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Abstract

Pandemics of the recent century highlight the potential danger of viruses for global
health and economy. One essential mechanism to counteract viral infections is the
detection of conserved virus-derived structures by the innate immune system. Upon
virus sensing, hundreds of interferon-stimulated genes (ISGs) are induced and exert
direct antiviral and immune-regulatory functions. Hence, virus replication can only be
achieved via fine-tuned interactions with the host’s cellular defense pathways, which
allow the virus to exploit cellular resources and evade elimination by the immune
system. For that reason, any insight about virus-host interactions paves the way to
understand mechanisms of viral pathophysiology and to develop targeted antiviral
strategies. However, many virus-host interactions have so far remained rather elusive
or poorly understood, including the exact antiviral mode of action of hundreds of
ISGs. Moreover, emerging viruses will continuously evolve new mechanisms to inter-
act with and exploit host pathways.
To uncover cellular consequences of viral infections and to resolve novel mechanisms of
antiviral immunity, I applied mass spectrometry (MS)-based proteomics approaches.
Amongst others, I assessed the impact of SARS-CoV-2 and SARS-CoV infection on
the cellular proteome. Intriguingly, upon virus infection, three of the most perturbed
host pathways were found to be autophagy, innate immune and TGF-b signaling.
With this critical information about particularly essential virus-host interactions, a
drug repurposing approach was implemented and identified compounds with the po-
tential to inhibit SARS-CoV-2 replication in vitro.
Moreover, I established an in vitro system to explore the prolonged activation of an-
tiviral responses, triggered by virus-derived nucleic acids. In this context, persistent
activation of RIG-I-dependent innate immune signaling resulted in an IRF3-mediated
but interferon- and caspase-independent cytostasis. Such mechanism, which controls
cellular fitness through antiviral signaling, likely constitutes a host defense strategy
to prevent long-term intracellular replication of persistent viruses.
In addition to the results outlined above, I applied MS-based protein interaction and
protein abundance screens as well as functional studies, that further contributed to
the identification of novel antiviral mechanisms of ISGs. More specifically, I examined
the mode of action of ZAP and ISG20, two ISGs that are respectively activated upon
HCMV and HBV infection and target virus-derived nucleic acids for degradation.
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To conclude, the novel findings presented in my dissertation will expand the current
understanding of virus-host interactions and will provide evidence for susceptible,
virus-promoted signaling events that can serve as inception point for the develop-
ment of novel antiviral treatments.
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Zusammenfassung

Die Pandemien des letzten Jahrhunderts verdeutlichen die potentielle Gefahr von
Viren für die globale Gesundheit und Wirtschaft. Ein wesentlicher Mechanismus zur
Bekämpfung von Virusinfektionen ist die Erkennung von konservierten, virusabgeleit-
eten Strukturen durch das angeborene Immunsystem. Bei Viruserkennung werden
hunderte von Interferon-stimulierten Genen (ISGs) induziert, welche direkte antivi-
rale und immunregulatorische Funktionen ausüben. Die Virusreplikation kann daher
nur über fein abgestimmte Interaktionen mit den zellulären Abwehrmechanismen des
Wirts erfolgen, die es dem Virus ermöglichen, zelluläre Ressourcen auszunutzen und
sich der Eliminierung durch das Immunsystem zu entziehen. Aus diesem Grund
ebnet jeder Einblick in Virus-Wirt-Interaktionen den Weg, um Mechanismen der vi-
ralen Pathophysiologie zu verstehen und gezielte antivirale Therapien zu entwickeln.
Jedoch sind viele Virus-Wirt-Interaktionen bisher eher unbekannt oder schlecht ver-
standen, einschließlich der genauen antiviralen Wirkungsweise von Hunderten von
ISGs. Darüber hinaus entwickeln neu entstandene Viren kontinuierlich neue Mecha-
nismen, um mit Signalwegen des Wirts zu interagieren und diese auszunutzen.
Um die zellulären Folgen von Virusinfektionen aufzudecken und neue Mechanismen
der antiviralen Immunität zu entschlüsseln, habe ich Massenspektrometrie (MS)-
basierte Proteomik-Methoden angewendet. Unter anderem habe ich die Auswirkun-
gen einer SARS-CoV-2- und SARS-CoV-Infektion auf das zelluläre Proteom unter-
sucht. Interessanterweise zählten die Autophagie, das angeborene Immunsystem und
der TGF-b-Signalweg zu den am stärksten beeinflussten Signalwegen nach Virusin-
fektion. Mit diesen kritischen Informationen über besonders essentielle Virus-Wirt-
Interaktionen wurde ein Drug-Repurposing-Ansatz implementiert und Substanzen
identifiziert, die das Potenzial haben, die Replikation von SARS-CoV-2 in vitro zu
hemmen.
Darüber hinaus habe ich ein in vitro System etabliert, um die Auswirkungen einer
dauerhaften Aktivierung von antiviralen Reaktionen zu untersuchen, welche durch
virale Nukleinsäuren ausgelöst werden. In diesem Zusammenhang führte eine anhal-
tende Stimulierung der RIG-I-abhängigen angeborenen Immunität zu einer IRF3-
vermittelten, aber Interferon- und Caspase-unabhängigen Zytostase. Ein solcher
Mechanismus, der die zelluläre Fitness durch antivirale Signalweiterleitung kontrol-
liert, stellt womöglich eine Abwehrstrategie des Wirts dar, um eine langfristige in-
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Zusammenfassung

trazelluläre Replikation von persistierenden Viren zu verhindern.
Zusätzlich zu den oben beschriebenen Ergebnissen habe ich MS-basierte Protein-
interaktions- und Proteom-Studien in Verbindung mit funktionellen Tests durchge-
führt, die zur Identifizierung neuer antiviraler Mechanismen von ISGs beigetragen
haben. Unter Anderem habe ich die Wirkungsweise von ZAP und ISG20 untersucht,
zwei ISGs, die bei HCMV- bzw. HBV-Infektionen aktiviert werden und dabei virale
Nukleinsäuren gezielt abbauen.
Zusammenfassend lässt sich sagen, dass die in meiner Dissertation vorgestellten neuen
Erkenntnisse das derzeitige Verständnis von Virus-Wirt-Interaktionen erweitern und
Beweise für besonders anfällige, vom Virus beeinflusste Signalwege, liefern werden,
die als Ausgangspunkt für die Entwicklung neuartiger antiviraler Therapien dienen
können.
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1 Scientific Context

1.1 Preface

As evident by the ongoing pandemic of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the number of pathogens that spread pandemically is con-
stantly increasing and hence threatens global health and economy. Especially the
sudden outbreak of viruses that have never been identified before requires a rapid
and in depth understanding of virus-host interactions to develop targeted strategies
for the fight against their otherwise unobstructed spread. In this respect, omics tech-
nologies such as proteomics – the large-scale analysis of proteins and their functions –
are highly suitable to gain a holistic understanding of the pathogen and the affected
host pathways (Pandey et al. 2000).

In this cumulative thesis, mass spectrometry-based proteomics approaches were
used to uncover novel virus-host interactions at the systems level. In the following, I
will hence highlight the emerging role of viruses for the spread of pandemic diseases
and in this context introduce the molecular mechanism of virus replication, exem-
plified for SARS-CoV-2. As the first line of the host antiviral defense, the innate
immune system is introduced thereafter, together with its activation by virus-derived
nucleic acids, the signaling pathway that leads to the expression of antiviral effector
proteins as well as viral strategies to evade innate immune recognition. Such inter-
actions between viral proteins and the immune system generally serve as important
determinants of disease progression. Hence, illuminating virus-host interactions from
various perspectives using proteomics strategies is particularly powerful and will be
introduced in the third paragraph of this thesis, including approaches to study protein-
protein and protein-RNA interactions, protein abundance and localization changes as
well as post translational protein modifications triggered by virus infection.
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1 Scientific Context

1.2 Viruses

Despite the all-embracing infiltration of the natural world and their unique status as
the largest reservoir of genetic material on the planet, viruses are not considered as
living entities. In contrast, they rather constitute molecular parasites or infectious
agents that ensure their own replication by hijacking organisms from every domain of
life (Edwards et al. 2005; Moreira et al. 2009). Moreover, the repertoire of proteins
directly encoded by viruses is restricted due to a limited coding capacity of the viral
genome. Exploiting the host’s energy resources and the manipulation of cellular ma-
chineries, such as ribosomes for protein translation, is thus crucial for efficient virus
replication. Virus-encoded factors mainly function as structural components of the
virus particle (virion) or virus genome. In addition, they further act as viral poly-
merases for genome replication or to interfere with cellular pathways, for example
to shut-down antiviral systems or to promote the assembly and release of progeny
viruses (Ramage et al. 2015). The taxonomic classification of viruses is based on
the genetic material, which separates viruses of vertebrate hosts into eight categories
according to the nucleic acid type, orientation and mechanism of genome replication:
double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), dsDNA-RT (reverse
transcribed), (-)ssRNA, (+)ssRNA, (+/-)ssRNA, ssRNA-RT, and dsRNA. Structural
properties of virions, their host tropism and the resulting infectious disease can be
further used to complement these categories (Walker et al. 2020). Ongoing virus-
host coevolution generated a plethora of diverse virus families, comprising highly
species-specific viruses as well as viruses with the ability to infect a broad range of
hosts. To date, over 200 virus species are known to infect humans and cause asymp-
tomatic infections as well as diseases with various degrees of severity (Woolhouse et al.
2012). Symptoms can range from the common cold (e.g. rhinovirus and parainfluenza
viruses) to serious concomitants with a high mortality rate, such as acute respiratory
distress syndromes (e.g. Influenza A virus, SARS coronaviruses), hemorrhagic fevers
(e.g. Ebola virus, Marburg virus) or even cancer in case of chronic virus infections
(e.g. human papillomaviruses, Hepatitis B and C virus, Epstein-Barr virus) (Hu et
al. 2021; Kalil et al. 2019; Mäkelä et al. 1998; Rougeron et al. 2015; Schiller et al.
2014; Yuki et al. 2020). Not to forget the high number of deaths worldwide, resulting
from seasonal epidemics and pandemics caused by distinct groups of viruses such as
Influenza A virus or SARS coronaviruses.
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1 Scientific Context

1.2.1 Pandemic potential of emerging viruses - endangering
global health and economy

“And it killed so speedy, and gloatingly greedy”, Private Josh Lee (1919) describing the
most severe Influenza pandemic that started in 1918 and killed more than 40 million
people worldwide (Wever et al. 2014). During this time, about one-third of the popu-
lation got infected by an Influenza A virus (IAV) of avian origin, termed the ‘Spanish
Flu’ (Krammer et al. 2018). Defined as worldwide spread of a new disease, a pandemic
represents a severe public health burden and causes substantial economic loss through
global trade and travel restrictions (WHO). In particular, zoonotic pathogens, which
are transmitted from animal hosts to humans, are one of the main drivers of pandemic
disease outbreaks and are responsible for nearly two-thirds of all infectious human
diseases. They have moreover dominated the pandemics of the past century and the
frequency with which new pathogens emerge is still increasing (Karesh et al. 2012).
One of the main drivers of pathogen emergence are anthropogenic changes, such as
the expansion of travel routes, trade and agriculture, which strongly correlate with
human population density (K. E. Jones et al. 2008; Keesing et al. 2010; Weiss et al.
2004). The resulting proximity of humans and wildlife animals, that serve as pathogen
reservoirs, hence increases the risk of transmission. However, the greatest threat is
not the existence of these reservoirs but rather the transition of taxonomy barriers
and thus the transformation of an exclusive animal pathogen to cause a disease in
humans (Wolfe et al. 2007).
In this regard, viruses containing RNA genomes are excellent in adapting to new hosts
and cross species barriers (K. E. Jones et al. 2008). Due to the lack of any proofread-
ing capability of viral RNA polymerase and reverse transcriptase enzymes, mutation
rates of many viral RNA genomes can be up to five orders of magnitude higher than
for DNA viruses (Carrasco-Hernandez et al. 2017). High mutation rates during repli-
cation enable RNA viruses to quickly adapt, to replicate and overcome host immunity
in new species. The IAV H3N2 strain, for instance, develops 1.35×10-5 spontaneous
mutations per site and generation and thus by far exceeds the rate of other pathogens
such as bacteria (2×10-10 to 2×10-9) (Carrasco-Hernandez et al. 2017). Apart from
the lack of proofreading mechanisms for viral genome replication, recombination and
reassortment events also play a key role in RNA viral evolution. Recombination can
either occur intra-genomically, between two segments of the same virus genes, or inter-
genomically when different viruses are infecting the same cell. One excellent example
in this respect is the human immunodeficiency virus 1 (HIV-1), with more than 60
identified subspecies in patients and the highest rate of recombination, resulting from
incorrect template switching by the reverse transcriptase during replication (Carrasco-
Hernandez et al. 2017; Johnson et al. 2010). For viruses with segmented genomes like
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IAV, packaging of genomic segments from different virus strains into the same virion
is called reassortment. This process allows the exchange of genetic material between
viruses of different species-specificities during infection of a shared host (e.g. pigs as
‘mixing vessels’ for avian and human Influenza viruses) (Nelson et al. 2018).
Moreover, ongoing mutation of previously emerged but already controlled viruses has
the potential to cause new pandemics, as clearly shown by the discovery of a multi-
drug resistant IAV H1N1 strain or the spread of the new SARS-CoV-2 lineage B.1.1.7
with mutations that increase transmissibility (Frampton et al. 2021; Graham et al.
2021; Memoli et al. 2011). In addition, one should not underestimate the unknown
viral diversity that lies dormant in pathogen reservoirs such as bats (e.g. emerge of
coronaviruses), birds (e.g. emerge of Influenza viruses) and mosquitos (e.g. emerge of
flaviviruses) (Calisher et al. 2006; Omodior et al. 2018; Romvary et al. 1980). There-
fore, continuous monitoring of wildlife and domestic virus reservoirs, including their
main zoonotic transmission routes, has proven to be of great relevance to predict
newly emerging RNA viruses. While monitoring strategies have a predictive poten-
tial, rapid development of new therapies and vaccines are the main objectives once a
pandemic outbreak is detected. For this purpose, collecting information about disease
progression and pathogenicity to define treatment options of infected patients is as
important as gaining a detailed molecular knowledge about virus-host interactions
during replication in host cells.

1.2.2 Virus replication as exemplified for SARS coronavirus 2

Virus replication, in general, is highly dynamic and involves concurrent processes
acting as meshing gears to produce progeny virions, while at the same time fighting
against the antiviral immune response of the host. Despite its complexity, a replica-
tion cycle can be split into seven consecutive steps: (1) attachment of the virus to the
host cell, (2) penetration through the host cell membrane, (3) uncoating of the capsid
to release the viral genome, (4) viral genome amplification and protein synthesis, (5)
assembly of new virus particles, (6) maturation of immature viral particles and (7)
the release of new infectious virions from the host cell (Louten 2016). Individual steps
of this generalized replication cycle differ between virus groups and families, mainly
due to different viral genome and capsid structures as well as distinct repertoires of
viral proteins that render the virus more or less dependent on the host machinery. To
conceptually assert virus-host interactions during infection, SARS-CoV-2’s specific
replication steps and its viral particle structure will be in the following introduced in
more detail (Figure 1.1).
Members of the coronaviridae family that are able to infect humans (e.g. HCoV-
229E, -OC43, NL63 and HKU1) mainly cause seasonal and mild respiratory tract
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infections with symptoms similar to the common cold (V’kovski et al. 2021). How-
ever, recent pandemics of the 21st century caused by SARS-CoV in 2002, by the
Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 and by SARS-
CoV-2 that started in December 2019 and is still ongoing, highlight the importance of
this virus family for global disease control. SARS and MERS coronaviruses emerged
from animal hosts and possess the ability to infect and replicate in humans. Once
infected with the highly pathogenic SARS and MERS coronaviruses, patients can
develop severe respiratory tract infections with life-threatening potential (V’kovski et
al. 2021). SARS-CoV-2 in particular, the causative agent of the coronavirus disease
2019 (COVID-19), can trigger severe immune responses in form of a cytokine storm
which leads to an acute respiratory distress syndrome and respiratory failure as the
main cause of COVID-19-associated deaths (Hu et al. 2021). Given the non-exclusive
lung-tropism of SARS-CoV-2, extrapulmonary manifestations such as acute coronary
syndromes, kidney and hepatocellular injury as well as neurologic illnesses are further
hallmarks of COVID-19 (A. Gupta et al. 2020). Within one and a half years after the
outbreak of SARS-COV-2, highly collaborative research efforts have been made to
elucidate many aspects of SARS-CoV-2 biology and new findings are being published
on a daily basis. This was further supported by previous knowledge about one of
its closest relatives, SARS-CoV, and significantly facilitated the first illustration of
SARS-CoV-2’s intracellular replication cycle (Figure 1.1).
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Figure 1.1: Virus replication cycle as exemplified for SARS-CoV-2. (a) Structure of SARS-
CoV-2 virions containing the nucleocapsid protein (N)-encapsidated ssRNA genome surrounded by a
lipid membrane including viral envelope (E), membrane (M) and spike (S) proteins. (b) Intracellular
replication cycle of SARS-CoV-2. Following receptor binding and virus entry into the host cell, the
viral genome is released via membrane fusion and uncoating, and initiates primary translation of
open reading frame 1a (ORF1a) and ORF1b to express non-structural proteins (nsps). Viral RNA
synthesis takes place in organelles composed of convoluted membranes (CMs), double-membrane
spherules (DMSs) or double-membrane vesicles (DMVs) to replicate the genomic RNA and transcribe
sub-genomic mRNAs (sg mRNAs), used as templates for the expression of structural and accessory
viral proteins. Following virion assembly in the endoplasmic reticulum (ER)-to-Golgi intermediate
compartment (ERGIC), infectious virus particles are released via exocytosis. ACE2, angiotensin-
converting enzyme 2; An, 3’ polyA sequence; Cap, 5’ cap structure; dsRNA, double-stranded RNA;
L, leader sequence; RdRP, RNA-dependent RNA polymerase; TMPRSS2, transmembrane protease
serine 2. Adapted from V’kovski et al. 2021 by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature Reviews Microbiology, Coronavirus biology and replication:
implications for SARS-CoV-2, Philip V’kovski et al., copyright at Springer Nature, 2021.
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The (+)ssRNA genome of SARS-CoV-2 is encapsidated by nucleocapsid (N) proteins,
forming the viral ribonucleoprotein complex (vRNP). This inner arrangement is fur-
ther surrounded by the host-derived lipid envelope and contains viral membrane (M),
envelope (E) and spike (S) proteins (Figure 1.1a). For virus entry into the cell, the
viral glycoprotein S specifically interacts via its receptor binding domain (RBD) with
the angiotensin-converting enzyme 2 (ACE2), located on the host cell’s surface (Figure
1.1b) (Letko et al. 2020). Subsequent fusion of the viral envelope with cellular plasma
or endosomal membranes is initiated by shedding of ACE2 through transmembrane
protease serine 2 (TMPRSS2), a critical step to permit virus entry (Hoffmann et al.
2020). Once released into the cytosol, the viral RNA genome, which encodes the two
large open reading frames 1a (ORF1a) and ORF1b, is immediately translated. The re-
sulting polyproteins pp1a and pp1ab are both co- and post-translationally cleaved into
sixteen non-structural proteins (nsp1-16) by viral cysteine proteases encoded within
nsp3 (papain-like protease; PLpro) and nsp5 (chymotrypsin-like protease; 3CLpro or
Mpro). Nsp1 is of great importance, as it promotes virus replication by ceasing host
translation and immune activation after binding to the 40S ribosomal subunit (Schu-
bert et al. 2020; Thoms et al. 2020). The remaining fifteen nsps cooperate to form
the viral replication and transcription complex (RTC), which localizes to specific vi-
ral replication organelles such as double-membrane vesicles (DMVs). These organelles
serve as protected microenvironment for both virus genome replication and the tran-
scription of viral sub-genomic messenger RNAs (sg mRNAs). More specifically, enzy-
matic activity of nsp12-16 allows the synthesis, proofreading and modification of viral
RNAs, whereas nsp2-11 mainly function to support virus replication by providing co-
factors, evading host immunity or modulating membrane structures (Snijder et al.
2016). Newly synthesized viral genomes can then be used as templates to amplify
nsps and RTCs or are packed into new viral particles. In addition, structural (e.g.
N, M, E, S) and accessory (e.g. ORF3a, -6, -7a, -7b, -8) proteins are translated from
viral sg mRNAs. Through translocation into membranes of the endoplasmic retic-
ulum (ER) and their further transit through the ER-to-Golgi intermediate complex
(ERGIC), structural proteins assemble and interact with the N-encapsidated viral
genomic RNA. Subsequent budding of the pre-mature virions into the lumen of secre-
tory vesicles finalizes the assembly process and infectious virus particles are released
from the cell by exocytosis (Figure 1.1b) (Klein et al. 2020; V’kovski et al. 2021).

