH DKFZ, Heidelberg
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2.6 DNA Oligonucleotides

Table 5: DNA Oligonucleotides.
5’ to 3’: forward (fwd); 3’ to 5’: reverse (rev).

Oligo Purpose Sequence

attB CSFV Npro fwd Cloning GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
atggagttgaatcattttga

attB CSFV Npro rev Cloning GGGGACCACTTTGTACAAGAAAGCTGGGTC
gcaactggtaacccacaatg

attB H2B-mCherry fwd Cloning GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
atgccagagccagcgaagtc

attB H2B-mCherry rev Cloning GGGGACCACTTTGTACAAGAAAGCTGGGTC
ttacttgtacagctcgtccatg

attB IAV NS1 fwd Cloning GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
atggatccaaacactgtgtc

attB IAV NS1 rev Cloning GGGGACCACTTTGTACAAGAAAGCTGGGTC
tcaaacttctgacctaattg

CCL5 fwd qPCR primer GCTGTCATCCTCATTGCTACTG
CCL5 rev qPCR primer TGGTGTAGAAATACTCCTTGATGTG
cppt fwd Sequencing TAATAGCAACAGACATAC
GAPDH fwd qPCR primer TCGGAGTCAACGGATTTGGT
GAPDH rev qPCR primer TTCCCGTTCTCAGCCTTGAC
hU6-promoter Sequencing ACGATACAAGGCTGTTAGAGAGA
IFIT1 fwd qPCR primer GAATAGCCAGATCTCAGAGGAGC
IFIT1 rev qPCR primer CCATTTGTACTCATGGTTGCTGT
IFNA1 fwd qPCR primer AGCCATCTCTGTCCTCCATGAG
IFNA1 rev qPCR primer GATCTCATGATTTCTGCTCTGA
IFNB1 fwd qPCR primer CATTCGGAAATGTCAGGAGC
IFNB1 rev qPCR primer TGGAGCATCTCTTGGATGG
IFNL1 fwd qPCR primer GGTGACTTTGGTGCTAGGCT
IFNL1 rev qPCR primer TGAGTGACTCTTCCAAGGCG
IFNL2/3 fwd qPCR primer CTGCCACATAGCCCAGTTCA
IFNL2/3 rev qPCR primer AGCGACTCTTCTAAGGCATCT
IRF9 fwd qPCR primer TCCTCCAGAGCCAGACTACT
IRF9 rev qPCR primer CAATCCAGGCTTTGCACCTG
MX1 fwd qPCR primer ACCATTCCAAGGAGGTGCAG
MX1 rev qPCR primer TGCGATGTCCACTTCGGAAA
Npro fwd qPCR primer CGGTCTACCATAGAGCCCCT
Npro rev qPCR primer GCCTTCCGTCACTACCTGTC
NS1 fwd qPCR primer TCTTTGGCATGTCCGCAAAC
NS1 rev qPCR primer GTGCTGCCCCTTCCTCTTAG
NS5 fwd qPCR primer GACACCGCAGGATGGGATAC
NS5 rev qPCR primer GGCCTCGGCTAGTTTCTTGT
ORF6 fwd qPCR primer ATGTTTCATCTCGTTGACTTTCAGG
ORF6 rev qPCR primer TTAATCAATCTCCATTGGTTGCTCTT
RIG-I fwd qPCR primer CCCTGGTTTAGGGAGGAAGA
RIG-I rev qPCR primer TCCCAACTTTCAATGGCTTC
TNFAIP3 fwd qPCR primer TCCTCAGGCTTTGTATTTGAGC
TNFAIP3 rev qPCR primer TGTGTATCGGTGCATGGTTTTA
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2.7 Plasmids

Table 6: Plasmids.
Antibiotic resistance for selection in eukaryotic cells: Blr, blasticidin; Neo, neomycin/G418; Puro, puromycin.

Plasmid Source

LentiCRISPRv2 puro Feng Zhang, Addgene # 52961
LentiCRISPRv2 IFNGR1 gRNA [287]
LentiCRISPRv2 IRF1 gRNA [287]
LentiCRISPRv2 IRF3 gRNA [287]
LentiCRISPRv2 IRF5 gRNA [287]
LentiCRISPRv2 MAVS gRNA [95]
LentiCRISPRv2 STAT1 gRNA [355]
pcDNA EF-1α TLR3-Flag [77]
pCMV-dr8.91 Didier Trono, EPFL, Lausanne, Switzerland
pDONR207 Invitrogen/Thermo Fisher Scientific
pGL3 IFIT1 Firefly luciferase AG Binder, DKFZ, Heidelberg
pGL3 p125 IFN-β Firefly luciferase AG Bartenschlager, DKFZ, Heidelberg
pMD2.G Didier Trono, EPFL, Lausanne, Switzerland
pRL SV40 Renilla luciferase AG Binder, DKFZ, Heidelberg
pWPI EF-1α blr rfB [356]
pWPI EF-1α blr rfB HA AG Binder, DKFZ, Heidelberg
pWPI EF-1α H2B-mCherry [354]
pWPI EF-1α IRF3-eGFP [355]
pWPI EF-1α IRF9-HA Sandra Wüst, DKFZ, Heidelberg
pWPI EF-1α Npro (CSFV)-HA [353], pDONR kindly gifted by Andreas Pichlmair
pWPI EF-1α NS1 (IAV)-HA This study, pDONR kindly gifted by Andreas Pichlmair
pWPI EF-1α NS3/4A (HCV) Volker Lohmann, Heidelberg University Hospital
pWPI EF-1α NS3/4A S139A (HCV) Volker Lohmann, Heidelberg University Hospital
pWPI EF-1α NS5 (DENV)-HA [353], pDONR kindly gifted by Mirko Cortese
pWPI EF-1α ORF6 (SARS-CoV-2)-HA [353], pDONR kindly gifted by Christopher Neufeldt
pWPI ROSA26 blr HA AG Binder, DKFZ, Heidelberg
pWPI ROSA26-IRF3-HA Sandra Wüst, DKFZ, Heidelberg
pWPI ROSA26-IRF9-HA Sandra Wüst, DKFZ, Heidelberg
pWPI ROSA26-STAT2-HA [353]
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2.8 Antibodies

Table 7: Antibodies.
If not stated otherwise, antibodies were used in a dilution of 1:1000.

Antibody Host Clonality Source

anti-beta-actin mouse mono Santa Cruz Biotechnology (SC-47778)
anti-calnexin rabbit poly Enzo Life Sciences (ADI-SPA-865-F)
anti-Flag mouse mono Sigma-Aldrich (F3165)
anti-HA mouse mono Sigma-Aldrich (H3663)
anti-IκBα rabbit poly Cell Signaling (9242)
anti-IFIT1 rabbit poly Abnova, Taiwan (H00003434-DO1)
anti-IRF1 rabbit mono Cell Signaling (8478S)
anti-IRF3 mouse mono Santa Cruz Biotechnology (SC-33641)
anti-IRF5 rabbit mono Abcam (ab181553)
anti-IRF9 rabbit poly Abcam (ab126940)
anti-MAVS rabbit poly Cell Signaling (3993S)
anti-mouse-HRP goat poly Sigma Aldrich (A4416), used 1:10 000
anti-MX1 mouse mono Kind gitf of Georg Kochs
anti-NS3 rabbit poly Kind gift of Darius Moradpour
anti-phospho-IRF3 rabbit mono Cell Signaling (4947S)
anti-phospho-NF-κB rabbit mono Cell Signaling (3033)
anti-phospho-STAT2 rabbit mono Cell Signaling (D3P2P)
anti-phospho-TBK1 rabbit mono Cell Signaling (5483S)
anti-rabbit-HRP goat poly Sigma Aldrich (A6154), used 1:20 000
anti-RIG-I mouse mono Adipogen (AG-20B-0009)
anti-STAT1 mouse mono BD (610115)
anti-STAT2 mouse mono Santa Cruz Biotechnology (SC-514193)
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2.9 Equipment

Table 8: Equipment.

Device Company

4D-Nucleofector® Core Unit Lonza
4D-Nucleofector® Y Unit Lonza
Bio-Rad SDS-PAGE gel casting system Bio-Rad Laboratories
CellDropTM BF brightfield cell counter DeNovix
Centrifuge, Rotina 380 R Hettich GmbH & Co. KG
Centrifuge, Sorvall RC 5C Thermo Fisher Scientific
Centrifuge, tabletop (5424, 5424R) Eppendorf
CFX96 Real-Time PCR Detection System Bio-Rad Laboratories
ECL ChemoCam Imager 3.2 Intas Science Imaging Instruments GmbH
Gene Pulser Xcell™ Electroporation Systems Bio-Rad Laboratories
HI2211 Basic pH/ORP Meter Hanna Instruments Deutschland GmbH
Incucyte S3 Live-Cell Analysis System Sartorius AG
MESO QuickPlex SQ 120 Meso Scale Diagnostics
MilliQ Barnstead GenPure Pro Thermo Fisher Scientific
Mini-PROTEAN Tetra Vertical Electrophoresis Cell Bio-Rad Laboratories
Mithras LB 943 Berthold Technologies GmbH & Co. KG
NanoDrop Thermo Fisher Scientific
Nikon Eclipse Ti Nikon Corporation, Japan
Trans-Blot Turbo Transfer System Bio-Rad Laboratories
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2.10 Software

Table 9: Software.

Software Source

Affinity Designer Serif Ltd.
BioRender Biorender.com
CFX Manager (V3.1) Bio-Rad Laboratories
ChemoStar Intas Science Imaging Instruments
e-crisp.org Boutros Lab, DKFZ
ilastik Ilastik.org, cite Ilastik paper
ImageJ Imagej.nih.gov
ImageLab Bio-Rad Laboratories
IncuCyte Software (2019B Rev2) Sartorius AG
MSD Discovery Workbench Meso Scale Diagnostics
PANTHER GO Enrichment Analysis Pantherdb.org
Prism (V9) GraphPad Software
RStudio Rstudio.com
SnapGene GSL Biotech LLC
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3. Methods
If not stated otherwise, kits and assays were used following the protocol provided by the
manufacturer (Table 2).Media, buffers, and solutions are listed in Table 2 and Table 3.

3.1 Basic Molecular Biology Techniques

3.1.1 Plasmid Amplification and Purificiation

Plasmid DNAwas amplified in E. coliDH5α. Single colonies were transferred into either 2ml
(small-scale plasmid purification) or 300ml (large-scale plasmid purification) LB medium
containing the required selection antibiotic and incubated for 16 h at 37 °C. Plasmid DNA
was isolated using the Monarch Plasmid Miniprep Kit for small-scale plasmid preparation
or the NucleoBond PC 500 kit for large-scale plasmid preparation. DNA pellets were re-
suspended in ddH2Oand DNA concentrations were determined using the Nanodrop photo
spectrometer.

3.1.2 Polymerase Chain Reaction

Polymerase chain reactions (PCR) were performed using the NEB Q5 High-Fidelity Poly-
merase. A 50µl reaction mix contained 22.5 µl ddH2O, 10 µl 5x Q5 Reaction Buffer, 10µl Q5
High GC Enhancer, 2.5µl each of forward primer and reverse primer (10 µM), 1µl dNTPs
(10mM), 1µl template DNA, and 0.5 µl Q5 High-Fidelity DNA Polymerase. The PCR reac-
tion was performed on a PCR cycler using the manufacturer’s program: initial denaturation
for 30 s at 98 °C; 35 cycles of 10 s at 98 °C, 20 s at 50-72 °C*, 30 s/kb at 72 °C; then final
extension for 2min at 72 °C. The annealing temperature (*) was dependent on the primer
sequence and was calculated with SnapGene for each primer pair.

3.1.3 Agarose Gel Electrophoresis

For 1% agarose gels, 0.5 g agarose was dissolved in 50ml 1x TAE buffer upon heating in
a microwave. After cooling to 60 °C, 2µl Midori Green were added and the solution was
poured into a gel chamber. Nucleic acids in H2Owere supplemented with Gel Loading Dye
(6x) to a final concentration of 1x. 6µl of molecular weight standard Gene Ruler 1 kb and
nucleic acids were loaded on the agarose gel, gel electrophoresis was performed at 120V,
and bands were analyzed under UV light.
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3.1.4 PCR Purification and Agarose Gel Extraction

For PCR purification and agarose gel clean-up, the NucleoSpin Extract II kit was used fol-
lowing the manufacturer’s protocol. DNA was either purified directly after PCR or desired
DNA fragments were cut out from agarose gels. DNA was eluted in 30µl ddH2O.

3.1.5 Restriction Digest

Restriction endonucleases from NEB were used for restriction digestion of DNA. 1µg DNA
was digested with 1 U restriction enzyme in a 20 µl reaction mixture containing 1x of the
required NEBuffer. Digestion was performed for up to 1 h at 25 °C or 37 °C.

3.1.6 DNA Ligation

Upon DNA restriction digest, vectors were treated with calf intestine phosphatase (CIP)
for 30min at 37 °C to prevent religation. Purified insert DNA was mixed with phosphatase-
treated vector in a 3:1 ratio, and 1µl 10x ligase buffer as well as 1 µl T4 ligase were added in
a total volume of 10 µl. Ligation reactions were incubated at 16 °C for up to 16 h and subse-
quently transformed into competent bacteria (Section 3.1.7).

3.1.7 Transformation of Competent Bacteria with Plasmid DNA

100µl of chemo-competent E. coliDH5α solution was thawed on ice and incubated with
either 100 ng plasmid DNA for retransformations or the total volume of BP, LR, or ligation
mixture on ice for 5min. Themixture was heat-treated at 42 °C for 40 s, incubated on ice for
20min, and 200µl LB medium was added. Bacteria were incubated on a shaker for 30min
at 37 °C, plated onto LB agar plates containing the required selection antibiotic, and subse-
quently incubated for 16 h at 37 °C.

3.1.8 Sequencing of Plasmid DNA

100 ng isolated plasmid DNA was mixed with 5µl sequencing primer (5µM) in a total reac-
tion volume of 10µl. Sequencing was performed by Eurofins Genomics Germany.

3.1.9 Gateway Cloning

Gateway cloning uses site-specific recombination to first shuttle a PCR product in an entry
vector (BP reaction) and then shuttle the insert into distinct destination (expression) vectors
(LR reaction). In the BP reaction, 150 ng pDONR or pENTR vector harboring attP recombi-
nation sites and 150 ng PCR product harboring attB sites were mixed with 1µl BP clonase
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in TE buffer in a total reaction volume of 8µl and incubated at 25 °C for 1 h. 1µl proteinase K
was added and the reactionmixturewas incubated at 37 °C for 10min. Plasmidswere trans-
formed into competent bacteria (Section 3.1.7), isolated (Section 3.1.4), and subsequently
used for the LR reaction. 150 ng pDONR/pENTRcontaining the PCRproduct and 150 ng des-
tination vector weremixed with 1µl LR clonase in TE buffer in a total reaction volume of 8µl
and incubated at 25 °C for 1 h. 1µl proteinase K was added and the reaction mixture was in-
cubated at 37 °C for 10min. Plasmids were transformed into competent bacteria, isolated,
and subjected to DNA sequencing (Section 3.1.8).

3.2 Cell Culture

3.2.1 Cultivation and Passaging of Cells

A549, HepG2, and HEK293T cell lines were cultured in complete DMEM at 37 °C, 85% hu-
midity, and 5% CO2. Cells were passaged twice per week when they reached about 80%
confluency. For passaging, medium was aspirated, cells were washed with PBS, and sub-
sequently treated with 0.05% Trypsin-EDTA for 5min for detachment. Detachted cells were
resuspended in complete DMEM and passaged in a 1:10 ratio.

3.2.2 Cryopreservation

For cryopreservation, detachted cells of a confluent 15 cm dish were centrifuged (5min,
700 x g, 4 °C), supernatant was aspirated, and cell pellet was resolved in ice-cold cell freez-
ing cryomedium. The cell suspension was transferred to cryopreservation tubes and frozen
at -80 °C. For thawing, cells were quickly thawed in a water bath at 37 °C, mixed with pre-
warmed complete DMEM, and cultured on a 10 cm dish. Upon attachment, medium was
replaced with fresh complete DMEM to remove remaining DMSO.

3.2.3 Liposome-Based Transfection of 5’ppp-dsRNA

A549 cells stably expressing histone H2B-mCherry and IRF3-eGFP were seeded at a den-
sity of 7.5 x 104 cells per 24well. The next day, cells were stimulated with in vitro tran-
scribed and chromatographically purified 400bp 5’ppp-dsRNA (Section 3.9) or poly(C) us-
ing Lipofectamine 2000 following the manufacturer’s protocol. Briefly, 30min prior trans-
fection, complete DMEMmediumwas replaced with pre-warmed P/S-free DMEM. 1µl Lipo-
fectamine 2000 reagent was diluted in 49 µl OptiMEM and incubated at room temperature
for 5min. 5’ppp-dsRNA was diluted in OptiMEM to a final volume of 50µl, mixed with the
Lipofectamine reaction, and incubated at room temperature for 20min. 100 µl transfection
mixture was added to each well. Non-stimulatory poly(C) served as negative control and
was used to fill up small amounts of 5’ppp-dsRNA to the highest concentration used in one
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experiment. IRF3-GFP nuclear translocation and H2B-mCherry colocalization was analyzed
using a confocal microscope equipped with an incubation chamber (Olympus FluoView
FV1000) or monitored in short time periods using the Incucyte S3 live-cell analysis system
(Section 3.10.2).

3.2.4 In-Well Electroporation-Based Transfection of 5’ppp-dsRNA

A549 cells stably expressing histone H2B-mCherry and IRF3-eGFP were seeded at a den-
sity of 7.5 x 104 cells per 24well. The next day, cells were stimulated with in vitro transcribed
and chromatographically purified 400bp 5’ppp-dsRNA (Section 3.9) or poly(C) using an
in-well electroporation approach. Here, the 4D Nucleofector YUnit, the AD24D Nucleofec-
tor YKit, as well as a homemade cytomix were utilized. To decrease the intensity of electro-
poration in order to maximize cell survival and transfection efficiency, a mock transfection
with the provided Dipping Electrode Array was crucial. For in-well electroporation of seeded
A549 cells, DMEM was replaced with 350 µl cytomix and the electrode was inserted into
the 24well plate, strictly avoiding the formation of air bubbles. In-well electroporation was
performed using the FB-166 program and cytomix was replaced with warm DMEM sub-
sequently. Nuclear translocation of IRF3-eGFP and colocalization with H2B-mCherry was
analyzed using confocal microcopy equipped with an incubation chamber (Olympus Flu-
oView FV1000) or monitored in short time periods using the Incucyte S3 live-cell analysis
system (Section 3.10.2).

3.2.5 Electroporation-Based Transfection of 5’ppp-dsRNA

Synchronous stimulation of the RIG-I pathway in A549 or HepG2 cells was performed us-
ing the Gene Pulser Xcell modular electroporation system and a ShockPod cuvette cham-
ber. Cell suspensions containing 4 x 106 cellswere centrifuged (700 x g, 5min), resuspended
in 400µl cytomix, and transferred to a 0.4 cm cuvette containing 220 ng 5’ppp-dsRNA
(Section 3.9). Electroporation was performed at 150V with exponential decaying pulse for
10ms. Electroporated cells were directly transferred to P/S-free DMEM (37 °C), washed
twice in complete DMEM, and resuspended in 9.6ml complete DMEM.Cells were seeded
on 6well plates using 1.2ml cell suspension per well and time point, resulting in 5 x 105

cells per well, and were subsequently subjected to qRT-PCR (Section 3.4) or immunoblot-
ting (Section 3.5).

3.2.6 Protease Inhibitor Treatment

Confluent 10 cm dishes of A549NS3/4A (S139A) cells were treated with 1µM, 200nM,
100 nM, and 10 nM Simeprevir. After 16 h, cells were used for synchronous 5’ppp-dsRNA
stimulation (Section 3.2.5) and subsequent qRT-PCR (Section 3.4) or immunoblotting (Sec-
tion 3.5).
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3.3 Cell Line Generation

Both overexpression and knockout cell lines were generated by transduction with lentiviral
vectors.

3.3.1 Lentiviral Vector Particle Production

1 x 106 human embryonic kidney (HEK293T) cells were seeded in a 6 cm dish the day be-
fore transfection. DMEMwas replacedwith 4ml pre-warmedmedium30min prior transfec-
tion. Calcium phosphate transfection using the Takara CalPhos Mammalian Transfection
Kit required a total of 15µg DNA (pCMV-dr8.91, pMD2.G, and retroviral vector in a 3:1:3 ra-
tio) mixed with 62 µl 2M CaCl2 and ddH2O to a final volume of 500 µl. 500µl 2 x HBS was
added drop-wise while air was constantly introduced to the solution using a glass pipette
and a Pipetboy. Subsequently, the solution was added drop-wise to the cells.Medium was
exchanged 8 h after transfection. Supernatant was harvested 48 h and 72 h after transfec-
tion, sterile-filtered through a 0.2µM filter, and stored at -80 °C.

3.3.2 Generation of Overexpression Cell Lines

8 x 104 cells per well were seeded on 6 well plates. The next day, medium was replaced
by 2ml filtered supernatant containing desired lentiviral particles, incubated for 24 h, and
repeated once. Overexpression cell lines were continuously cultured in the presence of the
required selection antibiotic to ensure stable transgene expression (blasticidin: 5µg/ml;
neomycin resistance: 1mg/ml geneticin (G418); puromycin: 1µg/ml). Overexpression was
validated by immunoblotting (Section 3.5).

3.3.3 Generation of Knockout Cell Lines

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technol-
ogy was used for stable KO generation in A549 cells. DNA oligonucleotides coding for
guideRNAs against the respective genes were designed with e-crisp.org [357] and cloned
into the expression vector LentiCRISPRv2. For this, oligos were dimerized in a T4 dimer-
ization mix (Table 3) for 30min at 37 °C, 5min at 95 °C, followed by a temperature re-
duction to 25 °C with -5 °C/min. Dimerized oligos were diluted 1:200 in ddH2O. 3µg lenti-
CRISPRv2 plasmid were digested with BsmBI, incubated with calf intestinal phosphatase
for 90min at 37 °C, and digested fragments were separated on an agarose gel (Section
3.1.3). The vector backbone was cut out of the agarose gel, purified (Section 3.1.4), and
vector backbone and annealed oligos were ligated (Section 3.1.6). The ligation reaction was
transformed into competent bacteria (Section 3.1.7), purified (Section 3.1.4), and sequenced
(Section 3.1.8). The lentiCRISPRv2 plasmid containing the required guideRNA was used for
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large-scale purification and subsequent lentiviral particle production as described in Sec-
tion 3.3.1. Single cell clones of successfully transduced cells were isolated, and KO was
validated by immunoblotting (Section 3.5) and, if appropriate, functional tests.

3.4 RNA Quantification by Quantitative Real-Time PCR

RNA isolation, reverse transcription (RT), and quantitative real-time PCR (qRT-PCR) were
performed according to the manufacturer’s protocols on a CFX96 real time system. Briefly,
cells were lysed in Monarch RNA lysis buffer, RNA was purified using the Monarch Total
RNA Miniprep Kit, and eluted in 50 µl RNase-free ddH2O. 3µl isolated RNA was mixed with
3µl RT Mix, cDNA synthesis was performed on a PCR cycler (25 °C for 10min, 37 °C for
2 h, 85 °C for 5min), and the cDNA was subsequently diluted 1:20 in ddH2O. 6µl cDNA were
mixed with 9 µl iTaq Universal SYBR Green Supermix containing the forward and reverse
primers for target genes at a final concentration of 0.25µM.Sequences of specific exon
spanning PCR primers are listed in Table 5. qRT-PCR was performed using a standard pro-
tocol (3min at 95 °C, then 44 cycles of 10 s at 95 °C, 30 s at 60 °C, fluorescence emission
measurement). Data was evaluated using the Bio-Rad CFXManager software. Values were
normalized to the housekeeping gene GAPDH using the 2-∆Ct method or fold changes were
calculated relative to the 0 h time point using the 2-∆∆Ct method [358].

3.5 Protein Quantification by Immunoblotting

Synchronously stimulated cells were washed with PBS, lysed with 100µl Laemmli buffer,
treated with Benzonase Nuclease for 10min at room temperature, and incubated at 95 °C
for 5min. Protein extracts were separated on 8– 12% polyacrylamide gels by SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) at 80V for 15min and 120V for 2 h. Separated
proteins were transferred to PVDF membranes in a wet transfer approach using the Mini
Trans Blot cell at 350mA for 2 h at 4 °C.Membranes were blocked in PBS-T or TBS-T (for
phospho-antibodies) complemented with 5% (w/v) bovine serum albumin (BSA) for up to
3 h at room temperature. Subsequently, membranes were incubated with PBS-T or TBS-T
complemented with 5% BSA and primary antibodies (Table 7) for 16 h at 4 °C.Membranes
were washed 3 x in PBS-T or TBS-T for 5min and subsequently incubated with anti-rabbit-
horseradish-peroxidase (HRP) (1:20 000) or anti-mouse-HRP (1:10 000) for 1 h at room tem-
perature. For detection, Amersham ECL PrimeWestern Blotting Detection Reagent was ap-
plied for 1min and luminescence was detected using the INTAS ECL ChemoCam Imager
3.2.Western blot bands were analyzed and quantified using Image J.
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3.6 Luciferase Reporter Assay

1.5 x 105 cells were seeded per well of a 24 well plate. The next day, medium was aspi-
rated and replaced with P/S-free DMEM. 75 ng Firefly luciferase reporter and 25 ng Renilla
luciferase reporter were transfected using Lipofectamine 2000 (Section 3.2.3). After 8 h,
medium was exchanged and cells were stimulated with SeV (Section 3.8) or RLR agonists
using transfection (Section 3.2.3) for 16 h. Cells were washed with 500µl PBS, lysed with
100µl luciferase lysis buffer, and stored for at least 15min at -80 °C. Lysates were thawed
and Firefly and Renilla luciferase signals directly measured in a Mithras plate reader us-
ing 400µl Firefly and Renilla luciferase assay buffer per well. For multiple well measure-
ments, 100µl 10% SDS were used to quench the light reaction in between well measure-
ments. Renilla luciferase is constitutively expressed and thus serves as control. Samples
were measured in technical replicates and Firefly luciferase values were divided by Renilla
luciferase values.

3.7 LucUbiNeo Luciferase Reporter Assay

Huh7 LucUbiNeo-JFH and LucUbiNeo-Con1 cells were seeded at 5 x 104 cells per well on a
24 well plate in complete DMEM. The next day, cells were treated with medium containing
1µM, 100 nM, or 10 nM Telaprevir or Simeprevir for 8 h, 24 h, and 48 h. Cells were washed
with 500µl PBS, lysed with 100µl luciferase lysis buffer, and stored for at least 15min at -
80 °C. Lysateswere thawed andFirefly luciferase directlymeasured in aMithras plate reader
using 400µl Firefly luciferase assay buffer per well.

3.8 Sendai Virus Infection

1 x 105 cells per well in a 24 well plate were infected with Sendai virus at MOI = 0.004 and
subjected to luciferase measurement (Section 3.6) 16 h after infection.

3.9 In Vitro Transcription

In vitro transcription and chromatographical purification of 400 bp 5’ppp-dsRNA was per-
formed as described previously [77]. Briefly, a 400bp fragment of the TLR3 gene was am-
plified by PCR (Section 3.1.2), subjected to agarose gel electrophoresis on a 2% gel (Section
3.1.3), and subsequently purified from the gel (Section 3.1.4). For in vitro transcription, 20µl
RRL buffer (5x), 12µl rNTPs (25mM), 2.5µl RNAsin (40U/µl), 4µl T7 RNA polymerase, and
1µg dsDNA sample were mixed and incubated at 37 °C for 16 h. The next day, 2µl DNase
were added to the solution, incubated at 37 °C for 2 h, centrifuged (14 000 rpm, 5min), and
transferred to a new tube. 60µl of ssRNA-fwd and 60µl of ssRNA-rev were added to 120µl
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annealing buffer, incubated at 98 °C for 2min, and slowly let cool down to room tempera-
ture. Successful in vitro transcription and annealing was examined using agarose gel elec-
trophoresis (Section 3.1.3) and generated dsRNA was subjected to size exclusion chro-
matography.

3.10 Cell Imaging

3.10.1 Fluorescence Microscopy

Subcellular localization of IRF3-eGFP and H2B-mCherry was analyzed with a Nikon Eclipse
Ti microscope equipped with an X-Cite 120 LED, a SD-Qi2 camera and the NIS-Elements AR
4.40.00 software. 1 x 105 A549 cells expressing IRF3-eGFP and H2B-mCherry were seeded
in a 24 well plate and imaged in PBS or DMEM. Images were taken at 100% LED intensity
for 1 s using a 10x lens.

3.10.2 Live-Cell Imaging

Cell proliferation, IRF3-GFP nuclear translocation, and H2B-mCherry colocalization upon
5’ppp-dsRNA stimulation was monitored over time by live-cell imaging in an Incucyte S3
live-cell analysis system. 7.5 x 104 cells per 24well or 2 x 103 cells per 96well were seeded
and either stimulated with 5’ppp-dsRNA (Section 3.2.3, Section 3.2.4) or treated with the
NucLight Rapid Red Reagent to label nuclei. 16 images per well were taken with a 10x ob-
jective and 400ms acquisition time in phase, red, and green channels every 10 - 20min and
analyzed with the Incucyte S3 software and ilastik (Section 3.10.3). For cell proliferation,
number of cells were determined by counting red events per image equaling the number of
nuclei containing H2B-mCherry or NucLight Rapid Red Reagent.

3.10.3 Quantification with Ilastik

Image analysis was performed using ilastik [359]. Pixel and object classifications were set
to distinguish between background and cellular nuclei and to determine IRF3-eGFP and
H2B-mCherry colocalization, respectively. For object classification, a size range of 60 to
500 and a threshold of 0.85 were applied. At least 500 and up to 2500 individual cells were
analyzed for each time point in each condition.
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3.11 Mass Spectrometry

Protein copy number estimations of A549wt, A549 IFNRDKO, andHepG2wt cells were per-
formed by total proteome analysis using mass spectrometry. A confluent 10 cm dish was
washedwith PBS and cells were detachted with a cell scraper using 5ml ice-cold PBS. Cells
were centrifuged (3min, 700 x g, 4 °C), PBS was aspirated, and cells were frozen in liquid ni-
trogen. Further sample preparation, mass spectrometry, and data analysis were performed
by Christian Urban, Antonio Piras, and Andreas Pichlmair as described in detail in [353].

3.12 Enzyme-Linked Immunosorbent Assay (ELISA)

To determine IFN-β and IFN-λ contents in the supernatants of stimulated A549 and HepG2
cells, the LumiKine Xpress IFN-β 2.0 and the DYI human IFN-λ1/2/3 ELISA were used. Cells
were synchronously stimulated with 5’ppp-dsRNA (Section 3.2.5) and supernatants of
5 x 105 cells in a 6 well plate were harvested for each measured time point. Supernatants
were centrifuged (700 x g, 5min), transferred into new tubes, and IFN concentrations were
determined according to the manufacturer’s protocol.

3.13 Multiplex Electrochemiluminescence Assay

Quantitative measurement of secreted cytokines within supernatants was performed us-
ing the Meso Scale Diagnostics’ (MSD) electrochemiluminescence technology in a mul-
tiplex approach. Supernatants of synchronously stimulated A549wt, A549 IFNRDKO, and
HepG2wt cells (Section 3.2.5) were harvested, centrifuged (3min, 700 x g, 4 °C), and as-
says were conducted according to the manufacturer’s instructions. Concentrations of IFN-
α, IFN-β, and IFN-λ1 were measured using the human U-PLEX Interferon Combo. Pro-
inflammatory cytokines IL-1β, IL-4, IL-6, IL-8, IL-10, and TNF were analyzed with the MSD
V-PLEX Viral Panel 2 Human Kit. Chemokines CCL4/MIP-1β, CCL17/TARC, CCL3/MIP-1α,
CCL2/MCP-1, CCL22/MDC, CCL13/MCP-4, CXCL10/IP-10, aswell as IL-6 and TNFwere ana-
lyzedwith theMSDV-PLEXPro-inflammatory andChemokine Panel Kit. All assayswere per-
fomed with undiluted supernatants following the manufacturer’s protocol.Measurements
were conducted with the MESO QuickPlex SQ 120 instrument and evaluated using the MSD
Discovery Workbench software.
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3.14 RNA Expression Profiling

A549 cells were synchronously stimulated as described in Section 3.2.5. RNA was har-
vested at 0 h and 8 h after stimulation, isolated using the Monarch Total RNA Miniprep
Kit, eluted in 50 µl RNase-free ddH2O, and RNA integrity was confirmed by agarose gel
electrophoresis (10 µl RNA on a 2% agarose gel). The Microarray Unit of the Genomics
and Proteomics Core Facility at the DKFZ measured gene-level expression from >20000
genes on a ClariomShumanmicroarray and provided analysis data (normalized mean ex-
pression values and mean fold changes between 0 h and 8 h) and statistics (two-sample
t-test p-values corrected for multiple testing with Benjamini-Hochberg). Further data analy-
sis, cleanup, identification of DEGs, and visualization was performed with R in RStudio with
support of Ana Luísa Simões Costa and PD Dr. Carl Herrmann from the BioQuant Heidel-
berg. Genes were determined to be significantly regulated it they were at least 2-fold up or
downregulated and the Benjamini-Hochberg-corrected p-value was below 0.05. Gene On-
tology (GO) enrichment analysis was performed using PANTHER [360, 361] and pathways
were classified as enriched with a false discovery rate (FDR) of < 0.05.
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The cell-intrinsic innate immune response is amajor contributing factor in control and clear-
ance of viral infections. The combined expression of IFNs and ISGs ultimately establishes
an antiviral state of a cell. To counteract the rapid viral replication within an infected cell,
an even faster detection of the viral pathogen and the ensuing antiviral responses is deci-
sive. In doing so, this cell-intrinsic process functions as a first line of defense against viral
invasion. Naturally, most viruses have developed sophisticated strategies to evade or inter-
rupt innate immune recognition and defense [362,363], either by delaying signal transduc-
tion or leading to a lower amplitude of the response.
In this work, using a cell culture systemand stimulationwith virus-like 5’ppp-dsRNA, I aimed
at characterizing the dynamics and putative stochastic nature of the RLR and the IFN re-
sponse. For this purpose, I focused on time-resolved western blotting of key pathway com-
ponents, live-cell imaging of transcription factor relocalization, and quantitative RT-PCR of
a variety of target genes. Examining the dynamic impact of distinctive viral antagonists on
the antiviral response system to further decipher and gain insights in the underlyingmecha-
nisms of viral immune evasionwas another objective of this thesis. Collaboratingwith com-
putational scientists and employing the generated kinetic data of antiviral signaling as foun-
dation, we aimed at developing a comprehensive mathematical model of the cell-intrinsic
antiviral response system, able to simulate and analyze critical virus-host interactions dur-
ing the early infection phase. Lastly, as the strong overlap and linkage between RLR and IFN
signaling precluded experimental distinction of the pathways previously, I intended to dis-
sect the differences between primary RLR and secondary IFN-mediated antiviral responses
using “IFN-blind” cells.