The exploitation of cellular resources for replication is imperative for viruses to
re-infect further cells and subsequent hosts. However, the successful and efficient
replication during each step of the life cycle relies on a plethora of virus-host interac-
tions. Among those are virus-induced perturbations of the innate immune system to
prevent recognition and clearance of virus infected cells by the host organism. These
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decisive interactions will be highlighted in the following section that introduces the
antiviral mechanisms of the innate immune system.
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1.3 The innate immune system - first line of antiviral
defense

Evolutionary-shaped over millions of years through the continuous engagement with
pathogens as well as toxic and allergenic substances, the mammalian immune system
constitutes a highly efficient and tightly connected defense network to counteract in-
fections and maintain homeostasis of host organisms (Daugherty et al. 2012; S. R.
Paludan et al. 2021). The most central and essential aspect of this organization is the
discrimination between host-derived self and non-self pathogen-associated molecular
patterns (PAMPs) by the innate and adaptive immune system (Schlee et al. 2016).
To respond to the existing diversity of pathogens, especially at host-environment in-
terfaces such as the skin, gut or airways, the innate immune system evolved as rapid
first-line sensor to fight invading pathogens. It includes physical barriers, such as
epithelial cells, to interfere with the initial pathogen infiltration, as well as the com-
plement system which surveils the blood. In addition, non-immune and particularly
immune cells, such as macrophages, neutrophils, dendritic and natural killer cells,
express germline-encoded pathogen recognition receptors (PRRs). These receptors
are crucial for cells to detect PAMPs and initiate immune responses to ultimately
remove infected cells (Iwasaki et al. 2015). Overall, the activity of the innate immune
system can be characterized through identical quantitative and qualitative responses,
whenever the same pathogen is detected.
Following activation by the innate immune system, the adaptive branch in contrast,
executes a two-phase response that is composed of the time-consuming generation
of B and T lymphocytes with pathogen-specific traits after initial exposure. In the
second phase, subsequent encounters with the same pathogen lead to the utilization
of the initially acquired immune-memory to trigger a more robust, faster and long-
lasting cellular and antibody-mediated adaptive immunity, highly specific against a
given pathogen structure (antigen) (Lanier et al. 2009).
Hence, the basis of the mammalian immune activation is constructed on two types of
receptor systems: (i) the PAMP-specific PRRs that trigger innate responses and (ii)
the highly variable B- and T-cell receptors, constantly shaped by somatic recombi-
nation events to be highly antigen-specific, that establish adaptive immunity (S. R.
Paludan et al. 2021). In the following, PRR-mediated responses and activated sig-
naling cascades will be introduced to highlight their essential role in establishing
immunity against viral infections.
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1.3.1 Activation of the innate immune system by viral structures

Non-vertebrates such as plants, nematodes and insects mainly employ RNA inter-
ference (RNAi) strategies to fight viral infections. For this purpose, host cells pro-
duce dsRNA molecules that contain virus-derived sequences and target viral mRNAs
to block their translation and induce their degradation (Schlee et al. 2016). Virus
recognition and the subsequent induction of antiviral immunity in vertebrate immune
and non-immune cells, however, relies on the sensing of viral nucleic acids through
PRRs. Once activated, PRRs induce downstream signaling events which lead to the
expression of cytokines such as type I interferons (IFNs), the induction of interferon-
stimulated genes (ISGs) with various antiviral effector functions, and the secretion
of chemokines to navigate immune cells to the site of infection. In this context, one
of the most critical aspects to prevent autoimmune diseases, is the strict discrimi-
nation of host-derived nucleic acid features from viral nucleic acids. To that end,
highly specialized PRRs identify viral nucleic acids, such as 5’-triphosphate RNA,
on the basis of their structural properties (e.g. chemical modification, base pairing,
sequence motifs) and intra- or extracellular localization (Figure 1.2). In addition,
successful detection is influenced by the availability of a given nucleic acid ligand
and can be counteracted through viral nucleocapsid proteins that bind and shield the
viral genome structure. Moreover, endogenous nucleases continuously degrade host-
derived nucleic acids that would otherwise stimulate the innate immune system. To
conclude, on the basis of their downstream effects, PRRs can either act as immune
sensing receptors that transcriptionally activate IFN responses or as receptors with
direct antiviral activity upon binding to viral nucleic acids (Figure 1.2) (Schlee et al.
2016). Hence, the next section will focus on the activation and mode of action of
antiviral signaling by particular RNA- and DNA-sensing classes of PRRs, such as
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and the cyclic GMP-AMP
synthase (cGAS) - stimulator of interferon genes protein (STING) pathway.
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Figure 1.2: Availability, localization and structural features all influence the recogni-
tion of virus-derived nucleic acids by pathogen recognition receptors to induce innate
immune responses. ADAR1, adenosine deaminase acting on RNA 1; AIM2, absent in melanoma
2; cGAS, cyclic GMP–AMP synthase; IFIT1, IFN-induced protein with tetratricopeptide repeats 1;
MDA5, melanoma differentiation associated gene 5; OAS1, 2’-5’-oligoadenylate synthetase 1; PKR,
protein kinase R; RIG-I, retinoic acid inducible gene I; Rnase L, ribonuclease L; TLR, Toll-like
receptor. Adapted from Schlee et al. 2016 by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature Reviews Immunology, Discriminating self from non-self in
nucleic acid sensing, Martin Schlee et al., copyright at Springer Nature, 2016.

1.3.1.1 Toll-like receptors

The ten human-derived family members of Toll-like receptors (TLRs) recognize a di-
verse set of PAMPs. These include, amongst others, conserved bacterial or fungal
protein and lipid structures (e.g. lipopolysaccharide, LPS; triacylated lipopeptides;
flagellin) via plasma membrane-located TLR1-2 and TLR4-6, as well as foreign nucleic
acids (e.g. ds- and ssRNA, CpG-rich DNA) by endosomal TLR3 and TLR7-9 (Figure
1.3) (Hennessy et al. 2010). Despite different ligand specificities, all TLRs are trans-
membrane receptors that are characterized by an extracellular domain, composed of
leucine-rich tandem repeats, which is responsible for ligand binding. The TLR’s ex-
tracellular part is additionally coupled to a cytosolic Toll/IL-1R (TIR) domain that
activates downstream signaling. In case of TLR3, binding of dsRNA induces recep-
tor dimerization and activation, whereas TLR7-9 pre-assembles into inactive dimers
which, upon binding of ssRNA or unmethylated CpG-rich DNA, are activated through
conformational rearrangements (L. Liu et al. 2008). The subsequent association of cy-
tosolic TIR domains recruits further TIR domain-containing adaptor proteins, which
assemble into large signaling complexes that drive the activation of antiviral responses
(Figure 1.3).
One example is the oligomerization of the TIR domain-containing adapter molecule
1 (TICAM-1/TRIF) upon dsRNA-binding by TLR3. In this case, TRIF oligomeriza-

11



1 Scientific Context

tion activates signal transduction via tumor necrosis factor receptor-associated factor
6 (TRAF6) and consequently triggers TGF-b-activated kinase 1/inhibitor of NF-kB
kinase (TAK1/IKK) or mitogen-activated protein kinase (MAPK) pathways. Further
downstream, transcriptional responses are initiated via the cAMP-responsive element-
binding protein (CREB), the activator protein 1 (AP-1) and the nuclear factor kappa
B (NF-kB). Upon activation of TRAF6-mediated responses, expression of cytokines
and chemokines initiates inflammatory processes to recruit further immune cells and
eliminate virus infected cells. TLR3, moreover, specifically recruits TRAF3 through
TRIF, and is thus able to initiate type I IFN responses via interferon regulatory fac-
tors (IRF) 3 and 7 (Figure 1.3). This, in turn, leads to IFN secretion and induction
of ISG expression in neighboring cells.
Another crucial aspect for cellular homeostasis is the purging of virus-infected cells
from tissues. This process can generally be achieved via TLR activation and down-
stream signaling through receptor-interacting serine/threonine-protein kinase 1 (RIP-
K1/RIP1), which activates caspase 8 to execute apoptosis (Figure 1.3).
Unlike TLR3, which transduces signals via the TRIF signalosome, TLR7-9 recruits
the so called ‘Myddosome’. This signaling complex is composed of the myeloid
differentiation primary response protein 88 (MYD88) and IL-1R-associated kinases
(IRAKs), which in complex activate TRAF6-dependent innate immune responses (Gay
et al. 2014). Ultimately, TLR3 together with TLR7-9 evolved as pathogen recognition
receptors that detect non-self viral nucleic acids within endosomal vesicles and induce
inflammatory as well as antiviral immune responses (Figure 1.3).
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Figure 1.3: Activation of inflammatory, apoptotic and antiviral innate immune re-
sponses by Toll-like receptors upon detection of extracellular and endosomal PAMPs.
AKT, RAC-alpha serine/threonine-protein kinase; ERK, extracellular signal-regulated kinase;
FADD, Fas-associated death domain; IkBa, inhibitor of NF-kBa; IRAK, interleukin-1 receptor-
associated kinase; ISRE, IFN-stimulated response element; JNK, JUN N-terminal kinase; LBP, LPS-
binding protein; MAL, MYD88 adaptor-like protein; MAP3K8, mitogen-activated protein kinase ki-
nase kinase 8; MD2, myeloid differentiation factor 2; MEK, mitogen-activated protein kinase/ERK
kinase; MKK, mitogen-activated protein kinase kinase; NEMO, NF-kB essential modulator; PI3K,
phosphoinositide 3-kinase; PKCe, protein kinase Ce; RAC1, Ras-related C3 botulinum toxin sub-
strate 1; TAB, TAK1-binding protein; TBK1, TANK-binding kinase 1; TRAM, TRIF-related adap-
tor molecule. Adapted from Gay et al. 2014 by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature Reviews Immunology, Assembly and localization of Toll-like
receptor signalling complexes, Nicholas J. Gay et al., copyright at Springer Nature, 2014.
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1.3.1.2 RIG-I-like receptors

In contrast to TLRs, located at endosomal and plasma membranes, retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs) surveil the cytosolic space for the pres-
ence of virus-derived nucleic acids. The human RLR class of PRRs is composed of the
two dsRNA sensors RIG-I and melanoma differentiation-associated gene 5 (MDA5),
that are further regulated via the laboratory of genetics and physiology 2 (LGP2)
protein (Yoneyama et al. 2005). Despite common structural features, like a central
helicase and C-terminal domain (CTD) for RNA recognition and two N-terminal
caspase recruitment domains (CARD) to interact with adaptor proteins, RIG-I and
MDA5 differ in their ligand specificity. For instance, long (>300 base pairs; bp)
dsRNA is preferentially recognized by MDA5 and upon nucleic acid binding induces
their polymerization into filaments (Peisley et al. 2011; B. Wu et al. 2013). RIG-I, in
contrast, detects shorter dsRNA motifs (>19 bp) that contain distinct modifications
such as di- and triphosphates in combination with a 2’-O-unmethylated nucleotide at
their 5’ end (Hornung et al. 2006; Pichlmair et al. 2006).
Upon dsRNA binding, CARD-mediated interactions between RIG-I/MDA5 and mi-
tochondrial antiviral-signaling protein (MAVS) activate the RLR pathway by estab-
lishing a highly oligomeric signaling platform at mitochondrial and peroxisomal mem-
branes. In a similar manner to TLR signaling, MAVS mediates the recruitment of
TRAF proteins and IKK family members (e.g. IKKe and TBK1) to activate nuclear
translocation of the transcription factors IRF3/7 and NF-kB. Subsequent expression
of pro-inflammatory cytokines and type I and III IFNs establishes antiviral immu-
nity. Since RLRs themselves are ISGs, engagement of PAMPs activates a positive
feedback loop that increases their respective expression and hence further amplifies
RLR signaling upon virus detection (Rehwinkel et al. 2020; Yoneyama et al. 2004).

1.3.1.3 cGAS-STING pathway

In response to cytosolic virus-derived or endogenous dsDNA, cGAS mediates innate
immune responses via a STING-dependent pathway. To this end, cGAS dimerizes
upon dsDNA binding and synthesizes the second messenger molecule cyclic guano-
sine monophosphate-adenosine monophosphate (cGAMP), a 2’-5’ linked AMP-GMP
dinucleotide that activates STING at the ER (P. Gao et al. 2013; Ishikawa et al.
2008; J. Wu et al. 2013). Interaction of STING dimers with cGAMP subsequently
triggers STING polymerization and translocation to the Golgi. At this location, fur-
ther interaction with TBK1 or IKK results in IRF3 phosphorylation, the induction
of type I IFN responses, the activation of NF-kB and expression of pro-inflammatory
cytokines (Z. Cheng et al. 2020).
Apart from the cGAS-based activation of STING, several other DNA sensor proteins
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were proposed to signal via STING and trigger antiviral responses or at least influence
the cGAS-STING axis in a tissue-specific manner. Among those proteins are IFNg-
inducible protein 16 (IFI16), DEAD-box helicase 41 (DDX41) and DNA-dependent
serine/threonine protein kinase (DNA-PK) (Ferguson et al. 2012; Unterholzner et al.
2010; Z. Zhang et al. 2011). Surprisingly, and in addition to their main role as trig-
gers of cytokine responses, cGAS as well as STING both induce autophagy through
independent mechanisms. The dsDNA-activated cGAS, for example, binds to the
autophagy regulator beclin-1 and activates phosphatidylinositol 3-kinase class III.
Autophagy activation in general constitutes a crucial negative feedback mechanism
to prevent excessive cGAS-STING activation, while at the same time decelerating
virus replication through specific degradation of cytosolic viral dsDNA (Gui et al.
2019; Liang et al. 2014).

1.3.1.4 Inflammasome activation triggered by PRRs

Detection of PAMPs by PRRs, as outlined above, triggers pro-inflammatory cytokine
and IFN responses to fight intracellular virus replication and to inhibit intercellular
spread. Maintaining functionality on a whole organism level, however, requires the
rapid replacement of virus-infected and hence non-viable cells with healthy tissue.
One mechanism in this context is pyroptosis, a rapid pro-inflammatory form of cell
death that is triggered through inflammasome activity (Latz et al. 2013). As mul-
timeric protein complex, the inflammasome is composed of caspase 1 and a sensor
protein termed adaptor apoptosis-associated speck-like protein containing a CARD
(PYCARD). In case of virus infection, PRRs such as NLRP3, AIM2 or IFI16 all
constitute potent sensors which trigger inflammasome activity upon binding to cy-
tosolic viral RNA or DNA (Allen et al. 2009; Hornung et al. 2009). Subsequent
caspase 1 activation initiates maturation and secretion of the pro-inflammatory cy-
tokines interleukin 1 beta (IL-1b) and IL-18 and further activates proteins to execute
pyroptosis (Zhao et al. 2020).
Another mechanism to eliminate infected cells and to initiate the repair of damaged
tissue is inflammation, a process accompanied by symptoms such as fever, tissue
swelling and pain. It can be activated, amongst others, by chemokines and cytokines
such as IL-1b, IL-6, or the tumor necrosis factor a (TNF-a). Release of these pro-
inflammatory molecules, mainly by macrophages and mast cells, triggers an acute
inflammatory response (Takeuchi et al. 2010). Despite the promotion of cell death in
infected cells, as outlined above, inflammation mediates the extravasation of leuko-
cytes and plasma proteins from blood vessels to the site of infection. Acute inflam-
matory responses consequently support the removal of infected cells, activate tissue
regeneration and are terminated once tissue homeostasis is restored (Medzhitov 2008).
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1.3.2 Interferon signaling and induction of interferon-stimulated
genes

In summary, pleiotropic defense programs are being triggered in response to the
localization- and structure-dependent recognition of viral nucleic acids via specialized
classes of pathogen recognition receptors. Some examples include the secretion of
pro-inflammatory cytokines and interferons, which activate and attract immune cells
to the point of infection. Equally important, however, is the expression of hundreds
of genes upon auto- and paracrine stimulation of cells by IFNs, a program, which
is induced within hours after virus infection. In fact, products of these interferon-
stimulated genes (ISGs) form the backbone of the innate immune system, due to
their ability to inhibit viral processes at multiple stages during the replication cycle.
Moreover, they are able to amplify as well as control the PRR and IFN signaling
cascades by which they were induced (Mesev et al. 2019).

1.3.2.1 Activation of JAK-STAT-signaling by IFNs

Interferons considerably vary in their structure, receptor affinity, tissue/cell speci-
ficity and hence in their biological activity. Three main groups of IFNs have been
discovered to date, including the so far most characterized type I IFNs (13 IFN-a
subtypes, IFN-b, IFN-e, IFN-t, IFN-k, IFN-w, IFN-z) which bind to the IFN-a recep-
tor (IFNAR) complex at the cell surface (Figure 1.4) (Isaacs et al. 1957). Upon IFN
binding, IFNAR1 and IFNAR2 subunits dimerize and activate both tyrosine kinase
2 (TYK2) and Janus kinase 1 (JAK1), that afterwards phosphorylate the cytosolic
IFNAR domains. Signal transducer and activator of transcription (STAT) proteins
are subsequently recruited and phosphorylated to trigger their dimerization and nu-
clear translocation. In this way, type I IFN signaling promotes the formation of two
transcription factor complexes with distinct promotor specificities to activate ISG ex-
pression. First, the interferon-stimulated gene factor 3 (ISGF3) complex, composed
of a STAT1/2 dimer and the IFN-regulatory factor 9 (IRF9), which binds to genes
containing IFN-stimulated response elements (ISRE). Second, complexes of STAT
homodimers, such as STAT1 and STAT3, bind to gamma-activated sequences (GAS)
and can additionally induce expression of pro-inflammatory genes (Figure 1.4) (Decker
et al. 1997; Ivashkiv et al. 2014).
Similar to type I IFNs, type III IFNs (IFN-l1, IFN-l2, IFN-l3, IFN-l4) also trigger
the JAK-STAT-dependent expression of ISGs, but nevertheless require a different cell
surface receptor, namely a dimeric complex formed by IFN-l receptor 1 (IFNLR1)
and IL-10Rb (Figure 1.4) (Kotenko et al. 2003). The only type II IFN discovered so
far is IFN-g, which facilitates signaling via a tetrameric receptor composed of two
IFN-g receptor (IFNGR) subunits. In addition, IFN-g is able to recruit JAK1 and
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JAK2 to initiate downstream signaling via STAT1 dimers and activation of GAS
element-containing genes (Sadler et al. 2008; Wheelock 1965).
Canonical IFN signaling, as outlined above, describes the well-known activation of
ISG expression through binding of IFNs to their corresponding receptor and the re-
sulting promotion of downstream signaling via the JAK-STAT pathway. Especially
IFNAR, however, was also found to co-activate MAPK and PI3K/mammalian target
of rapamycin (mTOR) pathways. This non-canonical IFN signaling network involves
STAT phosphorylation at different residues, thereby supporting ISG transcription
and translation as well as cellular homeostasis (Mazewski et al. 2020). Fine tun-
ing of IFN responses, for instance at the level of transcription, is further achieved
by additional post-translational modifications of STAT proteins, epigenetic modifica-
tions or the interaction of STAT with various transcription factors, co-activators and
-repressors (Ivashkiv et al. 2014).
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Figure 1.4: Activation of ISG expression by type I and III IFNs and downstream signal-
ing via the JAK-STAT pathway. Adapted from Mesev et al. 2019 by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Nature Microbiology, Decoding type I and
III interferon signalling during viral infection, Emily V. Mesev et al., copyright at Springer Nature,
2019.

1.3.2.2 Interferon-stimulated genes

Proteins, expressed by IFN-stimulated genes, contribute to the formation of a highly
potent antiviral environment. They can either function alone or in complex with
ISGs and cellular factors, to combat virus replication, amplify PRR and IFN sig-
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naling and to modulate adaptive immune responses (Schoggins et al. 2011a). Since
hundreds of proteins were found to be induced by IFNs in a highly cell-type and
organism-specific manner, the exact number of ISGs encoded in the human genome
is hard to define. The variable induction strengths across different ISGs, as well
as transcription of micro- and long non-coding RNAs upon IFN stimulation, further
complicates their characterization (Forster et al. 2015; X. Peng et al. 2010). However,
meta-analyses identified more than 400 ISGs and, even more importantly, determined
an evolutionary-conserved set of approximately 60 ISGs, which potentially constitute
a core part of the IFN response system (Schoggins et al. 2011b; Shaw et al. 2017).
Despite the canonical induction by JAK-STAT-dependent IFN signaling, subsets of
ISGs were also found to be direct targets of the transcription factors IRF1, -3 and -7
as well as NF-kB. Intriguingly, this adds yet another level of regulation, which might
contribute to an IFN-independent antiviral host response (Platanitis et al. 2018; Ru-
bio et al. 2013; Schoggins 2019).
One way to categorize ISGs is according to their direct antiviral activity, commonly
exerted at a particular step during virus replication. For instance, before uncoat-
ing of the viral genome, interferon-induced transmembrane (IFITM) proteins block
the fusion of enveloped viruses with endosomal membranes and hence inhibit virus
entry into the cytoplasm (Desai et al. 2014). Endosome-trapped virus particles are
subsequently degraded via the lysosomal pathway to protect cells from viral infec-
tion (Spence et al. 2019). Besides IFITMs, both interferon-induced GTP-binding
protein myxovirus resistance 1 (MX1) as well as MX2 constitute prime examples of
ISGs that inhibit the viral life cycle at an early post-entry step. Prior to genome
replication, viruses such as IAV and HIV-1 have to shuttle their genome into the
host cell’s nucleus. During uncoating of the IAV genome, MX1 interacts with the
viral ribonucleoprotein complex and prevents nuclear import and hence viral genome
amplification (Haller et al. 1979; Horisberger et al. 1983; Staeheli et al. 1986). MX2,
in contrast, has only limited activity against MX1 targets and was first identified as
anti-HIV-1 restriction factor, specifically binding to HIV-1 capsid structures (Kane
et al. 2013).
While only few ISGs such as tetherin, 2’,3’-cyclic-nucleotide 3’-phosphodiesterase
(CNP) or guanylate binding protein 5 (GBP5) are known to target late steps of
the replication cycle, including virion assembly and release, many other ISGs inter-
fere with virus genome replication and protein translation (Krapp et al. 2016; Neil
et al. 2008; Wilson et al. 2012). Among those are the four members of the human
interferon-induced protein with tetratricopeptide repeats (IFIT) family, which are
one of the most strongly IFN-induced proteins. Viruses containing an internal ribo-
somal entry site (IRES), such as Hepatitis C virus (HCV), rely on the formation of
the cap-independent translation initiation complex for protein synthesis. Two sub-
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units of this complex, eukaryotic translation initiation factor 3 subunit C (eIF3C)
and eIF3E, are susceptible to IFIT1 and -2 interaction, which allows the specific in-
hibition of viral transcript translation (Hui et al. 2003). IFIT1, moreover, interacts
with type 0 cap structures (missing 2’-O methylation) of viral mRNAs to prevent
ribosomal complex formation and thus viral protein expression (Oonishi et al. 1988).
In addition, recognition of virus-derived 5’ triphosphate RNA motifs by IFIT1 leads
to the recruitment of IFIT2 and IFIT3 and the formation of a trimeric complex. As
a result, viral RNA is being sequestered to inhibit the replication of viruses such as
IAV, vesicular stomatitis virus (VSV) and Rift Valley fever virus (RVFV) (Diamond
et al. 2013; Pichlmair et al. 2011).
Virus-derived nucleic acids can also be actively degraded by ISGs such as zinc finger
CCCH-type antiviral protein 1 (ZAP/ZC3HAV1) and interferon-stimulated gene 20
(ISG20). ZAP, for instance, restricts a broad range of viruses including IAV and
Hepatitis B virus (HBV) in late stages of their replication cycle, where viral mRNAs
accumulate in the cytoplasm. This is possible through the interaction of ZAP with
CG dinucleotide-rich sequences in viral RNAs and the subsequent recruitment of the
exosome, a multimeric protein complex capable of degrading ZAP-bound RNAs (G.
Gao et al. 2002; Guo et al. 2007). In contrast, ISG20 encodes a nuclear 3’ to 5’ exonu-
clease, which preferentially targets ssRNAs for degradation and hence exerts a broad
antiviral activity against RNA viruses such as VSV, IAV, HIV and encephalomy-
ocarditis virus (ECMV) (Espert et al. 2003; Nguyen et al. 2001).
Apart from the well-described antiviral activity, some ISGs were also reported to
enhance virus infections. To give an example, lymphocyte antigen 6 family member
E (LY6E), an IFN-inducible membrane-anchored protein, promotes the uncoating of
viruses which enter the host cell through an endocytic pathway (Mar et al. 2018).
However, since LY6E was also recently reported to restrict SARS and MERS coro-
navirus infections by interfering with the spike protein-mediated membrane fusion
during the entry process, pro-viral effects rather seem to be highly virus- or cell-type
specific (Pfaender et al. 2020).
Besides their anti- and pro-viral activities at particular steps of the viral replication cy-
cle, ISGs are crucial to control and fine-tune the innate immune response. PRRs such
as TLRs, RIG-I and MDA5 as well as proteins involved in JAK-STAT-dependent IFN
signaling, in general, are only modestly expressed to enable initial virus sensing and
signal transduction. Upon IFN stimulation, however, these proteins become strongly
up-regulated to further enhance PAMP detection and antiviral responses (Schnei-
der et al. 2014; Schoggins 2019). While a reinforced immune response to dampen
virus replication and spread is highly beneficial in the short-term, continuous activa-
tion results in prolonged inflammation, exaggerative tissue damage and autoimmune
diseases. To counteract this effect, IFN-stimulated proteins like the suppressor of cy-
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tokine signaling (SOCS) proteins or the ubl carboxyl-terminal hydrolase 18 (USP18)
suppress antiviral signaling by desensitization of the JAK-STAT pathway shortly af-
ter its activation. For this purpose, SOCS1 and -3 bind to phosphorylated tyrosine
residues on IFN receptors and JAK proteins to inhibit their activity and prevent bind-
ing through STAT proteins. In addition, SOCS proteins function as pseudosubstrates
for JAK proteins and can hence inhibit their kinase activity and further downstream
signaling. Lastly, to prevent prolonged IFN signaling, SOCS proteins are able to re-
cruit a multimeric ubiquitin ligase complex for the targeted degradation of proteins
involved in JAK-STAT signaling (Malakhova et al. 2006; Yoshimura et al. 2007).

1.3.3 Viral countermeasures to evade innate immunity

Once infected, key cellular machineries such as gene transcription, protein translation
and energy metabolism are manipulated to allow for efficient virus replication and
propagation in the host. At the same time, infected cells trigger immune responses to
establish an antiviral environment, which dampens virus replication and ensures host
survival. This, since millions of years, ongoing arms race between viruses and their
hosts has shaped a highly complex network of interactions between cellular factors
regulating immune activation and opposing viral proteins. In this context, viruses
have to fine-tune their interactions with host pathways to prevent the complete inhi-
bition of antiviral signaling, which would result in both diminished host cell survival
and insufficient virus spread (García-Sastre 2017). Viral strategies to compete with
the host’s defense response range from highly virus- and host-specific interactions to
more universal mechanisms. In combination, these mechanisms substantially influ-
ence the host-tropism of a given virus or virus family.
To infiltrate cells without the activation of the host’s immune response, viruses fre-
quently aim to prevent the initial recognition of viral nucleic acid structures via PRRs
or viral surface proteins by antibodies and cells of the adaptive immune system. In
particular RNA viruses, such as IAV and HCV, are excellent in their quest to avoid
immune recognition by T-cells and neutralizing antibodies. Due to high mutation
rates, elicited by their RNA-dependent RNA polymerase in combination with short
replication times, they can rapidly alter the antigenic structures of their surface pro-
teins. Referred to as antigenic drift, this process together with a rearrangement
of entire viral genome segments (antigenic shift, in case of IAV) mediates evasion
from the adaptive immunity and, despite the already existing anti-IAV immune re-
sponses, causes reoccurring seasonal epidemics and pandemics (Carrasco-Hernandez
et al. 2017; Lapa et al. 2019; Nelson et al. 2018).
Once viruses successfully evaded recognition by the adaptive immune system in the
extracellular space, intracellular PRRs are in place to sense viral nucleic acids and
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activate IFN-mediated responses. However, many DNA viruses, retroviruses as well
as IAV, developed strategies to shuttle their genome, protected by viral capsid struc-
tures or nucleoproteins, through the cytosol to replicate within the host cell’s nu-
cleus (García-Sastre 2017). Further examples in this context are coronaviruses and
HCV, which hijack cellular components to generate a web of membrane structures
to efficiently shield their nucleic acids from immune recognition during viral genome
replication in the cytoplasm (Du Toit 2020; Neufeldt et al. 2016). These universal
strategies, however, only partly prevent immune activation. Thus, many viruses ad-
ditionally interfere with processes of the innate immune system. The next paragraph
will introduce some of those strategies in the context of selected virus proteins which
target either processes upstream or downstream of IFN induction (Figure 1.5) (Mesev
et al. 2019).

1.3.3.1 Viral innate immune evasion strategies upstream of interferon induc-
tion

Upon detection of virus-derived nucleic acids by PRRs, such as RLRs, TLRs and
cGAS, downstream signaling via MAVS, TRIFs, TRAFs and STING activates ex-
pression of pro-inflammatory cytokines and IFNs. Due to the inherent complexity
of such signaling cascades, involving multiple post-translational modifications, struc-
tural rearrangements and the assembly of multimeric signaling complexes, viruses
have developed a tremendous repertoire of strategies to inhibit IFN induction (Fig-
ure 1.5a). For instance, as cytosolic PRR responsible for sensing viral RNA, RIG-I
is frequently targeted by various mechanisms. Viruses of the arteriviridae and bun-
yaviridae family, express a RIG-I-specific viral deubiquitinase, which prevents RIG-I
activation and its downstream association with MAVS (Kasteren et al. 2012). A
similar strategy is used by the NS1 protein of IAV, that directly targets the TRIM25-
mediated ubiquitination and activation of RIG-I (Gack et al. 2009). Moreover, Z
proteins expressed by four viruses of the arenaviridae family, namely Guanarito virus
(GTOV), Junin virus (JUNV), Machupo virus (MAVC) and Sabia virus (SABV),
were also reported to suppress IFN-b secretion through interaction with RIG-I (Fig-
ure 1.5a) (Fan et al. 2010).
In the cytosol, viral DNA is sensed by cGAS, leading to the cGAMP-mediated ac-
tivation of STING at the ER. Members of the flaviviridae as well as coronaviridae
family have acquired mechanisms to disrupt STING-dependent signaling complexes,
either through direct interaction with STING (e.g. NS4B protein of yellow fever virus
(YFV) and HCV; PIpro-TM protein of SARS-CoV), by blocking polyubiquitination
of STING (e.g. PLP2 of porcine epidemic diarrhea virus (PEDV)), or through viral
proteases that cleave STING (e.g. NS2B3 protein of dengue virus (DENV), West
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Nile virus (WNV), Zika virus (ZIKA) and Japanese encephalitis virus (JEV)) (Fig-
ure 1.5a) (Aguirre et al. 2012; Ding et al. 2013, 2018; Ishikawa et al. 2009; Sun et
al. 2012; Xing et al. 2013). Furthermore, TRIF, the central adaptor protein of the
TLR3-dependent dsRNA sensing pathway, is cleaved by the viral proteases NS3/4A
of HCV and 3CD of Hepatitis A virus (HAV) to prevent TLR-mediated innate im-
mune activation (K. Li et al. 2005; Qu et al. 2011).
While many viruses evolved strategies to target individual PRR pathways, others
also interfere with the IRF family of transcription factors. As downstream elements
of the PRR-induced signaling cascades, IRF proteins funnel RLR, TLR and cGAS
signaling events to activate the expression of IFNs. In light of their function, they
constitute attractive targets for viral-host interactions. Blocking of IRF3 or -7 acti-
vation can be achieved by targeting upstream kinases such as IKKe or TBK1 (e.g.
C6 protein of Vaccinia virus (VACV); VP35 protein of Ebola virus; VP24 protein
of Herpes simplex virus 1 (HSV-1)). Ultimately, this leads to the disruption of IRF
phosphorylation and prevents subsequent nuclear translocation (Basler et al. 2003;
Unterholzner et al. 2011; D. Zhang et al. 2016). In addition, IRF proteins are also
direct targets of viral proteins, as exemplified by the degradation of IRF7 through the
3Cpro protein of Enterovirus D68 (EVD68) or the combined ubiquitination and pro-
teasomal degradation of multiple IRF proteins by a rotavirus-encoded E3 ubiquitin
ligase (Arnold et al. 2013; Xiang et al. 2016).
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Figure 1.5: Viral manipulation of antiviral signaling pathways upstream and down-
stream of interferon induction. (a) Pathogen recognition receptors (PRRs) sense virus-derived
nucleic acids and activate downstream signaling events that induce IFN expression. This pathway
is frequently perturbed by viruses to inhibit IFN expression, for instance by preventing recognition
of viral nucleic acids or interrupting signal transduction. (b) Type I and III IFNs activate JAK-
STAT signaling in virus infected and bystander cells to stimulate expression of ISGs. Various viruses
evolved strategies to antagonize IFN-mediated activation of the STAT1-STAT2-IRF9 transcription
factor complex, in this manner preventing the establishment of an antiviral state. Lines with ar-
rows indicate direct pathway connections. Blunt end arrows indicate viral perturbations. BDV,
Borna disease virus; HERP, homocysteine-induced ER protein; RSV, respiratory syncytial virus;
SeV, Sendai virus; SFTSV, severe fever with thrombocytopenia syndrome virus; TBEV, tick-borne
encephalitis virus. Adapted from Mesev et al. 2019 by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Microbiology, Decoding type I and III interferon
signalling during viral infection, Emily V. Mesev et al., copyright at Springer Nature, 2019.

1.3.3.2 Viral innate immune evasion strategies downstream of interferon in-
duction

Successful detection of viral features by receptors of the innate immune system re-
sults in IFN secretion and expression of IFN-stimulated genes, both in virus-infected
as well as bystander cells. To prevent ISG expression and the consequential promo-
tion of an antiviral state, viruses frequently perturb the phosphorylation of STAT
proteins, inhibit STAT dimerization and nuclear translocation, or actively induce the
expression of inhibitory host proteins such as members of the SOCS protein family
(Figure 1.5b).
STAT1 phosphorylation, for instance, can be blocked by the NSP1 protein of ro-
tavirus, the NS5A protein of HCV, the matrix protein VP40 of Marburg virus, the

23



1 Scientific Context

C accessory protein of human parainfluenza virus type 3 (hPIV3) or the NS5 pro-
tein of JEV (Chambers et al. 2009; Kumthip et al. 2012; Lin et al. 2006; Sen et al.
2014; Valmas et al. 2010). Moreover, already activated STAT1 can be targeted by
a VACV-encoded phosphatase, which specifically dephosphorylates STAT1 to reduce
its activity (Najarro et al. 2001). Besides perturbing phosphorylation of signaling
proteins, flaviviruses such as ZIKA and DENV are able to mediate the proteasomal
degradation of STAT2 and hence diminish downstream signaling and ISG induction
(Figure 1.5b) (Grant et al. 2016; Morrison et al. 2013).
ISG expression requires the nuclear translocation of the trimeric ISGF3 transcription
factor complex, composed of STAT1/2 and IRF9. As counter-mechanism, paramyx-
oviridae viruses disrupt ISGF3 complex formation through V proteins, that sequester
STAT1 and/or STAT2 in the cytoplasm (Ramachandran et al. 2008; Rodriguez et al.
2003). Intriguingly, viruses are also able to exploit host machineries such as importin
and exportin proteins, required for nuclear import and export of IRF and STAT pro-
teins, respectively. The importin-a5 subunit, for example, is targeted by the Ebola
virus (EBOV) VP24 protein to retain phosphorylated STAT1 in the cytosol (Xu et
al. 2014). Export machineries, in contrast, are manipulated by viral proteins such as
nsP2 of Chikungunya virus. These proteins promote nuclear export and consequently
decrease the nuclear pool of STAT proteins required for the activation of ISGs (Göertz
et al. 2018).
Downregulation of innate immune responses following clearance of viral infections is
of great importance for the host to prevent tissue damage. However, hepatotropic
viruses such as HBV and HCV developed strategies to manipulate exactly this nega-
tive feedback loop of IFN signaling. The core proteins of both viruses, as well as the
X protein of HBV, are able to increase SOCS3 expression. This, already during the
early antiviral response, results in the attenuation of IFN-mediated signaling (Chiang
et al. 2018; Collins et al. 2014; K. Kim et al. 2010).

Complete deactivation of antiviral signaling, however, can be barely achieved by
any virus, mainly due to the number of alternative pathways, which are in place to
nevertheless activate innate immune responses. Hence, viruses developed strategies
to also interfere with the very last step required to mount a potent antiviral response,
the expression of IFN-stimulated genes, which involves gene transcription, mRNA
splicing and shuttling of mRNAs into the cytosol for protein translation. Global
perturbation of the host cell’s gene expression machineries, however, is challenging
as viruses essentially depend on host factors, such as ribosomes, for viral protein
translation. In addition, complete deactivation of the host’s gene expression would
decrease cell viability, induce cell death and consequentially impact viral replication
and spread (Walsh et al. 2011).
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One well-studied example in this regard is IAV, which disables both processing and
translation of most host transcripts, including transcripts of ISGs. Multiple viral pro-
teins and genetic elements on viral nucleic acids work in concert to facilitate host shut-
off while at the same time maintaining viral protein expression and efficient genome
replication. IAV transcripts, in general, share many features with cellular mRNAs,
such as the 5’ 7-methyl guanosine (m7G) cap and a 3’ poly-adenylate (poly(A)) tail.
The viral poly(A) tail, for instance, is established via a so called ‘stuttering pro-
cess’ performed by the viral RdRP. However, 5’ cap structures have to be taken from
pre-mature host mRNAs in a process called ‘cap snatching’. During this process,
the polymerase acidic (PA) subunit of the viral RdRP interacts with cellular RNA
polymerase II-bound transcripts to cleave off their cap and use it for priming of viral
transcription. In addition to their role in initiating translation, 5’-cap structures pro-
tect mRNAs from a 5’ to 3’ exonuclease-mediated degradation. Hence, cap snatching
is one of the main IAV mechanisms to enable viral transcription and the simultane-
ous destabilization and degradation of cellular mRNAs (Dias et al. 2009; Plotch et al.
1981).
Host translational shutoff via cap snatching is further accompanied by the specific
interaction of the IAV NS1 protein with both the cellular cleavage and polyadeny-
lation specific factor 30 (CPSF30) and the nuclear polyadenylate-binding protein 1
(PABPN1). The CPSF complex generally initiates polyadenylation of nascent mR-
NAs through recognition of specific 3’ sequences, followed by mRNA cleavage and
recruitment of the poly(A) polymerase. Synthesis of the poly(A) tail, in turn, relies
on the PABPN-based stimulation of the poly(A) polymerase complex to promote elon-
gation of the poly(A) tail. Through interference with both processes, NS1 efficiently
perturbs maturation, stability and the subsequent poly(A) tail-dependent nuclear ex-
port and translation of host-derived mRNAs (Z. Chen et al. 1999; Nemeroff et al.
1998).
In addition, direct degradation of cellular mRNAs was demonstrated for PA-X, a re-
cently discovered protein of IAV, which shares its endonuclease domain with the viral
PA protein and is expressed through ribosomal frameshift (Jagger et al. 2012). In
combination, these mechanisms drastically reduce the competition with cellular mR-
NAs, including antiviral ISGs, and thus facilitate priority access of viral transcripts
to the host’s translation machinery.

To conclude, viral immune evasion strategies along with cellular defense responses
have been constantly reconfigured for millions of years through virus-host coevolution
with the aim to ensure efficient virus replication despite antiviral host immunity.
Although hundreds of virus-host interactions are known to date, many more are either
not yet fully understood, only proposed for particular groups of viruses or are still to
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be uncovered. Hence, scientists have turned towards unbiased screening approaches
as powerful tools to identify novel virus-host interactions. The next paragraph will
introduce such screening approaches with particular focus on mass spectrometry-
based proteomics technologies to measure proteome-wide changes induced by virus
infections.

26



1 Scientific Context

1.4 Proteomics approaches to study virus-host inter-
actions

Since the discovery of electrospray ionization (ESI) in 1989 and its first application in
a liquid chromatography - mass spectrometry (LC-MS) setup, MS-based proteomics
developed into one of the leading technologies for high-sensitive and high-throughput
quantification of proteins and peptides from complex biological samples (Fenn et
al. 1989; Hunt et al. 2007). Moreover, integration with other omics technologies
including genomics, transcriptomics and metabolomics have further provided a in-
depth systems-level understanding of molecular processes and are commonly applied
to study virus-host interactions. In MS-based proteomics, intact proteins can be di-
rectly analyzed using a ‘top-down’ approach. For complex protein mixtures, however,
‘bottom-up’ proteomics became the method of choice, involving enzymatic protein di-
gestion and detection of peptides by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). The following section summarizes MS-based bottom-up
proteomic strategies that have been successfully applied in this thesis or are gener-
ally applied in virus research to study protein-protein and protein-RNA interactions,
protein abundance and localization changes as well as post-translational protein mod-
ifications.