4.1 Simultaneous dsRNA Stimulation Results in Highly Determin-
istic and Synchronous RIG-I Signaling in Human Lung Adeno-
carcinoma Cells

Numerous studies suggested that intracellular activities, i.e., signaling events, display a high
degree of stochasticity and thus cell-to-cell variability. However, most studies rely on ac-
tual virus infection or liposome-based transfection of virus-like RNA, which are based on
endocytic processes and hence introduce a large variability of intracellular PAMP accessi-
bility themselves [364, 365]. By synchronizing dsRNA delivery, a potential stochasticity of
cell-intrinsic RIG-I-mediated signal transduction could be analyzed in more detail. For this,
I employed human lung adenocarcinoma (A549) cells, which are known for their RLR and
IFN signaling competence. In a first approach, I generated A549 cells stably co-expressing
cytosolic IRF3-eGFP as a marker for early pathway activation, and the nuclear marker
H2B-mCherry to analyze nuclear translocation of IRF3 upon RIG-I stimulation. According
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to the protocol used in Binder et al. [77], I generated a 400bp long, 5’ triphosphorylated
dsRNA (5’ppp-dsRNA), which serves as highly specific ligand for RIG-I.
Using two distinct ligand delivery approaches, namely liposome-based transfection and
in-well electroporation of adherent cells, I analyzed the differences of RIG-I signaling dy-
namics upon 5’ppp-dsRNA stimulation (Figure 1A). Transfection efficiency and cytotox-
icity of predefined in-well electroporation settings are depicted in Supplementary Fig-
ure S1A and S1B. For an initial insight, I stimulated A549 IRF3-eGFPH2B-mCherry cells with
5’ppp-dsRNA by transfection or electroporation and analyzed IRF3-eGFP nuclear transloca-
tion by employing confocal microscopy (Figure 1B). As expected, IRF3-eGFP remained cy-
tosolic in mock-stimulated A549 cells, whereas both liposome and electroporation-based
transfections of 5’ppp-dsRNA resulted in nuclear IRF3 translocation. However, IRF3-eGFP
translocation in electroporated cells appeared more rapid and synchronous compared to
liposome-based transfection of 5’ppp-dsRNA. For a more quantitative assessment of IRF3
translocation in both stimulation approaches, I analyzed the colocalization of IRF3-eGFP
andH2B-mCherry using the live-cell imaging system Incucyte and employed the ilastik soft-
ware for an automated and unbiased quantification. Here, colocalization was analyzed for
at least 500 individual cells for each time point in each condition and I calculated nuclear
IRF3-eGFP as percentage over all imaged cells. An exemplary image excerpt of the ilastik
quantification depicting the object classification for IRF3-eGFP is illustrated in Supplemen-
tary Figure S1C. Indeed, whereas electroporation of 5’ppp-dsRNA induced a synchronous
and rapid increase already starting 30minutes upon stimulation, liposome-based transfec-
tion resulted in a constant but slower increase of nuclear IRF3-eGFP (Figure 1C). This indi-
cates that the previously described stochasticity was a result of staggered uptake of the
stimulatory RNA during infection as seen for liposome-based transfection. Following this, I
titrated the amount of 5’ppp-dsRNA used for stimulation of A549 IRF3-eGFP H2B-mCherry
cells to examine whether the observed effects are a result of possible differences in
dsRNA level successfully entering the cytosol. Decreasing 5’ppp-dsRNA concentrations
only slightly affected the activation kinetics but had a considerable effect on the maximum
fraction of activated cells. The qualitative characteristics, however, remained fully consis-
tent. Independent of the 5’ppp-dsRNA amount used for stimulation, electroporation led to
steeper activation kinetics (Figure 1D) as compared to liposome-based transfection (Fig-
ure 1E). Consequently, these experiments demonstrate that RIG-I signaling is highly deter-
ministic and synchronous after simultaneous 5’ppp-dsRNA stimulation, whereas liposome-
based transfection (i.e., virus infection) seems to lead to a staggered 5’ppp-dsRNA uptake
and might thereby be interpreted as cell-to-cell heterogeneity and stochasticity.
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Figure 1: RIG-I signaling upon 5’ppp-dsRNA electroporation is highly deterministic and
synchronous in A549 cells.
(A) Schematic representation of the experimental setup. A549 cells stably expressing IRF3-eGFP and
H2B-mCherry were either mock-treated or stimulated with 5’ppp-dsRNA using liposome-based transfec-
tion or in-well electroporation. IRF3-eGFP nuclear translocation upon stimulation was imaged for up to
3 hours using the Incucyte live-cell imaging system and automatically quantified with the ilastik software. (B)
Confocal microscopy time course of A549 IRF3-eGFP (cyan) H2B-mCherry (magenta) cells upon differ-
ent stimulation approaches. Cells were mock-treated or stimulated with 1 µg 5’ppp-dsRNA using liposome-
based transfection or in-well electroporation. IRF3-eGFP nuclear translocation was monitored for 1 h. Black
arrowheads indicate cytoplasmic IRF3-eGFP, white arrowheads indicate nuclear IRF3-eGFP. (C) Quantifica-
tion of nuclear IRF3-eGFP translocation upon liposome-based transfection or in-well electroporation of 1µg
5’ppp-dsRNA.Nuclear translocation of IRF3-eGFPand colocalizationwithH2B-mCherrywas analyzed using the
Incucyte live-cell imaging system and quantified using ilastik. (D) Quantification of IRF3-eGFP nuclear translo-
cation upon in-well electroporation of varying 5’ppp-dsRNA concentrations. (E) Quantification of IRF3-eGFP
nuclear translocation upon liposome-based transfection of varying 5’ppp-dsRNA concentrations. Graphs de-
pict (B) representative images, or (C) mean±SD of 4 or (D-E) 3 biologically independent experiments, respec-
tively. Subfigures (B-E) were originally published in Burkart et al. [353].

49



4. RESULTS

4.2 SynchronousRIG-I Stimulation Results in a Fast Onset of RLR
Pathway Signaling in A549 Cells

Synchronous stimulation and activation of theRLRpathway in A549 cells by electroporation
allowed for a more detailed characterization of RIG-I signaling dynamics. For this reason,
I mock-treated or synchronously stimulated, i.e., electroporated, A549 wild type (wt) cells
with 5’ppp-dsRNA. Then, I examined the activation status and protein abundance of some
key RLR signaling pathway components within the IRF3 (Figure 2A, left panel) and NF-κB-
axis (Figure 2A, right panel) in short time intervals using western blot analysis2.
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Figure 2: Synchronous RIG-I stimulation results in a fast onset of RLR pathway signaling
in A549 cells.
A549wt cells were either mock-treated or electroporated with 220 ng 5’ppp-dsRNA to kinetically characterize
the dynamics of the RIG-I signaling pathway. (A) Protein abundance and phosphorylation status of RLR signal-
ing pathway components were determined in 15min intervals using western blot analysis. Early mRNA expres-
sion onset of (B) IFNB1, IFNL1, IFIT1, (C) CCL5, and TNFAIP3 after 5’ppp-dsRNA electroporation wasmeasured
using qRT-PCR. Valueswere normalized to the housekeeping geneGAPDHusing the 2-∆Ct method [358]. Graphs
depict (A) representative blots or (B, C) mean and individual, biological replicate values of 3 biologically inde-
pendent experiments. Subfigures (B-C) were originally published in Burkart et al. [353]. The respective mock
electroporation controls are depicted in Supplementary Figure S2.

Remarkably, phosphorylation of the kinase TBK1 as well as the transcription factors IRF3
and NF-κB appeared in the earliest sample obtained 15minutes after 5’ppp-dsRNA stim-
ulation. Similarly, the onset of decay of the NF-κB inhibitor, IκBα, was detectable in the
earliest sample harvested. In accordance with the established sequential RLR signal trans-
mission, IRF3 phosphorylation occurred slightly after TBK1 phosphorylation. Surprisingly,

2Amore detailed characterization of the activation status of RLR signaling pathway components upon syn-
chronous dsRNA stimulation can be found in our recent publication, Burkart et al. [353].
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NF-κB phosphorylation seemed to decrease over time, whereas IRF3 phosphorylation was
stable within the experimental timeframe, despite the decline of TBK1 phosphorylation
(Figure 2A). Consistent with the rapid onset of RIG-I signaling, I detected early transcripts
of the target genes IFNB1, IFNL1, and IFIT1 (Figure 2B), as well as CCL5 and TNFAIP3
(Figure 2C) by qRT-PCR already 45 to 60minutes after synchronous 5’ppp-dsRNA stimula-
tion. In summary, the obtained results demonstrate that signal transduction from detection
of 5’ppp-dsRNA by RIG-I to the expression of target mRNAs is very fast and only requires
severalminutes.

4.3 Establishment of a Dynamic RIG-I SignalingModel Which Ac-
curately Reproduces the Activation Kinetics of Key Pathway
Components

Combining the previously described kinetic data of the RIG-I signaling pathway with an ad-
ditional data set (see joint publication, [353]) generated by a former PhD student, Dr. Jamie
Frankish, resulted in an unprecedented, high resolution description of the RIG-I signaling
dynamics in this specific experimental system. In the interest of investigating kinetic char-
acteristics, such as rate-limiting steps, in the RIG-I signaling pathway in a universally ap-
plicable system, we collaborated with Darius Schweinoch, PhD student in Lars Kaderali’s
lab in Greifswald, in order to establish a mathematical model. He developed a set of ODEs
representing essential steps within the RIG-I signaling pathway which are based on regular
mass action kinetics [353].
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Figure 3: Mathematical model of the core RIG-I signaling pathway.
Schematic depiction of key RIG-I signaling pathway components required for the establishment of a math-
ematical model. RIG-I binds cytoplasmic dsRNA and interacts with MAVS, thus recruiting the kinases TBK1,
IKK-ε, and IKK-β. The kinases are phosphorylated and induce the phosphorylation of IRF3 and NF-κB, which
in turn translocate to the nucleus and induce IFN expression. Arrows correspond to reactions included in the
mathematical model.
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This mathematical model comprises 19 pathway components distributed into two distinct
compartments, the cytoplasm and the nucleus.We implemented 20 rate constants repre-
senting canonical steps of theRIG-I signaling cascade, aswell as additional parameters (i.e.,
normalization factors) to account for experimental conditions (Figure 3). Subsequently, in
order to determine absolute protein concentrations necessary for themathematical model,
I acquired quantitative full proteome data of naïve A549 cells using label-free mass spec-
trometry with support of Christian Urban of the Pichlmair lab in Munich [353]. Of all kinetic
rate constants, 9 were used from previous publications and 11 were left open for parameter
and model fitting. For the purpose of model calibration, we utilized relative protein levels,
phosphorylation intensities, andmRNA levels of the combined, previously established data
on the activation kinetics of RIG-I signaling (Figure 2, [353]).
In fact, we could identify a parameter combination, for which our model was able to ac-
curately capture the experimentally measured signaling dynamics (Figure 4A, B). In order
to examine and validate the model with conditions not used for its establishment, I ad-
ditionally characterized RIG-I signaling dynamics in A549 cells with artificially lowered
IRF3 concentrations. For this purpose, I employed an A549 IRF3KO cell line [287]. Using
lentiviral transduction and the very weak murine promoter ROSA26, I restored IRF3 to
a substantially lower-than-wild-type level (Supplementary Figure S3A). Experimentally, I
synchronously stimulated A549wt, A549 IRF3KO, and A549 IRF3KOROSA26-IRF3 cells
with 5’ppp-dsRNA and monitored IFNB1 mRNA expression over time. As anticipated, the
knockout of IRF3 diminished IFNB1 induction by more than 1000-fold, whereas cells ex-
pressing a low level of IRF3 displayed an intermediate phenotype (Figure 4C). Specifically,
A549 IRF3KOROSA26-IRF3 cells showed a slower induction kinetics andmore than 10-fold
reduced transcript levels at 4 hours post stimulation compared to A549wt. Remarkably,
simulating IFNB1 mRNA expression after only adjusting initial IRF3 concentrations ade-
quately matched the actual measurements, capturing the qualitative changes as well as
the dampened induction kinetics (Figure 4D). This validation not only suggests a usability
of the mathematical model to meaningfully fit measured data, but also to comprehensively
predict the outcome of RIG-I signaling under perturbed conditions.

52



4. RESULTS

0

1

2

3

4

0 1 2 4

pTBK1

time after stimulation [h]

pT
BK
1
[a
.u
.]

-2

0

2

4

6

0 1 2 4

pIKK-ε

time after stimulation [h]

pI
KK

-ε
[a
.u
.]

time after stimulation [h]
0 1 2 4

-2

-4

0

2

4

IF
N
B1

m
R
N
A
[a
.u
.]

IFNB1

time after stimulation [h]
0 1 2 4

IF
N
B1

m
R
N
A
[a
.u
.]

IFNB1 simulation

102

10 -1

100

101

103

IF
N
B1

m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
0h
)

time after stimulation [h]
0 1 2 4

102

IFNB1

10 -1

100

101

103

104

105

IRF3 KO IRF3 KOROSA26-IRF3wt

C D

A

B

pIRF3

time after stimulation [h]

pI
R
F3

[a
.u
.]

-1

0

1

2

2 410

-2

0

2

4

0 1 2 4

pIKK-β

time after stimulation [h]

pI
KK

-β
[a
.u
.]

-2

0

2

4

0 1 2 4

IκBα

time after stimulation [h]

Iκ
Bα

[a
.u
.]

pNF-κB

time after stimulation [h]

pN
F-
κB

[a
.u
.]

0

1

2

3

4

2 410

A549 ROSA26-IRF3A549 wt

Figure 4: Establishment of a mathematical model of the core RIG-I pathway based on
quantitative data.
Time-resolved data was used to establish and calibrate amathematical model able to reproduce the kinetics of
essential signaling events within the core RIG-I pathway. (A) Quantitative protein abundance, protein phospho-
rylation, and (B)mRNA data of A549wt cells electroporated with 220 ng 5’ppp-dsRNA were used to set-up and
calibrate themathematicalmodel. Experimental datawere obtained in conjunctionwith Jamie Frankish, mathe-
maticalmodelingwas conducted by Darius Schweinoch. Dots represent quantitative data of (A-C) 4 biologically
independent experiments, lines represent average model fit. (C) IFNB1 mRNA expression kinetics upon syn-
chronous 5’ppp-dsRNA stimulation was analyzed in A549wt, A549 IRF3KO, and A549 IRF3KOROSA26-IRF3-
expressing cells and used for model validation. Values were normalized to the housekeeping gene GAPDH,
and the 0 hour time point using the 2-∆∆Ct method [358]. Graphs depict mean±SD of 3 biologically indepen-
dent experiments. (D) Core model simulation of IFNB1 mRNA expression in reduced IRF3 protein level condi-
tions. Subfigures (A-D) were previously published in Burkart et al. [353].

4.4 IFN Feedback upon RLR Stimulation is Essential for High and
Sustained ISG Expression but Not for IFN Production

Becoming increasingly appreciated recently, IFN recognition by its cognate receptor and
downstream signaling through JAK/STAT does not induce the production of IFN in an auto-
feedback manner (Supplementary Figure S4). However, in addition to inducing the expres-
sion of a large variety of ISGs, IFN signaling indeed upregulates many components of PRR
signaling. For instance, IFN-mediated expression of RIG-I might result in further IFN pro-
duction and thus indirect positive feedback, if potentially remaining and/or replicating viral
RNA was still detected (Section 1.6).
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To expand our model of the core RIG-I signaling pathway to the full antiviral system and to
additionally characterize RLR signaling dynamics in the presence or absence of IFN, I con-
ducted synchronous 5’ppp-dsRNA stimulations of a previously established A549KO cell
line, termed IFN receptor double KO (IFNRDKO). In this cell line both IFNAR1 and IFNLR
are knocked out, rendering it unable to detect produced IFN and hence unable to pur-
sue further signaling upon IFN stimulation (Supplementary Figure S5). Upon synchronous
5’ppp-dsRNA stimulation of A549wt and IFNRDKO cells using electroporation, I monitored
mRNA expression of type I and III IFNs (Figure 5A) as well as ISGs (Figure 5B) over time us-
ing qRT-PCR. In accordance with the RLR-dependent but IFN-independent IFN production
discussed above, type I and III IFN expression was not affected by theKO of both IFN re-
ceptors and hence displayed identical kinetic patterns as A549wt cells (Figure 5A). Both cell
lines exhibited a fast onset of IFN induction, reached peak levels between 4 and 8 h, and de-
clined again afterwards.Whereas CCL5mRNA expression, similarly to IFN expression, was
not affected by theKO of IFN receptors and showed similar kinetics in both A549wt and
IFNRDKO cell lines, mRNA expression kinetics of the ISGs IFIT1 and MX1 clearly differed
(Figure 5B). Although the initial, RLR-induced expression of IFIT1 up to 6 hours was still un-
affected, the lack of IFN feedback and subsequent secondary upregulation of IFIT1 was
clearly visible in the IFNRDKO cell line (Figure 5B, middle panel). Similarly, MX1 induction
kinetics did not differ between A549wt and IFNRDKO cells up to 2 hours but lead to a sig-
nificantly lower overall induction in cells lacking IFN signaling (Figure 5B, right panel).
Since mRNA expression does not necessarily correlate with protein production, I further
measured IFN-β and IFN-λ1 protein secretion in A549wt and IFNRDKO cells upon syn-
chronous 5’ppp-dsRNA stimulation using amultiplex electrochemiluminescent immunoas-
say.Matching the previously observed mRNA kinetics (Figure 5A), IFN secretion was not
affected in the IFNRDKO cell line, and initial IFN-β as well as IFN-λ1 protein was de-
tected 4 hours after stimulation, increasing continuously over the next hours and eventu-
ally reaching a plateau at 24 hours (Figure 5C). These results further support the notion of
an IFN-independent IFN production. Nevertheless, apart from IFNs, many other cytokines
and chemokines are reported to be IFN-dependent. Utilizing the A549 IFNRDKO cell line
and a distinct multiplex electrochemiluminescent immunoassay, I was interested in ana-
lyzing RLR and IFN-mediated cytokine secretion upon synchronous 5’ppp-dsRNA stimula-
tion. Interestingly, and in contrast to IFN production, all examined cytokines, i.e., TNF, IL-1β,
IL-4, IL-6, and IL-10, exhibited diminished protein levels in IFNRDKO cells compared to wt
cells, indicating that the induction of those cytokines is indeed IFN-dependent. The only ex-
ception was IL-8, which exhibited a higher protein concentration in IFNRDKO cells 24 hours
after stimulation (Supplementary Figure S7).
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Figure 5: Kinetic characterization of mRNA expression and IFN secretion upon RIG-I
stimulation in a type I and III IFN signaling-independent system.
A549wt cells and an A549 IFNAR1 IFNLR double knockout cell line (IFNRDKO)were electroporatedwith 220 ng
5’ppp-dsRNA. (A) IFNB1, IFNL1, and IFNL2/3 or (B) CCL5, IFIT1, and MX1 mRNA expression kinetics were ana-
lyzed using qRT-PCR. Values were normalized to the housekeeping gene GAPDH by applying the 2-∆Ct method
[358]. (C) Secreted IFN-β and IFN-λ1 protein concentrations in pg/ml were determined using a multiplex im-
munoassay (U-PLEX IFNCombo,Meso Scale Diagnostics) in supernatants of 5’ppp-dsRNA-stimulated A549wt
and A549 IFNRDKO cells. Dashed lines indicate upper and lower limit of quantification, respectively. Graphs de-
pict (A-B) mean±SD or (C) individual values±SD of 3 biologically independent experiments. Subfigures (A-C)
were previously published in Burkart et al. [353]. Respective RIG-I signaling kinetics upon mock electroporation
in A549wt and IFNRDKO cells are depicted in Supplementary Figure S6A and S6B.
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Moreover, using western blot analysis, I further characterized protein activation and expres-
sion kinetics in A549wt (Figure 6A, left panel) and IFNRDKO (Figure 6A, right panel) cells
upon synchronous 5’ppp-dsRNA stimulation. Strikingly, although IFNRDKO cells still pro-
duced measurable amounts of MX1 mRNA, MX1 protein could not be detected (Figure 6A,
right panel), whereas A549wt cells showed increasing expression from 12 hours onwards
(Figure 6A, left panel). Similarly, phosphorylated STAT2, commonly considered as marker
for active IFN signaling and ISGF3 formation, was completely absent in IFNRDKO cells,
further highlighting the missing ability to respond to IFN in those cells. Apart from that, key
components of RLR signaling, such as IRF3 phosphorylation, IkBα degradation, as well as
RIG-I protein expression, showed similar kinetic patterns in both A549wt and IFNRDKO
cells.
Whereas analyzing the activation state or general expression kinetics of selected proteins
using western blot analysis is easily achieved, I aimed at a broader and unbiased approach
to identify kinetic differences in A549wt and IFN-blind cells. For this, I again synchronously
stimulated A549wt and IFNRDKO cells with 5’ppp-dsRNA, harvested protein samples at 0,
12, and 24 hours after stimulation, and, in collaborationwith ChristianUrban of the Pichlmair
group in Munich, subjected those samples to label-free mass spectrometry. This enabled
the identification of differences in basal expression levels of critical proteins in the antiviral
signaling pathway as well as differences in antiviral signaling upon 5’ppp-dsRNA stimula-
tion in the presence or absence of IFN feedback. Interestingly, although MDA5 protein ex-
pressionwas completely unaffected by the knockout of both IFN receptors, RIG-I protein ex-
pressionwas significantly reduced in the A549 IFNRDKOcell line 24 hours upon stimulation
(Figure 6B). Conversely, MAVS protein expression was diminished in A549 IFNRDKO cells
at basal expression level, which persisted over the course of the experimental time frame
(Figure 6B). Furthermore, a slight decrease of basal protein expression was detectable for
the IKK-β kinase and the transcription factor p65, whereas TBK1 and IRF3 protein expres-
sions were unaffected (Figure 6C). Coherently, as STAT2 phosphorylation was completely
absent in A549 IFNRDKO cells (Figure 6A), protein expression 24 hours after 5’ppp-dsRNA
stimulation was also clearly impaired in those cells (Figure 6D). Similarly, JAK1 and TYK2
expression kinetics were undistinguishable in both cell lines but the missing IFN feedback
led to a significant reduction of STAT1 protein expression 24 hours after 5’ppp-dsRNA stim-
ulation (Figure 6D). In contrast to IFN expression kinetics being similar in both A549wt and
IFNRDKO cells, ISG protein expression was highly affected by the lack of IFN feedback, as
seen for CCL5, IFIT1, and MX1 (Figure 6E).
In conclusion, basal protein expression of most antiviral signaling components seemed
to be IFN-independent, and although IFN signaling again had no impact on IFN produc-
tion itself, it considerably affected feedback-induced protein expression of the detected
ISGs. Remarkably, since RIG-I protein expression appeared to be slightly affected by theKO
of IFN receptors but was clearly upregulated over time (Figure 6B), this indicates that
the RIG-I signaling pathway itself might exhibit an IFN-independent feedback regulation
through which the pathway reinforces itself.
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Figure 6: Kinetic characterization of protein abundance and phosphorylation upon RIG-I
stimulation in a type I and III IFN signaling-independent system.
A549wt and A549 IFNRDKO cells were synchronously stimulated with 220 ng 5’ppp-dsRNA using electropora-
tion. (A)Protein abundance andphosphorylation status of key signaling componentswere kinetically character-
ized in A549wt and A549 IFNRDKO cells using western blot analysis. (B-E) Protein abundance of key RIG-I sig-
naling components in A549wt and A549 IFNRDKO cells upon synchronous 5’ppp-dsRNA stimulation for 0, 12,
and 24 hours usingmass spectrometry. Protein copy numbers of (B) sensors, (C) the adapter proteinMAVS, (D)
kinases, and (E) transcription factors of RIG-I signaling. Protein copy numbers of (F) kinases, and (G) transcrip-
tion factors of IFN signaling. (H) Protein copy numbers of common ISGs. Graphs depict (A) representative blots
of 2 biologically independent experiments or (B-E) individual values±SD of 4 biologically independent experi-
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*: p < 0.05). Subfigure (A) and original data (B-H) was originally published in Burkart et al. [353]. Complete lists
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4.5 Establishment of an Expanded RIG-I Pathway Model Com-
prising IFN Feedback

Our established model of the primary, RLR-mediated signaling pathway is capable of accu-
rately predicting the pathway outcome from recognition of viral RNA by RIG-I to transcrip-
tion of IFN-β by IRF3. However, it does not comprise translation and secretion of IFNs and
thus effects of IFN-mediated signaling, which considerably contribute to antiviral signaling
responses. Consequently, we combined our core RIG-I signaling model with an ODE-based
model of type I IFN-triggered signaling, which was previously established by Maiwald and
colleagues [288]. The latter is a detailedmodel of JAK/STAT signaling upon stimulationwith
IFN-α. To combine both models, IFN secretion of 5’ppp-dsRNA-stimulated A549 cells (as
seen in Figure 5C) was quantified by a former master student, Carola Sparn. This allowed
us to link IFN production to the IFN-β mRNA levels and thus establish an input dose for the
IFN signaling model.
The combined model encompasses the full cell-intrinsic antiviral defense response, com-
prising all signaling events from viral dsRNA recognition to the expression of antiviral effec-
tor proteins (i.e., ISGs) downstream of IFN signaling. The IFN signaling model introduced
66 additional components, which are engaged in 41 individual reactions (Figure 7A), in-
cluding the production of antiviral proteins and ISGs downstream of RLR or IFN signaling
(Figure 7B). Strikingly, fixing all rate constants to the values determined previously for the
RIG-I model or as determined by Maiwald et al. for the IFN signaling model [288] and only
fitting the newly introduced rate constant, which links the amount of produced IFN to the
effective concentration triggering IFNAR signaling, was sufficient to combine both mod-
els. Notably, the type I IFN model was established on data from human hepatocarcinoma
(Huh7.5) cells, deviating from the RIG-I model, which is based on A549 data. Thus, we up-
dated protein concentrations of JAK/STAT pathway components obtained in A549wt cells
to account for cell type-specific variations in protein expression (Figure 6). In fact, without
adjusting any further parameters, the model was able to accurately describe all measured
signaling events upon synchronous dsRNA stimulation over the course of the experimental
time frame (Figure 7C). For instance, similarly as seen in our core RIG-Imodel, the combined
model accurately predicted phosphorylation of TBK1, IKK-β, and IRF3 as well as the subse-
quent mRNA and protein expression of IFN-λ and IFIT1. Correspondingly, phosphorylation
of STAT2 and expression of antiviral effector proteins, such as MX1, could be reproducibly
quantified experimentally and precisely predicted by the model (Figure 7C).
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Figure 7: Establishment of a dynamic pathway model of the antiviral response system
by coupling core RIG-I model to model of IFN signaling.
Previously obtained data comprising quantitativemRNAexpression, protein phosphorylation, and protein abun-
dance of synchronously stimulated A549 cells was utilized to extend the core RIG-I model and include IFN
signaling. (A) Schematic depiction of the established RIG-I signaling model coupled to a previously published
mathematical model of IFN and JAK/STAT signaling [288]. (B) Gene expression outcome for different tran-
scription factors used in the extended mathematical model. (C) Quantitative protein abundance, protein phos-
phorylation, and mRNA data were used to combine and calibrate the extended model of the full cell-intrinsic
antiviral response system. Dots represent quantitative data of 2 biologically independent experiments and lines
represent average model fit. Experimental data were obtained in conjunction with Carola Sparn and mathe-
matical modeling was conducted by Darius Schweinoch. Subfigures (A-C) were originally published in Burkart
et al. [353].
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Interestingly, Maiwald et al. demonstrated IRF9 to be a rate-limiting component of IFN sig-
naling [288]. Thus, to challenge and validate our combined mathematical model, I exper-
imentally modulated IRF9 protein levels in A549 cells and analyzed the outcome of an-
tiviral signaling upon 5’ppp-dsRNA stimulation. Surprisingly, IRF9 appeared not to be limit-
ing in our A549 IRF9 overexpression cell line, since no major kinetic differences in IFNB1
or IFIT1 mRNA expression compared to A549wt cells were apparent upon synchronous
5’ppp-dsRNA stimulation (Supplementary Figure S8).
Consequently, I utilized an A549 IRF9KO cell line [287] and reintroduced IRF9 expression
from the weak murine promoter ROSA26 (ROSA26-IRF9) by lentiviral transduction (Supple-
mentary Figure S3B). I electroporated A549wt, A549 IRF9KO, and A549 IRF9KO ROSA26-
IRF9 cells with 5’ppp-dsRNA and measured mRNA expression (Figure 8A) as well as pro-
tein phosphorylation and expression (Figure 8B) over time. Similarly as seen in the A549
IFNRDKO cell line previously (Figure 5A), IFNB1mRNA expression was not affected by IRF9
modulation and thus exclusively induced by RLR-mediated signaling. IFIT1 mRNA expres-
sion, however, was slightly impaired at later time points (Figure 8A). In contrast, MX1 was
considerably impacted by diminished IRF9 levels (Figure 8A). In fact, this was also resem-
bled in western blot analysis, where MX1 protein could not be detected in A549 IRF9KO
cells. The late, IFN-dependent expression of IFIT1 and RIG-I as well as phosphorylation of
STAT2, were also affected by the knockout of IRF9 (Figure 8B). Strikingly, the combined
model of the full antiviral system was able to correctly predict the measured outcome of
this experimental perturbation of the IFN signaling system (Figure 8C).
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Figure 8: Validating the combined model of antiviral signaling by experimentally modi-
fying IRF9 protein level.
(A) IFNB1, IFIT1, and MX1 mRNA expression kinetics upon 5’ppp-dsRNA electroporation was analyzed in
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normalized to the housekeeping gene GAPDH, and the 0 hour time point using 2-∆∆Ct [358]. (B) Protein abun-
dance and phosphorylation status of relevant pathway components of RIG-I and IFN signaling were analyzed
upon 5’ppp-dsRNA electroporation of A549wt and A549 IRF9KO cells using western blot analysis. (C) Model
simulation of IFIT1 and MX1 mRNA upon varying IRF9 protein levels. Graphs depict (A) mean±SD of 3 bio-
logically independent experiments or (B-C) representative blots. Subfigures (A, C) were originally published in
Burkart et al. [353].
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4.6 Antiviral Signaling Dynamics Can Be Accurately Modelled in
Different Cell Lines