1.4.1 Protein-protein interactions

The majority of proteins function in a concerted manner by forming non-covalent in-
teractions with other proteins, nucleic acids or metabolites. This molecular network
of interactions is indispensable for cellular functionality and includes short transient
protein-protein interactions (PPIs), e.g. seen in signal transduction by kinases via
phosphorylation of downstream targets, to stable macromolecular complexes, as ex-
emplified by the multimeric structure of the proteasome (Bludau et al. 2020). A
detailed understanding of perturbed PPIs upon virus infection and detection of novel
PPIs between virus and host proteins is particularly important to determine the global
cellular response to pathogens. Some consequences of virus infections that can be as-
sessed by studying PPIs are, amongst others, the hijacking of host proteins involved
in virus genome replication, transcription or mRNA translation as well as inhibition
of cellular immune responses.
Interaction proteomics consists of three main approaches and can be further comple-
mented by additional MS-based structural techniques: stable direct and indirect PPIs
are identified by (i) affinity purification (also known as affinity enrichment) coupled
to mass spectrometry (AP-MS) and (ii) protein-correlation profiling coupled to mass
spectrometry (PCP-MS; also known as co-fractionation coupled to mass spectrome-
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try, CoFrac-MS); stable and transient PPIs are detected based on protein proximity
with (iii) proximity labelling approaches like BioID and APEX; and (iv) MS-based
structural approaches such as cross-linking mass spectrometry (XL-MS, also: CL-MS)
and hydrogen deuterium exchange mass spectrometry (HDX-MS) can be applied to
discriminate direct from indirect PPIs (Figure 1.6) (Larance et al. 2015).
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Figure 1.6: Proteomics approaches to study protein-protein interactions using liquid
chromatography followed by tandem mass spectrometry. (a) Affinity purification mass
spectrometry (AP-MS)-based approaches enrich the protein of interest (bait) including its interact-
ing partners by antibodies, specific for the bait or the recombinant affinity tag. Enriched proteins
and protein complexes are subsequently analyzed by LC-MS/MS to identify bait-specific interactors.
(b) Proximity labeling approaches, such as BioID, ectopically express the recombinant protein of
interest fused to BirA, a biotin ligase which biotinylates potentially interacting proteins in close
proximity. Following enrichment of biotinylated interactors via streptavidin-conjugated beads, pro-
teins are analyzed via LC-MS/MS to identify specific binding partners of the bait. (c) Protein
correlation profiling (PCP) approaches separate protein complexes from cell lysates by using various
physicochemical methods such as size exclusion chromatography (SEC). Fractions are analyzed via
LC-MS/MS and quantitative elution profiles for each protein are constructed to identify co-eluting
proteins and hence protein complexes. Additional protein complex fractionation can be achieved
by ion-exchange chromatography (IEX), hydrophobic interaction chromatography (HIC), affinity
(heparin) or density gradient centrifugation. Adapted from Larance et al. 2015 by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Reviews Molecular Cell
Biology, Multidimensional proteomics for cell biology, Mark Larance et al., copyright at Springer
Nature, 2015.
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1.4.1.1 Affinity purification mass spectrometry

AP-MS approaches include the enrichment of a protein of interest (‘bait’, either cel-
lular or viral protein) from a cell lysate via bait-specific antibodies (Figure 1.6a).
Alternatively, ectopically expressed bait proteins with recombinant affinity tags (e.g.
FLAG, GFP, HA, His, MYC, Strep) are precipitated with antibodies specific for the
tag (Bornhorst et al. 2000; Einhauer et al. 2001; Gerdes et al. 1996; T. G. M. Schmidt
et al. 2007). Co-enriched proteins (‘preys’) are subsequently identified and quantified
by LC-MS/MS to determine the interactome of a given bait (Figure 1.6a). As the
most commonly used approach, AP-MS has been applied to study the proteome-wide
interactome of diverse species including yeast, fly and human as well as viruses such
as HIV, ZIKA and SARS-CoV-2 (Gavin et al. 2002; Gordon et al. 2020a,b; Guruhar-
sha et al. 2011; Ho et al. 2002; Huttlin et al. 2017; Jäger et al. 2011; Scaturro et al.
2018; Stukalov et al. 2021). In the context of virus infection, these studies can be
performed in a pathogen or host centric manner by either enriching cellular proteins
using a virus protein as bait or by detecting changes in cellular protein complexes
triggered by virus infection (Jean Beltran et al. 2017).
Prior to the use of AP-MS, various other methods have been developed to study PPIs,
including the yeast two-hybrid (Y2H) assay, phage display or co-immunoprecipitation
(Co-IP) followed by western-blot analysis. These approaches, however, mainly facil-
itate the detection of PPIs between the bait and a single prey protein. Hence, one
considerable advantage of AP-MS is the co-enrichment of protein complexes from cell
lysates which are not directly interacting with the bait protein, but rather remain in
a complex with the prey protein during enrichment. Although the precipitation of
prey-interacting complexes does not constitute a direct bait-prey interaction, it can
reveal a functional connection of the bait protein with cellular pathways in which
the co-enriched protein complexes are involved (Fields et al. 1989; Mehla et al. 2017;
Smith 1985; Y. Takahashi 2015).

1.4.1.2 Proximity labeling

In addition to AP-MS, proximity labeling approaches are also able to capture tran-
sient PPIs (Figure 1.6b). However, they do not require direct physical interaction of
proteins but rely on their interaction-induced local proximity (<10-20 nm) (D. I. Kim
et al. 2014; Martell et al. 2012). Thereby, proximity labeling approaches are essen-
tially divided into two main strategies termed BioID and APEX. For BioID and its
refinements TurboID and miniTurbo, a protein of interest is ectopically expressed as
fusion protein together with BirA, a mutated promiscuous bacterial biotin ligase that
biotinylates interacting proteins (Figure 1.6b) (Branon et al. 2018; Choi-Rhee et al.
2004; Roux et al. 2012). Instead of a biotin ligase, the APEX approach uses an engi-
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neered pea or soybean ascorbate peroxidase that rapidly biotinylates proteins in close
proximity after addition of biotin-phenol and hydrogen peroxide (Lam et al. 2015;
Martell et al. 2012; H.-W. Rhee et al. 2013). Following covalent attachment of biotin
to lysine (in case of BioID) or tyrosine (in case of APEX) residues, interacting pro-
teins are enriched via streptavidin and subsequently analyzed by LC-MS/MS (Figure
1.6b). Due to its non-toxic nature and nowadays improved labeling time, BioID has
become the preferred strategy for proximity labeling and was used to study PPIs in
mammalian cells, mice, yeast and recently for proteins of SARS-CoV-2 (G. D. Gupta
et al. 2015; D. I. Kim et al. 2014; Laurent et al. 2020; Roux et al. 2012; Samavarchi-
Tehrani et al. 2020; Uezu et al. 2016).
Proximity labeling approaches are particularly useful to detect weak and transient
PPIs over time. However, the biotin ligase constitutes a relatively large tag that
needs to be fused to the bait and can therefore impair important protein character-
istics such as folding, localization and interactions with other proteins. Moreover, as
promiscuous ligase, BirA will also biotinylate non-physically interacting proteins in
its close proximity. Hence, this approach requires a careful selection of control baits
that localize to the same intracellular compartment to exclude non-specific binders
and identify specific bait interactors (Sears et al. 2019).

1.4.1.3 Protein correlation profiling

Proteome-wide detection of native protein complexes without preceding enrichments
or the need for genetic bait modification and bait-specific antibodies can be achieved
through PCP- and CoFrac-MS experiments (Figure 1.6c) (Andersen et al. 2003; Dong
et al. 2008; Foster et al. 2006; Kristensen et al. 2012; Salas et al. 2020). Here, cell
lysates are initially fractionated by density gradient centrifugation or liquid chro-
matography to separate protein complexes based on their physicochemical properties
(e.g. density, size, charge, hydrodynamic radius, hydrophobicity). Thereafter, anal-
ysis of individual fractions is performed by LC-MS/MS to construct quantitative
elution profiles for each protein. These profiles can then be used to infer PPIs based
on co-elution of interacting proteins (Figure 1.6c).
The main disadvantage of this approach, however, is the limited peak capacity of
a given chromatographic technique and can result in low sensitivity and specificity
due to co-elution of non-interacting proteins (Bludau et al. 2020). In this context,
combinations of multiple orthogonal separation techniques, such as size exclusion
chromatography (SEC) followed by ion exchange chromatography (IEX), improve the
resolution of protein complexes and can be further complemented through increas-
ing the number of collected fractions. The choice of detergent and chromatographic
separation technique, nevertheless, has a strong impact on the extraction of protein
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complexes and often favors soluble over membrane-associated complexes (Salas et al.
2020). Preceding in vivo cross-linking of protein complexes prior to SEC analysis,
for instance, overcomes this limitation and allows the use of stronger detergents for
cell lysis and hence the detection of the membrane protein interactome via PCP-
MS (Larance et al. 2016). In general, protein correlation profiling approaches are
highly diverse and vary considerably in the methodologies applied for sample prepa-
ration and data analysis. Consequently, re-analysis of PCP-MS datasets with another
machine learning classifier might result in fundamentally different protein complexes
and thus in a minimal overlap across independent screens (Pang et al. 2020; Shatsky
et al. 2016).

1.4.1.4 Complementary MS-based structural techniques

While AP-MS, proximity labeling and PCP approaches are well established for prote-
ome-wide detection of PPIs, they lack the ability to discriminate direct from indirect
interactions. To compensate for this limitation, complementary MS-based structural
techniques such as protein cross-linking mass spectrometry (XL-MS, also: CL-MS)
and hydrogen deuterium exchange mass spectrometry (HDX-MS) are commonly ap-
plied (Engen et al. 2001; Engen 2009; Leitner et al. 2014). Based on the measure-
ment of mass shifts between hydrogen and deuterium, HDX-MS detects the isotopic
exchange between the protein’s amide hydrogens and the surrounding solvent. Since
the exchange rate depends on physicochemical properties such as protein folding and
stability of hydrogen bonding, it can be used, amongst others, to study protein confor-
mations and folding dynamics or to locate binding sites and allosteric effects (Masson
et al. 2019). In XL-MS studies, soluble or metabolically incorporated cross-linkers
(e.g. DSS, DSSO, EDC, DMTMM, SDA) are used to generate covalent intra- or in-
termolecular bonds between proximal protein residues. Depending on the cross-linker
type and strategy, one can target either solvent accessible or hydrophobic regions
of proteins and protein complexes to gain medium-resolution structural information
about domain interactions, subunit topologies or conformational states (O’Reilly et
al. 2018).
However, it remains rather challenging to expand XL-MS from low complexity samples
such as purified proteins or protein complexes to a proteome-wide scale (Aebersold et
al. 2016). Nevertheless, recent advances in cross-linking techniques, MS technologies
and data analysis pipelines have enabled several global interactome studies (Chavez
et al. 2015; F. Liu et al. 2015; Navare et al. 2015; Schweppe et al. 2017; Shi et al.
2015).
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1.4.2 Protein-RNA interactions

Instead of taking a protein bait to enrich interacting proteins, one can also use var-
ious biomolecules such as peptides, metabolites or nucleic acids to further explore
and expand cellular protein interaction networks. Of particular interest, in the con-
text of virus infections, are RNA binding proteins (RBPs), which act as bifunctional
players in virus-host interactions by either supporting virus replication or triggering
innate immune responses upon detection of viral nucleic acids (Nagy et al. 2011).
Depending on the analyte of interest, one can separate the current methods to study
RNA-protein interactions in RNA- and protein-centric.
Commonly performed RNA-centric approaches with MS-based readout make use of
(i) affinity-tagged (biotinylated or aptamer-tagged) RNA baits that are incubated
with cell lysates to enrich for RBPs, (ii) cross-linking of RBP-RNA-complexes that
are subsequently enriched by hybridization of biotinylated oligonucleotide probes to
the RNA of interest, or (iii) direct biotinylation and isolation of RBPs using the biotin
ligase BirA that is recruited to the RNA motif of interest (Beckmann 2017; Faoro
et al. 2014; Leppek et al. 2014; Ramanathan et al. 2019; Zheng et al. 2016). Follow-
ing enrichment of RBPs with the bait RNA, proteins are identified and quantified by
LC-MS/MS.
Protein-centric methods, in contrast, aim to identify RNA molecules that are inter-
acting with a protein of interest. In this case, the most commonly applied method
is cross-linking immunoprecipitation with high-throughput sequencing (CHIP-seq).
Protein-RNA cross-links are induced via UV light followed by purification of the tar-
get protein and sequencing of co-enriched RNAs (Licatalosi et al. 2008; Ule et al.
2003).

1.4.3 Protein abundance and localization

Upon virus infection, host cells trigger a pleiotropic defense program, including the
activation of stress and innate immune responses that lead to massive changes in
protein expression, degradation and subcellular localization. One example related
to altered protein expression patterns is the increased translation of hundreds of
ISGs with antiviral functions (S. R. Paludan et al. 2021). At the same time, viruses
actively influence the localization of proteins, e.g. by massively perturbing the cell’s
organellar structures or by specific recruitment of proteins involved in transcription
and translation for efficient viral genome replication (Moreno-Altamirano et al. 2019;
Nagy et al. 2011). Based on the high complexity of such virus-host interaction-induced
proteome changes, MS-based proteomic approaches to measure protein abundance
and localization changes in an unbiased proteome-wide manner are powerful tools in
virus research (Ramage et al. 2015).
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1.4.3.1 Protein expression profiling

One of the first steps to characterize virus infections is the detection of protein abun-
dance changes in infected cells, also termed full proteome or total proteome mea-
surements. Susceptible cell lines, primary cells, model organisms or even patient-
derived samples are infected and analyzed with LC-MS/MS to identify and quantify
proteomic changes. Such experiments are generally performed by comparing virus
infected versus non-infected (‘mock’) cells, either considering only a single time point
or by recording protein changes throughout the time-course of infection. In contrast
to approaches like AP-MS, where only a subset of proteins is enriched prior to LC-
MS/MS, total proteome analyses try to detect and reliably quantify as many proteins
as possible. In this context, a particularly high proteome coverage is crucial to identify
even low abundant proteins, which can be achieved by sample fractionation together
with state-of-the-art MS instruments and methods. Beside the global response to
virus infection, one can also study the effect of individual viral proteins on the cellu-
lar proteome. Ectopic expression of single viral proteins is hereby particularly useful
to identify unique functions of virus proteins such as ubiquitination and subsequent
proteasomal degradation of specific host factors (Randow et al. 2009; Stukalov et al.
2021).
However, total proteome measurements in general can only determine the overall
protein abundance as a sum of protein translation and degradation. For example, a
decrease in protein abundance can either be a result of increased degradation (e.g.
via the proteasome or autophagosome) or reduced expression (e.g. reduced gene
transcription or mRNA translation). Well-established methods to discriminate pro-
tein synthesis from degradation are pulsed stable isotope labeling by amino acids in
cell culture (pSILAC) and bio-orthogonal non-canonical amino acid tagging (BON-
CAT) (Dieterich et al. 2006; Selbach et al. 2008). Both approaches use metabolic
labeling to incorporate heavy lysine and arginine isotopes (in case of pSILAC) or
chemically modified amino acids such as azidohomoalanine (in case of BONCAT) into
newly translated proteins. While pSILAC is based on the detection of mass shifts of
newly translated and heavy isotope labeled proteins compared to non-labelled ‘old’
proteins, BONCAT enriches for newly translated proteins via click chemistry. Despite
the relative high costs for labeling reagents and the significant data analysis effort to
determine protein synthesis and degradation rates, these methods can uncover novel
regulatory mechanisms of viruses, as exemplified for IAV and SARS-CoV-2 (Bog-
danow et al. 2019; Bojkova et al. 2020).
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1.4.3.2 Organellar proteomics

Organellar proteomics describes advanced MS-based methods to study the subcel-
lular localization and trafficking of proteins between cellular compartments. In the
context of pathogens, re-localization of proteins can either occur as cellular response
to the infection or is actively induced by the virus itself. In general, single- and multi-
organelle profiling as well as spatially resolved protein-protein interaction networks
are commonly used approaches to map the organellar proteome (Andersen et al. 2006;
Lundberg et al. 2019). Enrichment of organelles from cell lysates is hereby performed
through subcellular fractionation using gradient or density centrifugation. Following
purification of the organelle of interest, proteins are detected by LC-MS/MS and or-
ganellar proteomes from different experimental conditions are compared (Itzhak et al.
2016). This approach works best for organelles with distinct physical properties (i.e.
density, size, shape), which can be isolated without contamination of other organelles.
For multi-organelle profiling, in contrast, individual fractions from a centrifugation
gradient, partially separating the organelles, are collected and independently ana-
lyzed by LC-MS/MS. The resulting abundance distribution of each protein across all
fractions of the gradient is then intersected with profiles of known organelle marker
proteins to assign specific cellular compartments (Borner 2020; Itzhak et al. 2016).
However, without the need of fractionation, one can as well use AP-MS and proximity
labeling approaches (e.g. BioID) to assemble an organellar proteome. In this case,
multiple proteins with similar subcellular localization are used as baits to enrich in-
teracting proteins that are localized within the same compartment (Mackinder et al.
2017; H.-W. Rhee et al. 2013).

1.4.4 Post-translational protein modifications

Post-translational modifications (PTMs) are chemical moieties that are covalently
attached to amino acid side chains or the protein’s N- and C-termini via a highly spe-
cific system of enzymes. They can alter the structure and interaction of proteins and
thereby regulate their activity, localization and stability (Aebersold et al. 2016). It
is thus not surprising that virus infection massively modifies PTMs on host proteins,
for example by activating signaling cascades through phosphorylation of kinase sub-
strates or degradation of proteins by ubiquitination (T. Liu et al. 2017; Rehwinkel et
al. 2020). Analysis of PTMs by MS-based proteomics is well established and routinely
used to quantitatively measure PTMs such as phosphorylation of serine, threonine
and tyrosine, ubiquitination and sumoylation of lysine or N-linked glycosylation of as-
paragine residues (Hendriks et al. 2016; Humphrey et al. 2018; Kaji et al. 2007, 2003;
J. Peng et al. 2003; H. Zhang et al. 2003). Due to the low abundance of PTM-modified
proteins compared to their unmodified isoforms, total proteome measurements are not
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sensitive enough to record quantitative PTM datasets. Instead, proteins or peptides
with PTMs are enriched by modification-specific antibodies or resins to remove un-
modified contaminants and thereby increase their concentration for subsequent LC-
MS/MS measurements (Cox et al. 2011a). Most phosphoproteomics workflows, for
instance, make use of immobilized-metal (IMAC) or metal-oxide affinity chromatog-
raphy (MOAC) (Humphrey et al. 2018). Knowledge about the modification-induced
mass shift and the single amino-acid resolution achieved through MS/MS allows the
site-specific localization of PTMs on a proteome-wide scale.

1.4.5 Experimental considerations in MS-based proteomics

Samples from any source, e.g. affinity purification experiments or total cell lysates,
can be analyzed with a bottom-up proteomics setup to identify and quantify pro-
teins. In general, proteins are enzymatically digested and peptides are separated
according to their physicochemical properties with a high-pressure liquid chromatog-
raphy (HPLC) system to reduce sample complexity prior to MS analysis. Peptides
eluting from the HPLC column are directly ionized by electrospray ionization (ESI)
to produce peptide ions with a given intensity and mass-to-charge ratio (m/z ). Once
injected into the MS, peptide ions are quantified and further fragmented by tandem
mass spectrometry (MS/MS) for peptide sequencing. Recorded MS spectra are sub-
sequently compared to data from protein databases to identify peptides and infer the
proteome of the analyzed sample. The following paragraph will highlight methodolo-
gies and technical variations for each step of this workflow to provide an overview of
MS-based bottom-up proteomics.

1.4.5.1 Sample preparation

As a first step, proteins from samples such as cultured cells, tissues or biofluids are
extracted. For this purpose, specialized methods are performed that include pre-
processing steps like tissue homogenization or depletion of highly abundant serum pro-
teins. However, the most important factor for protein extraction and denaturation is
the choice of detergent that depends on the conducted experimental approach. In con-
trast to total proteome analyses where complete cell lysis is achieved with detergents
such as sodium dodecyl sulfate, sodium deoxycholate, urea or guanidinium chloride,
affinity purification approaches require the use of milder detergents such as Nonidet
P-40 or Triton-X to break-up membrane structures without disrupting non-covalent
protein-protein interactions. To further prevent protein refolding and increase the
accessibility for digestion enzymes, disulfide bonds are reduced with chemicals such
as dithiothreitol or tris(2 carboxyethyl)phosphine and alkylated with 2-iodacetamid
or 2-chloracetamid (Rogers et al. 2016; Scheerlinck et al. 2015). Following enzymatic
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in-solution protein digestion with proteases such as Trypsin, Lys-C, Chymotrypsin or
enzyme combinations, peptides are desalted, purified and concentrated prior to LC-
MS/MS analysis through e.g. stop-and-go-extraction tips (StageTips) with C18 or
styrenedivinylbenzene-reverse phase sulfonated (SDB-RPS) resins (Rappsilber et al.
2007). In addition to this general workflow, one can also perform protein or peptide-
level fractionation to decrease sample complexity and improve proteome coverage. To
this end, extracted proteins are separated by one- or two-dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by in-gel digestion.
Peptide-level fractionation, in contrast, uses orthogonal separation techniques such
as strong cation exchange (SCX) or high-pH reversed-phase chromatography prior to
a C18-based HPLC separation (Richards et al. 2015; Wither et al. 2016).

1.4.5.2 Relative protein quantification

Another important consideration for proteomic experiments is the type of relative
quantification that is used to measure and compare the protein abundance between
samples. Well-established methods can be classified by their labeling strategy into
label-free quantification (LFQ) and stable isotope labeling (SIL).
With the use of advanced algorithms, LFQ approaches have the advantage to ana-
lyze an unlimited number of biological conditions in combination with simple sample
preparation procedures. Thereby, peptides are quantified either by using their MS
peak intensities or by counting the number of MS/MS peptide fragmentation spectra
that are recorded for each peptide in a given sample (Cox et al. 2014).
As alternative to LFQ, SIL approaches use stable isotopes to metabolically or chem-
ically label proteins or peptides prior to LC-MS/MS analysis. These strategies sub-
stantially improve technical variations induced during sample preparation and MS
measurement and can further reduce measurement time by multiplexing. Examples
of metabolic labeling strategies that label proteins during translation are SILAC, Neu-
Code SILAC and 15N-labeling. In case of SILAC, arginine and lysine amino acids are
synthesized with 15N, 13C or 2H to create heavy isotope variants that differ in their
molecular weight. Classical SILAC approaches therefore allow up to a three-plex
analysis where cell lysates of differentially labeled cells (i.e. light/non-labelled with
Lys0 and Arg0, medium-labelled with Lys4 and Arg6, heavy-labelled with Lys8 and
Arg10) with distinct treatments are combined for sample processing (Hebert et al.
2013; Ong et al. 2002, 2006).
In contrast to protein-based metabolic labeling, which is largely limited to cell cul-
tures, chemical labeling strategies are mainly applied at the peptide level after pro-
tein digestion and can therefore be used in combination with any starting material.
Most commonly, peptides are covalently modified with isobaric tags for relative and
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absolute quantitation (iTRAQ) or tandem mass tags (TMT) at primary amines of
N-termini and lysine side chains. Since many conditions are multiplexed and thus
combined into one sample, peptide fractionation is used to reduce sample complexity
prior to LC-MS/MS measurement. Due to the same nominal mass of different tags,
labeled peptides are indistinguishable in the first MS scan, but produce reporter ions
of divergent masses upon peptide fragmentation in the MS2 scan. Based on intensity
ratios of the distinct reporter ions, peptide quantities can be compared between con-
ditions (Ross et al. 2004; Thompson et al. 2003).
Compared to LFQ and metabolic labeling, TMT approaches can be used for multi-
plexing of up to 16 conditions (TMTproTM 16-plex reagents) and can significantly re-
duce the number of missing intensity values for a given peptide across samples (J. Li et
al. 2020; Thompson et al. 2019). This is particularly important for post-translational
protein modification and proteoform-specific analyses, which greatly benefit from a
reliable quantification of the same peptide across different conditions. Multiplexing
in combination with peptide fractionation further guarantees a deep proteome cov-
erage within a reasonable amount of measurement time. The initially high costs for
isotope-labeled TMT reagents can moreover be reduced by applying optimized sample
preparation protocols and thus decrease the amount of labeling regents needed with-
out affecting labeling efficiency (Zecha et al. 2019). One major drawback of TMT,
however, is ratio distortion. When analyzing complex peptide mixtures, such as from
total cell lysates, isolation of the peptide of interest is likely accompanied by the co-
isolation and co-fragmentation of a contaminating peptide with a similar m/z value.
Since both the contaminating and target peptide produce the same TMT reporter
ion upon fragmentation in the MS2 scan, the signal used for reporter ion quantifica-
tion is originating from both peptides. As a result, the true intensity ratio between
the peptide of interest across different conditions is distorted, which is usually more
pronounced in case of low abundant peptides (Karp et al. 2010; Pappireddi et al.
2019). To overcome this limitation, various statistical models as well as technical
methods have been established (O’Brien et al. 2018; Ting et al. 2011; Wenger et al.
2011). Among those strategies, is the additional MS3-based gas-phase purification
which specifically isolates and fragments target peptide ions from the MS2 scan to
remove contaminations by other peptide ions. This technique enables an MS3-based
reporter ion quantification and its refined method, termed MultiNotch MS3, is nowa-
days commonly used for TMT-based experiments (McAlister et al. 2014; Pappireddi
et al. 2019; Ting et al. 2011).
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1.4.5.3 Liquid chromatography

Following sample preparation, peptides are separated according to their physicochem-
ical properties using one- or multidimensional liquid chromatography (1D- or MD-
LC). A common 1D-LC technique with a hydrophobic stationary (e.g. C18) and a
hydrophilic mobile phase (e.g. acetonitrile / water mixture), that is well suited for
subsequent peptide ionization and MS analysis, is the reversed-phase LC (RPLC).
With this method, increased peak capacity and thus improved peptide separation is
accomplished by enlarging the pressure and column length or through reduction of
the particle diameter of the column packing material (Xie et al. 2012). By combining
two or more orthogonal separation strategies, MD-LC is mostly applied to complex
samples such as total cell lysates and multiplexed samples with the aim to achieve a
deep proteome coverage. In this context, RPLC is also used prior to MS, but pep-
tides are additionally fractionated, for example by preceding strong cation or anion
exchange (SCX, SAX), high-pH RPLC, or SEC (Z. Zhang et al. 2014).

1.4.5.4 MS instrumentation

To analyze peptides by MS, soft ionization techniques such as ESI and matrix-assisted
laser desorption and ionization (MALDI) are required to transfer peptides into gas-
phase ions without affecting their chemical integrity. ESI is hereby widely used for
high-throughput proteomics due to its ability to directly couple LC to MS systems by
ionizing peptides that are eluting from the RPLC column to produce peptide ions with
specific m/z values for MS analysis (Han et al. 2008). In general, mass spectrometers
can be classified according to the installed mass analyzer that separates and analy-
ses peptide ions based on their m/z values through modulation of their trajectories
in electric fields. Most commonly used for proteomics research are quadrupole (Q),
time-of-flight (TOF), ion trap (QIT, LIT, LTQ), ion cyclotron resonance (ICR) and
Orbitrap mass analyzer. Modern MS devices further combine different technologies
for high mass accuracy in top-down and bottom-up proteomics applications. Ex-
amples of such hybrid instruments are the Q-Orbitrap (Q-Exactive), LIT-Orbitrap
(Orbitrap Elite) and Q-LIT-Orbitrap (Orbitrap Fusion Tribrid) as well as Q-TOF
and Triple-Quad (Q-Q-Q) systems (Han et al. 2008; Savaryn et al. 2016). Upon ion-
ization, peptides can further be separated through differential ion mobility, with the
advantage to reduce ion complexity prior to MS analysis. This additional dimension
of peptide separation can be achieved by techniques such as field asymmetric ion mo-
bility spectrometry (FAIMS) and trapped ion mobility spectrometry (TIMS) (Hebert
et al. 2018; Meier et al. 2018).
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1.4.5.5 MS data acquisition and protein identification

For peptide sequencing, intact peptide ions, also called precursor ions, are first de-
tected in an MS1 scan followed by selection and fragmentation of precursor ions with
given m/z values in an MS2 or MS/MS scan to determine their sequence-specific
fragment ions. Fragmentation of precursor ions is thereby commonly performed by
collision with inert gases such as Ar, He, or N2 (collision-induced dissociation, CID;
higher-energy collisional dissociation, HCD) and electron-based dissociation (electron
transfer dissociation, ETD; electron capture dissociation, ECD) (A. W. Jones et al.
2011; Olsen et al. 2007; Z. Zhang et al. 2014). Collision-induced dissociation, for
example, causes the amide bonds between amino acids to break apart and produce
b- and y-ion fragments that differ by specific amino acid masses. These mass differ-
ences between fragment ions, together with the precursor ion mass, are then used to
determine the sequence and thus the identity of a given peptide and protein (Macklin
et al. 2020).
In bottom-up proteomics, three main data acquisition strategies are used, of which
data-dependent acquisition (DDA) and data-independent acquisition (DIA) aim to
cover the complete proteome of a sample. Targeted strategies such as selected (SRM),
multiple (MRM) and parallel reaction monitoring (PRM), in contrast, are biased to-
wards pre-defined peptides that are reproducibly detected and quantified (Aebersold
et al. 2016). In DDA methods, MS1 precursor ion spectra of all peptide ions that
co-elute from the LC column at a given time are recorded. The N (e.g. 10-15) most
abundant precursor ions are subsequently isolated, fragmented and MS2 fragment
ion spectra for each precursor ion are recorded (TopN cycles). Without the use of
data-dependent TopN cycles, DIA methods such as sequential window acquisition of
all theoretical mass spectra (SWATH-MS) fragment all co-eluting peptide ions within
a given precursor ion mass window to acquire highly multiplexed MS2 spectra. Since
MS2 spectra in DIA contain fragment ions of multiple peptides, sophisticated algo-
rithms for spectra deconvolution are applied for peptide identification (Ludwig et al.
2018). Highly specific and sensitive detection of proteins of interest and their known
peptide and fragment ions from a complex sample is achieved by reaction monitoring
approaches. Using SRM, a predetermined peptide ion is isolated, fragmented and
one or several fragment ions are monitored. Sequential and repeated detection of
such precursor-fragment ion pairs (transitions) is commonly known as MRM (Picotti
et al. 2012). While triple quadrupole instruments are well suited for SRM and MRM
studies, Q-Orbitrap mass spectrometers are mainly applied for PRM to record high-
resolution MS2 spectra that contain all fragment ions from pre-selected precursor
ions (Peterson et al. 2012).
Despite the differences in data acquisition methods for bottom-up proteomics, pep-
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tide identification is based on the same principle, namely the recording of MS2 frag-
ment ion spectra that contain amino acid-level information for selected peptide ions.
Peptide identification approaches that take the MS2 spectra as input to infer pep-
tide sequences are termed spectrum-centric (Gillet et al. 2016). For this purpose,
protein sequences of a given database are in silico digested into peptides that are
further fragmented to produce theoretical fragment masses for each peptide. Pro-
tein digestion and peptide fragmentation parameters are in this case specific to the
experimentally used proteases and fragmentation techniques. These theoretical frag-
mentation spectra are then matched to the experimentally recorded fragmentation
spectra to determine the peptide spectrum match (PSM) with the highest score and
hence the peptide identity (Cox et al. 2011b; Eng et al. 1994). In addition, experi-
mental fragmentation spectra are not only compared to the target database, but also
to a decoy database that contains, for instance, reversed protein sequences and thus
creates false-positive PSMs to control the false discovery rate (FDR) for peptide and
protein identifications (Elias et al. 2007).

1.4.5.6 Statistical analysis of proteomics data

Following peptide identification and quantification, which is commonly achieved by
search engines such as Andromeda, Mascot or SEQUEST, the protein identity and
abundance has to be inferred from the peptide data (Cox et al. 2011b; Eng et al. 1994;
Perkins et al. 1999). Frequently, proteolytic peptides cannot be uniquely assigned to
one protein, but are shared between isoforms and closely related proteins that of-
ten contain similar domains with redundant amino acid sequences. One solution in
this context is the definition of protein groups which are assembled from unique and
shared peptides that originated from different proteins. The protein with the highest
number of uniquely assigned peptides is then considered as the leading protein species
within a given protein group (Tyanova et al. 2016).
LFQ algorithms such as MaxLFQ, which is embedded in the MaxQuant software en-
vironment, calculate normalized protein intensities based on peptide intensity ratios
across samples (Cox et al. 2014). Normalization of peptide and protein intensities
within a given dataset is particularly important for LFQ-based proteomics experi-
ments in order to remove technical variations and thus ensure comparability across
replicates and conditions. Especially for AP-MS approaches, which greatly suffer from
differences in bait expression and bait-specific enrichment efficiencies, normalization
is crucial to statistically compare protein abundances between conditions (Morris et
al. 2014). In case of full proteome analyses, protein group intensities are used as
quantitative values to identify differentially expressed proteins between experimental
conditions, such as mock and virus infected cells. For this purpose, missing inten-
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sity values are imputed and protein intensities across conditions, including replicates,
are statistically compared through one-, two- and multiple-sample tests like t tests
and ANOVA, as well as modelling approaches, exemplified by linear and Bayesian
statistical models. Depending on the statistical method, correction of significance
values for multiple hypotheses testing is crucial since several thousand proteins are
often analyzed in parallel (Bulashevska et al. 2010; Kammers et al. 2015; Schwämmle
et al. 2013; Ting et al. 2009). As a result, proteins with significant differences in their
condition-specific abundance are identified and can be used as input for downstream
analyses.
Among the most popular approaches to functionally interpret proteomics data is the
use of Gene Ontology (GO) terms. Thereby, proteins are annotated with hierar-
chically clustered GO terms that describe the biological process (GOBP), molecular
function (GOMF) or cellular component (GOCC) associated to the protein of inter-
est and hence constitute an automatic pipeline for further biological characteriza-
tion (Ashburner et al. 2000). Following GO term annotation, statistical enrichment
analyses, such as a Fisher exact test, are applied to identify GO terms that show an
overrepresentation among the significantly changing proteins within a dataset. De-
pending on the proteomics approach, either an experimental background containing
all detected proteins within a given dataset or the entire cellular proteome is used
as background to perform the enrichment analysis (D. W. Huang et al. 2009; Malik
et al. 2010). Despite the power of this approach, GO terms can be highly redundant,
which adds yet another level of complexity for the interpretation of results. Moreover,
most GO term annotations are computationally assigned, while only the minority of
terms is manually curated or originates from experimental data (S. Y. Rhee et al.
2008). Besides Gene Ontology, many more databases and bioinformatic tools are
available to annotate and interpret proteomics data with the overall aim to support
the identification of potentially perturbed pathways upon treatment (A. Schmidt et
al. 2014).
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2 Aims of This Thesis

Utilizing mass spectrometry-based proteomics approaches, this cumulative thesis aims
to uncover novel virus-host interactions to better understand how cellular pathways
are perturbed by viruses and how interferon-stimulated genes, in turn, cooperate to
inhibit virus replication.

The emergence of a highly pathogenic coronavirus in December 2019 required an in-
depth understanding of virus-host interactions to rapidly develop targeted strategies
and fight the pandemic spread. I have therefore applied mass spectrometry-based
proteomics as well as transcriptomics to assess the cellular consequences of both
SARS-CoV-2 and SARS-CoV infections. The identified pathways, which constitute
hotspots of virus-host interactions, will be in the following interpreted to guide the re-
purposing of existing drugs and finally propose antiviral therapies to treat COVID-19.

Virus infection results in a multitude of highly complex interactions between cel-
lular machineries and virus-derived molecules. However, antiviral host responses are
often masked and hard to disentangle from virus-induced perturbations of cellular
pathways. To exclusively study such an antiviral response and in particular its pro-
longed stimulation, I applied a minimal in vitro system which enables an infection-
independent activation, without the perturbing functions of viral accessory proteins
that could interfere with innate immunity. Consequences of prolonged innate immune
stimulation, which is for instance the case during chronic HCV infection, are poorly
understood and will therefore be elucidated in this thesis.

In addition, I applied interactome, proteome and functional studies with the aim to
characterize novel antiviral mechanisms of interferon-stimulated genes. In particular,
the role of ZAP and ISG20 in counteracting HCMV and HBV infection, respectively,
will be investigated to identify their potential antiviral activity through degradation
of virus-derived nucleic acids.
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3 Results and Discussion

3.1 Publication P1: Multilevel proteomics reveals
host perturbations by SARS-CoV-2 and SARS-
CoV

Human coronaviruses such as HCoV-229E, -NL63, -OC43, and -HKU1 are known
to primarily cause mild and seasonal respiratory infections in humans. Recent pan-
demics of the 21st century caused by SARS-CoV in 2002 and MERS-CoV in 2012,
however, demonstrated the enormous disease potential of this virus family (Cui et al.
2019; V’kovski et al. 2021). Starting with the outbreak of SARS-CoV-2 in Decem-
ber 2019 in Wuhan, China, yet another highly pathogenic coronavirus lead to more
than 154 million infections and 3.2 million deaths (as of May 5, 2021). A fraction of
patients infected with SARS-CoV-2 develop COVID-19 and can suffer from an acute
respiratory distress syndrome, thrombosis as well as multi organ failure of varying
severity, including a fatal outcome (N. Chen et al. 2020). One approach that confers
the considerable potential to contain the rapid and worldwide spread of SARS-CoV-2
is to establish protective immunity in non-infected individuals by vaccination (Kram-
mer 2020). Moreover, and equally as important as vaccination against SARS-CoV-2
is the holistic molecular characterization of the cellular consequences of infection to
develop antiviral strategies that can be used for the treatment of COVID-19.
With this in mind, we have utilized mass spectrometry-based proteomics, transcrip-
tomics and fluorescence-based live cell imaging to obtain a time-resolved and in-depth
understanding of SARS-CoV-2 and SARS-CoV infection of a lung-derived human cell
model. More specifically, we examined perturbations of the host cell’s protein-protein
interactions by affinity purification mass spectrometry, gene expression and protein
abundance changes by transcriptome and proteome measurements, and alterations
in post-translational modifications by phosphoproteomics and ubiquitinome analy-
sis. We furthermore used multi-omics data intersection and integration of public
databases, such as ReactomeFI, to pinpoint key cellular pathways targeted by SARS
coronaviruses. Among the most perturbed pathways were the innate immune signal-
ing as well as the TGF-b pathway, which is known to be involved in tissue fibrosis,
a hallmark of COVID-19. Intriguingly, autophagy, a pathway controlling protein
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degradation, was specifically targeted by SARS-CoV-2 ORF3 via HOPS complex in-
teraction. This interplay likely inhibited autophagosome-lysosome fusion, reduced
the autophagic flux and ultimately led to the accumulation of autophagy receptors
such as MAP1LC3B. Knowledge about these virus-host interaction hotspots guided
a drug repurposing approach to identify drugs, such as matrix metalloprotease in-
hibitors, with potent antiviral activity against SARS-CoV-2.
To conclude, this publication constitutes one of the most comprehensive virus-host
interaction studies of SARS coronaviruses. As a result, this study can pave the way
for further hypothesis-driven research to identify detailed host perturbation strategies
of SARS-CoV-2 and hence mechanisms of COVID-19 pathophysiology.
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Multilevel proteomics reveals host 
perturbations by SARS-CoV-2 and SARS-CoV

Alexey Stukalov1,15, Virginie Girault1,15, Vincent Grass1,15, Ozge Karayel2,15, Valter Bergant1,15, 
Christian Urban1,15, Darya A. Haas1,15, Yiqi Huang1,15, Lila Oubraham1, Anqi Wang1, 
M. Sabri Hamad1, Antonio Piras1, Fynn M. Hansen2, Maria C. Tanzer2, Igor Paron2, 
Luca Zinzula3, Thomas Engleitner4, Maria Reinecke5,6,7, Teresa M. Lavacca1, Rosina Ehmann8,9, 
Roman Wölfel8,9, Jörg Jores10, Bernhard Kuster5,6,7, Ulrike Protzer1,9, Roland Rad4, 
John Ziebuhr11, Volker Thiel12,13, Pietro Scaturro1,14, Matthias Mann2 & Andreas Pichlmair1,9 ✉

The emergence and global spread of SARS-CoV-2 has resulted in the urgent need for 
an in-depth understanding of molecular functions of viral proteins and their 
interactions with the host proteome. Several individual omics studies have extended 
our knowledge of COVID-19 pathophysiology1–10. Integration of such datasets to 
obtain a holistic view of virus–host interactions and to define the pathogenic 
properties of SARS-CoV-2 is limited by the heterogeneity of the experimental systems. 
Here we report a concurrent multi-omics study of SARS-CoV-2 and SARS-CoV.  
Using state-of-the-art proteomics, we profiled the interactomes of both viruses,  
as well as their influence on the transcriptome, proteome, ubiquitinome and 
phosphoproteome of a lung-derived human cell line. Projecting these data onto the 
global network of cellular interactions revealed crosstalk between the perturbations 
taking place upon infection with SARS-CoV-2 and SARS-CoV at different levels and 
enabled identification of distinct and common molecular mechanisms of these 
closely related coronaviruses. The TGF-β pathway, known for its involvement in tissue 
fibrosis, was specifically dysregulated by SARS-CoV-2 ORF8 and autophagy was 
specifically dysregulated by SARS-CoV-2 ORF3. The extensive dataset (available at 
https://covinet.innatelab.org) highlights many hotspots that could be targeted by 
existing drugs and may be used to guide rational design of virus- and host-directed 
therapies, which we exemplify by identifying inhibitors of kinases and matrix 
metalloproteases with potent antiviral effects against SARS-CoV-2.

To identify protein–protein interactions of SARS-CoV-2 and SARS-CoV 
and cellular proteins, we transduced A549 lung carcinoma cells with 
lentiviruses expressing individual haemagglutinin-tagged viral proteins 
(Fig. 1a, Extended Data Fig. 1a, Supplementary Table 1). Statistical mod-
elling of quantitative data from affinity purification followed by mass 
spectrometry (AP–MS) analysis identified 1, 801 interactions between 
1, 086 cellular proteins and 24 SARS-CoV-2 and 27 SARS-CoV bait pro-
teins (Fig. 1b, Extended Data Fig. 1b, Supplementary Table 2), substan-
tially increasing the number of reported interactions of SARS-CoV-2 and 
SARS-CoV1,2,5,6,10,11 (Supplementary Table 10). The resulting virus–host 
interaction network revealed a wide range of cellular activities inter-
cepted by SARS-CoV-2 and SARS-CoV (Fig. 1b, Extended Data Table 1, 
Supplementary Table 2). In particular, we observed that SARS-CoV-2 
targets a number of key innate immunity regulators (ORF7b–MAVS and 

ORF7b–UNC93B1), stress response components (N–HSPA1A) and DNA 
damage response mediators (ORF7a–ATM and ORF7a–ATR) (Fig. 1b, 
Extended Data Fig. 1c–e). Additionally, SARS-CoV-2 proteins interact 
with molecular complexes involved in intracellular trafficking (for 
example, endoplasmic reticulum–Golgi trafficking) and transport 
(for example, solute carriers and ion transport by ATPases) as well as 
cellular metabolism (for example, mitochondrial respiratory chain and 
glycolysis) (Fig. 1b, Extended Data Table 1, Supplementary Table 2). 
Comparing the AP–MS data of homologous SARS-CoV-2 and SARS-CoV 
proteins identified differences in the enrichment of individual host 
targets, highlighting potential virus-specific interactions (Fig. 1b (edge 
colour), c, Extended Data Figs. 1f, 2a, b, Supplementary Table 2). For 
instance, we recapitulated the known interactions between SARS-CoV 
NSP2 and prohibitins12 (PHB and PHB2), but this interaction was not 
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conserved with SARS-CoV-2 NSP2, suggesting that the two viruses differ 
in their ability to modulate mitochondrial function and homeostasis 
through NSP2 (Extended Data Fig. 2a). The exclusive interaction of 
SARS-CoV-2 ORF8 with the TGF-β1–LTBP1 complex is another interac-
tion that potentially explains the differences in pathogenicity of the 
two viruses (Extended Data Figs. 1f, 2b). Notably, disbalanced TGF-β 
signalling has been linked to lung fibrosis and oedema, a common 
complication of severe pulmonary diseases including COVID-1913–16.