Innate immune signaling pathways are described as being evolutionarily conserved across
different animals and cell types [5]. Since model establishment was exclusively based on
A549 cells, I further aimed at testing the model’s potential to be adapted to cell types it was
not trained for. For this purpose, I employed the hepatocellular carcinoma cell line HepG2,
performed synchronous 5’ppp-dsRNA stimulations of both A549 and HepG2 cells, and ex-
amined mRNA as well as protein expression dynamics (Figure 9A, B). Interestingly, IFIT1
and CCL5 mRNA expression kinetics were identical in both cell lines. The expression of
IFNB1, IFNL1, RIG-I, and MX1 mRNA, however, was considerably diminished in HepG2 di-
rectly upon 5’ppp-dsRNA stimulation (Figure 9A, B). Correspondingly, IFN-dependent sig-
naling, i.e., STAT2 phosphorylation as well as subsequent RIG-I and MX1 protein expres-
sion were clearly affected and reduced in HepG2 cells (Figure 9C). Surprisingly, although
IFIT1mRNA expression kinetics (Figure 9A) was similar in both cell lines, protein expression
was decreased in HepG2 (Figure 9C). Notably, I could not detect phosphorylation of IRF3 in
HepG2 cells, however, the reason for this remains to be investigated. In line with this, IFN-β
and IFN-λ1 protein concentrations measured in supernatants of 5’ppp-dsRNA-stimulated
A549 and HepG2 cells using a multiplex electrochemiluminescent immunoassay, which
appeared by far more sensitive than standard ELISA measurements (Supplementary Fig-
ure S9), also demonstrated a reduction in HepG2 (Figure 9D).
Furthermore, apart from IFNs, I examined the production and secretion dynamics of addi-
tional cytokines in A549 and HepG2 supernatants upon synchronous 5’ppp-dsRNA stim-
ulation. In accordance with the reduced IFN production in HepG2, measured cytokines in
those cells were strongly reduced compared to A549 cells (IL-1β, IL-4, IL-8, and IL-10) or
even absent (IL-6), although surprisingly, HepG2 produced a comparable level of TNF (Sup-
plementary Figure S10).
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Figure 9: Kinetic characterization of RIG-I signaling upon synchronous 5’ppp-dsRNA
stimulation in A549 and HepG2 cells.
A549 and HepG2wt cells were electroporated with 220 ng 5’ppp-dsRNA. (A) IFNB1, IFNL1, IFIT1, and (B) CCL5,
RIG-I, MX1mRNA expression kinetics in A549wt and HepG2wt cells was analyzed using qRT-PCR. Values were
normalized to the housekeeping geneGAPDH, and the 0 hour time point using 2-∆∆Ct [358]. (C)Quantitative pro-
tein abundance and protein phosphorylation upon 5’ppp-dsRNA electroporation in A549wt and HepG2wt cells
was examined using western blot analysis. (D) Secreted IFN-β and IFN-λ1 concentrations were determined us-
ing a multiplex immunoassay (U-PLEX IFN Combo, Meso Scale Diagnostics) in supernatants of 5’ppp-dsRNA-
stimulated A549wt and HepG2wt cells. Dashed lines indicate upper and lower limit of quantification, respec-
tively. Graphs depict (A, B) mean±SD of 3, (C) representative blots, or (D) individual values±SD of 4 biolog-
ically independent experiments. Statistical significance was determined with Student’s t-test (****: p < 0.0001,
***: p < 0.001, **: p < 0.01, *: p < 0.05). Subfigures (A-D) were originally published in Burkart et al. [353].
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To adapt the combined model of antiviral signaling to the new cell line I acquired quan-
titative full proteome data of naïve HepG2 cells using label-free mass spectrometry
[353]. Examining basal protein concentrations of key signaling components revealed lower
levels of MAVS protein, the kinases TBK1 and IKK-β, as well as the transcription factors p65
and IRF3 in HepG2 compared to A549 (Figure 10A). Surprisingly, IFN signaling components,
such as JAK1 and STAT1, were reduced in HepG2 as well, whereas basal STAT2 protein lev-
els seemed to be increased compared to A549 cells. Furthermore, basal protein levels of
the RNA sensors RIG-I and MDA5 were identical in both cell lines (Figure 10A). Strikingly,
adjusting solely the obtained initial protein concentrations in the combined model without
changing any kinetic rate constants sufficed to accurately simulatemRNAkinetics of IFNB1,
IFIT1, andMX1 (Figure 10B) in HepG2 cells. Taken together, these results emphasize the po-
tential of this combined mathematical model to be adapted to different cell lines by only
adjusting steady state protein levels of essential signaling components, further corrobo-
rating the notion that cell-intrinsic antiviral innate immune responses are highly conserved
systems.
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Figure 10: Determination of basal protein abundance in A549 and HepG2 cells using
label-free mass spectrometry to utilize as input for model simulations.
(A) Basal protein abundance of key RIG-I signaling components in A549 and HepG2wt cells using label-free
mass spectrometry. Depicted are protein copy numbers of sensors, the adapter protein MAVS, kinases, tran-
scription factors of RIG-I signaling, and IFN signaling components. (B) Model simulation for IFNB1, IFIT1, and
MX1 mRNA expression upon synchronous dsRNA stimulation of A549 and HepG2wt cells. Graph (A) depicts
individual values±SD of 4 biologically independent experiments. Statistical significance was determined with
Student’s t-test (****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05). Subfigure (B) and original data of (A)
were originally published in Burkart et al. [353].
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4.7 The Impact of Viral Antagonists onAntiviral Signaling Dynam-
ics Can Be Accurately Simulated by the Established Mathe-
matical Model

Most viruses have evolved sophisticated strategies to evade or interrupt innate immune
recognition and defense. Upon viral infections, kinetics and magnitude of the antiviral re-
sponse define the outcome of an infection. However, viruses developed powerful antago-
nists capable of perturbing host cellular antiviral responses (Section 1.7). Surprisingly, many
studies examining viral antagonists disregard the gradual increase of viral protein concen-
trations in natural infections and mostly focus on the degree of inhibition at fixed time
points. Depending on the exact target in the antiviral system, viral perturbance may lead
to a delay of the IFN response rather than an overall reduction of its amplitude. To better
understand these virus-host interactions it is therefore important to examine viral immune
antagonism at a dynamic level.
The previously described mathematical model of the antiviral signaling pathway might
provide a powerful tool for studying the kinetic impact of viral antagonists on, e.g., ISG
induction. Therefore, I selected several well-described viral proteins with different strate-
gies to impede antiviral signaling: NS3/4A of HCV proteolytically cleaves and thus inac-
tivates MAVS [326], Npro of CSFV induces the proteolytic degradation of IRF3 [321, 366],
NS5 of DENV is described to target STAT2 for degradation [332,333], and NS1 of IAV binds
dsRNAwith its N-terminal RNA-binding domain [367,368]. Additionally, ORF6 of the recently
emerged SARS-CoV-2was described to affect both IFN induction and IFN signaling [369] by
blocking nuclear translocation of IRF3 [341, 342], STAT1, and STAT2 [344]. Hence, whereas
NS3/4A, Npro, and NS1 target RLR signaling and thus IFN induction, NS5 blocks JAK/STAT
signaling downstream of the IFN receptors. In contrast, ORF6 targets both RLR and IFN-
mediated antiviral signaling responses.
Using lentiviral transduction, I generated A549 cells stably expressing each of the above-
mentioned viral antagonists and examined the effect of their expression on regular cell
proliferation using live-cell imaging. Except for the A549 ORF6 cell line, exhibiting a slightly
diminished cell proliferation rate (Supplementary Figure S11B), all cell lines expressing the
distinct viral proteins displayed a comparable proliferation behavior as compared to wt
cells (Supplementary Figure S11A, S11C). To obtain a negative control for the NS3/4A-
expressing A549 cell line, I additionally generated A549 cells stably expressing a cat-
alytically inactive version of the HCV protease, NS3/4AS139A, harboring a serine to ala-
nine mutation at position 139. In order to modulate the amount of active kinase and
thereby mimic the effect of decreasing NS3/4A abundance, I further titrated a pharma-
cological compound (Simeprevir) described to specifically inhibit NS3/4A protease activ-
ity [370, 371]. In contrast to traditionally used inhibitors, such as Telaprevir or Boceprevir,
Simeprevir showed an at least 10-fold lower half maximal inhibitory concentration (IC50,
Supplementary Figure S12, [372]). I synchronously stimulated A549 NS3/4A wt (± Simepre-
vir) and A549NS3/4AS139A cells with 5’ppp-dsRNA and assessedmRNAaswell as protein
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expression kinetics (Figure 11A). Analyzing IFIT1mRNA kinetics over the course of 24 hours
revealed a substantial mRNA reduction in A549 NS3/4A cells not receiving any inhibitor
treatment (Figure 11B), which might be attributed to the very efficient cleavage of MAVS
by NS3/4A (Figure 11C). Notably, albeit hardly detectable in western blot, a certain level
of MAVS seemed to resist NS3/4A cleavage (Figure 11C) resulting in remaining induction
of IFIT1 expression (Figure 11B). Nonetheless, increasing protease inhibitor concentrations
dose-dependently decreased NS3/4A activity and thus lead to increasing amounts of in-
tact MAVS protein (Figure 11C). Likewise, increasing concentrations of Simeprevir restored
IFIT1 expression to the level observed in the catalytically inactive NS3/4AS139A control
(Figure 11B). The strong effect of increasing NS3/4A activity dampening IFIT1 mRNA ex-
pression was less pronounced at later time points (12 and 24 hours), however, the overall
kinetics of induction was not affected. Strikingly, our mathematical model was able to sim-
ulate the observed IFIT1 induction kinetics when MAVS level were systematically reduced
(Figure 11D), emphasizing the usability of the modeling approach to investigate viral im-
mune evasion.
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Figure 11: Influence of the HCV protease NS3/4A on RIG-I signaling dynamics in A549
cells.
(A)Schematic depiction of the experimental setup. A549 cells stably expressing the viral proteinNS3/4AofHCV
or a catalytically inactive version (NS3/4AS139A) were generated using lentiviral transduction. The protease in-
hibitor Simeprevir was used in increasing concentrations to gradually restore NS3/4A protease activity. Cells
were then stimulated with 220 ng 5’ppp-dsRNA by electroporation and mRNA expression as well as protein
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normalized to the housekeeping gene GAPDH using the 2-∆Ct method [358]. Subfigures (B-D) were originally
published in Burkart et al. [353].
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In a next step, using lentiviral transduction, I generated A549 cells stably expressing
varying levels of the CSFV protein Npro, which targets IRF3 for degradation [321, 366]. I
synchronously stimulated A549wt, A549 IRF3KO, and A549Npro-expressing cells with
5’ppp-dsRNA and assessed mRNA and protein expression kinetics (Figure 12A). Analyzing
Npro mRNA and protein expression in unstimulated conditions demonstrated a gradual in-
crease of Npro level (Figure 12B, C) in addition to a very effective IRF3 degradation capac-
ity (Figure 12B). Here, IRF3 protein was no longer detectable in the second lowest Npro-
expressing cell line. Consequently, upon synchronous 5’ppp-dsRNA stimulation I observed
a near complete inhibition of IFIT1 induction for the cell line expressing the highestNpro level,
almost reaching the level of the A549 IRF3KO cell line. However, decreasing level of the viral
protein resulted in a dose-dependent recovery of IFIT1 induction (Figure 12D). Surprisingly,
in contrast to NS3/4A, Npro strongly inhibited particularly the early expression of IFIT1 up
to 8 hours post stimulation, although Npro similarly to the HCV protease targets the RLR
cascade upstreamof IFN expression (Figure 12D). Notably, although not detectable in west-
ern blot, again a small portion of IRF3 seemed to withstand Npro expression leading to re-
maining signaling and induction of IFIT1 expression as compared to A549 IRF3KO cells
(Figure 12D). Gradually reducing IRF3 abundance in our mathematical model simulated the
effect of the viral protein Npro and the predicted kinetics of the antiviral response matched
our experimental data decently (Figure 12E).
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NS5 of DENV affects signaling downstream of the IFN receptors by targeting STAT2 for
degradation [332,333]. Using lentiviral transduction, I generated A549 cells stably express-
ing varying levels of the DENV protein NS5, synchronously stimulated those cells with
5’ppp-dsRNA, and assessed mRNA and protein expression kinetics (Figure 13A). Analyzing
NS5 mRNA and protein expression in unstimulated conditions demonstrated a gradual in-
crease of NS5 level (Figure 13B, D) in addition to a modest STAT2 degradation ability (Fig-
ure 13D). Specifically, even the highest concentration of NS5 was incapable of completely
degrading STAT2. STAT1 and IRF3 protein expression, however, were unaffected by NS5 ex-
pression (Figure 13D). Aiming at analyzing the competence of NS5-expressing cells to still
signal via the JAK/STAT pathway, I stimulated A549wt as well as A549 NS5-expressing
cells with IFN and measured IFIT1 mRNA expression over time (Figure 13C). A549wt
cells produced substantial amounts of IFIT1 upon IFN stimulation, whereas A549 NS5-
expressing cell lines were essentially IFN signaling incompetent. Only the cell line express-
ing the lowest NS5 level was able to produce a small amount of IFIT1 at the earliest mea-
sured time point (Figure 13C). Intriguingly, examining IFIT1 mRNA expression upon syn-
chronous 5’ppp-dsRNA stimulation revealed an impaired IFIT1 expression not only at late
timepointswhen its expression is driven by IFN-induced signaling, but already at the earliest
measured time point (Figure 13E). In addition, I analyzed the impact of STAT1 and STAT2KO
on IFIT1 mRNA kinetics upon synchronous 5’ppp-dsRNA stimulation and, surprisingly, ob-
served a different dynamic pattern as compared to NS5-expressing cells (Figure 13F). Here,
IFIT1 mRNA expression was unaffected in the RLR-driven phase up to 6 hours after stim-
ulation, but clearly impaired at later time points. In fact, our model was able to simulate
a similar kinetic pattern of IFIT1 induction under conditions of reduced STAT2 availability
(Figure 13G). In conclusion, these results indicate that DENVNS5might additionally impede
the early stages of the antiviral response which has not been widely appreciated before.
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tive blot (D) of 3 biologically independent experiments. Subfigures (D-G) were originally published in Burkart
et al. [353].
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In contrast to the previously described viral proteins, the NS1 protein of IAV pursues a dif-
ferent antagonistic strategy.Whereas many viral antagonists directly bind and mark their
target for proteasomal degradation, NS1 was reported to sequester dsRNA, thus prevent-
ing access of host dsRNA sensors during viral replication [318, 367, 368]. Using lentiviral
transduction, I generated A549 cells stably expressing IAV NS1, confirmed its expression
by qRT-PCR and western blot analysis (Figure 14A), and, subsequently synchronously stim-
ulated A549wt and NS1-expressing cells with 5’ppp-dsRNA. Surprisingly, examining IFIT1
mRNA expression revealed an unaffected kinetic pattern in A549 cells expressing the viral
antagonist, despite the high NS1 protein expression in those cells (Figure 14B). Ensuring
that this effect was not due to a 5’ppp-dsRNA overload during synchronous electropo-
ration, I gradually reduced the amount of dsRNA used during synchronous stimulation
and reassessed IFIT1 mRNA kinetics (Figure 14C-F). Nonetheless, even with a very low
amount of 5’ppp-dsRNA, IFIT1 mRNA kinetics was still unaffected by the expression of
NS1 (Figure 14F). Aiming at assessing the impact of NS1 expression on RLR signaling in
A549 cells upon different stimulation approaches including viral infection, I performed an
IFN-β promoter luciferase assay (Figure 14G). Again, 5’ppp-dsRNA stimulation resulted in
an unimpaired IFN-β luciferase response as compared to A549wt cells, whereas poly(I:C),
a synthetic RLR agonist, as well as SeV infection yielded reduced IFN-β luciferase signals
(Figure 14G). This suggested that the expressed NS1 protein was functional in our A549 cell
line, to a small extent interfering with RLR signaling upon, e.g., viral infection, however, not
affecting IFIT1 mRNA expression upon synchronous 5’ppp-dsRNA stimulation. Strikingly,
reducing dsRNA abundance in our mathematical model and thus simulating the described
effect of the viral protein NS1 resulted in IFIT1 mRNA kinetics matching our experimental
data (Figure 14H).
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Lastly, I investigated the impact of the SARS-CoV-2 protein ORF6, which was demonstrated
to affect both IFN induction and IFN signaling [369] by blocking nuclear translocation of
IRF3 [341,342], STAT1, and STAT2 [344]. I generated A549 cells stably expressing ORF6 and
confirmed its expression by qRT-PCR (Figure 15A). Subsequently, I either infected A549wt
and ORF6-expressing cells with SeV and assessed IFIT1 and IFN-β luciferase signals (Fig-
ure 15B, D), or synchronously stimulated them with 5’ppp-dsRNA and examined IFIT1 and
IFNB1mRNAexpression kinetics (Figure 15C, E). Surprisingly, even though the production of
IFIT1 and IFN-β luciferase upon SeV infection was significantly affected in ORF6-expressing
cells (Figure 15B, D), ORF6 expression had no impact on IFIT1 and IFNB1 mRNA expression
upon 5’ppp-dsRNA electroporation (Figure 15C, E). Although the underlying reason remains
elusive, I could observe a different outcome in HepG2 cells. Here, albeit similarly expressed
in HepG2 as in A549 cells (Figure 15F, compare to 15A), ORF6 not only significantly reduced
IFIT1 and IFN-β luciferase production upon SeV infection (Figure 15G, I) but also affected
IFIT1 and IFNB1 mRNA induction upon 5’ppp-dsRNA stimulation with a slight decrease at
early time points but a clear reduction between 8 and 24 hours after stimulation (Figure 15H,
J). These results are consistent with model predictions of IFIT1 and IFNB1 mRNA kinetics
under conditions of concurrently reduced IRF3 and STAT2 levels (Figure 15K, L).
In conclusion, the established model of the full antiviral system, comprising RLR signaling,
IFN induction, and JAK/STAT signaling downstream of the IFN receptors, is able to accu-
rately simulate the activation of individual signaling components, the induction of ISGs, as
well as the production of antiviral effector proteins. Consequently, enabling predictions of
viral interference with the cell-intrinsic innate response system provides a valuable tool to
study the impact of yet unknown viral proteins perturbing host antiviral signaling.

73



4. RESULTS

0

20

40

60

re
la
tiv
e
lig
ht
un
its

( IF
N
-β
fir
efl
y/
SV
40
re
ni
lla
) IFN-β

wt
OR
F6

✱✱✱

0

20

40

60

100

80

re
la
tiv
e
lig
ht
un
its

(IF
IT
1
fir
efl
y/
SV
40
re
ni
lla
) IFIT1

wt

OR
F6

✱✱

10 -1
100
101
102

107

103
104
105
106

O
R
F6
m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
G
AP
D
H
)

ORF6

wt
OR
F6

F G H I J

K L

100

10 -1

101

102

104

103

time after stimulation [h]
0 1 2 4 6 8 12 24

IF
IT
1
m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
0h
)

IFIT1

100

10 -1

101

102

104

103

time after stimulation [h]
0 1 2 4 6 8 12 24

IF
N
B1

m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
0h
)

HepG2 ORF6HepG2 wt

HepG2 ORF6HepG2 wt

100

101

102

103

time after stimulation [h]
0 1 2 4 6 8 12 24

104

m
R
N
A
[n
M
]

IFIT1

10 -1

100

101

102

103

time after stimulation [h]
0 1 2 4 6 8 12 24

104

m
R
N
A
[n
M
]

IFNB1

10 -1

A549 ORF6A549 wt

IFNB1

0

50

100

150

re
la
tiv
e
lig
ht
un
its

( IF
N
-β
fir
efl
y/
SV
40
re
ni
lla
) IFN-β

wt
OR
F6

✱✱✱

0

20

40

60

100

80
re
la
tiv
e
lig
ht
un
its

(IF
IT
1
fir
efl
y/
SV
40
re
ni
lla
) IFIT1

wt

OR
F6

✱✱

10 -1

100

101

102

104

103

O
R
F6
m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
G
AP
D
H
)

ORF6

wt

A549 A549
OR
F6

EA B C D

100

10 -1

101

102

104

103

time after stimulation [h]
0 2 4 6 8 12 24

IF
IT
1
m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
0h
)

IFIT1

100

10 -1

101

102

105

104

103

time after stimulation [h]
0 2 4 6 8 12 24

IF
N
B1

m
R
N
A
ex
pr
es
si
on

(re
la
tiv
e
to
0h
)

IFNB1

A549

HepG2HepG2HepG2

Figure 15: Influence of the SARS-CoV-2 protein ORF6 on RIG-I signaling dynamics in
A549 and HepG2 cells.
(A, F) ORF6mRNA expression in A549/HepG2wt cells and cells stably expressing SARS-CoV-2 ORF6 was ana-
lyzed using qRT-PCR. (B, G)A549/HepG2wt andORF6-expressing cellswere co-transfectedwith IFIT1 Firefly lu-
ciferase and SV40Renilla luciferase, stimulatedwith SeV (MOI = 0.004) for 16 hours, and luciferase signalswere
measured. (C, H) IFIT1 mRNA expression kinetics in A549/HepG2wt cells and cells expressing SARS-CoV-2
ORF6 upon electroporation with 220 ng 5’ppp-dsRNA was analyzed using qRT-PCR. (D, I) A549/HepG2wt and
ORF6-expressing cells were co-transfected with IFN-β Firefly luciferase and SV40 Renilla luciferase, stimulated
with SeV (MOI = 0.004) for 16 hours, and luciferase signalwasmeasured. (E, J) IFNB1mRNAexpression kinetics
in A549/HepG2wt cells and cells expressing SARS-CoV-2 ORF6 upon electroporation with 220 ng 5’ppp-dsRNA
was analyzed using qRT-PCR. (K, L)Model simulation of (K) IFIT1 (L) and IFNB1mRNA kinetics upon decreased
IRF3 and STAT2 protein levels. qRT-PCR values were normalized to GAPDH and the 0 hour time point (C, E, H,
I) or to the housekeeping gene GAPDH and the control cell line (A, F) using 2-∆∆Ct [358]. IFIT1 and IFN-β Firefly
luciferase values were normalized to SV40 Renilla luciferase for each measurement and additionally normal-
ized to mock conditions. Graphs depict mean±SD (C, E, H, J) or individual values±SD (B, D, G, I) of 3 biolog-
ically independent experiments. Statistical significance was determined with Student’s t-test (****: p < 0.0001,
***: p < 0.001, **: p < 0.01, *: p < 0.05). Subfigures (A, C, E-F, H, I-L) were originally published in Burkart et al.
2022 [353].
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4.8 The Additional Knockout of IFNGR1 in A549 IFNRDKO Cells
Does Not Affect Antiviral Signaling Dynamics Upon Syn-
chronous 5’ppp-dsRNA Stimulation

Although A549 cells express the IFN gamma receptor complex on their cell surface, there
is limited evidence for IFN-γ production upon RLR stimulation in those cells. However, they
still exhibit the genetic basis for IFN-γ expression and are known to produce the type II
IFN upon, e.g., M. tuberculosis infection [373]. Consequently, the characterization of an ac-
tual IFN-independent RLR signaling response required not only the knockout of the type I
and III IFN receptors, but also needed to include a knockout of the type II receptor. Thus,
using the CRISPR/Cas9 technique and the previously described A549 IFNRDKO cell line
(A549 IFNAR1 IFNLR double KO), I additionally knocked out the receptor for type II IFN
(IFNGR1), generating an A549 IFN receptor triple KO (IFNRTKO) cell line (Supplementary
Figure S13A, [287]).
Similarly, as done previously with the A549 IFNRDKO cell line (Figure 5, Figure 6A), I syn-
chronously stimulated A549wt and IFNRTKOcells with 5’ppp-dsRNA and assessedmRNA
and protein expression kinetics (Figure 16). Both cell lines displayed similar kinetics of
IFNB1, IFNL1, as well as IFNL2/3 mRNA expression, exhibiting a fast onset of IFN induc-
tion, reaching peak levels between 4 and 8 hours, and declining again afterwards (Fig-
ure 16A).Whereas CCL5 mRNA expression was not affected by theKO of IFN receptors
and showed similar kinetics in A549wt, IFNRDKO (Figure 5), as well as IFNRTKOcell lines,
mRNA expression kinetics of the ISGs IFIT1 and MX1 clearly differed between wt and
IFNRTKOcells (Figure 16B). Although the initial RLR-induced expression of IFIT1 was still
unaffected, the lack of IFN feedback and subsequent secondary upregulation of IFIT1 was
clearly visible in the IFNRTKOcell line at 24 hours (Figure 16B, middle panel). Similarly, MX1
induction kinetics did not differ between A549wt and IFNRTKOcells up to 4 hours but lead
to a lower overall induction in cells lacking IFN signaling (Figure 16B, right panel). In addition
to characterizing mRNA expression kinetics, I further measured IFN-β and IFN-λ1 protein
secretion in A549wt and IFNRTKOcells upon synchronous 5’ppp-dsRNA stimulation using
amultiplex electrochemiluminescent immunoassay.MatchingmRNA kinetics (Figure 16A),
IFN secretion was not affected in the IFNRTKOcell line and initial IFN-β as well as IFN-λ1
protein was detected between 2 and 4 hours after stimulation, increasing continuously over
the next hours (Figure 16C).
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Figure 16: Kinetic characterization of the RIG-I signaling pathway upon synchronous
5’ppp-dsRNA stimulation in a type I, II, and III IFN signaling-independent system.
A549wt cells and an A549 IFNAR1 IFNLR IFNGR1 triple knockout cell line (IFNRTKO) were electroporated with
220 ng 5’ppp-dsRNA. (A) IFNB1, IFNL1, and IFNL2/3 as well as (B) CCL5, IFIT1, and MX1 mRNA expression
kinetics were examined using qRT-PCR. (C) Secreted IFN-β and IFN-λ1 protein concentrations in pg/ml were
determined using a multiplex electrochemiluminescent immunoassay (U-PLEX IFN Combo, Meso Scale Diag-
nostics) in the supernatants of 5’ppp-dsRNA-stimulated A549wt and A549 IFNRTKOcells. Dashed lines indi-
cate upper and lower limit of quantification, respectively. (D)Kinetics of protein abundance and phosphorylation
status of key signaling components in A549wt and A549 IFNRTKOcells using western blot analysis. qRT-PCR
valueswere normalized to the housekeeping gene GAPDHby applying the 2-∆Ct method [358]. Graphs depict (A-
B) mean±SD, (C) individual values±SD, or (D) representative blot of 2 biologically independent experiments.
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Moreover, using western blot analysis, I further characterized protein activation and ex-
pression kinetics in A549wt (Figure 16D, left panel) and IFNRTKO (Figure 16D, right panel)
cells upon synchronous 5’ppp-dsRNA stimulation. Strikingly, despite the non-negligible
MX1 mRNA expression, MX1 protein could not be detected in IFNRTKOcells (Figure 16D,
right panel), whereas A549wt cells showed increasing expression from 12 hours on-
wards (Figure 16D, left panel). Similarly, phosphorylated STAT2 was completely absent in
IFNRTKOcells, again highlighting the missing ability to respond to IFN in those cells. Apart
from that, key components of RLR signaling, such as IkBα degradation, as well as
IFIT1 and RIG-I protein expression, showed similar kinetic patterns in both A549wt and
IFNRTKOcells.
In conclusion, the characterization of antiviral signaling dynamics in both the A549
IFNRDKO (Figure 5, Figure 6A) and the A549 IFNRTKOcell line (Figure 16), indicated, that
with the experimental conditions I applied, i.e., synchronous stimulation using 5’ppp-dsRNA,
intrinsic production of IFN-γ did either not occur in biologically relevant levels or did not af-
fect the examined signaling kinetics. Nevertheless, the additional KO of the type II IFN re-
ceptor remains a precautionary measure for the effective interruption of IFN signaling in
those cells and was thus used for further investigations.
Evidently, the A549 IFNRTKOcell line is optimally suited to decipher the inherent dif-
ferences of the primary RLR-driven as well as the secondary IFN-driven signaling path-
way upon 5’ppp-dsRNA stimulation. Hence, I aimed at further disentangling those differ-
ences and, in addition to assessing mRNA and protein expression of canonical antivi-
ral response components (Figure 5, Figure 6, Figure 16), I also measured chemokine pro-
duction in A549wt and IFNRTKOcells upon synchronous 5’ppp-dsRNA stimulation us-
ing a multiplex electrochemiluminescent immunoassay (Figure 17). Interestingly, although
a substantial IFN-dependency was apparent especially for IP-10 (Figure 17A), MCP-1 (Fig-
ure 17B), MIP-1α (Figure 17C), MIP-1β (Figure 17D), as well as the pro-inflammatory cytokine
TNF (Figure 17E), A549 IFNRTKOcells were still able to produce considerable amounts
themselves. In contrast, the chemokines MDC (Figure 17F) and TARC (Figure 17G), as well
as the pro-inflammatory cytokine IL-6 (Figure 17H) only exhibitedminor IFN-dependencies,
whereas MCP-4 was not produced at all in both A549 cell lines (Figure 17I). These results
indicate, that in addition to IFNs being produced upon RIG-I stimulation, also various cy-
tokines and chemokines are secreted in an IFN-independent manner, likely to control infec-
tion at an early state. However, the production of most of them was significantly increased
in the presence of IFN.
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Figure 17: IFN-dependent and -independent cytokine and chemokine secretion upon
synchronous 5’ppp-dsRNA stimulation in A549 cells.
A549wt and A549 IFNRTKOcells were electroporatedwith 220 ng 5’ppp-dsRNA, supernatants were harvested,
and cytokine production for (A) IP-10, (B) MCP-1, (C) MIP-1α, (D) MIP-1β, (E) TNF, (F) MDC, (G) TARC, (H) IL-6,
and (I) MCP-4 was determined using a multiplex immunoassay (U-PLEX Chemokine & Inflammatory Panel,
Meso Scale Diagnostics). Dashed lines indicate upper and lower limit of quantification, respectively. Graphs de-
pict individual values±SD of 2 biologically independent experiments. Statistical significance was determined
with Student’s t-test (***: p < 0.001, **: p < 0.01, *: p < 0.05).

78



4. RESULTS

4.9 Characterization of IFN-Independent RLR Signaling and the
Underlying Influence of Distinct Transcription Factors

Based on the previous findings, I further aimed at examining the IFN-independent ef-
fect of cytokines and chemokines produced in A549wt cells upon 5’ppp-dsRNA stim-
ulation using A549 IFNRTKOcells. In order to assess this in an unbiased approach,
I utilized a generic transcriptomic analysis. For this purpose, I mock-treated or syn-
chronously stimulated A549wt cells with 5’ppp-dsRNA using electroporation, collected
supernatants after 16 hours, and stimulated A549 IFNRTKOcells with the respective su-
pernatant. 8 hours upon supernatant stimulation, I retrieved RNA samples and subjected
those to whole-transcriptome expression profiling (Figure 18A). Surprisingly, although con-
siderable amounts of cytokines and chemokines are produced upon 5’ppp-dsRNA stim-
ulation in A549 cells (Figure 16C, Figure 17, Supplementary Figure S7), comparing A549
IFNRTKOcells treated with mock supernatant or supernatant of electroporated cells re-
vealed no difference between both stimulation approaches (Figure 18B). This finding sug-
gests that, apart from IFNs, other cytokines and chemokines being produced and secreted
upon RLR stimulation do not induce further gene expression in A549 IFNRTKOcells.
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Figure 18: Whole-transcriptome expression profiling of IFN-independent signaling upon
synchronous 5’ppp-dsRNA stimulation in A549 cells.
(A) Schematic depiction of the experimental setup. A549wt cells were either mock-treated or synchronously
stimulated with 220 ng 5’ppp-dsRNA. Supernatants were harvested after 16 hours and A549 IFNRTKOcells
were subsequently stimulated with those supernatants. After 8 hours, RNA was harvested and subjected to
whole-transcriptome expression profiling using the Illumina HumanHT-12 Expression BeadChip. (B) Scatter
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or 5’ppp-dsRNA-electroporated supernatants of A549wt cells. Shown are expression means of 3 biologically
independent experiments. Dots represent measured, individual gene mRNA expressions.
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Hence, I anticipated to characterize the IFN-independent outcome of primary RLR sig-
naling upon 5’ppp-dsRNA stimulation and the influence of individual signaling compo-
nents.Whereas IRF3 is known to be essential for RLR signaling, previous findings in our
lab using transcriptomic profiling of 5’ppp-dsRNA-stimulated A549 cells additionally sug-
gested a prominent role of the transcription factor IRF1 in antiviral signaling, its expression
being induced particularly fast. Thus, I generated additional KOs in the A549 IFNRTKOcell
line, specifically MAVS (IFNRTKOMAVSKO), IRF3 (IFNRTKO IRF3KO), and the above-
mentioned IRF1 (IFNRTKO IRF1, Supplementary Figure S13B-D). I synchronously stimu-
lated those cell lines with 5’ppp-dsRNA, harvested RNA samples at 0 and 8 hours post
stimulation, and analyzed changes in transcriptional levels using a whole-transcriptome ex-
pression profiling approach (Figure 19A). Along a commonly appreciated consensus, genes
were classified as significantly up or downregulated if they exhibited at least a 2-fold change
in transcript levels compared to the start of stimulation (0 hour time point), and if the
p-value after correction for multiple testing (Benjamini-Hochberg) was additionally below
0.05. Remarkably, of the almost 20 000 genes analyzed, only few were found to be signifi-
cantly regulated and were hence depicted in blue (Figure 19B-E).
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Figure 19: Whole-transcriptome expression profiling of 5’ppp-dsRNA-stimulated A549
IFNRTKOcells.
(A) A549 IFNRTKO, IFNRTKO IRF3KO, IFNRTKOMAVSKO, and IFNRTKO IRF1KOcells were synchronously
stimulated with 220 ng 5’ppp-dsRNA. RNA samples were harvested at 0 and 8 hours post stimulation and sub-
jected to whole-transcriptome expression profiling using the Clariom S microarray (Affymetrix). (B-E) Volcano
plots displaying mRNA expression fold changes (8 hour over 0 hour time point) and the respective p-value of
(B) IFNRTKO, (C) IFNRTKO IRF3KO, (D) IFNRTKOMAVSKO, and (E) IFNRTKO IRF1KOcells stimulated with
5’ppp-dsRNA. Shown are data of 3 biologically independent experiments. Significantly, differentially regulated
genes (DEG, at least 2-fold up or downregulation and p-value below 0.05 after Benjamini-Hochberg correction
for multiple testing) are highlighted in blue.
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Interestingly, all cell lines showed significantly regulated transcripts upon synchronous
5’ppp-dsRNA stimulation. In line with previous results (Figure 16), the A549 IFNRTKOcell
line induced the expression of classical ISGs (IFIT1, -2, -3, CCL5, OASL), as well as
IFNs (IFNB1, IFNL1, -2, -3) upon 5’ppp-dsRNA stimulation (Figure 19B), the latter fur-
ther highlighting the notion of an IFN-independent IFN production (Supplementary Fig-
ure S4). Surprisingly, in addition to inducing the expression and production of IFNs and few
previously reported ISGs, such as IFIT1, 5’ppp-dsRNA stimulation and thus IFN-independent
RLR signaling in A549 IFNRTKOcells induced the expression of many other genes (Fig-
ure 19B). Strikingly, although known to be ISGs themselves [70,374], RIG-I andMDA5 (IFIH1)
were upregulated upon synchronous 5’ppp-dsRNA stimulation in an IFN-independent man-
ner. In total, 243 genes were identified as being significantly up or downregulated in A549
INFR TKO cells upon synchronous 5’ppp-dsRNA stimulation (Figure 19B).
The additional knockout of the adapter protein MAVS or the transcription factor
IRF3 mostly inhibited the induction of IFN and classical ISG expression (Figure 19C,
D). Interestingly, in contrast to the IFNRTKOMAVSKOcell line, IFNRTKO IRF3KOcells dis-
played an NF-κB pathway signature by inducing the expression of NF-κB target genes,
e.g., the chemokine (C-X-C motif) ligand 8 (CXCL8, also IL-8) or negative regulators of
NF-κB signaling, such as TNFAIP3 and the activating transcription factor 3 (ATF3, Fig-
ure 19D). However, whereas classical ISGs, IFNs, and (as seen in the IFNRTKO IRF3KOcell
line) NF-κB-dependent genes were absent, several genes were still considerably upregu-
lated in the IFNRTKOMAVSKOcell line upon 5’ppp-dsRNA stimulation (Figure 19C). Here,
among others, mRNA expression levels of the transcription factors nuclear receptor 4A3
(NR4A3), early growth response protein 2 (EGR2), as well as the cytokine interleukin-24
(IL-24) were induced. Intriguingly, cytochrome P450 1A1 (CYP1A1) mRNA expression was
upregulated in the IFNRTKO, IFNRTKOMAVSKO, as well as the IFNRTKO IRF3KOcell line,
but was absent in IFNRTKO IRF1KOcells (Figure 19E). Unexpectedly, the additional KO of
IRF1 had amajor impact on the amount of significantly regulated genes upon 5’ppp-dsRNA
stimulation. Here, predominantly IFNs (i.e., IFNB1, IFNL1, -2, -3), classical ISGs (e.g.,
IFIT1, -2, -3, OASL), as well as RIG-I and MDA5 (IFIH1) mRNA levels were upregulated
upon 5’ppp-dsRNA stimulation, similar as seen in IFNRTKOcells. Significantly regulated
genes upon 5’ppp-dsRNA for each individual cell line are listed in Supplementary Ta-
bles S1, S2, S3, S4.
To gain insights into the biological relevance of the described gene expression alterations
upon synchronous 5’ppp-dsRNA stimulation, I further performed a Gene Ontology terms
of biological processes (GOBP) enrichment analysis of all significantly regulated genes
in the respective cell lines.With regard to the wide range of significantly regulated genes
identified in each cell line, expectedly, these were also enriched in many distinct GOBPs,
all of which are illustrated in Supplementary Figure S14 and listed in Supplementary Ta-
bles S5, S6, S7, S8. The number of annotated genes, the respective p-value (-log10), and the
false discovery rate (FDR, -log10) for a subset of enriched terms, harboring most of the an-
notated genes, are depicted in Figure 20.
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Differentially expressed genes in the IFNRTKOcell line mostly mapped to the terms “reg-
ulation of transcription by RNA polymerase II”, “regulation of signal transduction”, and the
“response to stimulus” (Figure 20A), whereas regulated genes in IFNRTKOMAVSKOwere
annotated to general terms, such as “organism development”, “regulation of metabolic
processes”, as well as the “cellular response to chemical stimulus” (Figure 20B). This co-
incides with the fact that A549 IFNRTKOcells are still able to respond to 5’ppp-dsRNA
stimulation via RLR signaling, inducing the expression of genes involved in antiviral sig-
naling, whereas the additional KO of MAVS rendered the cell line unable to pursue fur-
ther signaling upon 5’ppp-dsRNA stimulation. Similarly, significantly regulated genes in the
IFNRTKO IRF3KOcell line mapped to “organ development” or “regulation of cell differen-
tiation”, however, with NF-κB signaling being still intact, “immune response” was among
the enriched terms as well (Figure 20C). Although the IFNRTKO IRF1KOcell line exhib-
ited the least amount of significantly regulated genes upon 5’ppp-dsRNA stimulation (Fig-
ure 19E), identified genes were almost exclusively enriched in terms of antiviral signaling,
such as “response to stimulus”, “innate immune response”, and “defense response to virus”
(Figure 20D).
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Figure 20: GOBP term enrichment analysis of 5’ppp-dsRNA-stimulated A549
IFNRTKOcells.
Heat maps displaying number of genes, the p-value (-log10), as well as the false discovery rate (FDR,
-log10) of Gene Ontology terms for biological processes (GOBP) enriched in (A) A549 IFNRTKO, (B)
IFNRTKOMAVSKO, (C) IFNRTKO IRF3KO, and (D) IFNRTKO IRF1KOcells upon synchronous stimulation with
220 ng 5’ppp-dsRNA.Genes were classified as significantly regulated if they were at least 2-fold up or down-
regulated and the p-value after correction for multiple testing was below 0.05. Values were normalized to the
0 hour time point of the corresponding cell line and the FDR was set to be below 0.05. Graph depicts top five
GOBP termhits for each cell line, remaining enriched terms are listed in the Supplementary Tables S5, S6, S7, S8.
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In a next step, I aimed at dissecting mRNA level changes upon synchronous 5’ppp-dsRNA
stimulation in A549 INFR TKO cells compared to the IFNRTKOcell lines harboring the addi-
tional MAVS, IRF3, or IRF1 KO. Thus, I calculated fold changes (f.c., 8 hour over 0 hour time
point) of significantly regulated gene expression means in the individual cell lines and ex-
amined differences in A549 IFNRTKOcompared to either IFNRTKOMAVSKO (Figure 21A),
IFNRTKO IFR3KO (Figure 21B), or IFNRTKO IRF1KO (Figure 21C). At least 2-fold changes
in mRNA levels between both cell lines are indicated in blue (Figure 21A-C). Expectedly,
comparing mRNA fold changes of synchronously stimulated IFNRTKOcells and the
IFNRTKOMAVSKOcell line clearly demonstrated the absence of antiviral signaling upon
5’ppp-dsRNA stimulation in the latter (Figure 21A). Specifically, while in the IFNRTKOcell
line the IFNs IFNB1, IFNL1, -2, and -3, as well as the ISGs IFIT1, -2, and -3, were amongst the
highest upregulated genes, none of these were induced upon 5’ppp-dsRNA stimulation in
IFNRTKOMAVSKOcells. The induction of mRNAs such as RIG-I, IFIH1, OASL, and CXCL11
in the A549 IFNRTKOcell line upon 5’ppp-dsRNA stimulation suggests, that primary RLR
signaling does not only result in the expression of IFNs, but rather induces the expres-
sion of a wide range of other antiviral and pro-inflammatory genes. Interestingly, the most
prominently induced mRNA in the IFNRTKOMAVSKOcell line compared to IFNRTKOwas
the cytokine IL-24 (Figure 21A). IL-24 is reported to be released predominantly by activated
monocytes, macrophages, as well as T helper cells and might control cell survival and pro-
liferation by activating the transcription factors STAT1 and STAT3 [375–377].
Likewise, comparing mRNA fold changes of A549 IFNRTKOand IFNRTKO IRF3KOcells
upon synchronous 5’ppp-dsRNA stimulation revealed a clear antiviral signaling signature
in IFNRTKOcells, which was absent in IFNRTKO IRF3KOcells (Figure 21B). As seen be-
fore, IFNRTKOcells induced the expression of IFNs (IFNL1, -2, -3, IFNB1) and ISGs (IFIT1,
-2, -3, RIG-I, IFIH1) among others. However, in contrast to the IFNRTKOMAVSKOcell line
(Figure 21A), a few mRNAs were differentially regulated in the IFNRTKO IRF3KOcell line
upon 5’ppp-dsRNA stimulation compared to IFNRTKOcells. Here, identified mRNAs in-
duced in the IFNRTKO IRF3KOcell line were, for instance, the mRNAs of intercellular adhe-
sion molecule 1 (ICAM-1) also known as cluster of differentiation 54 (CD54), inhibin beta A
(INHBA), and CCL2 (Figure 21B).
Surprisingly, comparing mRNA fold changes in IFNRTKOand IFNRTKO IRF1KOcells upon
5’ppp-dsRNA stimulation revealed onlyminor differences between both cell lines (Fig-
ure 21C). In fact, both cell lines upregulated antiviral signaling components, such as
IFIT1, -2, and -3, as well as IFNB1, IFNL1, -2, and -3, although to a lesser extent in
the IFNRTKO IRF1KOcell line. Among the differently regulated genes in the IFNRTKOcell
line were melanoregulin (MREG), programmed cell death 1 ligand 1 (PDL1/CD274), and
phosphoinositide-3-kinase adaptor protein 1 (PIK3AP1), all of which varied between 2 and
3.5-fold change difference.
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Figure 21: Effect of additional KO in A549 IFNRTKOcells on RNA expression profile upon
synchronous 5’ppp-dsRNA stimulation.
A549 IFNRTKO, IFNRTKOMAVSKO, IFNRTKO IRF3KO, and IFNRTKO IRF1KOcells were synchronously stim-
ulated with 220 ng 5’ppp-dsRNA. RNA samples were harvested at 0 and 8 hours post stimulation and sub-
jected to whole-transcriptome expression profiling using the Clariom S microarray (Affymetrix). (A-C) Scat-
ter plots displaying log2 mRNA fold changes (f.c.) of differentially expressed genes in (A) A549 IFNRTKOand
IFNRTKOMAVSKOcells, (B) A549 IFNRTKOand IFNRTKO IRF3KOcells, as well as (C) A549 IFNRTKOand
IFNRTKO IRF1KOcells. Fold changes (8 hour over 0 hour time point) are calculated from 3 biologically inde-
pendent experiments. Genes were classified as significantly regulated if they were at least 2-fold up or down-
regulated and the p-value was below 0.05 after Benjamini-Hochberg correction for multiple testing and were
thus marked in blue. (D) Heat maps displaying number of genes, the p-value (-log10), as well as the false dis-
covery rate (FDR, -log10) of Gene Ontology terms for biological processes (GOBP) enriched in the IFNRTKOcell
line normalized to the respective IFNRTKOMAVS, IRF3, or IRF1 KO. Enriched GOBP terms are listed in the Sup-
plementary Tables S9, S10, S11.
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To gain further insight on the impact of the additional knockouts in the IFNRTKO cell
line on gene expression upon 5’ppp-dsRNA stimulation, I again performed a GOBP en-
richment analysis. Here, I used the mRNAs which were differentially expressed in the
IFNRTKO cell line as compared to the respective IFNRTKO MAVS, IRF3, or IRF1 KO cell
line, effectively annotating mRNAs to GOBP terms which were at least 2-fold upregulated
in the IFNRTKO cell line (IFNRTKO relative to other KO). The number of annotated genes,
the respective p-value (-log10), and the false discovery rate (FDR, -log10) for enriched terms
are depicted in Figure 21D.
As expected, DEGs in IFNRTKO cells as compared to the IFNRTKOMAVSKOcell line
mostly mapped to terms of antiviral signaling, such as “regulation of type III interferon pro-
duction”, “detection of virus”, and “positive regulation of immune response”, in addition to
more generic terms, such as “regulation of molecular function”. Similarly, most DEGs in the
IFNRTKO cell line compared to the IFNRTKO IRF3KOcell line were enriched in the terms
“innate immune response” and “cell surface receptor signaling pathway”, whereas IFIH1 and
RIG-I, which exhibited the highest fold enrichment, were clustered in “regulation of type III
interferon production”. Unsurprisingly, only terms regarding generic regulation processes,
e.g., “positive regulation of phosphorylation” and “response to biotic stimulus” were iden-
tified for DEGs in IFNRTKOas compared to the IFNRTKO IRF1KOcell line (Figure 21D). In
comparison, a GOBP enrichment analysis of DEGs in the specific IFNRTKOMAVS, IRF3, or
IRF1 KO cell lines compared to the IFNRTKOcell line (KO relative to IFNRTKO) is illustrated
in Supplementary Figure S15A.
Whereas the previous analysis mostly examined the influence of MAVS, IRF3, and IRF1 on
mRNA expression upon 5’ppp-dsRNA stimulation in an IFN-independent system, I further
aimed at dissecting the differences between IRF3 and IRF1 in antiviral signaling. Therefore,
I examined mRNA level changes upon synchronous 5’ppp-dsRNA stimulation in
IFNRTKO IRF3KOcells compared to the IFNRTKOMAVSKOor IFNRTKO IRF1KOcell line.
Accordingly, I calculated fold changes (f.c., 8 hour over 0 hour time point) of signifi-
cantly regulated gene expression means in the individual cell lines and examined differ-
ences in A549 IFNRTKO IRF3KOcompared to either IFNRTKOMAVSKO (Figure 22A) or
IFNRTKO IRF1KOcell lines (Figure 22B). At least 2-fold changes in mRNA levels between
both cell lines are indicated in blue. Expectedly, comparing mRNA fold changes of syn-
chronously stimulated IFNRTKO IRF3KOcells and the IFNRTKOMAVSKOcell line again
clearly demonstrated the absence of antiviral signaling upon 5’ppp-dsRNA stimulation in
the latter (Figure 22A).
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Figure 22: Whole-transcriptome expression profiling and GOBP term enrich-
ment analysis upon synchronous 5’ppp-dsRNA stimulation compared to A549
IFNRTKO IRF3KOcells.
A549 IFNRTKO, IFNRTKOMAVSKO, IFNRTKO IRF3KO, and IFNRTKO IRF1KOcells were synchronously stim-
ulated with 220 ng 5’ppp-dsRNA. RNA samples were harvested at 0 and 8 hours post stimulation and subjected
to whole-transcriptome expression profiling using the Clariom S microarray (Affymetrix). (A-C) Scatter plots
displaying log2 mRNA fold changes (f.c.) of differentially expressed genes in (A) A549 IFNRTKO IRF3KOand
IFNRTKOMAVSKOcells, and (B) A549 IFNRTKO IRF3KOand IFNRTKO IRF1KOcells. Fold changes (8 hour
over 0 hour time point) are calculated from 3 biologically independent experiments. Genes were classified as
significantly regulated if they were at least 2-fold up or downregulated and the p-value was below 0.05 after
Benjamini-Hochberg correction for multiple testing and were thus marked in blue. (C) Heat maps displaying
number of genes, the p-value (-log10), as well as the false discovery rate (FDR, -log10) of Gene Ontology
terms for biological processes (GOBP) enriched in the IFNRTKO IRF3KOcell line normalized to the respective
IFNRTKOMAVSKOor IFNRTKO IRF1KOcell line.

Stimulation of the IFNRTKO IRF3KOcell line with 5’ppp-dsRNA resulted in several DEGs
involved in antiviral signaling, such as IFNL1, -2, -3, or the chemokine CXCL8. This
might be attributed to active NF-κB signaling in the IFNRTKO IRF3KOcell line, which,
being downstream of MAVS, could not be activated in the IFNRTKOMAVSKOcell line
(Figure 22A). In contrast to this, comparing fold changes in the IFNRTKO IRF3KOand
IFNRTKO IRF1KOcell lines revealed several DEGs on both sides (Figure 22B). IFNL1, -2,
and -3 are still expressed in the IFNRTKO IRF3KOcell line (Figure 22A), however, fold
changes in the IFNRTKO IRF1KOcell line were considerably increased (Figure 22B). This
further suggests that the type III IFN mRNA expression seen in IFNRTKO IRF3KOcells
might be induced by another signaling component, e.g., IRF7, although IFNLmRNA expres-
sion still seems to be predominantly induced by IRF3.Moreover, comparing fold changes
of induced mRNAs in IFNRTKO IRF3KOcells and the IFNRTKOMAVSKO (Figure 22A) or

87



4. RESULTS

IFNRTKO IRF1KO (Figure 22B) cell line revealed distinct DEGs in IFNRTKO IRF3KOcells,
such as serpin family A member 3 (SERPINA3), ICAM-1, and the cytokine IL-32. In addition
to IFNs and ISGs, IFNRTKO IRF1KOcells further strongly induced the expression of zinc
finger CCCH-type antiviral protein 1 (ZC3HAV1), which was reported to prevent viral infec-
tions [378,379], as well as poly(ADP-ribosyl)ation (PARP14), which, among other functions,
was described to negatively regulate STAT1 phosphorylation [380] (Figure 22B).
Finally, I subjected the identified DEGs of the IFNRTKO IRF3KOcell line compared to
IFNRTKOMAVSKOor IFNRTKO IRF1KOcells to a GOBP enrichment analysis, annotating
mRNAs to GOBP terms which were at least 2-fold upregulated in the IFNRTKO IRF3KOcell
line (IFNRTKO IRF3KO relative to IFNRTKOMAVSKOor IFNRTKO IRF1KO). Likewise, the
number of annotated genes, the respective p-value (-log10), and the false discovery
rate (FDR, -log10) for enriched terms are depicted in Figure 22C. As expected, DEGs in
IFNRTKO IRF3KOcells as compared to the IFNRTKOMAVSKOcell line mostly mapped
to terms such as “immune response“, “negative regulation of response to stimulus”,
and “regulation of response to stress”, with a high degree of overlaps between an-
notated genes (Figure 22C, Supplementary Table S12). DEGs in IFNRTKO IRF3KOcells,
as compared to the IFNRTKO IRF1KOcell line, were assigned to more generic terms,
such as “defense response” and “intracellular signal transduction”, but also to “cytokine-
mediated signaling pathway” (Figure 22C, Supplementary Table S13). This indicates that the
IFNRTKO IRF3KOcell line is still able to signal upon 5’ppp-dsRNA stimulation, although
classical antiviral signaling molecules could not be detected. The opposing analysis, ex-
amining GOBP terms of DEGs in the IFNRTKO IRF1KOand IFNRTKOMAVSKOcell lines
compared to IRF3 (IRF1 or MAVS KO relative to IFNRTKO IRF3KO), is illustrated in Supple-
mentary Figure S15B.Here, DEGs in IFNRTKO IRF1KOcompared to IFNRTKO IRF3KOwere
assigned to various terms associated with the antiviral response system, such as “innate
immune response” and the “positive and negative regulation of immune responses” (Sup-
plementary Figure S15B).
In summary, these results indicate that 5’ppp-dsRNA stimulation of IFNRTKOcells, i.e., pri-
mary RLR signaling, does not only induce the expression of IFNs and a few individual ISGs,
but rather upregulates a plethora of various mRNAs resulting in signal transduction, regu-
lation, and the production of effector proteins. Furthermore, as expected, antiviral signaling
is strongly dependent on MAVS, and to a large extent on IRF3, whereas IRF1 seems to only
have aminor effect on the canonical antiviral signaling response. Comparing the impact
of IRF1 and IRF3 in A549 IFNRTKOcells on mRNA expression upon 5’ppp-dsRNA stimula-
tion indicated, that IRF3 is mostly involved in antiviral signaling and affects its regulation,
whereas IRF1might be involved in amore generic defense response and adjacent cytokine-
mediated signaling pathways (Figure 22, Supplementary Figure S15B).
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5. Discussion
The possession of reliable defense systems for the protection against invading microbes,
such as viruses, is crucial for cellular homeostasis.Whereas most cells developed innate
defense responses very early in evolution (reviewed in [3,4]), higher organisms are charac-
terized by the concomitance of both adaptive and innate immune systems. At early stages
of infection, produced and secreted cytokines activate and coordinate innate and adaptive
immune responses, such as the action of professional immune cells. However, immedi-
ate cell-intrinsic defense responses of infected cells potently suppress microbial or viral
replication, which in many cases is required for successful control and clearance of the
pathogen (reviewed in [3–5]). In this study, I employed synchronous stimulation with virus-
like 5’ppp-dsRNA to kinetically characterize cell-intrinsic innate immune signaling and thus
use these data to establish a comprehensive mathematical model of the cell-intrinsic an-
tiviral response system, which is able to simulate and analyze critical virus-host interactions
during the early infection phase.

5.1 Kinetic Characterization of RIG-I-Mediated Antiviral Signaling
Dynamics

The antiviral innate immune response system is largely comprised of cytoplasmic sensors
such as the RIG-I-like receptors. Synchronous activation of cell surface receptors, such as
the TNF receptor [381], IL-1 receptor [382], and some toll-like receptors [383], can be real-
ized by direct ligand application to the cell culture media. However, due to the cytoplasmic
localization, simultaneous stimulation of a signaling pathway is particularly challenging for
intracellular receptors such as RIG-I.
Upon viral infection, intracellular activities, i.e., signaling events, have been suggested to
display a high degree of stochasticity and thus cell-to-cell variability. However, cellular up-
take of a PAMP, e.g., viral RNA, depends on endocytic processes.Most kinetic studies are
based on viral infections or liposome-based transfection of virus-like RNA and thereby in-
troduce a large variability in intracellular PAMP recognition [364,365]. Recently, Eyndhoven
and colleagues summarized critical issues in deciphering the dynamics of IFN responses
upon virus infection. New technologies such as single cell (sc) quantitative PCR and scRNA
sequencing of infected cells highlighted the high degree of cellular heterogeneity during
IFN responses [384]. This stochasticity was suggested to give rise to deterministic cellular
events, resulting in fractions of responding (i.e., cells inducing IFN signaling upon nucleic
acid detection) and nonresponding (i.e., cells which do not induce IFN signaling upon nu-
cleic acid detection) cells. For instance, SeV-infected mouse embryonic fibroblasts (MEF)
could be separated in fractions of IFN-β-expressing and non-expressing cells. Analysis of
the distinct cell fractions suggested the stochastic IFN-β expression to be a consequence
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of cellular heterogeneity in levels and/or activities of critical pathway components [152]. In
fact, cellular heterogeneity of the antiviral response system has been proposed to be the
result ofmultiple different stochastic events within distinct layers resulting in amultilayered
stochasticity [365,385]. Each layer of stochasticity emerges in the course of a viral infection
starting with the stochastic factors introduced by the virus itself, including for instance the
distribution of viral particles prior to infection. Other layers comprise stochastic elements
of the host cell as well as spatiotemporal diffusion gradients of both released viral particles
and IFNs [384,386]. Consequently, this multilayered stochasticity can result in a wide range
of distinct cellular outcomes in terms of infection onset, IFN expression, and ultimately the
antiviral response.

5.1.1 Synchronous RIG-I Pathway Activation with Virus-Like 5’ppp-dsRNA

This heterogenous pathway activation pattern was not only observed for IFN signaling,
but for RLR signaling as well. For instance, Rand et al. reported a cell-intrinsic stochastic-
ity in the activation of IRF7 and NF-κB upon virus infection of murine cells and thus con-
cluded that the observed heterogeneity in IFN production is of cellular rather than viral origin
[365]. However, as mentioned previously, virus infections as well as liposome-based trans-
fections of RLR agonists, such as dsRNA, and thereby cytosolic delivery of such stimulants,
can be very heterogenous itself. By synchronizing virus-like dsRNA delivery, the stochastic
elements introduced by viral infection can be eliminated, allowing for the investigation of
cell-intrinsic stochasticity within the RIG-I-mediated signaling pathway. For this, I generated
A549 cells stably co-expressing the nuclear marker H2B-mCherry and cytosolic IRF3-eGFP
as a marker for early pathway activation and employed electroporation for synchronous
dsRNA stimulation. Electroporation, also called electropermeabilization, is a highly efficient
technique to deliver genetic material such as DNA and RNA into a variety of cells includ-
ing mammalian, plant, and bacterial cells [387–389]. In essence, it comprises a precisely
pulsed electrical current to induce temporary pore formation in cell membranes through
which charged molecules can pass [390, 391]. Since the electrical field is typically applied
for less than one milli second, introduction of stimulatory RNA into cells occurs simultane-
ously.
In fact, comparing classical liposome-based transfection and electroporation of A549
IRF3-eGFP expressing cells with 5’ppp-dsRNA demonstrated a clear difference in path-
way activation kinetics (Figure 1B-E). Analyzing IRF3-eGFP nuclear translocation on a single
cell level in liposome transfected cells displayed a slow and asynchronous kinetic pattern,
which could be attributed to the staggered uptake of stimulatory RNA during endocytosis
(Figure 1C). In contrast, electroporated cells exhibited a rapid and very synchronous nuclear
translocation of IRF3 and thus pathway activation (Figure 1C). Here, the maximal amount
of activated cells was reached within 60 minutes, whereas transfection led to a continuous
increase within the experimental time frame.Notably, these effects were essentially pre-
served even with decreasing 5’ppp-dsRNA concentrations, indicating that electroporation-
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mediated synchronicity does not emerge from RNA overload within the cells. Interestingly,
although visible on a single cell level, cytoplasmic translocation upon IRF3 inactivation
could not be observed within the population-averagedmeasurement of transfected cells. In
contrast, the synchronous activation further seemed to lead to a synchronous inactivation
and thus cytoplasmic translocation of IRF3, since electroporated cells displayed a con-
tinuous decrease of nuclear IRF3 from 60 minutes onwards (Figure 1C). The synchronous
stimulation of RIG-I and the resulting pathway activation kinetics indicate, that previously
observed cellular stochasticity was mainly introduced by viral infection and the process of
nucleic acid release into the cellular cytoplasm, rather than resulting fromhost cellular com-
ponents. Instead of the reported stochasticity of antiviral signaling, these results suggest
RLR signaling to be highly deterministic upon synchronous stimulation. Thus, the estab-
lished approach permitted the synchronous stimulation of A549 cells with virus-like dsRNA
and hence the high resolution kinetic characterization of the RLR signaling pathway. Using
live-cell imaging, quantitative western blotting, and qRT-PCR, I could examine phosphoryla-
tion and expression of critical proteins within the RIG-I signaling cascade in a fine-grained
time course upon synchronous stimulation.
Strikingly, the obtained results demonstrate that signal transduction from detection of
5’ppp-dsRNA by RIG-I to the expression of targetmRNAs is extremely fast and only requires
several minutes. Phosphorylation of the kinase TBK1 as well as onset of degradation of the
NF-κB inhibitor, IκBα, was detectable 15minutes after 5’ppp-dsRNA stimulation (Figure 2A)
and, in accordance with the established sequential RLR signal transmission, phosphoryla-
tion of the transcription factors NF-κB and IRF3 appeared 15 or 30 minutes upon stimula-
tion, respectively (Figure 2A). The first transcripts of type I and III IFNs could be detected
after 45 to 60 minutes (Figure 2B, C), with measurable amounts of secreted IFNs in the cul-
ture supernatants after 4 to 6 hours (Figure 5C). This strongly contrasts kinetic data of other
studies, reporting an activation of the RLR signaling pathway 4 to 6 hours upon, e.g., virus
infection [392,393]. However, comparably fast kinetic patterns of NF-κB activation and IκBα

degradation upon TNF stimulation have been reported [394, 395]. Being expressed on the
plasma membrane, signaling through the TNF receptor via TNF application can be consid-
ered to be synchronous and comparable to electroporation, hence, supporting the obtained
kinetic data of RIG-I-mediated pathway activation.
Surprisingly, whereasNF-κBphosphorylation seemed to decrease over time, IRF3 phospho-
rylation was stable within the experimental timeframe, despite the decline of TBK1 phos-
phorylation (Figure 2A). This indicates that, although both are activated by 5’ppp-dsRNA
resulting in nuclear translocation, inactivation of IRF3 and NF-κB seems to be differentially
regulated, leading to distinct dephosphorylation kinetics. In fact, Wang et al. reported a re-
quirement of IKK-β and NF-κB for the early induction of IFN-β upon viral infection in DCs
and MEFs. However, they suggested NF-κB to be dispensable for virus-induced type I IFN
expression, thus, highlighting differential roles of RLR-induced IRF3 and NF-κB-mediated
IFN expression presumably through distinct kinetic patterns [396,397].
Although kinetic characterization of the pathway downstream of, e.g., the TBK1/IKK-ε ki-
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nases could be resolved by western blotting, I have not been able to show pathway activa-
tion of, e.g., RIG-I and MAVS upstream of the kinases. As mentioned in Section 1.4.1, RIG-I
activation is characterized by distinct features such as ubiquitination, dephosphorylation,
and oligomerization. These features have all been characterized in various studies using
distinct stimulation methods, however, they have not been shown upon synchronous stim-
ulation using electroporation. Since the first attempts to determine RIG-I activation kinetics
upon dsRNA electroporation bymeasuring ubiquitinationwere unsuccessful, I tested differ-
ent approaches to illustrate RIG-I oligomerization. Unfortunately, semi-denaturing agarose
gels, non-reducing SDS-PAGE, and Native PAGE all exhibited ambiguous results which were
additionally hard to reproduce.Moreover, Weber et al. presented a limited trypsin digest
upon Rift Valley fever virus (RVFV) infection of A549 cells to be an alternative method to
analyze alterations in protease sensitivity, indicating conformational changes of PRRs such
as RIG-I [398]. Following this protocol, I had a look on trypsin resistant RIG-I fragments in
A549 cells upon dsRNA electroporation, however, I was still unable to detect activated RIG-I
in our short-termelectroporation settings. Collectively, these attempts demonstrate that de-
tection of activated RIG-I andMAVS upon synchronous dsRNA stimulation is non-trivial and
might fail due to too low amounts of activated protein in the very early time points after elec-
troporation. Developing a sensitive method to detect early RLR activation could contribute
to the kinetic understanding of antiviral signaling.

5.2 Mathematical Model of the Antiviral Innate Immune Re-
sponse

Given the underlying importance of the above-mentioned kinetic regulation of dsRNA-
induced RLR signaling, we utilized mathematical modeling to gain further kinetic under-
standing of the pathway. Combined with experimental data, mathematical models can
serve as powerful tools to dissect and predict the outcome of cellular signaling pathways
[399, 400] (reviewed in [401, 402]). In fact, mathematical models have provided crucial in-
sights into both the origins of cellular heterogeneity as well as the complexity of antiviral
responses (reviewed in [384]). For instance, Bertolusso and colleagues developed a data-
driven model of the innate immune response to investigate the dynamic cross-talk of RIG-I
and TLR3-mediated signaling upon dsRNA electroporation [403]. In another study, our col-
laboration partners modelled dsRNA recognition by RIG-I and its downstream signaling,
however, focused on the quantitative output rather than signaling kinetics [404].
Mechanistic models pursue the establishment of causal relationships between inputs, e.g.,
dsRNA and IFN stimulation, and outputs, e.g., downstream signaling. They can be cali-
brated on small data sets and can be used as predictive tools rather than inferring correla-
tions (reviewed in [405]). In this study, literature knowledge of the topology of the primary
RLR-mediated antiviral response served as basis for the establishment of a set of ODEs
mechanistically representing key signaling events (Figure 3, Figure 4). However, despite be-
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ing a crucial component of the antiviral system, positive feedback through IFN was not yet
considered in the coremodel of RIG-I signaling. Although RLR signaling itself is known to di-
rectly induce the expression of certain ISGs, such as IFIT1 [406–408], the entirety of the tran-
scriptional program that mediates the antiviral state of a cell is only established upon IFN
signaling. As stated previously (Section 1.6), the RLRs themselves as well as some mem-
bers of the IRF family, in particular IRF1, IRF7, and IRF9, are ISGs substantially induced upon
IFN signaling [173, 185, 285–288] and, hence, autocrine IFN signaling reinforces sensing of
viral RNAs and IFN production. Although crucial in actual viral infections, the increased RNA
sensing and IFN production is negligible in our experimental system, since the electropo-
rated (i.e., pulse-transfected) dsRNA is not replicated for prolonged periods of time.
Using “IFN-blind” cells, harboring a functional double knockout of the type I and III IFN re-
ceptors (IFNR DKO), for synchronous dsRNA stimulation, I analyzed RIG-I-mediated but
IFN-independent mRNA expression kinetics (Figure 5, Figure 6). In fact, induction dynamics
of the examined IFNs was not affected in IFNR DKO cells, emphasizing the requirement
of RLR signaling for IFN production. Furthermore, being induced by both IRF3 and IFN sig-
naling [406–408], IFIT1 expression was only impacted at later time points, whereas MX1,
canonically strictly dependent on IFN signaling [173, 297, 409, 410], was considerably af-
fected throughout the experimental time frame.Nevertheless, even in the absence of IFN
signaling MX1 expression was still considerably induced, which has not been widely ap-
preciated previously but has been demonstrated upon HCMV infection in human fibrob-
lasts [277]. Interestingly, although the STAT proteins are not classified as ISGs by definition,
STAT2 still contains a weak ISRE element in its promoter region, triggering upregulation
of STAT2 upon type I IFN signaling [411]. Analyzing protein expression upon synchronous
dsRNA stimulation in A549wt and IFNR DKO cells strongly corroborated the IFN-induced
expression of STAT1 and STAT2 (Figure 6D). The specific function of positive feedback reg-
ulation of STAT2 during antiviral signaling has not been determined yet. However, STAT1
upregulation was reported to be crucial for prolonging the induction of ISG expression [412],
which could be conceivable for STAT2 as well.
Interestingly, recent studies assigned important tasks to unphosphorylated STATs (U-STAT)
in IFN-dependent aswell as IFN-independent conditions. AlthoughU-STATs are able to shut-
tle between nucleus and cytoplasm, the nuclear export rate usually localizes most U-STATs
to the cytoplasm at steady state [413]. However, some studies identified nuclear-localized
U-STATs, which was proposed to be due to U-STAT association with DNA or chromatin,
U-STAT association with non-STAT TFs such as IRF1, or direct contact with the nuclear
pore complex [414–416]. For instance, in unstimulated conditions, the direct association
of U-STAT1 with IRF1 was demonstrated to support the transcription and thus constitu-
tive expression of the ISG low molecular mass polypeptide 2 (LMP2) in fibrosarcoma cells
[416]. Furthermore, exogenously increased concentration of U-STAT1 in IFN-independent
conditions increased the expression of a distinct subset of ISGs including IFI27, IFI44, OAS,
bonemarrow stromal cell antigen 2 (BST2), and even STAT1 itself [412]. It was hypothesized
that increasedU-STAT1 concentrationsmight occur through the accumulation of newly syn-

93



5. DISCUSSION

thesized STAT1 as a result of a positive feedback loop upon type I IFN signaling. Accordingly,
prolonged IFN-β exposure was proposed to induce the expression of U-STAT2 and IRF9,
which, togetherwith U-STAT1, resulted in the formation of an unphosphorylated ISGF3 com-
plex (U-ISGF3). Upon nuclear translocation, U-ISGF3maintained the expression of a subset
of ISGs, resulting in prolonged resistance to viruses and DNA damage [417].
Remarkably, since RIG-I protein expression appeared to only be slightly affected by theKO
of IFN receptors but was clearly upregulated over time (Figure 6B), this suggests that the
RLR pathway itself might exhibit an IFN-independent feedback regulation through which
the pathway reinforces itself, e.g., by upregulation of the sensor RIG-I. This was even more
pronounced for MDA5, whose protein expression was completely unaffected by the KO of
IFN receptors and was still clearly upregulated upon dsRNA stimulation (Figure 6B). Since
protein expression of both RIG-I andMDA5 appears tomostly be IFN-independent, it is con-
ceivable that in IFN-independent conditions, U-ISGF3 or U-STAT1/2 mediate the expression
of the RLR sensors.
For a holistic view of the cell-intrinsic antiviral response, feedback regulation of the RLR
system through IFN has to be considered, especially over a period of more than 4 hours
after which secreted IFN can be detected (Figure 5C). Consequently, we coupled our core
RIG-I model to a previously published model of type I IFN signaling [288]. For this purpose,
produced IFNwas employed as themajor output of the RIG-I model and used as input dose
for the model of type I IFN-triggered signaling. Similar to our model of the core RIG-I signal-
ing pathway, the IFN model is based on ODEs and was established with quantitative im-
munoblot data. Experimentally, Maiwald and colleagues used IFN-α for stimulation, which,
however, is not produced downstream of RLRs in our cell system (Supplementary Fig-
ure S16) and further employed the human hepatoma cell line Huh7.5. Unlike A549, Huh7.5
cells harbor a mutation in the first CARD domain of RIG-I, thereby uncoupled signal trans-
duction from viral RNA binding and hence lack functional RLR signaling upon viral RNA
detection [418].
Remarkably, all kinetic rate constants of the IFN pathway model could be applied to our
combined model of the full antiviral innate immune response, despite the two models be-
ing fitted to data from two distinct cell lines. The combinedmodel of RIG-I and IFN signaling
accurately reproduced themeasured kinetic data after only adjusting the initial protein con-
centrations to the onesmeasured in A549 (Figure 7). Although previously demonstrated for
two distinct hepatoma cell lines and primary human hepatocytes [349], the obtained find-
ings decisively emphasize the high degree of conservation of the antiviral pathway across
different cell types.
Nevertheless, to further corroborate the potential of the combined model of antiviral sig-
naling to be adapted to cell types it was not trained for, I validated it using synchronous
stimulation and kinetic measurements of the unrelated HepG2 cell line. Likewise, the sole
adjustment of the cell line-specific initial protein concentrations sufficed for the combined
model to accurately predict RLR and IFN signaling dynamics in HepG2 cells upon syn-
chronous dsRNA stimulation (Figure 9, Figure 10). As a result, this indicates that, by only
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adjusting the initial concentrations of the proteins involved in this signaling pathway, the
combined model is generalizable to a range of distinct cell lines. Consequently, it serves
as a valuable tool to examine antiviral signaling kinetics even with small experimental data
sets. However, additional regulatory systems which are not represented in the model might
need further consideration for some other cell types, e.g., cells of the professional immune
system. Additionally, transcription factors with overlapping function, which require modifi-
cations of themodel topologymight exist in certain cell types. For instance, although highly
similar to IRF3, the transcription factor IRF7 is not expressed in A549 cells [287]. It is, how-
ever, highly expressed in, e.g., pDCs, rendering them able to produce large amounts of IFN,
including INF-α, even prior to the positive feedback loop through the IFN signaling path-
way [285,286,419].