To map the virus–host interactions to the functions of viral proteins, 
we conducted a study of total proteomes of A549 cells expressing 54 
individual viral proteins comprising the ‘effectome’ (Fig. 1a, Supple-
mentary Table 3). This dataset provides clear links between changes 
in protein expression and virus–host interactions, as exemplified by 
ORF9b, which leads to a dysregulation of mitochondrial functions 
and binds to TOMM70, a known regulator of mitophagy2,17 (Fig. 1b, 
Supplementary Tables 2, 3). Global pathway-enrichment analysis of 
the effectome dataset confirmed that ORF9b of both viruses led to 
mitochondrial dysregulation2,18 (Extended Data Fig. 2c, Supplementary 
Table 3) and further highlighted virus-specific effects, as exemplified 
by the upregulation of proteins involved in cholesterol metabolism 

(CYP51A1, DHCR7, IDI1 and SQLE) by SARS-CoV-2 NSP6 but not by 
SARS-CoV NSP6. Of note, cholesterol metabolism was recently shown 
to be implicated in SARS-CoV-2 replication and has been suggested as 
a promising target for drug development19–21. Besides perturbations 
at the pathway level, viral proteins also specifically modulated single 
host proteins, possibly explaining more specific molecular mecha-
nisms involved in viral protein function. Focusing on the 180 most 
affected host proteins, we identified RCOR3, a putative transcriptional  
corepressor, as strongly upregulated by NSP4 of both viruses (Extended 
Data Figs. 2d, 3a). Notably, apolipoprotein B (APOB) was substantially 
regulated by ORF3 and NSP1 of SARS-CoV-2, suggesting that it has an 
important role in SARS-CoV-2 biology (Extended Data Fig. 3b).

Multi-omics profiling of virus infection
Although the interactome and the effectome provide in-depth infor-
mation on the activity of individual viral proteins, we aimed to directly 
study their combined activities in the context of viral infection. To this 
end, we infected A549 cells expressing angiotensin-converting enzyme 
2 (ACE2) (A549-ACE2 cells) (Extended Data Fig. 4a, b) with SARS-CoV-2 
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or SARS-CoV, and profiled the effects of viral infection on mRNA expres-
sion, protein abundance, ubiquitination and phosphorylation in a 
time-resolved manner (Fig. 2 a-b).

In line with previous reports9,22, we found that both SARS-CoV-2 and 
SARS-CoV can downregulate the type I interferon response and acti-
vate a pro-inflammatory signature at transcriptome and proteome 
levels (Fig. 2a–c, Extended Data Fig. 4c–f, i, Supplementary Tables 4, 
8, Supplementary Discussion 1). However, SARS-CoV elicited a more 
pronounced activation of the NF-κB pathway, correlating with its higher 
replication rate and potentially explaining the lower severity of pul-
monary disease in cases of SARS-CoV-2 infection23 (Supplementary 
Tables 4, 5). By contrast, SARS-CoV-2 infection led to higher expression 
of FN1 and SERPINE1, which may be linked to the specific recruitment 
of TGF-β factors (Fig. 1b), supporting regulation of TGF-β signalling 
by SARS-CoV-2.

To better understand the mechanisms underlying perturbation of 
cellular signalling, we performed comparative ubiquitination and phos-
phorylation profiling following infection with SARS-CoV-2 or SARS-CoV. 

This analysis showed that 1,108 of 16,541 detected ubiquitination sites 
were differentially regulated by infection with SARS-CoV-2 or SARS-CoV 
(Fig. 2a, b, d, Extended Data Fig. 5a, Supplementary Table 6). More than 
half of the significant sites were regulated in a similar manner by both 
viruses. These included sites on SLC35 and SUMO family proteins, indi-
cating possible regulation of sialic acid transport and the SUMO activity. 
SARS-CoV-2 specifically increased ubiquitination on autophagy-related 
factors (MAP1LC3A, GABARAP, VPS33A and VAMP8) as well as specific 
sites on EGFR (for example, K739, K754 and K970). In some cases, the 
two viruses targeted distinct sites on the same cellular protein, as exem-
plified by HSP90 family members (for example, K84, K191 and K539 
on HSP90AA1) (Fig. 2d). Notably, a number of proteins (for example, 
ALCAM, ALDH3B1, CTNNA1, EDF1 and SLC12A2) exhibited concomi-
tant ubiquitination and a decrease at the protein level after infection, 
pointing to ubiquitination-mediated protein degradation (Fig. 2d, 
Extended Data Figs. 4f, 5a, Supplementary Tables 5, 6). Among these 
downregulated proteins, EDF1 has a pivotal role in the maintenance 
of endothelial integrity and may be a link to endothelial dysfunctions 
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described for COVID-1924,25. Profound regulation of cellular signalling 
pathways was also observed at the phosphoproteomic level: among 
16,399 total quantified phosphorylation sites, 4,643 showed significant 
changes after infection with SARS-CoV-2 or SARS-CoV (Extended Data 
Fig. 5b, c, Supplementary Table 7). Highly regulated sites were identi-
fied for the proteins of the MAPK pathways (for example, MAPKAPK2, 
MAP2K1, JUN and SRC), and proteins involved in autophagy signalling 
(for example, DEPTOR, RICTOR, OPTN, SQSTM1 and LAMTOR1) and 
viral entry (for example, ACE2 and RAB7A) (Extended Data Fig. 5b, d). 
Notably, RAB7A was recently shown to be an important host factor for 
SARS-CoV-2 infection that assists endosomal trafficking of ACE2 to 
the plasma membrane26. We observed higher phosphorylation at S72 
of RAB7A in SARS-CoV-2 infection compared with SARS-CoV or mock 
infection; this site is implicated in RAB7A intracellular localization and 
molecular association27. The regulation of known phosphorylation 
sites suggests an involvement of central kinases (cyclin dependent 
kinases, AKT, MAPKs, ATM, and CHEK1) linked to cell survival, cell cycle 
progression, cell growth and motility, stress responses and the DNA 

damage response; this was also supported by the analysis of enriched 
motifs (Extended Data Fig. 5e, f, Supplementary Tables 7, 8). Notably, 
SARS-CoV-2 infection, but not SARS-CoV infection, led to phosphoryla-
tion of the antiviral kinase EIF2AK2 (also known as PKR) at the critical 
regulatory residue S3328. This differential activation of EIF2AK2 could 
contribute to the difference in the growth kinetics of the two viruses 
(Supplementary Table 4, 5).

Our data clearly point to an interplay of phosphorylation and ubiquit-
ination patterns on individual host proteins. For instance, EGFR showed 
increased ubiquitination on 6 lysine residues at 24 h post-infection (hpi) 
accompanied by increased phosphorylation of T693, S695 and S991 
at 24 and 36 hpi (Fig. 2e, f). Ubiquitination of all six lysine residues on 
EGFR was more pronounced following infection with SARS-CoV-2 than 
with SARS-CoV. Moreover, vimentin, a central co-factor for coronavi-
rus entry29 and pathogenicity30,31, displayed distinct phosphorylation 
and ubiquitination patterns on several sites early (for example, S420) 
or late (for example, S56, S72 and K334) in infection (Extended Data 
Fig. 6a, b). These findings underscore the value of testing different 
post-translational modifications simultaneously and suggest a con-
certed engagement of regulatory machineries to modify target protein 
functions and abundance.

Post-translational modification of viral proteins
The majority of viral proteins were also post-translationally modified. 
Of the 27 detected SARS coronavirus proteins, 21 were ubiquitinated. 
Nucleocapsid (N), spike (S), NSP2 and NSP3 were the most heavily modi-
fied proteins in both viruses (Extended Data Fig. 6c, Supplementary 
Table 6). Many ubiquitination sites were common to both viruses. 
Around half of the sites that were exclusively ubiquitinated in either 
virus were conserved between SARS-CoV and SARS-CoV-2. The remain-
ing specifically regulated ubiquitination sites were unique to each virus, 
indicating that these acquired adaptations can be post-translationally 
modified and may recruit cellular proteins with distinct functions 
(Fig. 3a). Our interactome data identified several host E3 ligases (for 
example, we identified interactions between SARS-CoV-2 ORF3 and 
TRIM47, WWP1, WWP2 and STUB1; and between SARS-CoV-2 M and 
TRIM7) and deubiquitinating enzymes (for example, interactions 
between SARS-CoV-2 ORF3 and USP8; SARS-CoV-2 ORF7a and USP34; 
and SARS-CoV N and USP9X), suggesting crosstalk between ubiquit-
ination and viral protein functions (Fig. 1b, Extended Data Fig. 6d, Sup-
plementary Table 2). Of particular interest are extensive ubiquitination 
events on the S protein of both viruses (K97, K528, K825, K835, K921 
and K947), which are distributed on functional domains (N-terminal 
domain, C-terminal domain (CTD), fusion peptide and heptad repeat 
1 domain), potentially indicating critical regulatory functions that 
are conserved between the two viruses (Extended Data Fig. 6e). We 
observed phosphorylation of 5 SARS-CoV-2 proteins (M, N, S, NSP3 
and ORF9b) and 8 SARS-CoV proteins (M, N, S, NSP1, NSP2, NSP3, ORF3 
and ORF9b) (Extended Data Fig. 6f, Supplementary Table 7), on sites 
corresponding to known recognition motifs. In particular, CAMK4 and 
MAPKAPK2 potentially phosphorylate sites on S and N, respectively. 
Phosphorylation of cellular proteins suggested that the activities 
of these kinases were enriched in cells infected with SARS-CoV-2 or 
SARS-CoV (Extended Data Figs. 5e, f, 6e, g). Moreover, N proteins of 
both SARS-CoV-2 and SARS-CoV recruit GSK3, which could potentially 
be linked to phosphorylation events on these viral proteins (Fig. 1b, 
Extended Data Fig. 6g, Supplementary Table 7). Notably, we identi-
fied novel post-translationally modified sites located at functional 
domains of viral proteins; we detected ubiquitination at SARS-CoV-2 
N K338 and phosphorylation on SARS-CoV-2 and SARS-CoV N S310 and 
S311 (Extended Data Fig. 6g). Mapping these sites to the atomic struc-
ture of the CTD32,33 highlights critical positions for the function of the 
protein (Fig. 3c, Extended Data Fig. 6h, Supplementary Discussion 2). 
Collectively, while the identification of differentially regulated sites 
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may indicate pathogen-specific functions, insights from conserved 
post-translational modifications may also provide useful knowledge 
for the development of targeted pan-antiviral therapies.

Viral perturbation of key cellular pathways
Our unified experimental design in a syngeneic system enabled direct 
time-resolved comparison of SARS-CoV-2 and SARS-CoV infection 
across different levels. Integrative pathway-enrichment analysis dem-
onstrated that both viruses largely perturb the same cellular processes 
at multiple levels, albeit with distinct temporal patterns (Extended 
Data Fig. 7a). For instance, transcriptional downregulation of pro-
teins involved in tau protein kinase activity and Fe ion sequestration 
at 6 hpi was followed by a decrease in protein abundance after 12 hpi 

(Supplementary Table 8). RHO GTPase activation, mRNA processing 
and the role of ABL in ROBO–SLIT signalling appeared to be regulated 
mostly through phosphorylation (Extended Data Fig. 7a). By contrast, 
processes connected to cellular integrity such as the formation of 
senescence-associated heterochromatin foci, apoptosis-induced 
DNA fragmentation and amino acid transport across the plasma 
membrane were modulated through concomitant phosphorylation 
and ubiquitination events, suggesting molecular links between these 
post-translational modifications. Ion transporters, especially the SLC12 
family of cation-coupled chloride cotransporters—previously identified 
as cellular factors in pulmonary inflammation34—were also regulated 
at multiple levels, evidenced by reduced protein abundance as well as 
differential post-translational modifications (Extended Data Fig. 7a).

The pathway-enrichment analysis provided a global and compre-
hensive picture of how SARS-CoV-2 and SARS-CoV affect the host. We 
next applied an automated approach to systematically explore the 
underlying molecular mechanisms contained in the viral interactome 
and effectome data. We mapped the measured interactions and effects 
of each viral protein onto the global network of cellular interactions35 
and applied a network diffusion approach36 (Fig. 4a). This type of 
analysis uses known cellular protein–protein interactions, signalling 
and regulation events to identify connection points between cellular 
proteins that interact with viral proteins and the proteins affected 
by the expression of these viral proteins (Extended Data Figs. 1b, 2d, 
Supplementary Tables 2, 3). The connections inferred from the real 
data were significantly shorter than for randomized data, validating 
the relevance of the approach and the quality of the data (Extended 
Data Fig. 8a, b). The findings from this approach include the potential 
mechanisms by which ORF3 and NSP6 may regulate autophagy, the 
modulation of innate immunity by M, ORF3 and ORF7b, and the pertur-
bation of integrin–TGF-β–EGFR–receptor tyrosine kinase signalling by 
ORF8 of SARS-CoV-2 (Fig. 4b, Extended Data Fig. 8c, d). Enriching these 
subnetworks with data on SARS-CoV-2 infection-dependent mRNA 
abundance, protein abundance, phosphorylation and ubiquitination 
(Fig. 4a) provided insights into the regulatory mechanisms activated 
by SARS-CoV-2. For instance, the analysis confirmed a role of NSP6 in 
both SARS-CoV-2- and SARS-CoV-induced autophagy37 and revealed 
the SARS-CoV-2 specific inhibition of autophagic flux by ORF3 pro-
tein, leading to the accumulation of autophagy receptors (SQSTM1, 
GABARAPL2, NBR1, CALCOCO2, MAP1LC3A, MAP1LC3B and TAX1BP1), 
consistent with the accumulation of MAP1LC3B protein observed in 
cells infected with SARS-CoV-2 (Fig. 4c, Extended Data Fig. 8e, f). This 
inhibition may be a result of the interaction of the ORF3 protein with 
the HOPS complex (VPS11, VPS16, VPS18, VPS39 and VPS41), which 
is essential for autophagosome–lysosome fusion, as well as the dif-
ferential phosphorylation of regulatory sites (for example, on TSC2, 
mTORC1 complex, ULK1, RPS6 and SQSTM1) and ubiquitination of key 
components (MAP1LC3A, GABARAPL2, VPS33A and VAMP8) (Fig. 4c, 
Extended Data Fig. 8g). This inhibition of autophagosome function 
may have direct consequences for protein degradation. The abundance 
of APOB, a protein that is degraded via autophagy38, was selectively 
increased after SARS-CoV-2 infection or expression of SARS-CoV-2 ORF3 
(Extended Data Fig. 3b, 8h). Accumulating APOB levels could increase 
the risk of arterial thrombosis39, one of the main complications con-
tributing to lung, heart and kidney failure in patients with COVID-1940. 
The inhibition of the interferon (IFN)-α and IFN-β response observed 
at transcriptional and proteome levels was similarly explained by the 
network diffusion analysis (Extended Data Fig. 8i), which implicated 
multiple proteins of SARS-CoV-2 in the disruption of antiviral immu-
nity. Further experiments functionally corroborated the inhibition of 
IFN-α and IFN-β induction or signalling by ORF3, ORF6, ORF7a, ORF7b 
and ORF9b (Extended Data Fig. 8j). Upon virus infection, we observed 
the regulation of TGF-β and EGFR pathways modulating cell survival, 
motility and innate immune responses (Extended Data Fig. 9a–d). Spe-
cifically, our network diffusion analysis revealed a connection between 
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the binding of the ORF8 and ORF3 proteins to TGF-β-associated factors 
(TGF-β1, TGF-β2, LTBP1, TGFBR2, FURIN and BAMBI), the differential 
expression of extracellular matrix regulators (FERMT2 and CDH1) and 
the virus-induced upregulation of fibrinogens (FGA, FGB), fibronectin 
(FN1) and SERPINE141 (Extended Data Fig. 9a, b). The increased phos-
phorylation of proteins involved in MAPK signalling (for example, SHC1 
(on S139), SOS1 (S1134/S1229), JUN (S63/S73), MAPKAPK2 (T334) and 
p38 (T180/Y182)) and receptor tyrosine kinase signalling (for example, 
phosphorylation of PI3K complex members PDPK1 (S241) and RPS6KA1 
(S380)) as well as a higher expression of JUN, FOS and EGR1 are fur-
ther indications of regulation of TGF-β and EGFR pathways (Extended 
Data Fig. 9a, c, d). In turn, TGF-β and EGFR signalling are known to be 
potentiated by integrin signalling and activation of YAP-dependent 
transcription42, which we observed to be regulated in a time-dependent 
manner upon SARS-CoV-2 infection (Extended Data Fig. 9a). As well as 
promoting virus replication, activation of these pathways has been 
implicated in fibrosis13–15, one of the hallmarks of COVID-1916.

Data-guided drug identification and testing
Together, the viral protein–host protein interactions and regulation 
of pathways observed at multiple levels identify potential points for 
targeting SARS-CoV and SARS-CoV-2 using well-characterized selective 
antiviral drugs. To test antiviral efficacy, we used time-lapse fluorescent 
microscopy of infection with a GFP reporter SARS-CoV-243. Inhibition of 
virus replication by treatment with IFN-α corroborated previous con-
clusions that efficient SARS-CoV-2 replication involves the inactivation 

of this pathway at an early step9,44 and confirmed the reliability of this 
screening approach (Extended Data Fig. 10a). We tested a panel of 48 
drugs that modulate the pathways perturbed by the virus for their 
effects on SARS-CoV-2 replication (Fig. 5a, Supplementary Table 9). 
Of note, inhibitors of B-RAF (sorafenib, regorafenib and dabrafenib), 
JAK1/2 (baricitinib) and MAPK (SB239063), which are commonly used 
to treat cancer and autoimmune diseases45–47, significantly increased 
virus growth in an in vitro model of infection (Fig. 5a, Extended Data 
Fig. 10b, Supplementary Table 9). By contrast, inducers of DNA dam-
age (tirapazamine and rabusertib) or an mTOR inhibitor (rapamycin) 
suppressed virus growth. The highest antiviral activity was observed 
for gilteritinib (a designated inhibitor of FLT3 and AXL), ipatasertib 
(an AKT inhibitor), prinomastat and marimastat (matrix metallopro-
tease (MMP) inhibitors) (Fig. 5a, b, Extended Data Fig. 10c, Supple-
mentary Table 9). These compounds profoundly inhibited replication 
of SARS-CoV-2 while having no effects or minor effects on cell growth 
(Extended Data Fig. 10b, Supplementary Table 9). Quantitative PCR 
analysis indicated antiviral activities for gilteritinib and tirapazamine 
against SARS-CoV-2 and SARS-CoV (Fig. 5c, Extended Data Fig. 10d, e). 
Notably, prinomastat and marimastat, specific inhibitors of MMP2 and 
MMP9, showed selective activity against SARS-CoV-2 but not against 
SARS-CoV (Fig. 5c, Extended Data Fig. 10f, g). Activities of MMPs have 
been linked to TGF-β activation and pleural effusions, alveolar damage 
and neuroinflammation (for example, Kawasaki disease), all of which 
are characteristic of COVID-1923,48–51.

This drug screen demonstrates the value of our combined dataset, 
which profiles SARS-CoV-2 infection at multiple levels. We expect that 
further exploration of these rich data by the scientific community 
and additional studies of the interplay between different omics levels 
will substantially advance our molecular understanding of corona-
virus biology, including the pathogenicity associated with specific 
human coronaviruses, such as SARS-CoV-2 and SARS-CoV. Moreover, 
this resource, together with complementary approaches26,52–54, will 
streamline the search for antiviral compounds and serve as a base for 
rational design of combination therapies that target the virus from 
multiple synergistic angles, thus potentiating the effect of individual 
drugs while minimizing potential side effects on healthy tissues.
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Fig. 5 | Identification of pathways targeted by SARS-CoV-2 using a 
multi-omics profiling approach enables systematic testing of candidate 
antiviral therapies. a, b, A549-ACE2 cells were treated with the indicated 
drugs 6 h before infection with SARS-CoV-2-GFP (MOI of 3). Changes in cell 
viability and virus growth (a) in drug-treated cells compared with untreated 
A549-ACE2 cells at 48 hpi. A confluence cut-off of −0.2 log2 fold change was 
applied to remove cytotoxic compounds. b, Time courses of virus replication 
after pre-treatment of cells with prinomastat or gilteritinib. n = 4 independent 
experiments; *P ≤ 0.01 compared with control treatment, unadjusted 
two-sided Wilcoxon test. Norm., normalized. c, Drugs potentially targeting 
pathways identified in our study. Colour indicates antiviral activity against 
SARS-CoV-2 or SARS-CoV (brown–orange gradient) or SARS-CoV-2 specifically 
(orange), as inferred from in vitro experiments.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized. The investigators were not blinded 
to allocation during experiments and outcome assessment.