5.3 Impact of Viral Antagonists on RLR and IFN Signaling

The evolutionary battle between pathogens and their hosts resulted in a continuous im-
provement and adaptation of the host immune system. In turn, given the crucial impact of
the IFN response on the outcome of viral infections, viruses evolved intricate mechanisms
to counteract and evade cell-intrinsic innate immune responses. Depending on the viral eva-
sion strategy, immune responses can either be delayed or overall dampened, providing an
opportunity for efficient virus replication (reviewed in [6,362,363]). Stealth viruses, such as
the hepatitis B virus (HBV), omit the initial recognition by PRRs and are thus able to es-
tablish themselves within a cell without inducing innate immune responses [420, 421]. In
contrast, cunning viruses strongly induce innate immune responses, however, they de-
veloped several evasion strategies which include viral antagonists of host cellular antivi-
ral responses [421, 422]. These virus-encoded factors display a wide range of points of
attack or target proteins, and distinct virus families might target different cellular pro-
cesses [423]. In fact, HCV is a prominent example for cunning viruses with multiple strate-
gies. Besides evading RIG-I detection of its replicating RNA through HCV-induced mem-
brane rearrangements [424], it cleaves MAVS, TRIF, and RIPLET to prevent downstream
signaling [326, 425–429]. Additionally, HCV inhibits STAT1 to prevent ISG expression and
further induces mitophagy to restrict IFN production [430,431].
Althoughmany viral antagonists have been characterized in detail, most studies are limited
to strong overexpression of the viral protein and end-point determination of the degree of in-
hibition. However, the gradual increase of viral protein concentrations upon viral replication
and gene expression in actual infections still needs to be considered. Thus, investigating
the dynamics of the immune response as well as the dynamic impact of viral antagonists
is crucial to determine the outcome of an infection.Moreover, the abundant and multi-level
evasion strategies, interfering at every step of the antiviral signaling cascade, require a sys-
tematic approach to identify and characterize these distinct mechanisms and further pro-
mote, e.g., the development of therapeutics. Ultimately, this will provide insights into the
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cellular antiviral signaling system, viral immune evasion, and virus-host interactions.
The previously described dynamic pathway model may offer a valuable tool for studying
these virus-host interactions. To corroborate this, I have selected a couple of well-known vi-
ral proteins interfering with the host antiviral defense system at defined steps: the NS3/4A
protease of HCV, the Npro protease of CSFV, as well as NS1 of IAV all target RLR sig-
naling and thereby inhibit IFN production, whereas DENV NS5 interferes with IFN signal-
ing. Lastly, exhibiting a multi-level strategy to impede the antiviral system, the ORF6 protein
of SARS-CoV-2 targets both IFN induction and IFN signaling.

5.3.1 NS3/4A protease of HCV

NS3/4A is a pivotal protease involved in polyprotein processing, maturation of the HCV
nonstructural proteins, and thus HCV replication [432]. In fact, many studies focus on
the development of direct-acting antiviral (DAA) agents, which interfere with the function
of vital HCV proteins. Several DAAs inhibiting the NS3/4A protease, e.g., telaprevir and
simeprevir, are commercially available and used for treatment of HCV infections (reviewed
in [433, 434]). However, in addition to being pivotal for HCV replication, NS3/4A also sup-
presses the host innate antiviral response by efficiently cleaving and thereby inactivating
the central adaptor protein MAVS [326]. Analyzing the impact of NS3/4A on RLR-mediated
antiviral signaling demonstrated an overall dampening effect on IFIT1 mRNA expression
(Figure 11). Coherent with NS3/4A targeting the primary induction phase upon viral dsRNA
recognition, the inhibitory effect was most prominent for the very early time points.

5.3.2 Npro protein of CSFV

On the other hand, Npro of CSFV triggers the degradation of IRF3 [321, 366] and thus
also targets early RLR-mediated IFN induction. Interestingly, pDCs have been described
to respond to CSFV with IFN-α and IFN-β production. Although Npro is still able to inter-
act with the cognate transcription factor IRF7, which is constitutively expressed in pDCs,
IRF7-mediated type I IFN production seems to be reduced but less affected by Npro

[435, 436]. Npro additionally interacts with the NF-κB inhibitor, IκBα, but this interaction
was reported to have no impact on NF-κB nuclear translocation [437]. Thus, in contrast to
NS3/4A, NF-κB signaling remains unaffected and should allow for the production of some
pro-inflammatory cytokines, such as IL-1β [438–440]. Intriguingly, the impact of Npro on
early IFIT1 induction was substantially stronger than the effect of NS3/4A (Figure 12), sug-
gesting a more efficient target protein inactivation. Simulating the effects of these two viral
antagonists with the mathematical model very closely resembled the experimentally ob-
served kinetic impact of both NS3/4A and Npro on RLR signaling (Figure 11D, Figure 12E).
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5.3.3 NS5 protein of DENV

NS5 of DENV is comprised of distinct domains involved in various functions promoting vi-
ral replication and immune evasion.Whereas the methyltransferase domain is important
for RNA capping during polyprotein translation [441], the RNA-dependent RNA polymerase
(RdRp) is required for viral replication [442]. In contrast to NS3/4A and Npro, NS5 of DENV
impairs signaling downstream of the IFN receptors by targeting STAT2 for proteasomal
degradation [332,333]. Consequently, I observed a strong NS5-mediated impact on IFIT1 in-
duction at later time points, where its expression is mostly mediated by the IFN-dependent
transcription factor ISGF3 (Figure 13E). However, NS5 surprisingly also exhibited a clear ef-
fect at earlier time points, whichwas distinct from a pure STAT2-mediated effect as demon-
strated experimentally or bymodel simulations (Figure 13F, G). This argues for the existence
of additional targets of NS5, which might potentially reside within the induction phase of
the antiviral response system. In fact, a previous study proposed an interaction of NS5
and the death domain associated protein (Daxx) protein, in which NS5 competes with the
NF-κB/Daxx interaction and thus leads to NF-κB release and the subsequent expression
of RANTES [443, 444]. Only recently, high-throughput studies and bioinformatic analyses
additionally suggested that NS5 interacts with diverse host proteins, many of which are
involved in the spliceosome machinery (reviewed in [445]). One study demonstrated, that
DENV NS5 binds to spliceosome complexes thereby reducing the efficiency of pre-mRNA
processing and might, thus, indirectly impair antiviral signaling [446]. Following up on this
in future studies could provide mechanistic insights into how NS5 further impairs antiviral
innate immune signaling.

5.3.4 ORF6 protein of SARS-CoV-2

Lastly, ORF6 of the recently emerged SARS-CoV-2 impedes both IFN induction and IFN sig-
naling [369], mostly by concurrently blocking nuclear translocation of IRF3 [341,342], STAT1,
and STAT2 [344]. Thus, in contrast to the previous viral proteins, ORF6 targets both, RLR
and IFN-mediated antiviral signaling responses. In addition to blocking TF nuclear translo-
cation, ORF6-mediated blocking of the nuclear pore can further cause nuclear retention
of host mRNAs, which might lead to an even stronger reduction in host gene expression
[343]. Surprisingly, although ORF6 was reported to be amongst the strongest SARS-CoV-2
antagonists in 293T cells [369], and even though the production of IFIT1 and IFN-β luciferase
upon SeV infection was significantly affected in ORF6-expressing A549 cells, ORF6 expres-
sion had no impact on IFIT1 and IFNB1 mRNA expression upon 5’ppp-dsRNA electropo-
ration (Figure 15).Whether these inconsistent outcomes are a result of the different stim-
ulation approaches or are associated with the nuclear retention of host mRNAs remains
to be investigated. Hence, I examined the kinetic impact of ORF6 on antiviral signaling in
HepG2 cells. In contrast to A549 cells, ORF6 affected both SeV-induced luciferase expres-
sion and dsRNA-induced mRNA expression in HepG2.Here, ORF6 had a modest impact
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at the early phase upon dsRNA stimulation, but considerably reduced the level of IFIT1
and IFNB1 mRNA expression beginning at 2 to 4 hours after synchronous stimulation (Fig-
ure 15). This confirms ORF6-mediated inhibition of both RLR and IFN-induced antiviral sig-
naling but further indicates that ORF6 exhibits a stronger antagonistic effect on signaling
events downstream of the IFN receptor(s). Remarkably, this was corroborated by simulat-
ing IFIT1 and IFNB1mRNA expression upon simultaneously reduced IRF3 and STAT2 levels
in our mathematical model (Figure 15), approximating the experimental data much closer
than only limiting IRF3 or STAT2 activity (Figure 12, Figure 13). Although the underlying rea-
son for the observed differences of ORF6 antagonism in A549 and HepG2 cells remains
elusive, unappreciated cell type specific-effects might contribute to this.

5.4 IFN-Independent RLR Signaling upon Synchronous dsRNA
Stimulation

IFN-γ , the only type II IFN, is known to be predominantly produced by lymphoid cells
[204,447,448], and although A549 cells express the required IFN gamma receptor (IFNGR)
and are thereby able to transduce IFN-γ-induced signaling, there is limited evidence for A549
cells producing IFN-γ themselves. However, as demonstrated in a previous study, specific
circumstances, specifically M. tuberculosis infection, might in fact induce IFN-γ expression
in A549 cells [373]. Consequently, the characterization of an actual IFN-independent RLR
signaling response required an additional knockout of the type II IFN receptor, generating a
true “IFN-blind” cell line in which the receptors for all three IFN types are knocked out.
Reassuringly, mRNA and protein expression kinetics upon synchronous dsRNA stim-
ulation was comparable between A549 IFNR DKO and IFNRTKOcells (Figure 5, Fig-
ure 16). Induction dynamics of the examined IFNs was not affected in both cell lines and
initial IFN secretion was detected 4 hours upon stimulation. Similarly, IFIT1 expression was
only impacted at later time points at which its expression is dependent on IFN feedback,
whereasMX1 expression was affected throughout the experimental time frame (Figure 16).

5.4.1 IFN-Independent Cytokine and Chemokine Production

Apart from IFNs, several other cytokines and chemokines have been described to be in-
duced by virus infection, predominantly through NF-κB signaling, and to be crucial for an-
tiviral defenses (reviewed in [449–451]). Interestingly, a recent study suggested that virus-
induced RLR signaling mediates a pro-inflammatory response using two distinct pathways
[452].Whereas the first pathway required RIG-I-mediated activation of NF-κB through the
formation of a trimeric complex comprising MAVS, CARD9, and B-cell lymphoma/leukemia
10 (Bcl-10), in the second pathway RIG-I additionally bound the adapter protein ASC to trig-
ger caspase-1-dependent inflammasome activation. However, this mechanism was inde-
pendent of MAVS, CARD9, as well as NLRP3. Thus, this study suggests the CARD9/Bcl-10
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module to be an essential component of the RIG-I-mediated pro-inflammatory response
and further indicates that RIG-I is able to activate the inflammasome in response to some
RNA viruses. Although a large number of studies demonstrate the ability of IFN signaling to
trigger and regulate inflammatory responses, the vast majority of examined cytokine and
chemokine promoters harbor regions to respond to signals from classical inflammatory
pathways (reviewed in [453]).
Thus, to examine the effect of IFN signaling on inflammatory responses upon dsRNA
stimulation, I used A549wt and IFNRTKOcells and measured secreted cytokines and
chemokines. Similar to the production of IFNs, upon dsRNA stimulation the production
and secretion of certain examined cytokines and chemokines was IFN-independent (Fig-
ure 17). However, a considerable IFN-dependency was still apparent, especially for IP-10,
MCP-1, MIP-1α, MIP-1β, as well as the pro-inflammatory cytokine TNF. In contrast, the
chemokines MDC and TARC, as well as the pro-inflammatory cytokine IL-6 only exhib-
ited minor IFN-dependencies, whereas MCP-4 was not produced at all in both A549wt
and IFNRTKOcells. Interestingly, MIP-1α (also known as CCL3) and MIP-1β (also known
as CCL4) were reported to be upregulated upon IFN stimulation in various mouse cell
lines [454, 455], whereas the contrary effect was demonstrated for human pDCs and T
cells [456, 457]. This contradicts the obtained results of an impaired MIP-1α and MIP-1β

expression in IFN signaling incompetent cells, indicating that individual IFN stimulations
might not be sufficient to characterize the regulatory mechanisms of inflammatory re-
sponses.

5.4.2 IFN-Independent Feedback Regulation of RIG-I

Interestingly, analyzing protein expression dynamics in A549wt and IFNRTKOcells, RIG-I
expression again appeared to only be slightly affected by theKO of IFN receptors but was
clearly upregulated over time, further emphasizing a type I, II, and III IFN-independent feed-
back regulation of RIG-I. Although some RLR-induced genes have been described, given
the difficulty in dissecting RLR and IFN-mediated responses, this has not been widely ap-
preciated previously. However, recently Szabo et al.demonstrated a type I IFN-independent
upregulation of RIG-I expression in pDCs upon stimulation of TLR7 or TLR9with TLR ligands
[458]. Intriguingly, a canonical IRF1-binding site was identified in the RIG-I promoter [459],
which could induce RIG-I expression in an IFN-independentmanner. In fact, the related tran-
scription factor IRF2 was reported to enhance RIG-I expression in vitro [460]. Recently, an
interesting study identified a novel mechanism through which RIG-I IFN-independently lim-
its hepatitis E virus (HEV) infection [283]. Activation of RIG-I resulted in an IRF3, IRF7, and
IFN-independent induction of antiviral responses, which, however, were partially regulated
by the activation of JAK/STAT signaling. Based on these studies, the classical paradigm of
initial RLR-mediated production of IFNs and subsequent IFN-induced expression of antiviral
effectorsmight disregard other existing regulatorymechanisms of antiviral signaling. Thus,
in a next step, I utilized IFN-blind A549 cells to dissect primary RLR-mediated and secondary
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IFN-mediated signaling responses and further characterized kinetic differences upon syn-
chronous dsRNA stimulation.

5.5 IFN-Independent RLR Signaling and the Underlying Influence
of Distinct Transcription Factors

Previous studies from our lab focused on examining transcriptional responses in A549wt
and IFNR DKO cells upon RIG-I stimulation. Surprisingly, a time-resolved, full-genomic tran-
scriptomic analysis revealed an unexpectedly high overlap of ISG expression in both cell
lines, indicating that RLR-induced activation of antiviral defense responses might already
be sufficient for the cellular antiviral state. In fact, in collaboration with the Dittmann lab in
New York, we observed a virus-specific response in A549 cells lacking the IFN receptors
(i.e., A549 IFNRTKOcells), indicating that already these directly induced genes are able to
affect viral replication.Moreover, the identified ISGs could be clustered in different kinetic
classes: early induced but transient genes, late induced but sustained genes, aswell as gen-
erally up or downregulated genes. Intriguingly, an extremely rapid response was observed
for certain transcription factors including IRF1, which was activated upon both dsRNA and
type I IFN stimulation.

5.5.1 DEGs in IFN and MAVS, IRF3, or IRF1-Independent Conditions

In view of this, I generated additional single KOs in the A549 IFNRTKOcell line, specifi-
cally MAVS (IFNRTKOMAVSKO), IRF3 (IFNRTKO IRF3KO), and the above-mentioned IRF1
(IFNRTKO IRF1KO) and aimed at analyzing and comparing the impact of those proteins in
IFN-independent primary RIG-I signaling. Thus, I performed whole-genome transcriptomic
profiling upon synchronous dsRNA stimulation and identified significantly up or downregu-
lated genes (Figure 19). In essence, dsRNA-induced expression of certain genes was both
IRF3 and IFN-independent. The dsRNA-induced expression of some of those genes was
partially NF-κB-dependent, whereas others seemed to be dependent on IRF1 or other tran-
scription factors.
All cell lines showed significantly regulated transcripts upon synchronous 5’ppp-dsRNA
stimulation, even if MAVS and IFN-mediated signaling, and thus key mediators of the
antiviral response, were impaired. In line with previous results, the A549 IFNRTKOcell
line induced the expression of classical ISGs (IFIT1, -2, -3, CCL5, OASL), as well as IFNs
(IFNB1, IFNL1, -2, -3) upon 5’ppp-dsRNA stimulation, which further corroborates the IFN-
independent production of IFN upon RLR stimulation. Strikingly, mRNA expression of both
RIG-I andMDA5 (IFIH1) was induced upon synchronous 5’ppp-dsRNA stimulation in an IFN-
independent manner. However, although previous reports identified an IRF1-binding site
in the RIG-I promoter [459], assumed to induce RIG-I expression in an IFN-independent
manner, the additional KO of IRF1 indicated otherwise. Here, RIG-I expression was up-

100



5. DISCUSSION

regulated upon IRF1KO, increasing from a 26-fold induction in IFNRTKOcells to a 31-
fold induced expression in the IFNRTKO IRF1KOcell line. This rather suggests a nega-
tive regulatory mechanism of IRF1 on RIG-I expression. Notably, whereas RIG-I expression
was completely diminished in IFNRTKOMAVSKOcells, it was slightly upregulated in the
IFNRTKO IRF3KOcell line (5-fold), indicating that RIG-I might also be regulated through an
IRF3-independent but MAVS-dependent pathway. However, the major IFN-independent in-
duction of RIG-I expression seems to be directly or indirectly mediated by IRF3. Expectedly,
the additional knockout of the adapter protein MAVS or the transcription factor IRF3mostly
inhibited the induction of IFN and classical ISG expression. However, in contrast to the
IFNRTKOMAVSKOcell line, IFNRTKO IRF3KOcells exhibited an NF-κB pathway signature
by inducing the expression of NF-κB target genes, e.g., the chemokine CXCL8 (also known
as IL-8) or negative regulators of NF-κB signaling, such as TNFAIP3 or the activating tran-
scription factor (ATF) 3.

5.5.1.1 ATF3 and DDIT3

Although upregulated in the IFNRTKOcell line upon dsRNA stimulation (26-fold), the ad-
ditional KO of IRF3 considerably induced ATF3 expression (38-fold). ATF3 is a member of
the CREB family and constitutes a stress-induced transcription factor, which binds to cyclic
AMP response elements (CRE) in various promoters. ATF3 expression was reported to be
induced by numerous signals, such as ER stress, cytokines, chemokines, and LPS, and it is
thus involved in a wide range of cellular systems, including immunity or oncogenesis (re-
viewed in [461]). Upon sustained cellular stress, the expression of the ATF3 downstream
target DNA damage inducible transcript 3 (DDIT3, also known as CHOP) is induced, result-
ing in the expression of pro-apoptotic proteins and eventually apoptosis [462–465]. Both
ATF3 and DDIT3 are significantly upregulated in A549 IFNRTKO IRF3KOcells upon dsRNA
stimulation. Notably, we previously observed a dsRNA-induced expression of DDIT3 and
ATF3 in A549wt and IFNRDKO cells which, however, was absent in mock electroporation
(Master’s Thesis, Carola Sparn). Interestingly, in another project from our lab, DDIT3 was
identified as an essential component of IRF1-mediated cell death in A549 cells upon dox-
orubicin treatment (MD thesis, David Zander). However, although ATF3 has been reported
to be a negative regulator of cellular antiviral signaling [466], a regulatory effect of IRF3 on
ATF3/DDIT3 upon RLR signaling has not yet been identified. A mechanism through which
IRF1 interacts with IRF3 and thereby regulates ATF3/DDIT3 expression upon viral infections
might be assumed but requires further investigation.

5.5.1.2 CH25H

In numerous studies, the cholesterol 25-hydroxylase (CH25H) was reported to exert broad
antiviral activities. For instance, CH25H efficiently inhibits HCV infection in hepatocytes
by modulating host lipid biosynthesis [467]. Furthermore, CH25H was demonstrated to
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inhibit SARS-CoV-2 replication by restricting spike protein-mediated membrane fusion
[468]. Although initially characterized as being an ISG, the IFN-dependency of CH25H ex-
pression is still highly disputed.Whereas one report demonstrated CH25H expression in
primary human hepatocytes to be significantly induced by type I IFN [469], another study
stated that IFN-α and IFN-γ stimulation did not induce CH25H expression in those cells
[467]. In A549 cells, CH25H expression was IFN-independent and strongly induced upon
dsRNA stimulation. Intriguingly, whereas the expression of CH25H was induced 42-fold
in IFNRTKOcells, the additional KO of IRF1 reduced CH25H expression, resulting in a 20-
fold induction. TheKO of IRF3 and MAVS, however, completely diminished CH25H expres-
sion upon dsRNA stimulation, indicating that CH25H expression is directly induced by the
canonical RLR signaling pathway. Interestingly, in primary macrophages IRF1 was required
for optimal CH25H expression and thus the restriction of gammaherpesvirus replication
[470]. However, the mechanism through which IRF1 contributes to CH25H expression upon
dsRNA stimulation is still elusive.

5.5.1.3 IRF1, IFIT1, and IFN

Surprisingly, whereas IRF1 expression itself was 8-fold upregulated in IFNRTKOcells, which
was reduced to 4-fold in the IFNRTKOMAVSKOcell line, the KO of IRF3 increased IRF1
mRNA induction to 15-fold.Whereas IRF1 was demonstrated to enhance IRF3-mediated
antiviral responses [471], the upregulation of IRF1 in IFNRTKO IRF3KOcells might sug-
gest an additional negative regulatory function of IRF3 on IRF1 expression upon dsRNA
stimulation. The positive regulatory function of IRF1 on IRF3-mediated antiviral signaling,
however, could be corroborated by examining IFN and classical ISG expression in the dis-
tinct KO cell lines. For instance, upon dsRNA stimulation IFN-β expression was predom-
inantly induced in IFNRTKOcells (75-fold), less expressed in IFNRTKO IRF1KOcells (55-
fold), and not induced in the IFNRTKO IRF3KOcell line. Another example, although less
pronounced, constitutes IFIT1 expression, which was 81-fold induced in IFNRTKO, 73-fold
in IFNRTKO IRF1KO, and not expressed in IFNRTKO IRF3KOcells. Similarly, IFN-λ1 expres-
sion was induced to 110-fold, 78-fold, and 3-fold in the IFNRTKO, IFNRTKO IRF1KO, and
IFNRTKO IRF3KOcell line, respectively. Interestingly, the additional KO of MAVS further re-
duced IFN-λ1 mRNA expression, indicating a small portion of IRF3-independent and prob-
ably MAVS/NF-κB-mediated expression.

5.5.2 IFN and IRF1 or IRF3-Independent RIG-I-Mediated Signaling

To further decipher the specific impact of IRF3 and IRF1 on mRNA expression, I com-
pared differentially expressed genes upon dsRNA stimulation in the IFNRTKO IRF3KOand
IFNRTKO IRF1KOcell line (Figure 22). Apart from IFNs and certain ISGs, which are still up-
regulated in IFNRTKO IRF1KOcells but absent in the IFNRTKO IRF3KOcell line, also the
expression of zinc finger NFX1-type containing 1 (ZNFX1) protein was significantly induced
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in the IFNRTKO IRF1KOcell line. ZNFX1 is reported to be an IFN-induced, mitochondria-
localized helicase belonging to the helicase superfamily 1 (SF1). Similar to RIG-I and MDA5,
ZNFX1 acts as a dsRNAsensorwhich can interactwithMAVSand thus promote IFNand ISG
expression [472]. ZNFX1 further enhances the expression of RLRs and thus primes the sub-
sequent antiviral defense. Consequently, loss of ZNFX1 results in an impairment of IFN pro-
duction and thus in an increased susceptibility to viral infection [472,473]. Although ZFNX1
is able to induce IFN and ISG expression, this seems to be RLR, TRIF, MyD88, and STING-
independent [472]. However, the lack of ZFNX1 expression in the IFNRTKO IRF3KOcell line
(Figure 22) hints towards an IRF3-dependent positive feedback regulation.
Conversely, the expression of serpin family A member 3 (SERPINA3, also known as
α1 antichymotrypsin (ACT)) is strongly induced in IFNRTKO IRF3KOcells, suggesting
a negative feedback regulation mechanism which seems to be IRF1 but also MAVS-
independent. SERPINA3 belongs to the most broadly distributed superfamily of protease
inhibitors and its dysregulation has been associated with various diseases, such as
Alzheimer’s and prion disease (reviewed in [474]). Its close relative, SERPINA1 (also known
as alpha-1-antitrypsin (A1AT)), has been described to have anti-inflammatory as well as an-
tiviral properties, in particular against HIV and SARS-CoV-2 [475–477]. Although SERPINA3
has not yet been specifically described to be involved in antiviral signaling, its promoter still
harbors binding sites for NF-κB, AP-1, and STAT1/3 [478–481].Moreover, SERPINA3 has a
unique function to bind to DNA, although the physiological significance of this binding is still
unclear [482]. However, unveiling the mechanism through which SERPINA3 is regulated by
IRF3 upon dsRNA stimulation might provide further insights into this.