Cell lines and reagents
HEK293T, A549, Vero E6 and HEK293-R1 cells were authentified by 
PCR-single-locus-technology and their respective culturing conditions 
were described previously55. All cell lines were tested to be mycoplasma 
free. Expression constructs for C-terminal HA-tagged viral open reading 
frames were synthesized (Twist Bioscience and BioCat) and cloned into 
pWPI vector as described previously56 with the following modifications: 
a starting ATG codon was added, internal canonical splicing sites were 
replaced with synonymous mutations and a C-terminal HA-tag, followed 
by an amber stop codon, was added to individual viral open reading 
frames. A C-terminally HA-tagged ACE2 sequence was amplified from an 
ACE2 expression vector (provided by S. Pöhlmann)57 into the lentiviral 
vector pWPI-puro. A549 cells were transduced twice, and A549-ACE2 
cells were selected with puromycin. Lentivirus production, transduc-
tion of cells and antibiotic selection were performed as described 
previously52. RNA isolation (Macherey–Nagel NucleoSpin RNA plus), 
reverse transcription (TaKaRa Bio PrimeScript RT with gDNA eraser) and 
quantitative PCR with reverse transcription (RT–qPCR) (Thermo-Fisher 
Scientific PowerUp SYBR green) were performed as described previ-
ously54. RNA isolation for next generation sequencing applications was 
performed according to the manufacturer’s protocol (Qiagen RNeasy 
mini kit, RNase free DNase set). For detection of protein abundance by 
western blotting, HA–horseradish peroxidase (HRP) (Sigma-Aldrich; 
H6533; 1:2,500 dilution), ACTB–HRP (Santa Cruz; sc-47778; 1:5,000 
dilution), MAP1LC3B (Cell Signaling; 3868; 1:1,000 dilution), MAVS (Cell 
Signaling; 3993; 1:1,000 dilution), HSPA1A (Cell Signaling; 4873; 1:1,000 
dilution), TGF-β (Cell Signaling; 3711; 1:1,000 dilution), phospho-p38 
(T180/Y182) (Cell Signaling; 4511; 1:1,000 dilution), p38 (Cell Signal-
ing; 8690; 1:1,000 dilution) and SARS-CoV-2 or SARS-CoV N protein 
(Sino Biological; 40143-MM05; 1:1,000 dilution) antibodies were used. 
Secondary antibodies detecting mouse (Cell Signaling; 7076; 1:5,000 
dilution; Jackson ImmunoResearch; 115-035-003; 1:5,000 dilution), rat 
(Invitrogen; 31470; 1:5,000 dilution), and rabbit IgG (Cell Signaling; 
7074; 1:5,000 dilution) were coupled to HRP. For AP–MS and affinity 
purification–western blotting applications, HA beads (Sigma-Aldrich 
and Thermo Fisher Scientific) and Streptactin II beads (IBA Lifesciences) 
were used. Imaging of western blots was performed as described58. 
Recombinant human IFN-α used for stimulation of cells in the reporter 
assay was a gift from P. Stäheli (Institute of Virology, University of 
Freiburg), recombinant human IFN-γ was purchased from PeproTech, 
and IVT4 was produced as described before59. All compounds tested in 
the viral inhibitor assay are listed in Supplementary Table 9.

Virus strains, stock preparation, plaque assay and in vitro infection
SARS-CoV-Frankfurt-1, SARS-CoV-2-MUC-IMB-1 and SARS-CoV-2-GFP 
strains43 were produced by infecting Vero E6 cells cultured in DMEM 
medium (10% FCS, 100 μg ml−1 Streptomycin, 100 IU ml−1 penicillin) for 
2 days (MOI of 0.01). Viral stock was collected and spun twice (1,000g 
for 10 min) before storage at −80 °C. Titre of viral stock was deter-
mined by plaque assay. Confluent monolayers of Vero E6 cells were 
infected with serial fivefold dilutions of virus supernatants for 1 h at 
37 °C. The inoculum was removed and replaced with serum-free MEM 
(Gibco, Life Technologies) containing 0.5% carboxymethylcellulose 
(Sigma-Aldrich). Two days after infection, cells were fixed for 20 min 
at room temperature with formaldehyde added directly to the medium 
to a final concentration of 5%. Fixed cells were washed extensively with 
PBS before staining with water containing 1% crystal violet and 10% 
ethanol for 20 min. After rinsing with PBS, the number of plaques was 
counted and the virus titre was calculated.

A549-ACE2 cells were infected with either SARS-CoV-Frankfurt-1 or 
SARS-CoV-2-MUC-IMB-1 strains (MOI of 2) for the subsequent experi-
ments. At each time point, the samples were washed once with 1× TBS 
buffer and collected in sodium deoxycholate (SDC) lysis buffer (100 mM 
Tris HCl pH 8.5; 4% SDC) for proteome-phosphoproteome-ubiquitinome 
analysis, sodium dodecyl sulfate (SDS) lysis buffer (62.5 mM Tris HCl  
pH 6.8; 2% SDS; 10% glycerol; 50 mM DTT; 0.01% bromophenol blue) for 
western blot, or buffer RLT (Qiagen) for transcriptome analysis. The sam-
ples were heat-inactivated and frozen at −80 °C until further processing.

Affinity purification and mass spectrometric analyses of 
SARS-CoV-2, SARS-CoV, HCoV-229E and HCoV-NL63 proteins 
expressed in A549 cells
To determine the interactomes of SARS-CoV-2 and SARS-CoV and the 
interactomes of an accessory protein (encoded by ORF4 or ORF4a 
of HCoV-229E or ORF3 of HCoV-NL63) that presumably represents 
a homologue of the ORF3 and ORF3a proteins of SARS-CoV-2 and 
SARS-CoV, respectively, four replicate affinity purifications were 
performed for each HA-tagged viral protein. A549 cells (6 × 106 cells 
per 15-cm dish) were transduced with lentiviral vectors encoding 
HA-tagged SARS-CoV-2, SARS-CoV or HCoV-229E/NL63 proteins and 
protein lysates were prepared from cells collected 3 days after trans-
duction. Cell pellets from two 15-cm dishes were lysed in lysis buffer 
(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 0.2% (v/v) NP-40, 
5% (v/v) glycerol, cOmplete protease inhibitor cocktail (Roche), 0.5% 
(v/v) 750 U/μl Sm DNase) and sonicated (5 min, 4 °C, 30 s on, 30 s off, low 
settings; Bioruptor, Diagenode). Following normalization of protein 
concentrations of cleared lysates, virus protein-bound host proteins 
were enriched by adding 50 μl anti-HA-agarose slurry (Sigma-Aldrich, 
A2095) with constant agitation for 3 h at 4 °C. Non-specifically bound 
proteins were removed by four subsequent washes with lysis buffer 
followed by three detergent-removal steps with washing buffer  
(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 5% (v/v) glycerol). 
Enriched proteins were denatured, reduced, alkylated and digested 
by addition of 200 μl digestion buffer (0.6 M guanidinium chloride, 
1 mM tris(2-carboxyethyl)phosphine (TCEP), 4 mM chloroacetamide 
(CAA), 100 mM Tris-HCl pH 8, 0.5 μg LysC (WAKO Chemicals) and 0.5 μg 
trypsin (Promega) at 30 °C overnight. Peptide purification on StageTips 
with three layers of C18 Empore filter discs (3M) and subsequent mass 
spectrometry analysis was performed as described previously55,56. 
In brief, purified peptides were loaded onto a 20-cm reverse-phase 
analytical column (75 μm diameter; ReproSil-Pur C18-AQ 1.9 μm resin; 
Dr Maisch) and separated using an EASY-nLC 1200 system (Thermo 
Fisher Scientific). A binary buffer system consisting of buffer A (0.1% 
formic acid (FA) in H2O) and buffer B (80% acetonitrile (ACN), 0.1% FA 
in H2O) with a 90-min gradient (5–30% buffer B (65 min), 30–95% buffer 
B (10 min), wash out at 95% buffer B (5 min), decreased to 5% buffer B 
(5 min), and 5% buffer B (5 min)) was used at a flow rate of 300 nl per 
min. Eluting peptides were directly analysed on a Q-Exactive HF mass 
spectrometer (Thermo Fisher Scientific). Data-dependent acquisi-
tion included repeating cycles of one MS1 full scan (300–1 650 m/z, 
R = 60,000 at 200 m/z) at an ion target of 3 × 106, followed by 15 MS2 
scans of the highest abundant isolated and higher-energy collisional 
dissociation (HCD) fragmented peptide precursors (R = 15,000 at 
200 m/z). For MS2 scans, collection of isolated peptide precursors 
was limited by an ion target of 1 × 105 and a maximum injection time 
of 25 ms. Isolation and fragmentation of the same peptide precursor 
was eliminated by dynamic exclusion for 20 s. The isolation window 
of the quadrupole was set to 1.4 m/z and HCD was set to a normalized 
collision energy of 27%.

Proteome analyses of cells expressing SARS-CoV-2, SARS-CoV, 
HCoV-229E or HCoV-NL63 proteins
For the determination of proteome changes in A549 cells expressing 
SARS-CoV-2, SARS-CoV, HCoV-229E or HCoV-NL63 proteins, a fraction of 
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1 × 106 lentivirus-transduced cells from the affinity purification samples 
were lysed in guanidinium chloride buffer (6 M guanidinium chloride, 
10 mM TCEP, 40 mM CAA, 100 mM Tris-HCl pH 8), boiled at 95 °C for 8 
min and sonicated (10 min, 4 °C, 30 s on, 30 s off, high settings). Protein 
concentrations of cleared lysates were normalized to 50 μg, and proteins 
were pre-digested with 1 μg LysC at 37 °C for 1 h followed by a 1:10 dilu-
tion (100 mM Tris-HCl pH 8) and overnight digestion with 1 μg trypsin at 
30 °C. Peptide purification on StageTips with three layers of C18 Empore 
filter discs (3M) and subsequent mass spectrometry analysis was per-
formed as described previously55,56. In brief, 300 ng of purified peptides 
were loaded onto a 50-cm reversed-phase column (75 μm inner diameter, 
packed in house with ReproSil-Pur C18-AQ 1.9 μm resin (Dr Maisch)). The 
column temperature was maintained at 60 °C using a homemade column 
oven. A binary buffer system, consisting of buffer A (0.1% FA) and buffer 
B (80% ACN, 0.1% FA), was used for peptide separation, at a flow rate 
of 300 nl min−1. An EASY-nLC 1200 system (Thermo Fisher Scientific), 
directly coupled online with the mass spectrometer (Q Exactive HF-X, 
Thermo Fisher Scientific) via a nano-electrospray source, was employed 
for nano-flow liquid chromatography. Peptides were eluted by a linear 80 
min gradient from 5% to 30% buffer B (0.1% v/v FA, 80% v/v ACN), followed 
by a 4 min increase to 60% B, a further 4 min increase to 95% B, a 4 min 
plateau phase at 95% B, a 4 min decrease to 5% B and a 4 min wash phase 
of 5% B. To acquire MS data, the data-independent acquisition (DIA) scan 
mode operated by the XCalibur software (Thermo Fisher) was used. DIA 
was performed with one full MS event followed by 33 MS/MS windows in 
one cycle resulting in a cycle time of 2.7 s. The full MS settings included 
an ion target value of 3 × 106 charges in the 300–1,650 m/z range with 
a maximum injection time of 60 ms and a resolution of 120,000 at m/z 
200. DIA precursor windows ranged from 300.5 m/z (lower boundary of 
first window) to 1,649.5 m/z (upper boundary of 33rd window). MS/MS 
settings included an ion target value of 3 × 106 charges for the precur-
sor window with an Xcalibur-automated maximum injection time and 
a resolution of 30,000 at m/z 200.

To generate the proteome library for DIA measurements purified 
peptides from the first and the fourth replicates of all samples were 
pooled separately and 25 μg of peptides from each pool were fraction-
ated into 24 fractions by high pH reversed-phase chromatography as 
described earlier60. During each separation, fractions were concat-
enated automatically by shifting the collection tube every 120 s. In total 
48 fractions were dried in a vacuum centrifuge, resuspended in buffer 
A* (0.2% trifluoroacetic acid (TFA), 2% ACN) and subsequently analysed 
by a top-12 data-dependent acquisition (DDA) scan mode using the 
same LC gradient and settings. The mass spectrometer was operated 
by the XCalibur software (Thermo Fisher). DDA scan settings on full MS 
level included an ion target value of 3 × 106 charges in the 300–1,650 
m/z range with a maximum injection time of 20 ms and a resolution of 
60,000 at m/z 200. At the MS/MS level the target value was 105 charges 
with a maximum injection time of 60 ms and a resolution of 15,000 
at m/z 200. For MS/MS events only, precursor ions with 2–5 charges 
that were not on the 20-s dynamic exclusion list were isolated in a  
1.4 m/z window. Fragmentation was performed by higher-energy C-trap 
dissociation with a normalized collision energy of 27 eV.

Infected time-course proteome–phosphoproteome–diGly 
proteome sample preparation
Frozen lysates of infected A549-ACE2 cells collected at 6, 12 and 24 hpi 
(and 36 hpi for the phosphoproteomics study) were thawed on ice, 
boiled for 5 min at 95 °C and sonicated for 15 min (Branson Sonifierer). 
Protein concentrations were estimated by tryptophan assay61. To reduce 
and alkylate proteins, samples were incubated for 5 min at 45 °C with 
TCEP (10 mM) and CAA (40 mM). Samples were digested overnight at 
37 °C using trypsin (1:100 w/w, enzyme/protein, Sigma-Aldrich) and 
LysC (1:100 w/w, enzyme/protein, Wako).

For proteome analysis, 10 μg of peptide material were desalted using 
SDB-RPS StageTips (Empore)61. In brief, samples were diluted with 1% 

TFA in isopropanol to a final volume of 200 μl and loaded onto Sta-
geTips, subsequently washed with 200 μl of 1% TFA in isopropanol 
and 200 μl 0.2% TFA/ 2% ACN. Peptides were eluted with 75 μl of 1.25% 
ammonium hydroxide (NH4OH) in 80% ACN and dried using a SpeedVac 
centrifuge (Eppendorf, Concentrator Plus). They were resuspended 
in buffer A* (0.2% TFA, 2% ACN) before LC–MS/MS analysis. Peptide 
concentrations were measured optically at 280 nm (Nanodrop 2000, 
Thermo Scientific) and subsequently equalized using buffer A*. One 
microgram of peptide was analysed by LC–MS/MS.

The rest of the samples were diluted fourfold with 1% TFA in iso-
propanol and loaded onto SDB-RPS cartridges (Strata-X-C, 30 mg per 
3 ml, Phenomenex), pre-equilibrated with 4 ml 30% MeOH/1% TFA and 
washed with 4 ml 0.2% TFA. Samples were washed twice with 4 ml 1% 
TFA in isopropanol, once with 0.2% TFA/2% ACN and eluted twice with 
2 ml 1.25% NH4OH/80% ACN. Eluted peptides were diluted with ddH2O 
to a final ACN concentration of 35%, snap frozen and lyophilized.

For phosphopeptide enrichment, lyophilized peptides were resus-
pended in 105 μl of equilibration buffer (1% TFA/80% ACN) and the pep-
tide concentration was measured optically at 280 nm (Nanodrop 2000, 
Thermo Scientific) and subsequently equalized using equilibration 
buffer. The AssayMAP Bravo robot (Agilent) performed the enrichment 
for phosphopeptides (150 μg) by priming AssayMAP cartridges (packed 
with 5 μl Fe3+-NTA) with 0.1% TFA in 99% ACN followed by equilibration 
in equilibration buffer and loading of peptides. Enriched phosphopep-
tides were eluted with 1% ammonium hydroxide, which was evaporated 
using a Speedvac for 20 min. Dried peptides were resuspended in 6 μl 
buffer A* and 5 μl was analysed by LC–MS/MS.

For diGly peptide enrichment, lyophilized peptides were reconsti-
tuted in IAP buffer (50 mM MOPS, pH 7.2, 10 mM Na2HPO4, 50 mM NaCl) 
and the peptide concentration was estimated by tryptophan assay. 
K-ɛ-GG remnant containing peptides were enriched using the PTMScan 
Ubiquitin Remnant Motif (K-ɛ-GG) Kit (Cell Signaling Technology). 
Cross-linking of antibodies to beads and subsequent immunopurifica-
tion was performed with slight modifications as previously described62. 
In brief, two vials of cross-linked beads were combined and equally split 
into 16 tubes (~31 μg of antibody per tube). Equal peptide amounts (600 
μg) were added to cross-linked beads, and the volume was adjusted with 
IAP buffer to 1 ml. After 1 h of incubation at 4 °C and gentle agitation, 
beads were washed twice with cold IAP and 5 times with cold ddH2O. 
Thereafter, peptides were eluted twice with 50 μl 0.15% TFA. Eluted 
peptides were desalted and dried as described for proteome analysis 
with the difference that 0.2% TFA instead of 1%TFA in isopropanol was 
used for the first wash. Eluted peptides were resuspended in 9 μl buffer 
A* and 4 μl was subjected to LC–MS/MS analysis.

DIA measurements
Samples were loaded onto a 50-cm reversed-phase column (75 μm 
inner diameter, packed in house with ReproSil-Pur C18-AQ 1.9 μm resin 
(Dr Maisch)). The column temperature was maintained at 60 °C using a 
homemade column oven. A binary buffer system, consisting of buffer 
A (0.1% FA) and buffer B (80% ACN plus 0.1% FA) was used for peptide 
separation, at a flow rate of 300 nl min−1. An EASY-nLC 1 200 system 
(Thermo Fisher Scientific), directly coupled online with the mass 
spectrometer (Orbitrap Exploris 480, Thermo Fisher Scientific) via a 
nano-electrospray source, was employed for nano-flow liquid chroma-
tography. The FAIMS device was placed between the nanoelectrospray 
source and the mass spectrometer and was used for measurements 
of the proteome and the PTM-library samples. Spray voltage was set 
to 2,650 V, RF level to 40 and heated capillary temperature to 275 °C.

For proteome measurements we used a 100 min gradient starting 
at 5% buffer B followed by a stepwise increase to 30% in 80 min, 60% in  
4 min and 95% in 4 min. The buffer B concentration stayed at 95% for  
4 min, decreased to 5% in 4 min and stayed there for 4 min. The mass 
spectrometer was operated in data-independent mode (DIA) with a 
full scan range of 350–1,650 m/z at 120,000 resolution at 200 m/z, 
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normalized automatic gain control (AGC) target of 300% and a maxi-
mum fill time of 28 ms. One full scan was followed by 22 windows with a 
resolution of 15,000, normalized AGC target of 1,000% and a maximum 
fill time of 25 ms in profile mode using positive polarity. Precursor ions 
were fragmented by HCD (NCE 30%). Each of the selected compensation 
voltage (CV) (−40, −55 and −70 V) was applied to sequential survey scans 
and MS/MS scans; the MS/MS CV was always paired with the appropri-
ate CV from the corresponding survey scan.

For phosphopeptide samples, 5 μl were loaded and eluted with a 
70-min gradient starting at 3% buffer B followed by a stepwise increase 
to 19% in 40 min, 41% in 20 min, 90% in 5 min and 95% in 5 min. The mass 
spectrometer was operated in DIA mode with a full scan range of 300–
1,400 m/z at 120,000 resolution at 200 m/z and a maximum fill time 
of 60 ms. One full scan was followed by 32 windows with a resolution 
of 30,000. Normalized AGC target and maximum fill time were set to 
1,000% and 54 ms, respectively, in profile mode using positive polarity. 
Precursor ions were fragmented by HCD (NCE stepped 25–27.5–30%). 
For the library generation, we enriched A549 cell lysates for phospho-
peptides and measured them with 7 different CV settings (−30, −40, 
−50, −60, −70, −80 or −90 V) using the same DIA method. The noted 
CVs were applied to the FAIMS electrodes throughout the analysis.

For the analysis of K-ɛ-GG peptide samples, half of the samples were 
loaded. We used a 120-min gradient starting at 3% buffer B followed by 
a stepwise increase to 7% in 6 min, 20% in 49 min, 36% in 39 min, 45% 
in 10 min and 95% in 4 min. The buffer B concentration stayed at 95% 
for 4 min, decreased to 5% in 4 min and stayed there for 4 min. The 
mass spectrometer was operated in DIA mode with a full scan range of 
300–1,350 m/z at 120,000 resolution at m/z 200, normalized AGC target 
of 300% and a maximum fill time of 20 ms. One full scan was followed 
by 46 windows with a resolution of 30,000. Normalized AGC target and 
maximum fill time were set to 1,000% and 54 ms, respectively, in profile 
mode using positive polarity. Precursor ions were fragmented by HCD 
(NCE 28%). For K-ɛ-GG peptide library, we mixed the first replicate of 
each sample and measured them with eight different CV setting (−35, 
−40, −45, −50, −55, −60, −70 or −80 V) using the same DIA method.