5.6 Conclusion

In this study, having established an approach permitting the synchronous stimulation of
A549 cells with virus like dsRNA, I characterized the dynamics of cell-intrinsic innate im-
mune signaling to virus infection. Using IFN-blind A549 cells, I was able to dissect the induc-
tion phase downstream of RLRs and the secondary effector phase downstream of the IFN
receptors, which are usually tightly interconnected and overlapping. The generated quanti-
tative time-resolved data further served as basis to set up and calibrate a comprehensive,
mechanistic dynamic pathway model of the cell-intrinsic antiviral response system. This
model accurately predicts the kinetics of signaling events downstream of RNA recogni-
tion by RIG-I, including the feedback and expansion of the response by secreted IFN and
JAK/STAT signaling.Moreover, owing to its mechanistic structure, the model is capable to
simulate viral immune antagonism and can thus be used to investigate the mechanisms of
novel virus-encoded antagonists. Combining our model with models of virus infection and
replication might provide further mechanistic understanding of these intricate virus-host
interactions, which are decisive for, e.g., the development of diseases. Such models have
for instance been described for the interplay between intracellular DENV replication and the
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host innate immune signaling [483] and pathogen-host interactions have been modelled at
various levels as well [348,484–487].
Lastly, since previous work in the lab demonstrated an unexpectedly high overlap of
ISG expression in A549wt and IFN-blind cells, using transcriptomic profiling I began dis-
secting the differences between primary RLR-mediated and IFN-dependent antiviral re-
sponses. Further, I focused on the specific function of the transcription factors IRF3 and
IRF1 in IFN-independent antiviral signaling.Whereas the IFN-blind cells already induced the
expression of numerous genes upon dsRNA stimulation, they also induced the expression
of IFN itself which was strictly IFN-independent and has not been highly appreciated previ-
ously. Although I only examined a limited set of time points (0 hours and 8 hours upon stim-
ulation), the transcriptomic analysis gave further insights into possible regulatory functions
of IRF1 and/or IRF3 on mRNA expression upon dsRNA stimulation. These findings provide
a foundation for future research on deciphering the differences of RLR and IFN-mediated
signaling and the underlying function of distinct transcription factors, in particular IRF1.
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Figure S1: Experimental optimization for in-well electroporation with the Lonza Nucleo-
fector system.
For synchronous dsRNA stimulation, A549 IRF3-eGFPH2B-mCherry cells were in-well electroporated with 1µg
5’ppp-dsRNAusing the LonzaNucleofector system. (A) IRF3-eGFP translocation efficiency upon in-well electro-
poration of 5’ppp-dsRNA using various predefined nucleofection programs on the Nucleofector system. IRF3-
eGFP subcellular localization was examined by fluorescence microscopy. (B) Programs yielding the highest
translocation efficiency were tested for cytotoxicity upon in-well electroporation of 1 µg 5’ppp-dsRNA and com-
pared to mock stimulation. (C) Exemplary image excerpt of ilastik quantification depicting object classifica-
tion for IRF3-eGFP.Nuclear IRF3-eGFP is marked in blue, cytoplasmic IRF3-eGFP and thereby empty nuclei are
marked in magenta, and colocalization with nuclear H2B-mCherry is quantified for each cell.
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Figure S2: Early RIG-I signaling kinetics upon mock electroporation in A549wt cells.
A549wt cells were either mock-treated or synchronously stimulated with 220 ng 5’ppp-dsRNA by electropora-
tion. (A) IFNB1, (B) IFNL1, (C) IFIT1, (D) CCL5, and (E) TNFAIP3 mRNA expression was measured using qRT-
PCR. Values were normalized to the housekeeping gene GAPDH using the 2-∆Ct method [358]. Graphs depict
mean and individual, biological replicate values of 3 biologically independent experiments.
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Figure S3: Validation of newly generated A549 KO and overexpression cell lines.
Validation of A549 CRISPR/Cas9 KO single cell clones. KO of the Flag-tagged Cas9 in (A) A549 IRF3KO, (B)
A549 IRF9KO, and (C) A549STAT2KO cells was examined by western blot analysis. Overexpression of (D)
ROSA26-IRF3-HA in A549 IRF3KO Cas9KO cells, (E) ROSA26-IRF9 in A549 IRF9KO Cas9KO cells, and (F)
ROSA26-STAT2 in A549STAT2KO Cas9KO cells was analyzed using western blot analysis.
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Figure S4: IFN expression upon IFN and 5’ppp-dsRNA stimulation in A549 cells.
A549wt cells were either mock-treated, stimulated with 200 IU IFN-β, or transfected with 100 ng 5’ppp-dsRNA
for 16 hours and (A) IFNA1, (B) IFNB1, (C) IFNL1, (D) IFNL2/3, and (E) MX1 mRNA expression was analyzed
using qRT-PCR. Values were normalized to the housekeeping gene GAPDH and the mock control subsequently
using 2-∆∆Ct [358]. Graph depictsmean±SD of 3 technical replicates.Ḟigure was originally published in Burkart
et al. [353].
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Figure S5: Functional validation of A549 IFNRDKO cells.
Validation of A549 CRISPR/Cas9 knockout single cell clones. A549wt and IFNRDKO cells were (A) stimulated
with 1 ng/µl IFN-α, or (B) 2 ng/µl IU IFN-λ for 16 hours and IFIT1 mRNA expression was examined using qRT-
PCR. Values were normalized to GAPDH using the using 2-∆Ct method [358]. Graph depicts mean±SD of 3
technical replicates. KO generation and functional validation were conducted by Sandra Wüst.
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Figure S6: RIG-I signaling kinetics upon mock electroporation in A549wt and IFNRDKO
cells.
A549wt and A549 IFNRDKO cells were either mock-treated or synchronously stimulated with 220 ng 5’ppp-
dsRNA. (A) IFNB1, IFNL1, and IFNL2/3, or (B) CCL5, IFIT1, and MX1 mRNA expression kinetics was analyzed
using quantitative RT-PCR in mock and 5’ppp-dsRNA conditions. Values were normalized to the housekeeping
gene GAPDH. Secreted IFN-β and IFN-λ1 protein concentrations in pg/ml were determined using a multiplex
immunoassay (U-PLEX IFN Combo, Meso Scale Diagnostics) in (C) A549wt and (D) A549 IFNRDKO cells upon
mock and 5’ppp-dsRNA stimulation after 0, 6, and 12 hours. Graphs depict (A-B) mean±SD of 3 independent
experiments. 5’ppp-dsRNA stimulated parts of subfigures (A-D) were previously published in Burkart et al. [353].
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Figure S7: Cytokine production in A549wt and IFNRDKO cells upon synchronous 5’ppp-
dsRNA stimulation.
A549wt and IFNRDKO cells were synchronously stimulated with 220 ng 5’ppp-dsRNA and supernatants were
harvested at different time points. Cytokine production for (A) TNF, (B) IL-β, (C) IL-4, (D) IL-6, (E) IL-8, and (F)
IL-10 was determined using a multiplex immunoassay (V-PLEX Viral Panel, Meso Scale Diagnostics). Dashed
lines indicate upper and lower limit of quantification, respectively.
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Figure S8: RIG-I signaling kinetics in A549wt and IRF9 overexpressing cells.
(A) IRF9 mRNA expression in A549wt and A549 cells stably expressing EF-1α-IRF9 was measured using qRT-
PCR. Values were normalized to the housekeeping gene GAPDH. (B-E) A549wt and EF-1α-IRF9 expressing cells
were synchronously stimulated with 220 ng 5’ppp-dsRNA and (B) IFNB1, (C) IFIT1, (D) RIG-I, as well as (E)MX1
mRNA expression kinetics was analyzed using qRT-PCR. Values were normalized to the housekeeping gene
GAPDH and the 0 hour time point subsequently. (F) Protein abundance and phosphorylation status of RIG-I and
IFN signaling components was analyzed upon 5’ppp-dsRNA stimulation of A549wt and A549EF-1α-IRF9 cells
using western blot analysis. (G-H) Model simulation of (G) IFIT1 and (H) MX1 mRNA expression upon regular
(wt) and increased IRF9 (EF-1α-IRF9) protein levels. Graphs depict (B-E) mean±SD or (F) representative blot
of 3 biologically independent experiments. Subfigures (G-H) were originally published in Burkart et al. [353].
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Figure S9: IFN production in A549 and HepG2 cells upon synchronous 5’ppp-dsRNA
stimulation using standard ELISA kits.
A549wt and HepG2wt cells were synchronously stimulated with 220 ng 5’ppp-dsRNA and supernatants were
harvested at different time points. (A) IFN-β and (B) IFN-λ1 protein concentrations were determined using dis-
tinct ELISA kits. Graphs depict individual values±SD of 3 biologically independent experiments.
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Figure S10: Cytokine secretion upon synchronous 5’ppp-dsRNA stimulation in A549 and
HepG2 cells.
A549wt and HepG2wt cells were synchronously stimulated with 220 ng 5’ppp-dsRNA and supernatants were
harvested at different time points. Cytokine production for (A) TNF, (B) IL-1β, (C) IL-4, (D) IL-6, (E) IL-8, and
(F) IL-10 was determined using a multiplex immunoassay (V-PLEX Viral Panel, Meso Scale Diagnostics) in
supernatants of A549wt and HepG2wt cells. Dashed lines indicate upper and lower limit of quantification,
respectively. Graphs depict individual values±SD of 2 biologically independent experiments.
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Figure S11: Effect of viral protein expression on cell proliferation in A549 and HepG2
cells.
A549 and HepG2 cells stably expressing viral proteins under the control of the EF-1α promoter were seeded
on 96 well plates, treated with the Incucyte NucLight Rapid Red Reagent, and cell proliferation was monitored
over time using the live-cell imaging system Incucyte. (A) Cell count of A549wt cells compared to A549 cells
stably expressing CSFVNpro, IAVNS1, or DENVNS5. (B) Cell count of A549wt cells compared to A549 cells
stably expressing SARS-CoV-2ORF6. (C) Cell count of HepG2wt cells or cells stably expressing SARS-CoV-
2ORF6. Graphs depict mean±SD of 3 technical replicates.
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Figure S12: Comparison of inhibitory efficiency of different NS3/4A protease inhibitors
in Huh7-LucUbiNeo cells.
The NS3/4A protease inhibitors Telaprevir (TVR) and Simeprevir (SVR) were titrated (1 µM, 100 nM, 10 nM) on
Huh7-LucUbiNeo cells of different genotypes and Firefly luciferase was measured at different time points. (A)
Telaprevir and (B) Simeprevir titration on Huh7-LucUbiNeo (Con1) cells, (C) Telaprevir and (D) Simeprevir titra-
tion on Huh7-LucUbiNeo (JFH) cells.
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Figure S13: Validation of additional KOs in A549 IFNRTKO cells.
Validation of A549 CRISPR/Cas9 KO single cell clones. (A) Additional KO of IFN-gamma receptor was intro-
duced in previously established IFNRDKO cell line, generating an A549 IFNR triple KO cell line (INFRTKO, IF-
NAR1 IFNLR IFNGR1KO). A549wt and IFNRTKO single cell clones were stimulated with 200 IU IFN-α, IFN-β, or
IFN-γ and IFIT1mRNAexpressionwasmeasured using qRT-PCR. Additional KOs of (B) IRF1, (C) IRF3, (D)MAVS,
(E) IRF5, (F) STAT1, and (G) a double IRF3 IRF1KO were introduced in the A549 IFNRTKO cell line. Successful
KO in single cell cloneswas examined usingwestern blot analysis. Subfigure (A) was previously published [287].
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Figure S14: GOBP enrichment analysis of significantly regulated genes in A549 cells
synchronously stimulated with 5’ppp-dsRNA.
Heat maps displaying number of genes, the p-value (-log10), as well as the false discovery rate (FDR, -log10)
of Gene Ontology terms for biological processes (GOBP) enriched in A549 IFNRTKO, IFNRTKOMAVSKO,
IFNRTKO IRF3KO, and IFNRTKO IRF1KO cells upon synchronous stimulation with 220 ng 5’ppp-dsRNA and
whole-transcriptome expression profiling. Genes were classified as significantly regulated if they were at least
2-fold up or downregulated and p-value after correction for multiple testing was below 0.05. Values were nor-
malized to the 0 hour time point of the corresponding cell line and the FDR was set to be below 0.05.
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Figure S15: GOBP enrichment analysis of significantly regulated genes in A549 cells
synchronously stimulated with 5’ppp-dsRNA.
Heat maps displaying number of genes, the p-value (-log10), as well as the false discovery rate (FDR, -log10) of
Gene Ontology terms for biological processes (GOBP) enriched in (A) the corresponding KO cell lines normal-
ized to the IFNRTKO cell line, (B) the corresponding KO cell line normalized to the IFNRTKO IRF3KO cell line
upon synchronous stimulation with 220 ng 5’ppp-dsRNA and whole-transcriptome expression profiling. Genes
were classified as significantly regulated if they were at least 2-fold up or downregulated and p-value after
correction for multiple testing was below 0.05. Values were normalized to the 0 hour time point of the corre-
sponding cell line and the FDR was set to be below 0.05.
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Figure S16: IFN-α production in A549wt and IFNRTKO cells upon synchronous
5’ppp-dsRNA stimulation.
Secreted IFN-α protein concentrations in pg/ml were determined using a multiplex immunoassay (U-PLEX IFN
Combo, Meso Scale Diagnostics) in the supernatants of 5’ppp-dsRNA-stimulated A549wt and A549 IFNRTKO
cells. Dashed lines indicate upper and lower limit of quantification, respectively. Graph depicts individual val-
ues±SD of 2 biologically independent experiments.
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Table S1: DEGs in A549 IFNRTKO cells upon 5’ppp-dsRNA stimulation.
DEGs in A549 IFNRTKO cells synchronously stimulated with 5’ppp-dsRNA (fold change 8 hour over 0 hour time
point). Genes were classified as significantly regulated if they were at least 2-fold up or downregulated and the
p-value was below 0.05 after Benjamini-Hochberg correction for multiple testing

Gene Fold change p-value

IFNL1 110.29065 0.04563
IFIT2 92.14517 0.00486
IFNL2 82.96687 0.01041
IFIT1 81.46322 0.01041
IFNB1 75.16873 0.01834
OASL 66.67435 0.01041
IFNL3 61.07929 0.01834
IFIH1 60.41277 0.01775
IFIT3 48.01600 0.01368
HERC5 47.92687 0.01664
CH25H 42.68318 0.01834
TNFAIP3 39.71163 0.01354
CYP1A1 35.50265 0.04223
CXCL11 32.54807 0.03192
GBP4 32.18492 0.04908
CFB 31.45838 0.01041
OTUD1 27.81824 0.03841
EGR2 27.45449 0.01738
ATF3 26.85169 0.01775
RIG-I 25.96941 0.00486
RND1 24.64381 0.01738
NR4A3 22.63122 0.04058
DDX60 20.13950 0.02480
SLC1A3 19.74182 0.02894
IFI44 19.13632 0.02573
CXCL8 18.43852 0.02773
PMAIP1 17.95325 0.01368
GBP5 17.86076 0.02409
FAM129A 17.62617 0.04299
RANBP3L 16.76676 0.01834
NOCT 15.98729 0.03997
CD274 12.48254 0.01834
ISG20 11.61158 0.01836
CSRNP1 11.51564 0.02773
PLAUR 11.09292 0.03016
MAP3K14 10.95105 0.01368
CHEK2 10.52995 0.02409
RHCG 10.45571 0.02293
SLC8A2 10.42806 0.01836
GLCCI1 10.25528 0.01368
PARP14 10.23451 0.01368
TSPYL2 10.09316 0.02539
ULBP2 9.94989 0.01664
FYN 9.83602 0.04812
STC2 9.51429 0.01116
BIRC3 9.46289 0.01738
IRAK2 9.41787 0.03841
ZC3HAV1 9.37224 0.01834
ALOXE3 9.15493 0.03746
IGF2 8.92307 0.04209
NFKB2 8.89669 0.01873
NFIL3 8.77674 0.04915
CYLD 8.61607 0.01116
NFKB1 8.50695 0.01775
ETS1 8.43068 0.04573
SLCO5A1 8.39412 0.01836
CXCR4 8.38365 0.03841
GADD45A 8.28750 0.02539
SPRY2 8.22179 0.02555
ABL2 8.15467 0.03700
GRB10 8.05651 0.03809
FOSL1 7.87124 0.03167
CMPK2 7.70489 0.01738
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Gene Fold change p-value

CA8 7.56670 0.04889
RAPH1 7.42073 0.03746
PPM1K 7.21120 0.02094
CREBRF 7.12564 0.04908
RCAN1 7.10984 0.03254
SPRED2 6.90788 0.01368
EGR3 6.87258 0.01630
FAM46A 6.86552 0.02421
ETV3 6.71208 0.04209
PTGER4 6.68024 0.02409
PIK3R3 6.62596 0.01628
SOD2 6.57069 0.03841
JUN 6.49535 0.04111
CHD2 6.44840 0.04048
PTGS2 6.31942 0.02729
WHAMM 6.20920 0.01368
GCA 5.92502 0.02773
ARHGEF28 5.86810 0.01850
NFE2L3 5.80168 0.04974
FNDC3A 5.75257 0.02935
HDAC5 5.71688 0.04546
FZD4 5.62488 0.04552
ARL5B 5.29452 0.01775
SPAG9 5.22194 0.01664
CSF1 5.21095 0.01850
SCN3A 5.13129 0.03252
LSMEM1 5.05717 0.03718
GOT1 4.95692 0.02522
SAT1 4.89212 0.03841
NFKBIA 4.88527 0.01368
H1F0 4.87273 0.04563
ARG2 4.84592 0.02409
BCO1 4.80547 0.04180
CRLF2 4.69600 0.04908
KMT2C 4.68750 0.04914
GORAB 4.66738 0.04036
PLCG2 4.65703 0.04885
MAP2K3 4.65239 0.04885
CCNL1 4.58459 0.04908
TSC22D3 4.53904 0.04546
FAP 4.49952 0.04885
GABARAPL1 4.45836 0.04149
PPP1R15B 4.39832 0.03746
FAM83G 4.33958 0.02935
LATS2 4.30756 0.01834
NHSL1 4.27000 0.01836
RYBP 4.24824 0.04223
GEM 4.22816 0.01873
DNMBP 4.18427 0.02522
NFATC2 4.17338 0.04292
SEMA3A 4.15958 0.02006
HIPK3 4.02407 0.01041
ZC3H12C 4.01015 0.01931
DCHS1 3.99363 0.01368
PRDM6 3.97308 0.02161
TESK2 3.93535 0.04767
KCNN1 3.85530 0.04036
FAM193A 3.84968 0.04744
RAB9A 3.79811 0.04058
DNAJB4 3.79252 0.04945
MSANTD3 3.79061 0.04563
MAP4K4 3.76167 0.04058
KLF6 3.70552 0.03452
HEY2 3.66706 0.03746
WARS 3.65631 0.04180
RP11-875O11.1 3.63154 0.02522
ELL2 3.62080 0.03746
HMGCS1 3.59672 0.04058
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Gene Fold change p-value

NCOA7 3.56540 0.04995
TRIM38 3.55672 0.02006
MB21D2 3.53716 0.02409
C3 3.52897 0.01116
FAM210A 3.52580 0.01041
PIK3AP1 3.48858 0.02161
MREG 3.46970 0.03841
BRD2 3.28307 0.01775
B2M 3.25102 0.02006
STK10 3.24812 0.03736
ANKS1A 3.22525 0.04563
RFX3 3.17389 0.04036
AARS 3.17095 0.04132
TAF4B 3.14104 0.04563
LIF 3.07277 0.01605
TP53BP2 3.03895 0.03727
ETV5 3.01964 0.04058
HOXD11 3.01593 0.04986
ING1 3.01197 0.02509
MYCBP2 2.96307 0.04563
ZNF317 2.92399 0.02773
ATF4 2.90130 0.03746
KLHL15 2.89254 0.04433
RBM24 2.86758 0.01738
LY6K 2.85522 0.03252
MKX 2.85372 0.03543
HOXD10 2.84990 0.01449
CCNB1IP1 2.80345 0.03781
AGO2 2.79246 0.02409
CBS 2.79053 0.04843
TAAR3 2.77410 0.04231
DENND5A 2.74988 0.03841
MTMR3 2.72514 0.04885
HPS5 2.72293 0.04132
FMR1 2.71383 0.04974
SMAP2 2.67680 0.01850
CA13 2.65816 0.04974
SLC7A1 2.65174 0.02539
ADAMTS16 2.65002 0.02421
SAR1A 2.64862 0.04914
PELI2 2.64388 0.04132
RIC8B 2.63816 0.04209
TBC1D3B 2.63576 0.04889
TIMM23B 2.61287 0.01834
SAP30BP 2.57264 0.03841
ZNF597 2.53478 0.04132
GARS 2.51496 0.03841
GON4L 2.50723 0.04655
RSRC2 2.50257 0.04058
GPATCH2L 2.49875 0.02293
STK24 2.49610 0.04132
RAB5A 2.49603 0.04915
ANKRD28 2.48081 0.05000
NBPF10 2.43685 0.01850
TRMT10B 2.42295 0.03997
HRASLS2 2.37634 0.04180
SLC2A13 2.37314 0.01977
ZFY 2.33985 0.03791
LRCH1 2.33844 0.04292
DUSP6 2.33765 0.03167
ZNF394 2.32909 0.04292
IARS 2.30759 0.02001
NPIPB15 2.29732 0.04223
HIST2H3D 2.28420 0.04383
TRIO 2.25628 0.04853
ZNF217 2.25604 0.04563
SERF1B 2.24372 0.02909
SERF1A 2.24372 0.02909
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Gene Fold change p-value

FILIP1L 2.23598 0.04180
BTN2A3P 2.23294 0.04983
CRTC2 2.23228 0.04983
SUPT6H 2.23053 0.02313
RAB11FIP1 2.21989 0.04986
MAK 2.21159 0.04563
STX1A 2.20580 0.04908
FGGY 2.20530 0.01628
PLEKHM1 2.19407 0.04766
NPIPB9 2.17946 0.01956
INPP1 2.15957 0.04861
MTHFD2 2.15684 0.04812
SMOX 2.14789 0.03601
SUPT5H 2.14533 0.01368
DCUN1D3 2.12686 0.04766
CD2AP 2.10999 0.02006
OSBP 2.10583 0.04111
CNOT2 2.10079 0.04766
PISD 2.08288 0.04058
NPIPB6 2.07873 0.04563
TRMT44 2.06250 0.04563
MDGA1 2.06048 0.05000
PDLIM2 2.05399 0.04909
MYOM2 2.02746 0.01473
CRIM1 2.00907 0.02409
PLK2 2.00197 0.01041
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Table S2: DEGs in A549 IFNRTKOMAVSKO cells upon 5’ppp-dsRNA stimulation.
DEGs in A549 IFNRTKOMAVSKO cells synchronously stimulated with 5’ppp-dsRNA (fold change 8 hour over
0 hour time point). Genes were classified as significantly regulated if they were at least 2-fold up or downregu-
lated and the p-value was below 0.05 after Benjamini-Hochberg correction for multiple testing

Gene Fold change p-value

CYP1A1 87.70310 0.01200
NR4A3 39.08745 0.03883
ARID5B 23.06461 0.01756
EGR2 21.28687 0.03301
ALOXE3 20.17470 0.03591
CSRNP1 19.64691 0.03123
ZNF331 18.62518 0.03222
CREB5 17.70421 0.03222
KDM6B 16.55898 0.04120
TMEM156 16.46771 0.04671
NR1D1 15.34145 0.03584
TSPYL2 14.82667 0.02813
ETS1 13.89422 0.03317
IL24 13.50632 0.02657
MUC13 12.43204 0.03883
CHAC1 12.29669 0.04090
MAP3K14 11.52525 0.02021
VDR 11.51266 0.01632
NOCT 11.44633 0.03879
RHCG 11.07872 0.03222
PRDM1 11.07736 0.02170
SESN2 9.81447 0.01200
FOSL1 9.43763 0.03584
NFIL3 9.14512 0.03317
C17orf53 9.12762 0.03222
HDAC5 9.02425 0.02657
ABL2 9.00537 0.03222
TUFT1 8.73546 0.03715
GADD45A 8.17273 0.04885
NFKB2 7.99848 0.03426
MAP2K3 7.56187 0.03247
MAMLD1 7.54513 0.03842
DUSP14 7.50020 0.03247
CHD2 7.36303 0.04889
TIPARP 7.19846 0.04325
LY6K 7.15142 0.01756
TRIB3 7.09434 0.04261
LIMA1 6.98436 0.02687
STARD13 6.87950 0.03842
FA2H 6.86200 0.03322
TANC2 6.64671 0.00291
SERTAD1 6.62485 0.03913
TSC22D3 6.48397 0.04580
YTHDC1 6.34304 0.03883
CCNL1 6.33563 0.03222
BHLHE41 6.33412 0.02677
TCP11L2 6.19522 0.04671
ATXN7 6.04514 0.03842
ELL2 6.01209 0.03594
JMJD1C 5.94977 0.02779
PCID2 5.74447 0.03883
ARL5B 5.52167 0.03013
NEK1 5.49772 0.04289
LIF 5.46591 0.04889
UGCG 5.46485 0.04337
RIOK3 5.46277 0.03913
EREG 5.44164 0.03913
MEF2D 5.40565 0.03591
TRAF4 5.40561 0.03780
KIAA1217 5.37455 0.02677
KLF10 5.36332 0.03013
RUSC2 5.35486 0.02657
SIPA1L2 5.30165 0.04370
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Gene Fold change p-value

SIM2 5.28403 0.02657
FAM83G 5.27796 0.04792
CYLD 5.27157 0.03301
CLCN4 5.20131 0.01756
H1F0 5.19579 0.03584
FAM129A 5.11670 0.04219
PPP1R15B 5.08135 0.03883
ELMSAN1 5.03410 0.03301
NFKB1 4.93617 0.02784
NUAK2 4.90987 0.03222
SBNO2 4.89520 0.04807
LINC00473 4.87791 0.04797
DDIT4 4.83787 0.04671
SMAP2 4.50766 0.03883
MCCC1 4.42800 0.03566
DUSP8 4.39494 0.03883
AKAP17A 4.39198 0.03883
AGO2 4.30549 0.03222
EPHA2 4.29116 0.03301
TMEM236 4.28302 0.04062
INHBA 4.25801 0.04204
ZBTB21 4.22126 0.03013
FOSL2 4.21971 0.04370
BRAF 4.13148 0.03301
PTHLH 4.11376 0.03753
LHX4-AS1 4.10803 0.04090
PPP1R3C 4.09346 0.03301
OSER1 4.07082 0.03012
RYBP 4.06552 0.03301
TRIM39 4.02143 0.03780
IFRD1 4.01608 0.03627
SNX9 4.01037 0.03301
MAPK8IP3 3.98786 0.04289
WHAMM 3.97903 0.03584
RND1 3.89412 0.01200
REL 3.87022 0.03301
SYCP2L 3.87011 0.04671
SPIRE1 3.86292 0.03222
SPAG9 3.85896 0.03301
HIVEP2 3.85620 0.04131
GPRC5C 3.80662 0.03913
EPC1 3.75893 0.03222
CPEB4 3.72845 0.02178
TSC22D2 3.68332 0.03222
ODC1 3.62783 0.03416
XPO6 3.60475 0.03222
RUBCN 3.60336 0.03594
BRD2 3.57458 0.04807
VPS37B 3.57156 0.03735
VASN 3.56974 0.04921
YY1AP1 3.53579 0.03322
TBC1D3B 3.53551 0.03687
ARHGAP26 3.51764 0.03013
ADAMTS16 3.48032 0.03879
LMCD1 3.47897 0.04131
TRIO 3.44692 0.03222
RIMKLB 3.44620 0.04306
ATP6V0A1 3.44355 0.04580
LSMEM1 3.42791 0.03883
AGAP4 3.40264 0.01756
UIMC1 3.39245 0.03951
ZBTB43 3.38253 0.03584
MTMR3 3.33185 0.03828
DENND3 3.32972 0.02657
SIK3 3.23113 0.03584
PMAIP1 3.22960 0.04797
TIMM23B 3.22701 0.02657
GPATCH2L 3.21694 0.04246
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Gene Fold change p-value

KHNYN 3.19450 0.04803
STX1A 3.19065 0.04671
CEBPG 3.14849 0.03584
AGAP6 3.11266 0.03322
FAM193A 3.07032 0.02784
CYTH3 3.06383 0.04897
ZSWIM4 3.00661 0.03883
CWC25 3.00534 0.03222
ARNTL 2.99514 0.03222
GTF2IRD1 2.98315 0.03317
SMURF1 2.97753 0.03301
INPP1 2.95929 0.03883
ANKRD28 2.95041 0.04131
AADAC 2.94470 0.01200
KPNA7 2.93677 0.04807
MCL1 2.89611 0.03222
SMG9 2.89247 0.03222
AGAP9 2.87299 0.03584
NFKBIA 2.82811 0.04671
SOCS2 2.82412 0.04146
KIAA0513 2.82352 0.04446
ZNF317 2.80897 0.04682
VEGFA 2.80735 0.03913
FAM231D 2.79534 0.03715
CCL2 2.78572 0.04090
IRX5 2.78314 0.04797
ZNF212 2.77897 0.03339
GON4L 2.76791 0.03317
RNF19B 2.76607 0.03222
CSNK1D 2.75924 0.04337
WDR26 2.75794 0.04131
BRD9 2.75580 0.03715
PHACTR4 2.75158 0.02872
PRICKLE2 2.70546 0.04370
SLC7A1 2.70416 0.03842
ZNF419 2.69968 0.04090
ZNF394 2.69908 0.04337
SNAI2 2.69378 0.03316
EAF1 2.66611 0.03222
RELA 2.66500 0.02657
SPRED1 2.66052 0.04671
LHX4 2.64792 0.02784
MED15 2.63735 0.03883
SRGAP1 2.62149 0.03591
NPIPB3 2.61171 0.01200
AGAP5 2.56664 0.04337
KRTAP5-AS1 2.55201 0.01756
OTUD7B 2.54884 0.03497
PARP6 2.53258 0.03913
SYT5 2.52557 0.04545
WDR45B 2.52133 0.03423
CRIM1 2.52128 0.03883
NPIPB15 2.51967 0.03222
JMJD6 2.50621 0.04468
NPIPB6 2.49209 0.02237
NPIPB9 2.47590 0.03883
USP43 2.44955 0.03378
SMCR8 2.44054 0.02657
TRMO 2.43563 0.02021
IARS 2.42216 0.02657
TRIM38 2.42010 0.03913
ARHGEF28 2.41682 0.04580
C16orf46 2.40442 0.03322
ZFAND3 2.39378 0.04563
TBC1D3 2.38555 0.03942
ACOT9 2.37817 0.04803
PLEKHM1 2.37616 0.02657
ZNF687 2.34801 0.04090
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Gene Fold change p-value

SUPT5H 2.32444 0.03842
SUPT6H 2.31992 0.03423
NPIPB8 2.30855 0.03883
TNKS 2.30852 0.01200
MAPK1IP1L 2.29530 0.03301
ZC3H7A 2.28225 0.03222
ABTB2 2.27262 0.04204
THAP9 2.25369 0.03301
SYNGAP1 2.25049 0.04671
PANK2 2.22654 0.04370
PTPN14 2.20711 0.03301
TRMT10B 2.19896 0.03222
GLIS3 2.18148 0.02657
TP53BP2 2.16690 0.04370
OSBP 2.16594 0.03222
SDE2 2.16542 0.02657
STX5 2.16085 0.03883
GAD1 2.14339 0.04246
AASS 2.13326 0.03584
MPP5 2.11757 0.03591
CDK7 2.11552 0.04131
ATP8B3 2.09543 0.02784
RBM22 2.09098 0.02021
ARID3B 2.07195 0.04416
NBPF14 2.06224 0.04090
ZNF543 2.04018 0.03591
GOLGA6L9 2.01464 0.04041
ZBTB49 2.01102 0.02170
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Table S3: DEGs in A549 IFNRTKO IRF3KO cells upon 5’ppp-dsRNA stimulation.
DEGs in A549 IFNRTKO IRF3KO cells synchronously stimulated with 5’ppp-dsRNA (fold change 8 hour over
0 hour time point). Genes were classified as significantly regulated if they were at least 2-fold up or downregu-
lated and the p-value was below 0.05 after Benjamini-Hochberg correction for multiple testing

Gene Fold change p-value

CYP1A1 65.91872 0.02916
TNFAIP3 43.21929 0.04706
ATF3 38.03149 0.03212
INHBA 36.58878 0.03458
ICAM1 34.71787 0.03240
TRAF1 27.25679 0.02085
FAM129A 26.98226 0.04051
NR4A3 26.26633 0.02085
EGR2 25.23600 0.02085
CXCL8 24.96245 0.02136
RHCG 24.30209 0.02085
IRAK2 21.71472 0.01838
VDR 21.06598 0.03458
EFNA1 20.12515 0.04051
DDIT3 18.64283 0.02136
STC2 18.03540 0.04040
IL32 17.49661 0.04222
SLCO5A1 17.04055 0.01838
KDM6B 16.96300 0.02136
ALOXE3 15.12598 0.01838
TRIML2 14.58565 0.04798
KLRC2 14.52415 0.04128
SERPINA3 14.50075 0.03638
ZNF331 14.25823 0.02175
RND1 13.19042 0.04865
SLC7A2 13.04393 0.02660
RELB 12.82070 0.03412
NOCT 12.76407 0.02175
BIRC3 12.50462 0.02091
CYLD 12.23685 0.04172
GADD45A 12.17528 0.01838
MUC13 11.84378 0.04254
NFKB1 11.82630 0.01017
BCL2A1 11.74554 0.01838
NFKB2 11.45599 0.03494
CREB5 11.35848 0.04028
USP43 11.07603 0.04254
SOD2 10.85733 0.01017
BHLHE41 10.33591 0.02672
KLRC3 10.31610 0.04040
NFATC2 10.22545 0.03804
FOSL1 10.21005 0.03184
ABTB2 9.98419 0.04256
ERN1 9.83026 0.02085
GBP2 9.81465 0.03011
IFNL2 9.31139 0.01838
CLIP2 8.56765 0.02570
DENND4A 8.51337 0.04330
KDM7A 8.50091 0.02136
GATA6 8.45510 0.03010
ABL2 8.16360 0.02085
IFNL3 8.07884 0.04065
NR4A2 7.91789 0.03725
CCL2 7.86459 0.03788
PLA2G4C 7.77203 0.03494
CYP1B1 7.72684 0.01017
GEM 7.55240 0.04421
PLAU 7.47124 0.02902
RAPH1 7.43754 0.03803
PINLYP 7.29552 0.03011
RAB30 7.23090 0.02175
C1QTNF1 7.15907 0.04706
IKBKE 7.07166 0.03458
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Gene Fold change p-value

SERPINB9 6.98763 0.02631
AGO2 6.92984 0.02672
ANKLE2 6.86868 0.02085
CD83 6.81698 0.04065
ARL5B 6.73795 0.02323
SERPINB8 6.60320 0.03992
REL 6.59833 0.03899
PPP1R15B 6.50554 0.02175
NCR3LG1 6.44071 0.04021
CLEC4E 6.40760 0.02555
RASSF5 6.38005 0.02969
ELL2 6.29584 0.03184
EREG 6.28627 0.03501
GORAB 5.98176 0.03834
TUFT1 5.92368 0.03843
STC1 5.89128 0.04710
KLF10 5.82148 0.02136
AJUBA 5.80765 0.02631
TNIP2 5.71601 0.03270
NFKBIA 5.70137 0.01838
KLF6 5.60644 0.02175
PCID2 5.56740 0.02631
DUSP14 5.54455 0.03816
MSANTD3 5.52354 0.03273
SPRY2 5.52212 0.04065
STK40 5.47605 0.04040
SPECC1L-ADORA2A 5.46768 0.03184
CACTIN 5.43613 0.04254
STAT5A 5.21968 0.02085
RASGRP1 5.18081 0.04254
SLC37A1 5.17575 0.04222
PHKG2 5.10785 0.02730
ING1 4.89445 0.04111
LATS2 4.76484 0.03184
BIRC2 4.60758 0.04471
PROX1 4.60622 0.03637
DENND3 4.60247 0.03784
CEP95 4.56454 0.03791
CA13 4.56289 0.02323
SIM2 4.54343 0.04225
SYCP2L 4.52047 0.04706
SIPA1L2 4.51081 0.03011
ELMSAN1 4.50204 0.04706
SLC25A25 4.49014 0.03501
NFATC1 4.48920 0.02333
LPXN 4.47909 0.04955
GOT1 4.46774 0.02175
SEC24A 4.43839 0.02323
SPRED2 4.43284 0.02175
USP36 4.42757 0.01838
IGF2BP2 4.41743 0.02323
MTMR4 4.40382 0.03768
SNX9 4.35938 0.02813
TNFRSF10B 4.29197 0.03184
PDLIM2 4.18174 0.03494
ITPKC 4.16918 0.03059
BHLHE40 4.13820 0.03059
CRY1 4.12610 0.01017
DNAH17 4.09533 0.04878
DAGLB 4.08626 0.04040
UVRAG 4.08348 0.03184
HMGCS1 4.07876 0.03011
RYBP 4.07354 0.03835
NFE2L2 4.05482 0.03494
GPATCH2L 4.05101 0.03788
FAM222A 3.97847 0.03260
DNMBP 3.97075 0.03834
TAF4B 3.96721 0.03739
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Gene Fold change p-value

GPR3 3.96616 0.04171
PIK3CD 3.94780 0.04111
STX3 3.84173 0.01838
RNF24 3.82234 0.04286
VEGFC 3.80389 0.03011
PHLDA1 3.79449 0.04710
UGCG 3.78807 0.04111
TRIO 3.77701 0.03669
NEURL3 3.75968 0.04706
DOT1L 3.70155 0.04577
OPTN 3.67831 0.04537
DLX2 3.65685 0.04111
TJAP1 3.63248 0.03719
NBR1 3.62830 0.04046
IPPK 3.60477 0.03494
TUBE1 3.58094 0.03992
SOCS2 3.56285 0.03458
TRIM25 3.55088 0.02902
ISL2 3.53500 0.04482
MAP3K8 3.53200 0.04111
ODC1 3.51467 0.02175
CXCL3 3.49943 0.02085
INO80 3.46955 0.03638
RBM24 3.46847 0.01838
SSBP2 3.46799 0.03270
GFRA2 3.46115 0.04111
TBC1D22B 3.41911 0.02085
YY1AP1 3.41612 0.03843
FAM167A 3.41229 0.04706
NKX3-1 3.40879 0.01838
LDLR 3.39915 0.04145
IFNL1 3.38221 0.03458
SSH1 3.38088 0.02085
MAPK8IP3 3.37551 0.04402
GPR75 3.35654 0.04636
CXCR4 3.32927 0.03494
NBPF14 3.32586 0.04704
TMEM63B 3.32468 0.04711
PRKCD 3.30586 0.03458
NFX1 3.28924 0.03719
ARG2 3.24035 0.03458
TMEM236 3.23440 0.02546
ABR 3.20762 0.02085
CXCL2 3.16913 0.02175
CLIC4 3.08408 0.03494
AEN 3.07931 0.01838
ZNF436 3.07797 0.04051
ITGAM 3.07648 0.03184
OSER1 3.05766 0.02552
B3GNT5 3.05034 0.04838
ZBTB1 3.03287 0.03010
AARS 3.02862 0.03842
TP53BP2 3.01996 0.02891
SIN3A 3.01699 0.03458
ALKBH1 2.99913 0.04044
FRMD6 2.99431 0.04393
NOTCH2 2.94652 0.01838
HIST2H2AC 2.93924 0.03458
ATP6V0A1 2.93756 0.03788
AHRR 2.91671 0.04172
DCAF8 2.91494 0.02085
ADAMTS16 2.89780 0.04921
LGALSL 2.88056 0.03458
RFFL 2.87052 0.04552
WTAP 2.86923 0.03827
ATP13A3 2.83498 0.04254
KRTAP5-AS1 2.83333 0.04423
BBC3 2.82732 0.03270
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Gene Fold change p-value

CD163L1 2.82337 0.04044
ARHGAP24 2.82126 0.04706
TRIP10 2.81649 0.04111
ETS2 2.81153 0.03346
UNC13A 2.79396 0.04360
PRR7 2.78215 0.04878
IER3 2.78141 0.04634
MAK 2.77334 0.04253
PDE9A 2.77320 0.04708
IRX5 2.75102 0.02902
WDR45B 2.73375 0.02634
HERPUD1 2.73145 0.04602
MOB3C 2.71297 0.03475
LONRF1 2.70899 0.04065
SAMD4A 2.70264 0.04145
CWC25 2.69297 0.04473
GPR176 2.68757 0.03725
ZFAND3 2.68401 0.03928
TFE3 2.66056 0.04537
NR0B1 2.64002 0.04700
TBC1D3E 2.62472 0.03527
ARL14EP 2.58788 0.04838
UIMC1 2.58706 0.03254
CLK1 2.57720 0.03899
NKD2 2.57331 0.02136
RGL2 2.57089 0.02546
GFPT2 2.56688 0.04710
RNF169 2.56506 0.04065
ADPRM 2.53250 0.01838
CRIM1 2.53217 0.01838
ITCH 2.51036 0.03638
CYTH1 2.50796 0.04878
RNF19B 2.49856 0.04848
DNAJC25 2.49670 0.04021
TYK2 2.48826 0.04734
ROR1 2.47814 0.04526
BRAP 2.47465 0.02891
TRIM39-RPP21 2.46631 0.03736
LRCH3 2.46608 0.02891
ZNF655 2.46075 0.02175
SDR16C5 2.43357 0.03458
ACOT9 2.41585 0.02085
TRMO 2.41533 0.04903
JAK1 2.41305 0.04046
NSUN4 2.41016 0.01017
INTS3 2.40497 0.04473
CDK7 2.39016 0.04065
GARS 2.38650 0.04537
ANKRD28 2.37569 0.04254
NR3C1 2.36565 0.02175
ATXN2 2.34881 0.04040
ZNF394 2.33133 0.04706
SVIL 2.32697 0.03736
GMEB1 2.30805 0.04708
PTPRK 2.28621 0.02085
NEK6 2.28110 0.04040
MPP5 2.24842 0.04140
KLF9 2.23051 0.04706
ZNFX1 2.22689 0.03579
SUPT6H 2.22303 0.02136
INPP1 2.22107 0.04798
CTNNAL1 2.20197 0.03059
EGFR 2.19862 0.04432
VEZT 2.19698 0.03638
CRTC2 2.18615 0.02546
MTHFD2 2.17385 0.03519
ZSCAN9 2.13603 0.02085
NFKBIZ 2.10951 0.01838
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Gene Fold change p-value

RASAL2 2.09943 0.03868
KCTD9 2.09687 0.04954
NUFIP1 2.08000 0.04833
TBC1D3K 2.07440 0.02313
ZNF79 2.06240 0.02924
LAMP3 2.04105 0.03011
TRMT10B 2.03902 0.04878
NPHS1 2.02446 0.04706
KCTD5 2.02020 0.04133
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Table S4: DEGs in A549 IFNRTKO IRF1KO cells upon 5’ppp-dsRNA stimulation.
DEGs in A549 IFNRTKO IRF1KO cells synchronously stimulated with 5’ppp-dsRNA (fold change 8 hour over
0 hour time point). Genes were classified as significantly regulated if they were at least 2-fold up or downregu-
lated and the p-value was below 0.05 after Benjamini-Hochberg correction for multiple testing

Gene Fold change p-value

IFIH1 97.42409 0.01460
IFIT2 85.23108 0.01670
IFNL1 78.11992 0.01670
IFIT3 65.23643 0.01323
IFNB1 55.10669 0.01323
IFNL2 48.80415 0.02563
OASL 47.90786 0.03340
TNFAIP3 32.90324 0.03205
RIG-I 31.05069 0.02977
CH25H 20.14521 0.04002
EGR2 19.09207 0.03319
ALOXE3 14.35334 0.04076
CITED2 13.69775 0.01323
ETS1 12.96201 0.02393
MUC13 10.80807 0.03066
USP41 10.37754 0.02287
PARP14 9.81651 0.03205
RAET1L 9.27928 0.04228
PLA2G4C 8.68772 0.02659
ABL2 7.59181 0.04076
SPRY2 6.82572 0.01670
ZC3HAV1 6.49210 0.01548
CYP1B1 6.21301 0.02977
ARL5B 6.10111 0.04718
USP36 4.86570 0.02504
VPS37B 4.83842 0.04342
SLC8A2 4.44542 0.01460
ELL2 4.37529 0.04136
MSANTD3 3.77930 0.01548
GRB10 3.70116 0.04076
HSD17B7 3.60444 0.01323
TES 3.56723 0.03415
TRIM39-RPP21 3.10681 0.03205
ATP6V0A1 3.06755 0.02504
VASN 2.96565 0.02504
TBC1D22B 2.94037 0.02479
GPATCH2L 2.89228 0.02977
HBEGF 2.78405 0.02039
NR3C1 2.34696 0.02584
RIC1 2.10630 0.02393
VANGL2 2.02440 0.01323

150



BIBLIOGRAPHY

Table S5: GOBP terms enriched in A549 IFNRTKOcells upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKOcells synchronously stimulated
with 5’ppp-dsRNA (8 hour over 0 hour time point). False discovery rate (FDR) < 0.05. GOBP term enrichment
analysis was performed with PANTHER.

Term GO ID FDR Genes

polyamine catabolic
process

GO:0006598 2.54E-02 SMOX, SAT1

cellular response to
exogenous dsRNA

GO:0071360 4.62E-02 IFIH1, IFNB1, RIG-I, IFIT1

cytoplasmic pattern
recognition receptor
signaling pathway

GO:0002753 1.68E-02 NFKBIA, IFIH1, CYLD, RIG-I, TNFAIP3

regulation of smooth
muscle cell differentiation

GO:0051150 2.60E-02 BMP4, PRDM6, HEY2, NFATC2, SOD2

one-carbon metabolic
process

GO:0006730 1.25E-02 DHFRL1, MAT2A, MTHFD2, SFXN1,
CA8, CA13

negative regulation of viral
genome replication

GO:0045071 1.19E-02 ISG20, IFIH1, IFNB1, ZC3HAV1, IFIT1,
IFNL3, OASL

positive regulation of blood
vessel endothelial cell
migration

GO:0043536 4.07E-02 MAP2K3, TMSB4X, PLK2, HMGB1,
PTGS2, ETS1

amino acid
transmembrane transport

GO:0003333 2.29E-02 SLC25A15, ARL6IP5, LRRC8D, SLC1A3,
SFXN1, SLC16A2, SAT1, SLC7A1

defense response to virus GO:0051607 5.19E-04 IFNB1, RIG-I, ZC3HAV1, IFIT1, DDX60,
IFIT3, IFIT2, OASL, HERC5, ISG20,
IFIH1, IFNL2, IFNL1, IFNE, PMAIP1,
MAP3K14, IFNL3

cellular response to
lipopolysaccharide

GO:0071222 1.48E-02 MAP2K3, NFKBIA, CD274, CXCL11,
CXCL8, IRAK2, PLCG2, TNFAIP3,
CMPK2, HMGB1, B2M, NFKB1

response to mechanical
stimulus

GO:0009612 2.63E-02 PTGER4, NFKBIA, FOSL1, JUN,
GADD45A, CXCR4, SLC1A3, FYN,
PTGS2, MAP3K14, NFKB1, TNFRSF1A

cellular amino acid
metabolic process

GO:0006520 3.07E-02 ARG2, WARS, CARNMT1, GOT1,
SLC1A3, SRR, DHFRL1, CBS, GARS,
IARS, ALDH18A1, SLC16A2, ATF4

negative regulation of
protein phosphorylation

GO:0001933 1.72E-02 SPAG9, PPP1R15B, JUN, WARS,
GADD45A, CTDSPL, FAM129A,
TNFAIP3, PARP14, DUSP6, HIPK3,
BMP4, SPRED2, LATS2, CAMK2N1,
SPRY2

positive regulation of
response to external
stimulus

GO:0032103 2.46E-03 PTGER4, GBP5, CXCL8, CSF1, IFNB1,
CXCR4, HMGB1, ZC3HAV1, DDX60,
CHD2, PTGS2, ETS1, TNFRSF1A,
OASL, C3, NFKBIA, STK24, CAMK2N1,
APOH, TMSB4X, PLCG2, FYN

regulation of response to
biotic stimulus

GO:0002831 1.00E-02 GBP5, CD274, ARG2, IFNB1, RIG-I,
TNFAIP3, HMGB1, ZC3HAV1, IFIT1,
DDX60, PARP14, OASL, C3, HERC5,
PLCG2, FYN, TRIM38, BIRC3

positive regulation of
apoptotic process

GO:0043065 3.67E-03 CD274, JUN, IFNB1, GADD45A,
DCUN1D3, HMGB1, PTGS2, SOD2,
DUSP6, IFIT2, TNFRSF1A, BMP4,
FOSL1, CYLD, RYBP, LATS2, FAP,
CHEK2, TP53BP2, ARL6IP5, PMAIP1,
ATF3, ATF4

regulation of inflammatory
response

GO:0050727 3.67E-02 PTGER4, PLK2, TNFAIP3, PTGS2,
ETS1, NFKB1, TNFRSF1A, C3, NFKBIA,
CYLD, CAMK2N1, TMSB4X, PLCG2,
FYN, PIK3AP1, BIRC3

small molecule
biosynthetic process

GO:0044283 1.51E-02 CRTC2, ASAH1, HMGCS1, GOT1,
SLC1A3, MSMO1, PTGS2, SRR,
AMACR, DHFRL1, CBS, OSBP, CYP1A1,
PLCG2, ALDH18A1, BCO1, ALOXE3,
ATF3, ATF4
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Term GO ID FDR Genes

response to oxidative
stress

GO:0006979 4.78E-02 PPP1R15B, JUN, TOR1A, GPX8,
TNFAIP3, PTGS2, SOD2, ETV5, FOSL1,
RCAN1, STK24, STC2, ARL6IP5,
NCOA7, FYN, ATF4

regulation of cellular
response to stress

GO:0080135 1.36E-03 PSMD10, PPP1R15B, KLHL15, FMR1,
SEMA3A, HMGB1, PTGS2, SPRED2,
CHEK2, SPP1, ARL6IP5, PMAIP1, FYN,
B2M, MAP4K4, RMI2, ARG2,
GADD45A, PLK2, SOD2, HIPK3, BMP4,
CYLD, NR4A3, STK24, CREBRF,
NCOA7, SMAP2, ATF4

cellular response to
cytokine stimulus

GO:0071345 3.80E-03 NRP2, ASAH1, CXCL8, CSF1, CXCR4,
IFIT1, IFIT3, IFIT2, OASL, NFIL3,
MAT2A, IRAK2, TMSB4X, CCNL1,
GBP4, GBP5, IFNB1, FZD4, ETV3,
NFKB1, TNFRSF1A, NFKBIA, CXCL11,
LRCH1, IFNE, SPRY2, CRLF2, VAMP3,
BIRC3

innate immune response GO:0045087 2.68E-03 CSF1, HMGB3, HMGB1, ZC3HAV1,
IFIT1, DDX60, IFIT3, IFIT2, OASL, C3,
HERC5, IFIH1, IFNL2, IFNL1, PLCG2,
FYN, B2M, IFNL3, GBP4, GBP5, ARG2,
IFNB1, RIG-I, PARP14, ISG20, CYLD,
CH25H, TRIM38, ULBP2, CFB, VAMP3

regulation of cytokine
production

GO:0001817 1.39E-02 PTGER4, CD274, TNFAIP3, HMGB1,
ZC3HAV1, PTGS2, C3, IFIH1, IFNL1,
TMSB4X, PLCG2, BTN2A3P, B2M,
MAP2K3, GBP5, ARG2, IFNB1, RIG-I,
NFKB1, CD2AP, CYLD, FERMT1,
NR4A3, FAP, TRIM38, ATF4, CRLF2

positive regulation of
protein phosphorylation

GO:0001934 2.75E-02 PSMD10, CSF1, FMR1, PELI2,
FAM129A, PIK3R3, PTGS2, SLC8A2,
C3, IFNL1, CHEK2, OSBP, PLCG2, FYN,
MAP2K3, IFNB1, FZD4, AKTIP, PLAUR,
IGF2, LIF, PARP14, TNFRSF1A, BMP4,
IFNE, SPRY2

regulation of cell adhesion GO:0030155 2.17E-02 CD274, CXCL8, CSF1, CXCR4, HMGB1,
CHD2, ETS1, SLC7A1, RND1, IFNL1,
ABL2, FYN, HOXA7, B2M, MAP4K4,
ARG2, EGR3, IFNB1, FZD4, PLAUR,
IGF2, LIF, BMP4, FERMT1, NR4A3, FAP,
MDGA1

negative regulation of cell
population proliferation

GO:0008285 4.28E-02 CD274, JUN, ARG2, CXCL8, WARS, LIF,
TNFAIP3, ETV3, PTGS2, SOD2, ETS1,
ING1, IFIT3, BMP4, TGFBR3, FOSL1,
FERMT1, IFNL1, FAP, APOH, MED31,
SPRY2, SLC16A2, B2M

positive regulation of
transcription by RNA
polymerase II

GO:0045944 5.23E-03 HDAC5, CSRNP1, CRTC2, EHF, KMT2C,
HMGB1, ETS1, HOXD10, SUPT6H,
ZNF208, HEY2, HOXA7, EGR2, JUN,
EGR3, IFNB1, RIG-I, IGF2, LIF, NFATC2,
RFX3, ZFY, SUPT5H, ELL2, ETV5,
NFKB1, TNFRSF1A, NFKB2, BMP4,
NFKBIA, FOSL1, KLF6, NR4A3, AGO2,
CREBRF, TAF4B, NCOA7, SMAP2,
ATF3, ZNF597, ATF4

positive regulation of gene
expression

GO:0010628 2.85E-02 PTGER4, CD274, CDC123, CXCL8,
CSF1, FMR1, FAM129A, PIK3R3,
HMGB1, ZC3HAV1, PTGS2, ETS1, C3,
IFIH1, IFNL1, NFIL3, NOCT, HEY2,
PLCG2, B2M, GBP5, WARS, RIG-I, LIF,
NFATC2, BMP4, FERMT1, NR4A3, FAP,
AGO2, SPRY2, RBM24, ATF3, ATF4,
CRLF2
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Term GO ID FDR Genes

negative regulation of
response to stimulus

GO:0048585 9.35E-03 PTGER4, PSMD10, PPP1R15B, CXCL8,
KLHL15, SEMA3A, TNFAIP3, PTGS2,
SPRED2, IFNL1, APOH, CHEK2,
TMSB4X, HEY2, GRB10, SPP1, ABL2,
FYN, MAP2K3, RMI2, ARG2, IFNB1,
FZD4, PLK2, PLAUR, CRIM1, LIF, SOD2,
PARP14, DUSP6, HIPK3, NFKB1,
CD2AP, TNFRSF1A, BMP4, TGFBR3,
NFKBIA, RCAN1, CYLD, FERMT1,
LATS2, NR4A3, CNOT2, CREBRF,
SPRY2, NCOA7, TRIM38, ATF3

positive regulation of signal
transduction

GO:0009967 1.30E-02 CSF1, SEMA3A, GORAB, PELI2,
TNFAIP3, CXCR4, HMGB1, ZC3HAV1,
DDX60, OASL, C3, SPRED2, IFNL1,
GRB10, ARL6IP5, PLCG2, PMAIP1,
FYN, MAP4K4, MAP2K3, SPAG9, JUN,
IFNB1, FZD4, GADD45A, PLK2, PLAUR,
IGF2, LIF, AKR1C2, PARP14, NFKB1,
TNFRSF1A, BMP4, TGFBR3, CYLD,
FERMT1, SPRY2, TRIM38, PIK3AP1,
MAP3K14, ATF3, STX1A, CRLF2, BIRC3

regulation of intracellular
signal transduction

GO:1902531 2.27E-02 PSMD10, TRIO, CSF1, SEMA3A,
ARHGEF28, PELI2, TNFAIP3, HMGB1,
ZC3HAV1, DDX60, PTGS2, SLC8A2,
OASL, SPRED2, CHEK2, TMSB4X,
ARL6IP5, PLCG2, ABL2, PMAIP1, FYN,
MAP4K4, MAP2K3, SPAG9, JUN,
FZD4, GADD45A, PLK2, PLAUR, IGF2,
LIF, AKR1C2, SOD2, DUSP6, HIPK3,
CD2AP, TNFRSF1A, BMP4, NFKBIA,
RCAN1, CYLD, DNMBP, SPRY2,
TRIM38, PIK3AP1, MAP3K14, ATF3,
BIRC3

regulation of cellular
component organization

GO:0051128 1.50E-02 NRP2, FMR1, TMEM97, HMGB1, CHD2,
ING1, RND1, TMSB4X, OSBP,
DENND5A, CCNL1, B2M, TSPYL2,
GBP5, RMI2, WARS, PLAUR, CD2AP,
TNFRSF1A, PISD, CH25H, MAK,
STX1A, PTGER4, PSMD10, MTMR3,
SAR1A, SEMA3A, DCUN1D3, MYCBP2,
CXCR4, C3, ADAMTS16, SPP1, PLCG2,
ABL2, TBC1D14, PMAIP1, FYN,
WHAMM, SNX7, MAP4K4, SPAG9,
TOR1A, LRRN2, FZD4, PLK2, CRIM1,
IGF2, LIF, NFATC2, BMP4, CYLD,
FERMT1, STK24, FAP, CNOT2,
PLEKHM1, SPRY2, RAB5A, MDGA1
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Table S6: GOBP terms enriched in A549 IFNRTKOMAVSKO cells upon 5’ppp-dsRNA
stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKOMAVSKO cells synchronously
stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False discovery rate (FDR) < 0.05. GOBP term en-
richment analysis was performed with PANTHER.

Term GO ID FDR Genes

platelet-derived growth
factor receptor signaling
pathway

GO:0048008 4.66E-02 CSRNP1, NR4A3, TIPARP, ARID5B,
VEGFA

regulation of blood vessel
endothelial cell migration

GO:0043535 2.47E-02 MAP2K3, HDAC5, STARD13, SPRED1,
GADD45A, ETS1, EPHA2, VEGFA

transcription by RNA
polymerase II

GO:0006366 3.30E-02 PCID2, VDR, GLIS3, SUPT5H, ETS1,
ELL2, SUPT6H, GTF2H5, NFKB1,
CDK7, NFIL3, NOCT, GTF2IRD1

regulation of lipid
metabolic process

GO:0019216 4.94E-02 RUBCN, PANK2, MTMR3, IDH1,
AKR1C3, NR1D1, NFKB1, SOD1,
RNF213, NR4A3, AADAC, SNAI2,
PIP4K2B, TRIB3, PDK2

protein phosphorylation GO:0006468 2.79E-02 TRIO, TNKS, IL24, NUAK2, EEF2K,
RSRC1, ABL2, CCL2, NEK1, PDK2,
MAP2K3, BRD2, RIOK3, MMD,
STRADB, LIF, CSNK1D, BRAF, GTF2H5,
CDK7, NR4A3, SIK3, TRIB3, MAP3K14,
EPHA2

positive regulation of
transcription by RNA
polymerase II

GO:0045944 2.35E-03 HDAC5, CSRNP1, TNKS, ZBTB49,
CEBPG, GLIS3, SIX1, ETS1, SUPT6H,
RELA, ARNTL, SBNO2, SERTAD1,
SESN2, EPC1, MEF2D, SOX4, KLF10,
KDM6B, EGR2, VDR, LIF, INHBA,
ARID3B, NR1D1, SUPT5H, ELL2,
NFKB1, JMJD6, FOSL2, VEGFA,
NFKB2, NFKBIA, FOSL1, CDK7, NR4A3,
AGO2, REL, LHX4, SMAP2

cellular response to stress GO:0033554 2.93E-04 HILPDA, EEF2K, C17orf53, FAM162A,
SESN2, UIMC1, CHAC1, CCNL1, PDK2,
MAP2K3, KLF10, KDM6B, RMI2,
USP43, HSBP1, STRADB, MAPK8IP3,
DDIT4, MCM3, SDE2, TRIB3, SLC29A1,
EPHA2, OSER1, PPP1R15B, MTMR3,
WDR45B, FAM129A, SAMHD1, RELA,
ARNTL, NUAK2, PRDX1, PMAIP1,
MCL1, TOR1A, GADD45A, AKR1C3,
BRAF, GTF2H5, NFKB1, VASN, VEGFA,
SOD1, NFKBIA, CDK7, TRIM39, REL,
CPEB4

regulation of
phosphorylation

GO:0042325 2.11E-02 PPP1R15B, IL24, FAM129A, CHD2,
EFNA5, SOCS2, SPRED1, PRRC1,
EEF2K, SERTAD1, OSBP, SESN2, SNX9,
PIP4K2B, CCNL1, MAP2K3, TSPYL2,
SPAG9, RUBCN, MMD, GADD45A,
STRADB, LIF, CSNK1D, BRAF, INHBA,
VEGFA, SOD1, EREG, CDK7, TRAF4,
IFNE, DDIT4, SMCR8, TRIB3, GPRC5C,
EPHA2

regulation of intracellular
signal transduction

GO:1902531 1.33E-02 TRIO, ARHGEF28, LPAR1, OTUD7B,
DENND3, SIPA1L2, RELA, ARNTL,
CYTH3, SPRED1, SYNGAP1, PRDX1,
SESN2, ABL2, CCL2, PMAIP1, LMCD1,
SOX4, PDK2, MCL1, MAP2K3, SPAG9,
PCID2, STARD13, RIOK3, GADD45A,
LIF, AKR1C3, BRAF, NR1D1,
ARHGAP26, DUSP8, MAPK8IP3,
VEGFA, SOD1, NFKBIA, CYLD, TRIM39,
TRAF4, DDIT4, SIK3, REL, SNAI2,
SMCR8, TRIM38, MAP3K14, EPHA2
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Term GO ID FDR Genes

cellular response to
chemical stimulus

GO:0070887 2.47E-03 NRP2, IFITM2, IL24, HILPDA, SIX1,
EEF2K, FAM162A, SESN2, CCNL1,
SOX4, PDK2, MAP2K3, KDM6B, CBR1,
GSTO1, STX8, ARID5B, CSNK1D, EREG,
OAS1, IFNE, DDIT4, TRIB3, SLC29A1,
EPHA2, RBM22, OSER1, HDAC5,
LPAR1, EFNA5, RELA, ARNTL, SOCS2,
UGCG, FAM83G, SBNO2, LARP1,
NFIL3, PRDX1, ABL2, CCL2, PMAIP1,
SYT5, EGR2, TOR1A, TIPARP, RIOK3,
VDR, SMURF1, AKR1C3, BRAF, INHBA,
NR1D1, FAM213A, NFKB1, VASN,
VEGFA, SOD1, ABTB2, NFKBIA, NR4A3,
AADAC, ID1, CYP1A1, SNAI2, SMAP2,
CPEB4

negative regulation of
cellular metabolic process

GO:0031324 1.99E-02 BHLHE41, ZBTB21, OTUD7B, SIX1,
PRDM1, LAPTM4B, SPRED1, SESN2,
UIMC1, EPC1, PIP4K2B, CHAC1,
LMCD1, SOX4, AASS, KLF10, TSPYL2,
RUBCN, RMI2, PCID2, HSBP1, ARID5B,
EREG, DDIT4, SMCR8, TRIB3,
PPP1R15B, HDAC5, TNKS, ZBTB49,
GLIS3, FAM129A, SUPT6H, RELA,
ARNTL, SBNO2, LARP1, NFIL3, NOCT,
MCL1, SPAG9, LRRN2, VDR, GADD45A,
CRIM1, AKR1C3, INHBA, NR1D1,
SUPT5H, YY1AP1, NFKB1, VEGFA,
GON4L, RYBP, NR4A3, TRIM39, AGO2,
ID1, SNAI2, GTF2IRD1, SIM2, CPEB4

negative regulation of
macromolecule metabolic
process

GO:0010605 1.46E-02 BHLHE41, ZBTB21, OTUD7B, SIX1,
SMG9, PRDM1, LAPTM4B, SPRED1,
ZC3H7A, SESN2, UIMC1, KPNA7, EPC1,
CHAC1, LMCD1, SOX4, AASS, KLF10,
TSPYL2, RMI2, PCID2, HSBP1, ARID5B,
EREG, OAS1, DDIT4, SMCR8, TRIB3,
PFDN6, EPHA2, PPP1R15B, HDAC5,
TNKS, ZBTB49, GLIS3, FAM129A,
SUPT6H, RELA, ARNTL, SBNO2,
LARP1, NFIL3, NOCT, SPAG9, TIPARP,
LRRN2, VDR, GADD45A, CRIM1,
INHBA, NR1D1, SUPT5H, YY1AP1,
NFKB1, VEGFA, CYLD, GON4L, RYBP,
NR4A3, TRIM39, AGO2, ID1, REL,
SNAI2, GTF2IRD1, SIM2, CPEB4

regulation of catalytic
activity

GO:0050790 4.17E-02 TRIO, TBC1D3B, SIPA1L2, SPRED1,
SYNGAP1, FAM162A, SESN2, PIP4K2B,
CCNL1, PHACTR4, MAP2K3, TSPYL2,
RUBCN, PCID2, MMD, STRADB, EREG,
AGAP9, TBC1D3, OAS1, AGAP6,
TRAF4, AGAP5, SMCR8, TRIB3,
GPRC5C, EPHA2, PPP1R15B, TNKS,
ARHGEF28, LPAR1, DENND3, AGAP4,
EFNA5, SOCS2, CYTH3, PRRC1,
SERTAD1, APOH, ABL2, CCL2, PMAIP1,
SNX9, RSU1, SRGAP1, STARD13, VDR,
GADD45A, CRIM1, ARHGAP26, NFKB1,
VEGFA, SOD1, CDK7, SMAP2
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Term GO ID FDR Genes

multicellular organism
development

GO:0007275 1.96E-02 PANK2, TRIO, PRDM1, LIPA, SYNGAP1,
KPNA7, CHAC1, CCNL1, SOX4,
MAP2K3, PCID2, ARID5B, MAPK8IP3,
JMJD6, EREG, KIAA1217, ALDH3A2,
DDIT4, EPHA2, YTHDC1, LPAR1,
EFNA5, SUPT6H, SOCS2, ADAMTS16,
UGCG, SBNO2, RNF213, PRDX1, EGR2,
STARD13, TOR1A, TIPARP, VDR, IDH1,
CRIM1, LIF, BRAF, INHBA, NR1D1,
ARHGAP26, FOSL2, NFKB2, FOSL1,
FA2H, GON4L, NR4A3, AGO2, ID1,
CYP1A1, SNAI2, LHX4, SIM2, CSRNP1,
NRP2, BHLHE41, OTUD7B, SIX1,
SMG9, CHD2, RND1, SPRED1, EEF2K,
PHACTR4, KLF10, KDM6B, BRD2,
PARP6, HSBP1, POMGNT2, TRAF4,
IFNE, SLC29A1, HDAC5, TUFT1,
CEBPG, ODC1, SAMHD1, FSTL1,
PTHLH, RELA, ARNTL, SRR, NFIL3,
CCL2, ALOXE3, MEF2D, CMTM7, IRX5,
AKR1C3, MPP5, PTPN14, YY1AP1,
VEGFA, SOD1, RYBP, MAMLD1
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Table S7: GOBP terms enriched in A549 IFNRTKO IRF3KO cells upon 5’ppp-dsRNA
stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO IRF3KO cells synchronously
stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False discovery rate (FDR) < 0.05. GOBP term en-
richment analysis was performed with PANTHER.

Term GO ID FDR Genes

nucleotide-binding
oligomerization domain
containing signaling
pathway

GO:0070423 2.48E-02 NFKBIA, CYLD, ITCH, TNFAIP3

negative regulation of type I
interferon production

GO:0032480 7.72E-03 CYLD, ITCH, CAD, REL, CACTIN, RELB

response to vitamin D GO:0033280 3.60E-02 VDR, STC2, SPP1, TRIM25, STC1
NIK/NF-kappaB signaling GO:0038061 1.95E-03 PSMA6, REL, TNFRSF10B, IKBKE,

BIRC2, NFKB2, BIRC3, RELB
positive regulation of
response to endoplasmic
reticulum stress

GO:1905898 1.79E-02 ERN1, RNFT2, DDIT3, HERPUD1,
NFE2L2, BBC3

receptor signaling pathway
via JAK-STAT

GO:0007259 7.92E-03 SOCS2, STAT5A, IFNL2, IFNL1, CCL2,
IFNL3, JAK1

I-kappaB
kinase/NF-kappaB
signaling

GO:0007249 4.36E-03 NFKBIA, PRDX4, IRAK2, REL, IKBKE,
BIRC2, BIRC3, RELB

cellular response to
hydrogen peroxide

GO:0070301 2.43E-03 ERN1, OSER1, KDM6B, PCNA,
SIGMAR1, PRKCD, TNFAIP3, CYP1B1,
NFE2L2

arachidonic acid metabolic
process

GO:0019369 2.58E-02 PLA2G4C, CYP1A1, AKR1C3, CYP1B1,
ABHD6, DAGLB, ALOXE3

positive regulation of
reactive oxygen species
metabolic process

GO:2000379 1.56E-02 ITGAM, GADD45A, PRKCD, CAD,
AKR1C3, CYP1B1, SOD2, NFE2L2

negative regulation of
NF-kappaB transcription
factor activity

GO:0032088 4.07E-03 NFKBIA, PSMD10, CYLD, ITCH, IRAK2,
DDIT3, CAD, TNFAIP3, CYP1B1,
CACTIN

regulation of
cyclin-dependent protein
serine/threonine kinase
activity

GO:0000079 6.07E-03 PSMD10, CDK7, LATS2, CCNE1,
GADD45A, TNFAIP3, PROX1, NR2F2,
CDC25A, EGFR

endothelial cell
differentiation

GO:0045446 2.87E-02 KDM6B, CLIC4, CXCR4, STC1, PROX1,
NR2F2, MYD88, ICAM1

cellular response to
interleukin-1

GO:0071347 5.26E-03 PSMA6, CXCL8, IRAK2, TNIP2, CAD,
CCL2, CACTIN, GBP2, MYD88, NFKB1,
NKX3-1

intrinsic apoptotic signaling
pathway

GO:0097193 1.09E-03 BCL2A1, PRKCD, TNFRSF10B, AEN,
SOD2, BBC3, ERN1, DDIT3, CASP4,
TP53BP2, SPP1, CYP1B1, CD24, IKBKE

cellular response to alcohol GO:0097306 5.00E-02 KLF9, DAG1, AKR1C3, CYP1B1,
AKR1C2, INHBA, EFNA5, SOD2

positive regulation of
I-kappaB
kinase/NF-kappaB
signaling

GO:0043123 8.07E-04 NEK6, LPAR1, TNFRSF10B, ZC3HAV1,
FKBP1A, TRIML2, TNIP2, REL, TRIM25,
TRIM14, ROR1, AJUBA, IKBKE, MYD88,
BIRC2, BIRC3

regulation of viral life cycle GO:1903900 1.97E-02 IL32, CXCL8, ZNFX1, TRIML2, LAMP3,
MPI, TRIM25, TRIM14, PROX1,
ZC3HAV1, IFNL3

circadian rhythm GO:0007623 4.93E-02 KLF10, GPR176, NOCT, BHLHE40,
KLF9, ID1, CRY1, BHLHE41, PROX1,
RELB

cellular response to tumor
necrosis factor

GO:0071356 7.61E-03 CXCL8, CAD, TRAF1, NFKB1, NFKBIA,
PSMA6, CCL2, CYP1B1, CACTIN,
GBP2, BIRC2, NFE2L2, BIRC3, NKX3-1

response to endoplasmic
reticulum stress

GO:0034976 3.09E-03 PPP1R15B, TOR1A, CXCL8, SYVN1,
ATG10, FAM129A, TNFRSF10B,
HERPUD1, BBC3, ERN1, STC2, DDIT3,
CASP4, TRIM25, ATF3, NFE2L2
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Term GO ID FDR Genes

cellular response to biotic
stimulus

GO:0071216 4.38E-03 NOTCH2, PPP1R15B, CXCL8, CAD,
ATG10, TNFAIP3, CXCL3, CXCL2,
NFKB1, NFKBIA, IRAK2, TNIP2, DDIT3,
CCL2, CACTIN, MYD88

regulation of innate
immune response

GO:0045088 9.03E-03 KLRC2, KLRC3, CAD, TNFAIP3,
SERPINB9, RASGRP1, EREG, PSMA6,
ZNFX1, SIN3A, CACTIN, IKBKE, BIRC2,
APPL1, NFE2L2, BIRC3

glycerophospholipid
biosynthetic process

GO:0046474 4.41E-02 UVRAG, PIGU, INPP1, PLA2G4C,
PIK3CD, MTMR4, SOCS2, ITPKC,
LPCAT4, LPCAT3, PIP4K2A, CHPT1,
AJUBA

cellular response to lipid GO:0071396 9.16E-05 CXCL8, TNFAIP3, STC1, CXCL3,
EFNA5, NR3C1, CXCL2, EGFR,
PGRMC2, IRAK2, DAG1, SPP1, ABL2,
CCL2, CYP1B1, LDLR, NKX3-1, VDR,
CAD, AKR1C3, AKR1C2, INHBA, NFKB1,
NFKBIA, NR4A3, TNIP2, KLF9, PADI2,
CACTIN, MYD88

response to hypoxia GO:0001666 1.26E-02 GATA6, CXCR4, STC1, VEGFC, SOD2,
BBC3, NR4A2, PSMA6, PLAU, STC2,
CYP1A1, PGK1, CD24, AJUBA, BIRC2,
NFE2L2, NKX3-1

cytokine-mediated
signaling pathway

GO:0019221 2.85E-03 STAT5A, CXCL8, CXCR4, GPR75,
TRAF1, TYK2, CXCL3, CXCL2, EREG,
NFKBIA, UGCG, PSMA6, IRAK2, TNIP2,
IFNE, CCL2, IKBKE, MYD88, BIRC2,
APPL1, JAK1, BIRC3

positive regulation of
cellular catabolic process

GO:0031331 1.56E-03 RNFT2, PSMD10, TNFAIP3, RNF19B,
ZC3HAV1, HERPUD1, NKD2, NOCT,
PHKG2, PIP4K2A, SNX9, LDLR,
EXOSC2, CTSC, UVRAG, PRKCD,
SAMD4A, ITCH, TRIML2, AGO2,
TRIM14, DAGLB, RBM24, OPTN,
NFE2L2

regulation of apoptotic
signaling pathway

GO:2001233 9.25E-03 PSMD10, STRADB, PRKCD, SYVN1,
TNFAIP3, TXNDC12, TRAF1, INHBA,
SOD2, HERPUD1, ICAM1, BBC3,
NR4A2, CYLD, DDIT3, RFFL, CTSC,
ATF3, NFE2L2, NKX3-1

alcohol metabolic process GO:0006066 1.97E-02 IPPK, HMGCS1, GOT1, INPP1, IDH1,
AKR1C3, AKR1C2, ALDH3A2,
SDR16C5, ACLY, ITPKC, ALDH1B1,
CYP1A1, SPP1, SC5D, CYP1B1, PCBD1,
LDLR

regulation of mitotic cell
cycle phase transition

GO:1901990 3.46E-02 PCID2, NEK6, INTS3, INHBA, INO80,
CDC25A, EGFR, PSMA6, CDK7, TFDP1,
SIN3A, UIMC1, CYP1A1, NABP2, CCL2,
ZNF655, APPL1

positive regulation of
protein kinase activity

GO:0045860 1.16E-02 PSMD10, STRADB, PRKCD,
TNFRSF10B, VEGFC, PROX1, EFNA5,
RASGRP1, EGFR, EREG, EFNA1, ERN1,
MOB3C, PRRC1, DAG1, SPRY2, SNX9,
ITGB1BP1, CD24, AJUBA, BMPR1A

cellular response to
hormone stimulus

GO:0032870 3.79E-03 GATA6, STC1, EFNA5, NR3C1, SOCS2,
UGCG, PGRMC2, CYP1B1, APPL1,
NKX3-1, STAT5A, GOT1, PRKCD, CAD,
AKR1C3, AKR1C2, SERPINB9, INHBA,
NFKB1, NR4A2, LATS2, NR4A3, KLF9,
PADI2, NFE2L2

response to molecule of
bacterial origin

GO:0002237 4.70E-02 CXCL8, MPI, CAD, TNFAIP3, CXCL3,
SOD2, CXCL2, NFKB1, NFKBIA, IRAK2,
TNIP2, NOCT, CYP1A1, CCL2, CACTIN,
CD24, MYD88

158



BIBLIOGRAPHY

Term GO ID FDR Genes

inflammatory response GO:0006954 5.78E-03 NOTCH2, SERPINA3, CXCL8, TNFAIP3,
CXCR4, PIK3CD, CXCL3, RASGRP1,
CXCL2, LIPA, RELB, IRAK2, CASP4,
NFKBIZ, SPP1, CCL2, KDM6B,
PLA2G4C, CAD, NFKB1, ITCH, NFX1,
TNIP2, REL, MYD88, NFE2L2

positive regulation of
apoptotic process

GO:0043065 9.66E-03 NOTCH2, PRR7, ITGAM, GATA6,
PIK3CD, BBC3, TP53BP2, CCL2,
CYP1B1, PHLDA1, CTSC, NKX3-1, VDR,
GADD45A, PRKCD, AKR1C3,
TNFRSF10B, INHBA, SOD2, FOSL1,
CYLD, RYBP, LATS2, DDIT3, ATF3

negative regulation of
apoptotic process

GO:0043066 2.24E-04 NOTCH2, PSMD10, ANKLE2, BCL2A1,
GLO1, GATA6, TNFAIP3, TXNDC12,
EGFR, HERPUD1, ICAM1, UNG, SOCS2,
SIN3A, ALKBH1, LAMP3, CCL2, RFFL,
TXNDC5, IER3, PCID2, ARG2, GABRA5,
STRADB, PRKCD, SYVN1, SERPINB9,
SOD2, MAPK8IP3, NFKB1, EFNA1,
NR4A2, ITCH, TNIP2, ID1, PPT1,
SPRY2, RGL2, STK40, BIRC2, NFE2L2,
BIRC3

cellular response to organic
cyclic compound

GO:0071407 4.95E-02 GNAZ, VDR, CAD, AKR1C3, STC1,
INHBA, EFNA5, NR3C1, EGFR, NFKB1,
SSH1, PGRMC2, NR4A3, SIN3A, KLF9,
ID1, CYP1A1, DAG1, SPP1, PADI2, CCL2,
CYP1B1, NKX3-1

blood vessel development GO:0001568 4.99E-02 NOTCH2, EGR2, CLIC4, CXCL8, CAD,
GATA6, VEGFC, PROX1, NR2F2,
ARHGAP24, EREG, EFNA1, FOSL1,
DDIT3, ID1, DAG1, CCL2, CYP1B1,
ITGB1BP1, CKLF, LDLR, BMPR1A,
NKX3-1

protein ubiquitination GO:0016567 1.83E-02 RNFT2, TNFAIP3, DCAF8, RNF19B,
UBE2L6, HERPUD1, SOCS2, MED31,
TRIM25, RFFL, SKP1, BRAP, RNF24,
SYVN1, TRAF1, FANCF, KCTD9,
PSMA6, ITCH, RYBP, RNF169, TRIML2,
NEURL3, NFX1, ASB9, TRIM14, BIRC2,
NFE2L2, BIRC3

regulation of hydrolase
activity

GO:0051336 2.85E-03 PPP1R15B, SERPINA3, PRR7, TMED10,
PCNA, MPI, LPAR1, TBC1D3E, RASAL2,
EFNA5, SIPA1L2, RASGRP1, EGFR,
BBC3, ABR, LAMP3, ABL2, CCL2,
TBC1D14, SNX9, RFFL, TBC1D22B,
NKX3-1, BRAP, PCID2, PRKCD, CRIM1,
SERPINB9, HSPE1, SERPINB8,
ARHGAP24, EFNA1, FKBP1A,
TBC1D3K, PPT1, SPRY2, ITGB1BP1,
AJUBA, RGL2, BIRC2, BIRC3

protein phosphorylation GO:0006468 3.39E-02 TRIO, PIK3CD, EGFR, ABR, PRDX4,
IRAK2, PHKG2, ABL2, CCL2, MAP3K8,
IKBKE, JAK1, UVRAG, NEK6, STRADB,
CAD, PRKCD, TYK2, ERN1, CLK1, CDK7,
LATS2, NR4A3, CCNE1, MAK, CRY1,
TAF4B, ROR1, STK40, BMPR1A

negative regulation of
cellular protein metabolic
process

GO:0032269 1.09E-02 PPP1R15B, SERPINA3, PRR7, TMED10,
MPI, FAM129A, TNFAIP3, SUPT6H,
GLG1, SDR16C5, SPRED2, LAPTM4B,
SIN3A, NOCT, LAMP3, IGF2BP2, RFFL,
EXOSC2, PCID2, GADD45A, PRKCD,
CRIM1, SAMD4A, SERPINB9, NR2F2,
SERPINB8, NFKB1, EFNA1, FKBP1A,
RYBP, LATS2, AGO2, CRY1, SPRY2,
ITGB1BP1, CACTIN, RBM24, BIRC2,
BIRC3
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Term GO ID FDR Genes

negative regulation of
signal transduction

GO:0009968 2.79E-03 CXCL8, TNFAIP3, TXNDC12, HERPUD1,
ICAM1, SPRED2, DAG1, PIP4K2A,
APPL1, NKX3-1, STRADB, PRKCD, CAD,
PSMA6, LATS2, DDIT3, CRY1, PADI2,
ITGB1BP1, CACTIN, AJUBA, OPTN,
ATF3, PSMD10, PPP1R15B, DLX2,
MTMR4, EGFR, GLG1, NKD2, SOCS2,
LPXN, ABL2, RFFL, BRAP, SYVN1,
CRIM1, NR0B1, NFATC1, SOD2,
ARHGAP24, EFNA1, FKBP1A, NFKBIA,
NR4A2, CYLD, ITCH, SPRY2, NFE2L2

negative regulation of
transcription by RNA
polymerase II

GO:0000122 3.29E-02 NOTCH2, PSMD10, DLX2, PCNA,
BHLHE41, GATA6, ZBTB1, NR3C1,
ETS2, SDR16C5, SIN3A, KLF10, HSBP1,
VDR, GADD45A, NFATC2, NR0B1,
PROX1, NR2F2, ZNF79, NFKB1, EFNA1,
NR4A2, EID1, RYBP, NR4A3, NFX1,
CCNE1, DDIT3, BHLHE40, ID1, CRY1,
ZNF436, CKLF, AJUBA, SIM2, ATF3

response to
organonitrogen compound

GO:0010243 4.45E-02 GNAZ, PCNA, GATA6, TNFAIP3,
CXCR4, STC1, EGFR, HERPUD1,
ICAM1, SOCS2, SIN3A, STC2, CASP4,
DAG1, TRIM25, CYP1B1, LDLR, APPL1,
STAT5A, EGR2, TOR1A, GOT1, PRKCD,
SYVN1, NFKB1, SSH1, EREG, NFKBIA,
FOSL1, NR4A2, NR4A3, ID1, CRY1,
MYD88, BIRC2, NFE2L2

regulation of cell
differentiation

GO:0045595 4.16E-03 TRIO, CD83, BHLHE41, SPRED2,
SIN3A, NFKBIZ, DAG1, KLF10, PCID2,
TFE3, PROX1, EREG, EID1, PSMA6,
ISL2, DDIT3, ITGB1BP1, RBM24, BIRC2,
NOTCH2, DLX2, GATA6, ZBTB1,
CXCR4, EFNA5, RASGRP1, SUPT6H,
EGFR, GLG1, SOCS2, IFNL1, NOCT,
SPP1, LDLR, EGR2, VDR, CRIM1,
NFATC2, VEGFC, NFATC1, INHBA,
FAM213A, SOD2, NFKB1, EFNA1,
NFKBIA, ITCH, BHLHE40, NBR1, ID1,
SPRY2, CD24, CKLF, BMPR1A, NFE2L2

positive regulation of gene
expression

GO:0010628 3.92E-02 TMED10, CXCL8, CD83, GATA6,
FAM129A, PIK3CD, ZC3HAV1,
RASGRP1, EGFR, NKD2, RELB, IFNL1,
C1QTNF1, NOCT, LAMP3, CYP1B1,
LDLR, IKBKE, APPL1, NKX3-1, IL32,
VDR, SAMD4A, NFATC2, INHBA, TYK2,
EREG, ERN1, NR4A3, LPCAT3, DDIT3,
AGO2, ID1, PADI2, SPRY2, CLEC4E,
RBM24, MYD88, ATF3, BMPR1A,
NFE2L2

positive regulation of
transcription by RNA
polymerase II

GO:0045944 4.43E-02 CRTC2, GMEB1, DLX2, NUFIP1, DOT1L,
GATA6, NR3C1, SUPT6H, EGFR, ETS2,
SIN3A, NKX3-1, KLF10, KDM6B, EGR2,
VDR, TFE3, NFATC2, NFATC1, PROX1,
INHBA, NR2F2, INO80, ELL2, NFKB1,
NFKB2, NFKBIA, FOSL1, NR4A2, CDK7,
KLF6, TFDP1, NR4A3, TNIP2, DDIT3,
AGO2, REL, TAF4B, ITGB1BP1, SSBP2,
CKLF, ATF3, BMPR1A, NFE2L2
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Term GO ID FDR Genes

cellular macromolecule
localization

GO:0070727 2.64E-02 PIGU, TMED10, WDR45B, TNFAIP3,
PTPRK, ING1, EGFR, HERPUD1, NKD2,
ARL5B, SAMM50, SIN3A, PDZD11,
LAMP3, TMEM107, TMSB4Y,
TIMM17A, SNX9, STX3, GBP2,
EXOSC2, APPL1, SKP1, TIMM8A,
TRMT10B, EGR2, PCID2, TOR1A,
SEC24A, STRADB, SYVN1, TIMM21,
MPP5, MAPK8IP3, COPZ1, NFKBIA,
SPCS3, FRMD6, NEURL3, DDIT3, ID1,
NABP2, ITGB1BP1, KDELR3, CD24,
CKLF, AJUBA, OPTN

immune response GO:0006955 4.38E-02 PRR7, CXCL8, CD83, ITGAM, MPI,
PIK3CD, RNF19B, CXCL3, CXCL2,
ICAM1, LAMP3, CASP4, TRIM25,
IKBKE, CTSC, JAK1, ARG2, TFE3,
PRKCD, CAD, SERPINB9, TYK2, GEM,
IFNE, TRIM14, CACTIN, CLEC4E,
OPTN, NOTCH2, ZBTB1, CXCR4,
ZC3HAV1, RASGRP1, UNG, RELB,
IFNL2, IFNL1, HLA-DMB, CCL2, FLNB,
GBP2, IFNL3, IL32, KLRC2, NFKB2,
CYLD, ITCH, NR4A3, TRIML2, REL,
POLR3H, MYD88, BMPR1A

animal organ development GO:0048513 1.87E-02 CLIC4, PRR7, CXCL8, ITGAM, GORAB,
PIK3CD, LIPA, SIN3A, ALKBH1,
TMEM107, DAG1, CYP1B1, PIP4K2A,
NKX3-1, KLF10, KDM6B, PCID2, ARG2,
PROX1, EREG, ISL2, IFNE, B3GNT5,
PADI2, ROR1, GARS, ITGB1BP1,
CLEC4E, RBM24, STK40, ATF3,
KDM7A, BIRC2, NOTCH2, DLX2, PCNA,
TUFT1, GLO1, ODC1, GATA6, ZBTB1,
CXCR4, STC1, EGFR, GLG1, RELB,
SOCS2, ADAMTS16, UGCG, PRDX4,
PGRMC2, PDLIM2, STC2, SPP1, CCL2,
FLNB, ALOXE3, SLC25A25, CMTM7,
STAT5A, SVIL, EGR2, IRX5, VDR,
GABRA5, IDH1, SYVN1, AKR1C3,
VEGFC, NR0B1, NFATC1, ARPC5,
INHBA, NR2F2, SOD2, MPP5, YY1AP1,
NFKB2, EFNA1, FKBP1A, FOSL1,
NR4A2, KLF6, NR4A3, NPHS1, ID1,
CYP1A1, PPT1, SPRY2, CD24, CKLF,
SIM2, BMPR1A, MEGF9
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Table S8: GOBP termsenriched inA549 IFNRTKO IRF1KOcells upon 5’ppp-dsRNAstim-
ulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO IRF1KO cells synchronously
stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False discovery rate (FDR) < 0.05. GOBP term en-
richment analysis was performed with PANTHER.

Term GO ID FDR Genes

cellular response to
exogenous dsRNA

GO:0071360 4.16E-02 IFIH1, IFNB1, RIG-I

negative regulation of viral
genome replication

GO:0045071 4.23E-02 IFIH1, IFNB1, ZC3HAV1, OASL

arachidonic acid metabolic
process

GO:0019369 4.13E-02 PLA2G4C, AKR1C3, CYP1B1, ALOXE3

defense response to virus GO:0051607 5.49E-04 IFIH1, IFNL2, IFNL1, IFNB1, RIG-I,
ZC3HAV1, IFIT3, IFIT2, OASL

negative regulation of cell
population proliferation

GO:0008285 4.29E-02 TGFBR3, IFNL1, TES, CITED2,
TNFAIP3, SPRY2, CYP1B1, SLC16A2,
ETS1, IFIT3

innate immune response GO:0045087 3.10E-02 IFIH1, CH25H, IFNL2, IFNL1, IFNB1,
RIG-I, ZC3HAV1, PARP14, IFIT3, IFIT2,
OASL

positive regulation of
response to stimulus

GO:0048584 4.34E-02 IFNB1, RIG-I, CITED2, AKR1C3,
TNFAIP3, INHBB, ZC3HAV1, PARP14,
ETS1, OASL, TGFBR3, IFIH1, IFNL2,
IFNL1, GRB10, SPRY2, CYP1B1, HBEGF
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Table S9: GOBP terms enriched in A549 IFNRTKO cells normalized to
IFNRTKOMAVSKO upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO cells normalized to
IFNRTKOMAVSKO cells synchronously stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False
discovery rate (FDR) < 0.05. GOBP term enrichment analysis was performed with PANTHER.

Term GO ID FDR Genes

regulation of type III
interferon production

GO:0034344 3.93E-02 IFIH1, RIG-I

branchiomotor neuron
axon guidance

GO:0021785 4.98E-02 SEMA3A, MYCBP2

detection of virus GO:0009597 4.95E-02 IFIH1, RIG-I
positive regulation of RIG-I
signaling pathway

GO:1900246 4.41E-03 ZC3HAV1, DDX60, OASL

cellular response to
interferon-alpha

GO:0035457 5.22E-03 OAS1, IFIT3, IFIT2

neuron remodeling GO:0016322 6.28E-03 C3, ANKS1A, RND1
antiviral innate immune
response

GO:0140374 1.18E-02 OAS1, RIG-I, IFIT1

positive regulation of
interferon-alpha production

GO:0032727 2.09E-02 IFIH1, RIG-I, ZC3HAV1

cellular response to type I
interferon

GO:0071357 3.62E-02 OAS1, IFNB1, IFIT1

cellular response to
exogenous dsRNA

GO:0071360 6.88E-04 IFIH1, IFNB1, RIG-I, IFIT1

positive regulation of
interferon-beta production

GO:0032728 6.32E-03 IFIH1, OAS1, RIG-I, ZC3HAV1

positive regulation of
receptor-mediated
endocytosis

GO:0048260 1.61E-02 C3, FMR1, PLCG2, B2M

toll-like receptor signaling
pathway

GO:0002224 1.73E-02 OAS1, IRAK2, PLCG2, PIK3AP1

cellular response to virus GO:0098586 1.39E-03 IFIH1, OAS1, IFNB1, RIG-I, FMR1
positive regulation of
response to cytokine
stimulus

GO:0060760 2.01E-03 IFIH1, CSF1, RIG-I, CXCR4, PARP14

cellular response to
lipopolysaccharide

GO:0071222 3.56E-03 CD274, CXCL11, CXCL8, IRAK2,
PLCG2, CMPK2, B2M

regulation of innate
immune response

GO:0045088 1.42E-02 C3, GBP5, OAS1, IFNB1, PLCG2, FYN,
PARP14

negative regulation of cell
adhesion

GO:0007162 2.88E-02 CD274, IFNL1, FAP, IFNB1, FZD4,
MAP4K4, RND1

negative regulation of viral
genome replication

GO:0045071 2.52E-07 ISG20, IFIH1, OAS1, IFNB1, ZC3HAV1,
IFIT1, IFNL3, OASL

regulation of leukocyte
cell-cell adhesion

GO:1903037 1.48E-02 CD274, IFNL1, EGR3, FAP, IFNB1, IGF2,
FYN, B2M

regulation of T cell
activation

GO:0050863 1.64E-02 CD274, IFNL1, EGR3, FAP, IFNB1, IGF2,
FYN, B2M

negative regulation of
immune system process

GO:0002683 4.48E-02 PTGER4, CD274, IFNL1, OAS1, FAP,
IFNB1, FYN, PARP14

cytokine-mediated
signaling pathway

GO:0019221 1.23E-03 CXCL11, CXCL8, OAS1, CSF1, IFNB1,
IRAK2, FZD4, CXCR4, CRLF2, OASL

positive regulation of cell
migration

GO:0030335 1.30E-02 CD274, CXCL8, CSF1, FZD4, SEMA3A,
PLCG2, CXCR4, PIK3R3, SOD2,
MAP4K4

positive regulation of
immune response

GO:0050778 7.23E-03 C3, GBP5, CD274, IFNL2, IFNL1, IFNB1,
PLCG2, FYN, B2M, IFNL3, CFB

tube morphogenesis GO:0035239 1.69E-02 CXCL8, EGR3, WARS, CSF1, FAP, FZD4,
CXCR4, PIK3R3, DCHS1, HOXD11

positive regulation of
protein phosphorylation

GO:0001934 1.53E-04 CSF1, IFNB1, FZD4, FMR1, PLAUR,
IGF2, FAM129A, PIK3R3, PARP14,
SLC8A2, C3, IFNL1, CHEK2, PLCG2,
FYN

cell migration GO:0016477 1.02E-03 CXCL8, EGR3, SEMA3A, CXCR4,
PIK3R3, CD2AP, RND1, CH25H,
CXCL11, FAP, GRB10, DCHS1, FYN,
ANKS1A, MDGA1
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Term GO ID FDR Genes

intracellular signal
transduction

GO:0035556 1.97E-02 PTGER4, CXCL8, RIG-I, ARHGEF28,
CXCR4, PIK3R3, SOD2, RND1, IFIH1,
IRAK2, CHEK2, GRB10, PLCG2,
PMAIP1, DCHS1, FYN, MAP4K4

regulation of molecular
function

GO:0065009 4.26E-02 CSF1, FMR1, ARHGEF28, MYCBP2,
PIK3R3, IFIT1, IFIT2, SLC8A2, OASL,
C3, HERC5, RANBP3L, IRAK2, PLCG2,
PMAIP1, FYN, B2M, MAP4K4, WARS,
RIG-I, FZD4, PLAUR, IGF2, SOD2,
HIPK3, OAS1
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Table S10: GOBP terms enriched in A549 IFNRTKO cells normalized to
IFNRTKO IRF3KO upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO cells normalized to
IFNRTKO IRF3KO cells synchronously stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False
discovery rate (FDR) < 0.05. GOBP term enrichment analysis was performed with PANTHER.

Term GO ID FDR Genes

regulation of type III
interferon production

GO:0034344 4.83E-02 IFIH1, RIG-I

positive regulation of RIG-I
signaling pathway

GO:1900246 6.05E-03 ZC3HAV1, DDX60, OASL

cellular response to
exogenous dsRNA

GO:0071360 8.54E-04 IFIH1, IFNB1, RIG-I, IFIT1

negative regulation of viral
genome replication

GO:0045071 1.84E-07 ISG20, IFIH1, ZNFX1, IFNB1, ZC3HAV1,
IFIT1, IFNL3, OASL

positive regulation of
interferon-alpha production

GO:0032727 2.58E-02 IFIH1, RIG-I, ZC3HAV1

cellular response to virus GO:0098586 2.05E-02 IFIH1, IFNB1, RIG-I, FMR1
regulation of
interferon-beta production

GO:0032648 2.13E-02 IFIH1, RIG-I, TRIM38, ZC3HAV1

defense response to virus GO:0051607 8.22E-12 IFNB1, RIG-I, ZC3HAV1, IFIT1, DDX60,
IFIT3, IFIT2, OASL, HERC5, ISG20,
IFIH1, IFNL2, IFNL1, ZNFX1, PMAIP1,
IFNL3

positive regulation of
response to cytokine
stimulus

GO:0060760 2.57E-02 IFIH1, RIG-I, CXCR4, PARP14

regulation of defense
response to virus

GO:0050688 4.48E-02 HERC5, RIG-I, TRIM38, IFIT1

innate immune response GO:0045087 1.06E-11 GBP5, IFNB1, RIG-I, ZC3HAV1, IFIT1,
DDX60, PARP14, IFIT3, IFIT2, OASL,
HERC5, ISG20, IFIH1, CH25H, IFNL2,
IFNL1, PLCG2, FYN, TRIM38, ULBP2,
B2M, IFNL3, CFB, GBP4

regulation of leukocyte
cell-cell adhesion

GO:1903037 1.47E-02 CD274, IFNL1, EGR3, FAP, IFNB1, IGF2,
FYN, B2M

regulation of T cell
activation

GO:0050863 1.68E-02 CD274, IFNL1, EGR3, FAP, IFNB1, IGF2,
FYN, B2M

positive regulation of
immune response

GO:0050778 7.01E-03 GBP5, CD274, IFNL2, IFNL1, ZNFX1,
IFNB1, PLCG2, FYN, B2M, IFNL3, CFB

cellular response to
cytokine stimulus

GO:0071345 8.18E-03 GBP5, CXCL11, IFNB1, FZD4, CXCR4,
IFIT1, ETV3, GBP4, IFIT3, IFIT2, CRLF2,
OASL

positive regulation of
protein phosphorylation

GO:0001934 8.26E-03 IFNL1, IFNB1, FZD4, FMR1, CHEK2,
PLAUR, IGF2, PLCG2, PIK3R3, FYN,
PARP14, SLC8A2

cell migration GO:0016477 1.09E-02 EGR3, SEMA3A, CXCR4, PIK3R3,
CD2AP, CH25H, CXCL11, FAP, GRB10,
DCHS1, FYN, ANKS1A, MDGA1

cellular response to
oxygen-containing
compound

GO:1901701 3.94E-02 PTGER4, CD274, FZD4, IGF2, PIK3R3,
SLC1A3, CXCL11, CHEK2, GRB10,
PLCG2, CMPK2, FYN, B2M

cell surface receptor
signaling pathway

GO:0007166 1.33E-02 CD274, IFNB1, FZD4, FMR1, SEMA3A,
ARHGEF28, PLAUR, IGF2, CXCR4,
PIK3R3, OASL, CXCL11, IFNL2, IFNL1,
FAP, GRB10, PLCG2, FYN, ANKS1A,
IFNL3, CRLF2

regulation of cellular
component organization

GO:0051128 4.19E-02 PTGER4, GBP5, WARS, SAR1A, FZD4,
FMR1, SEMA3A, MYCBP2, PLAUR,
IGF2, CXCR4, CD2AP, CH25H, STK24,
FAP, PLCG2, PMAIP1, FYN, MDGA1,
B2M, MAP4K4
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Table S11: GOBP terms enriched inA549 IFNRTKOcells normalized to IFNRTKO IRF1KO
upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO cells normalized to
IFNRTKO IRF1KO cells synchronously stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False dis-
covery rate (FDR) < 0.05. GOBP term enrichment analysis was performed with PANTHER.

Term GO ID FDR Genes

positive regulation of
phosphorylation

GO:0042327 3.02E-02 C3, FAP, IGF2, GRB10, PLCG2, FYN,
SLC8A2

response to biotic stimulus GO:0009607 3.15E-02 C3, CD274, CH25H, FAP, PLCG2, FYN,
CFB, GBP4

regulation of immune
system process

GO:0002682 2.63E-02 C3, CD274, FAP, IGF2, PLCG2, FYN,
PIK3AP1, CFB
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Table S12: GOBP terms enriched in A549 IFNRTKO IRF3KO cells normalized to
IFNRTKOMAVSKO upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO IRF3KO cells normalized to
IFNRTKOMAVSKO cells synchronously stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False
discovery rate (FDR) < 0.05. GOBP term enrichment analysis was performed with PANTHER.

Term GO ID FDR Genes

receptor signaling pathway
via JAK-STAT

GO:0007259 2.91E-04 STAT5A, IFNL2, IFNL1, CCL2, IFNL3

regulation of endocrine
process

GO:0044060 4.51E-02 C1QTNF1, INHBA, NKX3-1

lipopolysaccharide-
mediated signaling
pathway

GO:0031663 4.76E-02 NFKBIA, IRAK2, CCL2

cellular response to
interleukin-1

GO:0071347 9.08E-05 CXCL8, IRAK2, TNIP2, CCL2, GBP2,
NFKB1, NKX3-1

intrinsic apoptotic signaling
pathway in response to
DNA damage

GO:0008630 1.85E-02 BCL2A1, SOD2, IKBKE, BBC3

pattern recognition
receptor signaling pathway

GO:0002221 3.50E-03 NFKBIA, CYLD, IRAK2, TNIP2, CLEC4E

positive regulation of lipid
transport

GO:0032370 3.97E-02 NFKBIA, C1QTNF1, PRKCD, NKX3-1

positive regulation of
apoptotic signaling
pathway

GO:2001235 1.48E-02 CYLD, PRKCD, INHBA, NKX3-1, BBC3

cellular response to tumor
necrosis factor

GO:0071356 1.16E-03 NFKBIA, CXCL8, CCL2, TRAF1, GBP2,
NFKB1, NKX3-1

cytokine-mediated
signaling pathway

GO:0019221 2.36E-04 STAT5A, NFKBIA, CXCL8, IRAK2,
TNIP2, CCL2, TRAF1, TYK2, CXCL3,
IKBKE

inflammatory response GO:0006954 8.49E-03 NOTCH2, SERPINA3, CXCL8, IRAK2,
TNIP2, CCL2, CXCL3, RASGRP1,
NFKB1

positive regulation of
immune system process

GO:0002684 5.59E-04 NOTCH2, CXCL8, CD83, KLRC3,
PRKCD, TYK2, RASGRP1, ICAM1,
IFNL2, IFNL1, TNIP2, CCL2, IKBKE,
IFNL3

regulation of cell adhesion GO:0030155 6.27E-03 EFNA1, IFNL1, C1QTNF1, CXCL8, CD83,
PLAU, PRKCD, CCL2, TYK2, RASGRP1,
RND1

regulation of MAPK
cascade

GO:0043408 4.56E-02 NOTCH2, EFNA1, CYLD, C1QTNF1,
PRKCD, CCL2, TRAF1, RASGRP1,
ICAM1

regulation of response to
external stimulus

GO:0032101 3.84E-02 NFKBIA, CYLD, C1QTNF1, CXCL8,
PLAU, KLRC3, PRKCD, CCL2,
RASGRP1, IKBKE, NFKB1

immune response GO:0006955 5.69E-04 NOTCH2, IL32, CXCL8, CD83, GCH1,
PRKCD, TYK2, CXCL3, RASGRP1,
ICAM1, CYLD, IFNL2, IFNL1, CCL2,
CLEC4E, GBP2, IKBKE, IFNL3

positive regulation of
intracellular signal
transduction

GO:1902533 4.42E-02 NOTCH2, EFNA1, C1QTNF1, TNIP2,
CCL2, TRAF1, RASGRP1, IKBKE,
ICAM1, NKX3-1, BBC3

negative regulation of
multicellular organismal
process

GO:0051241 4.85E-02 EFNA1, CYLD, DLX2, IFNL1, C1QTNF1,
CD83, PLAU, PRKCD, INHBA, NFKB1,
NKX3-1

positive regulation of gene
expression

GO:0010628 3.88E-02 IL32, IFNL1, C1QTNF1, CXCL8, CD83,
FAM129A, INHBA, TYK2, CLEC4E,
RASGRP1, IKBKE, NKX3-1

regulation of response to
stress

GO:0080134 1.31E-02 GCH1, KLRC3, PRKCD, TRAF1, SOD2,
RASGRP1, NFKB1, BBC3, NFKBIA,
CYLD, C1QTNF1, PLAU, IKBKE, NKX3-1

negative regulation of
response to stimulus

GO:0048585 7.91E-03 DLX2, CXCL8, PRKCD, NFATC1,
MTMR4, SOD2, NFKB1, ICAM1, EFNA1,
NFKBIA, CYLD, IFNL1, C1QTNF1, PLAU,
CCL2, NKX3-1
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Table S13: GOBP terms enriched in A549 IFNRTKO IRF3KO cells normalized to
IFNRTKO IRF1KO upon 5’ppp-dsRNA stimulation.
Gene ontology (GO) terms for biological processes enriched in A549 IFNRTKO IRF3KO cells normalized to
IFNRTKOMAVSKO cells synchronously stimulated with 5’ppp-dsRNA (8 hour over 0 hour time point). False
discovery rate (FDR) < 0.05. GOBP term enrichment analysis was performed with PANTHER.

Term GO ID FDR Genes

positive regulation of
natural killer cell mediated
cytotoxicity

GO:0045954 4.76E-02 KLRC2, KLRC3, RASGRP1

cellular response to
interleukin-1

GO:0071347 1.64E-02 IRAK2, TNIP2, CCL2, GBP2, NKX3-1

cytokine-mediated
signaling pathway

GO:0019221 1.11E-02 STAT5A, IRAK2, TNIP2, CCL2, TRAF1,
TYK2, CXCL3, IKBKE

defense response GO:0006952 1.10E-03 STAT5A, IL32, SERPINA3, CD83,
KLRC2, KLRC3, PRKCD, INHBA, TYK2,
CXCL3, RASGRP1, TRIML2, IRAK2,
TNIP2, CCL2, CLEC4E, GBP2

positive regulation of
intracellular signal
transduction

GO:1902533 4.76E-02 EFNA1, C1QTNF1, TRIML2, TNIP2,
CCL2, TRAF1, RASGRP1, RGL2, IKBKE,
ICAM1, NKX3-1

intracellular signal
transduction

GO:0035556 1.17E-02 UNC13A, BCL2A1, PRKCD, NFATC1,
TYK2, SOD2, RASGRP1, ABR, IRAK2,
RASSF5, CCL2, RGL2, IKBKE, PDE9A,
NKX3-1
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