Processing of raw MS data
AP–MS data. Raw MS data files of AP–MS experiments conducted in 
DDA mode were processed with MaxQuant (version 1.6.14) using the 
standard settings and label-free quantification (LFQ) enabled (LFQ min 
ratio count 1, normalization type none, stabilize large LFQ ratios disa-
bled). Spectra were searched against forward and reverse sequences of 
the reviewed human proteome including isoforms (UniprotKB, release 
2019.10) and C-terminally HA-tagged SARS-CoV-2, SARS-CoV and HCoV 
proteins by the built-in Andromeda search engine63.

In-house Julia scripts (https://doi.org/10.5281/zenodo.4541090) were 
used to define alternative protein groups: only the peptides identified 
in AP–MS samples were considered for being protein group-specific, 
protein groups that differed by the single specific peptide or had less 
than 25% different specific peptides were merged to extend the set of 
peptides used for protein group quantitation and reduce the number 
of protein isoform-specific interactions.

Viral protein overexpression and DIA MS data. Spectronaut version 13 
(Biognosys) with the default settings was used to generate the proteome 
libraries from DDA runs by combining files of respective fractionations 
using the human fasta file (Uniprot, 2019.10, 42 431 entries) and viral 
bait sequences. Proteome DIA files were analysed using the proteome 
library with the default settings and disabled cross run normalization.

SARS-CoV-2/SARS-CoV-infected proteome/PTM DIA MS data. 
Spectronaut version 14 (Biognosys)64 was used to generate the libraries 
and analyse all DIA files using the human fasta file (UniprotKB, release 
2019.10) and sequences of SARS-CoV-2/SARS-CoV proteins (UniProt, 
release 2020.08). Orf1a polyprotein sequences were split into separate 

protein chains according to the cleavage positions specified in the 
UniProt. For the generation of the PTM-specific libraries, the DIA single 
CV runs were combined with the actual DIA runs and either phospho-
rylation at serine, threonine or tyrosine, or GlyGly at lysine, was added 
as variable modification to default settings. The maximum number 
of fragment ions per peptide was increased to 25. The proteome DIA 
files were analysed using direct DIA approach with default settings and 
disabled cross run normalization. All post-translational modification 
DIA files were analysed using their respective hybrid library and either 
phosphorylation at Serine/Threonine/Tyrosine or GlyGly at Lysine was 
added as an additional variable modification to default settings with 
LOESS normalization and disabled PTM localization filter.

A collection of in-house Julia scripts(https://doi.org/10.5281/
zenodo.4541090) were used to process the elution group (EG) -level 
Spectronaut reports, identify PTMs and assign EG-level measurements 
to PTMs. The PTM was considered if at least once it was detected with 
≥0.75 localization probability in EG with q-value ≤10−3. For further 
analysis of given PTM, only the measurements with ≥0.5 localization 
probability and EG q-value ≤10−2 were used.

Bioinformatic analysis
Unless otherwise specified, the bioinformatic analysis was done in R 
(version 3.6), Julia (version 1.5) and Python (version 3.8) using a collec-
tion of in-house scripts (https://doi.org/10.5281/zenodo.4541090 and 
https://doi.org/10.5281/zenodo.4541082).

Datasets. The following public datasets were used in the study:  
Gene Ontology and Reactome annotations (http://download.baderlab. 
org/EM_Genesets/April_01_2019/Human/UniProt/Human_GO_AllPath 
ways_with_GO_iea_April_01_2019_UniProt.gmt); IntAct Protein In-
teractions (https://www.ebi.ac.uk/intact/, v2019.12); IntAct Protein 
Complexes (https://www.ebi.ac.uk/complexportal/home, v2019.12); 
CORUM Protein Complexes (http://mips.helmholtz-muenchen.de/
corum/download/allComplexes.xml.zip, v2018.3); Reactome Func-
tional Interactions (https://reactome.org/download/tools/Reatome-
FIs/FIsInGene_020720_with_annotations.txt.zip); Human (v2019.10), 
Human-CoV, SARS-CoV-2 and SARS-CoV (v2020.08) protein sequences: 
https://uniprot.org.

Statistical analysis of MS data. MaxQuant and Spectronaut output 
files were imported into R using in-house maxquantUtils R package 
(https://doi.org/10.5281/zenodo.4536603). For all MS datasets, the 
Bayesian linear random effects models were used to define how the 
abundances of proteins change between the conditions. To specify and 
fit the models we used the msglm R package (https://doi.org/10.5281/
zenodo.4536605), which uses the rstan package (version 2.19)65 for 
inferring the posterior distribution of the model parameters. In all 
the models, the effects corresponding to the experimental conditions 
have regularized horseshoe+ priors66, whereas the batch effects have 
normally distributed priors. Laplacian distribution was used to model 
the instrumental error of MS intensities. For each MS instrument used, 
the heteroscedastic intensities noise model was calibrated with the 
technical replicate MS data of the instrument. These data were also used 
to calibrate the logit-based model of missing MS data (the probability 
that the MS instrument will fail to identify the protein given its expected 
abundance in the sample). The model was fit using unnormalized MS 
intensities data. Instead of transforming the data by normalization, 
the inferred protein abundances were scaled by the normalization 
multiplier of each individual MS sample to match the expected MS 
intensity of that sample. This allows taking the signal-to-noise varia-
tion between the samples into account when fitting the model. Due to 
high computational intensity, the model was applied to each protein 
group separately. For all the models, 4,000 iterations (2,000 warmup 
+ 2,000 sampling) of the no-U-turn Markov Chain Monte Carlo were 
performed in 7 or 8 independent chains, every 4th sample was collected 
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for posterior distribution of the model parameters. For estimating the 
statistical significance of protein abundance changes between the two 
experimental conditions, the P-value was defined as the probability that 
a random sample from the posterior distribution of the first condition 
would be smaller (or larger) than a random sample drawn from the 
second condition. No-multiple hypothesis testing corrections were 
applied, since this is handled by the choice of the model priors.

Statistical analysis of AP–MS data and filtering for specific interac-
tions. The statistical model was applied directly to the MS1 intensities 
of protein group-specific LC peaks (evidence.txt table of MaxQuant 
output). In R GLM formula language, the model could be specified as

log(Intensity) ≈ 1 + APMS + Bait + Bait : Virus + MS1peak + MSbatch,

where the APMS effect models the average shift of intensities in AP–MS 
data in comparison to full proteome samples, Bait is the average enrich-
ment of a protein in AP–MS experiments of homologous proteins of 
both SARS-CoV and SARS-CoV-2, and Bait:Virus corresponds to the 
virus-specific changes in protein enrichment. MS1peak is the log ratio 
between the intensity of a given peak and the total protein abundance 
(the peak is defined by its peptide sequence, PTMs and the charge; it 
is assumed that the peak ratios do not depend on experimental condi-
tions67), and MSbatch accounts for batch-specific variations of protein 
intensity. APMS, Bait and Bait:Virus effects were used to reconstruct the 
batch effect-free abundance of the protein in AP–MS samples.

The modelling provided the enrichment estimates for each protein 
in each AP experiment. Specific AP–MS interactions had to pass the 
two tests. In the first test, the enrichment of the candidate protein 
in a given bait AP was compared against the background, which was 
dynamically defined for each interaction to contain the data from all 
other baits, where the abundance of the candidate was within 50–90% 
percentile range (excluding top 10% baits from the background allowed 
the protein to be shared by a few baits in the resulting AP–MS network). 
The non-targeting control and Gaussian luciferase baits were always 
preserved in the background. Similarly, to filter out any potential 
side-effects of very high bait protein expression, the ORF3 homo-
logues were always present in the background of M interactors and 
vice versa. To rule out the influence of the batch effects, the second 
test was applied. It was defined similarly to the first one, but the back-
ground was constrained to the baits of the same batch, and 40–80% 
percentile range was used. In both tests, the protein has to be fourfold 
enriched over the background (16 fold for highly expressed baits: ORF3, 
M, NSP13, NSP5, NSP6, ORF3a, ORF7b, ORF8b and HCoV-229E ORF4a) 
with P-value ≤ 10−3.

Additionally, we excluded the proteins that, in the viral protein 
expression data, have shown upregulation, and their enrichment in 
AP–MS data was less than 16 times stronger than observed upregula-
tion effects. Finally, to exclude the carryover of material between the 
samples sequentially analysed by MS, we removed the putative inter-
actors, which were also enriched at higher levels in the samples of the 
preceding bait, or the one before it.

For the analysis of interaction specificity between the homologous 
viral proteins, we estimated the significance of interaction enrichment 
difference (corrected by the average difference between the enrich-
ment of the shared interactors to adjust for the bait expression varia-
tion). Specific interactions have to be fourfold enriched in comparison 
to the homologue with P-value ≤ 10−3.

Statistical analysis of DIA proteome effects upon viral protein over-
expression. The statistical model of the viral protein overexpression 
dataset was similar to AP–MS data, except that protein-level intensities 
provided by Spectronaut were used. The PCA analysis of the protein 
intensities has identified that the second principal component is as-
sociated with the batch-dependent variations between the samples. 

To exclude their influence, this principal component was added to the 
experimental design matrix as an additional batch effect.

As with AP–MS data, the two statistical tests were used to identify the 
significantly regulated proteins (column ‘is_change’ in Supplementary 
Table 3). First, the absolute value of median log2-fold change of the 
protein abundance upon overexpression of a given viral protein in com-
parison to the background had to be above 1.0 with P-value ≤ 10−3. The 
background was individually defined for each analysed protein. It was 
composed of experiments, where the abundance of given protein was 
within the 20–80% percentile range of all measured samples. Second, 
the protein had to be significantly regulated (same median log2-fold 
change and P-value thresholds applied) against the batch-specific back-
ground (defined similarly to the global background, but using only the 
samples of the same batch).

An additional stringent criterion was applied to select the most sig-
nificant changes (column ‘is_top_change’ in Supplementary Table 3; 
Extended Data Fig. 1i).

For each protein we classified bait-induced changes as: ‘high’ when 
|median log2 fold-change| ≥ 1 and P-value ≤ 10−10 both in background 
and batch comparisons; ‘medium’ if 10−10 < P-value ≤ 10−4 with same 
fold-change requirement; and ‘low’ if 10−4 < P-value ≤ 10−2 with the 
same fold-change requirement. All other changes were considered 
non-significant.

We then required that ‘shared’ top-regulated proteins should have 
exactly one pair of SARS-CoV-2 and SARS-CoV high- or medium- 
significant homologous baits among the baits with either up- or down-
regulated changes and no other baits with significant changes of the 
same type.

We further defined ‘SARS-CoV-2-specific’ or ‘SARS-CoV-specific’ 
top-regulated proteins to be the ones with exactly one high-significant 
change, and no other significant changes of the same sign. For ‘specific’ 
hits we additionally required that in the comparison of high-significant 
bait to its homologue |median log2 fold-change| ≥ 1 and P-value ≤ 10−3. 
When the homologous bait was missing (SARS-CoV-2 NSP1, SARS-CoV 
ORF8a and SARS-CoV ORF8b), we instead required that in the com-
parison of the high-significant change to the background |median 
log2 fold-change| ≥ 1.5.

The resulting network of most affected proteins was imported and 
prepared for publication in Cytoscape v.3.8.168.

Statistical analysis of DIA proteomic data of SARS-CoV-2 and 
SARS-CoV-infected A549-ACE2 cells. Similarly to the AP–MS DDA 
data, the linear Bayesian model was applied to the EG-level intensi-
ties. To model the protein intensity, the following linear model (in R 
notation) was used:

∼ ∑t t tlog(Intensity( )) 1 + (after( ) + (infection ± CoV2) : after( ))

+ EG,

t t
i i

≤i

where the after(ti) effect corresponds to the protein abundance changes 
in mock-infected samples that happened between ti − 1 and ti after infec-
tion and it is applied to the modelled intensity at all time points start-
ing from ti; infection:after(ti) (ti = 6, 12, 24) is the common effect of 
SARS-CoV-2 and SARS-CoV infections occurring between ti-1 and ti; 
CoV2:after(ti) is the virus-specific effect within ti - 1 and ti hpi that is added 
to the log intensity for SARS-CoV-2-infected samples and subtracted 
from the intensity for SARS-CoV ones; EG is the elution group-specific 
shift in the measured log-intensities.

The absolute value of median log2 fold change between the condi-
tions above 0.25 and the corresponding unadjusted P-value ≤ 10−3 were 
used to define the significant changes at a given time point in com-
parison to mock infection. We also required that the protein group is 
quantified in at least two replicates of at least one of the compared con-
ditions. Additionally, if for one of the viruses (for example, SARS-CoV-2) 
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only the less stringent condition (|median log2 fold-change| ≥ 0.125, 
P-value ≤ 10−2) was fulfilled, but the change was significant in the infec-
tion of the other virus (SARS-CoV), and the difference between the 
viruses was not significant, the observed changes were considered 
significant for both viruses.

Statistical analysis of DIA phosphoproteome and ubiquitinome 
data of SARS-CoV-2 and SARS-CoV infections. The data from single- 
double- and triple-modified peptides were analysed separately and, for 
a given PTM, the most significant result was reported.

The data were analysed with the same Bayesian linear model as pro-
teome SARS-CoV and SARS-CoV-2 infection data. In addition to the 
intensities normalization, for each replicate sample the scale of the 
effects in the experimental design matrix was adjusted, so that on aver-
age the correlation between log fold changes of the replicates was 1:1. 
The same logic as for the proteome analysis, was applied to identify 
significant changes, but the median log2 fold change had to be larger 
than 0.5, or 0.25 for the less stringent test. We additionally required 
that the PTM peptides are quantified in at least two replicates of at 
least one of the compared conditions. To ignore the changes in PTM 
site intensities that are due to proteome-level regulation, we excluded 
PTM sites on significantly regulated proteins if the directions of pro-
tein and PTM site changes were the same and the difference between 
their median log2 fold changes was less than two. Phosphoproteom-
ics data were further analysed with Ingenuity Pathway Analysis soft-
ware (Qiagen; https://www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis)

Transcriptomic analysis of SARS-CoV-2 and SARS-CoV infected 
A549-ACE2 cells. For the analysis of the transcriptome data, Gen-
code gene annotations v28 and the human reference genome GRCh38 
were derived from the Gencode homepage (EMBL-EBI). Viral genomes 
were derived from GenBank (SARS-CoV-2 - LR824570.1, and SARS-CoV 
- AY291315.1). Dropseq tool v1.12 was used for mapping raw sequenc-
ing data to the reference genome. The resulting UMI filtered count 
matrix was imported into R v3.4.4. CPM (counts per million) values 
were calculated for the raw data and genes having a mean cpm value 
less than 1 were removed from the dataset. A dummy variable combin-
ing the covariates infection status (mock, SARS-CoV, SARS-CoV-2) and 
time point was used for modelling the data within Limma (v3.46.0)69.

Data were transformed with the Voom method69 followed by quantile 
normalization. Differential testing was performed between infection 
states at individual time points by calculating moderated t-statistics and 
P-values for each host gene. A gene was considered to be significantly 
regulated if the false discovery rate-adjusted P-value was below 0.05.

Gene set enrichment analysis. We used Gene Ontology, Reactome and 
other EnrichmentMap gene sets of human proteins (version 2020.10)70 
as well as protein complexes annotations from IntAct Complex Portal 
(version 2019.11)71 and CORUM (version 2019)72. PhosphoSitePlus (ver-
sion 2020.08) was used for known kinase-substrate and regulatory 
sites annotations, Perseus (version 1.6.14.0)73 was used for annotation 
of known kinase motifs. For transcription factor enrichment analysis 
(Extended Data Fig. 2e) the significantly regulated transcripts were 
submitted to ChEA3 web-based application74 and ENCODE data on 
transcription factor–target gene associations were used75.

To find the non-redundant collection of annotations describing the 
unique and shared features of multiple experiments in a dataset (Fig. 1d, 
Extended Data Fig. 2l, m), we used in-house Julia package OptEnriched-
SetCover.jl (https://doi.org/10.5281/zenodo.4536596), which employs 
evolutionary multi-objective optimization technique to find a collec-
tion of annotation terms that have both significant enrichments in the 
individual experiments and minimal pairwise overlaps.

The resulting set of terms was further filtered by requiring that the 
annotation term has to be significant with the specified unadjusted 

Fisher’s exact test P-value cut-off in at least one of the experiments or 
comparisons (the specific cut-off value is indicated in the figure legend 
of the corresponding enrichment analysis).

The generation of diagonally-split heat maps was done with the 
VegaLite.jl package (https://github.com/queryverse/VegaLite.jl).

Viral PTMs alignment. For matching the PTMs of SARS-CoV-2 and 
SARS-CoV the protein sequences were aligned using the BioAlignments.
jl Julia package (v.2.0; https://github.com/BioJulia/BioAlignments.jl) 
with the Needleman–Wunsch algorithm using BLOSUM80 substitution 
matrix, and applying −5 and −3 penalties for the gap and extension, 
respectively.

For the cellular proteins, we required that the viral phosphorylation 
or ubiquitination site is observed with q-value ≤ 10−3 and localization 
probability ≥ 0.75. For the PTMs with lower confidence (q-value ≤ 10−2 
and localization probability ≥ 0.5) we required that the same site is 
observed with high confidence at the matching position of the ortholo-
gous protein of the other virus.

Network diffusion analysis. To systematically detect functional in-
teractions, which may connect the cellular targets of each viral protein 
(interactome dataset) with the downstream changes it induces on 
proteome level (effectome dataset), we have used the network 
diffusion-based HierarchicalHotNet method36 as implemented in Julia 
package HierarchicalHotNet.jl (https://doi.org/10.5281/zeno-
do.4536590). Specifically, for network diffusion with restart, we used 
the ReactomeFI network (version 2019)35 of cellular functional inter-
actions, reversing the direction of functional interaction (for example, 
replacing kinase→substrate interaction with substrate→kinase).  
The proteins with significant abundance changes upon bait over-
expression (|median(log2 fold change)| ≥ 0.25, P ≤ 10−2 both in the  
comparison against the controls and against the baits of the same  
batch) were used as the sources of signal diffusion with weights  
set to w P= |medianlog (fold change)| ⋅ |log -value |i 2 10

, otherwise the 
node weight was set to zero. The weight of the edge gi→gj was set to 
wi,j = 1 + wj. The restart probability was set to 0.4, as suggested in the 
original publication, so that the probability of the random walk to stay 
in the direct neighbourhood of the node is the same as the probability 
to visit more distant nodes. To find the optimal cutting threshold of 
the resulting hierarchical tree of strongly connected components 
(SCCs) of the weighted graph corresponding to the stationary distribu-
tion of signal diffusion and to confirm the relevance of predicted func-
tional connections, the same procedure was applied to 1 ,000 random 
permutations of vertex weights as described in Reyna et al.36 (vertex 
weights are randomly shuffled between the vertices with similar in and 
out degrees). Since cutting the tree of SCCs at any threshold t (keeping 
only the edges with weights above t) and collapsing each resulting SCC 
into a single node produces the directed acyclic graph of connections 
between SCCs, it allowed efficient enumeration of the paths from the 
‘source’ nodes (proteins strongly perturbed by viral protein expression 
with vertex weight w, w ≥ 1.5) to the ‘sink’ nodes (interactors of the viral 
protein). At each threshold t, the average inverse of the path length 
from source to sink nodes was calculated as:

∑L t
N N

L p( ) =
1

⋅
( ),

p
avg
−1

source sink
SCC
−1

where Nsource is the number of sources, Nsink is the number of sinks, LSCC(p) 
is the number of SCCs that the given path p from source to sink goes 
through, and the sum is for all paths from sources to sinks. The metric 
changes from 1 (all sources and sinks in the same SCC) to 0 (no or infi-
nitely long paths between sources and sinks). For the generation of the 
diffusion networks we were using the topt threshold that maximized 
the difference between L t( )avg

−1  for the real data and the third quartile 
of L t( )avg

−1  for randomly shuffled data.
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In the generated SCC networks, the direction of the edges was 
reverted back, and the results were exported as GraphML files using 
in-house Julia scripts (https://doi.org/10.5281/zenodo.4541090). The 
catalogue of the networks for each viral bait is available as Supple-
mentary Data 1.

To assess the significance of edges in the resulting network, we calcu-
lated the P-value of the edge gi→gj as the probability that the transition 
probability between the given pair of genes based on permuted data is 
higher than the transition probability based on the real data:

P w g g w g g( ( , ) ≤ ( , )).i j i jreal perm

This P-value was stored as the ‘prob_perm_walkweight_greater’ edge 
attribute of GraphML output. The specific subnetworks predicted by 
the network diffusion (Fig. 4b–d) were filtered for edges with P ≤ 0.05.

When the gi→gj connection was not present in the ReactomeFI net-
work, to recover the potential short pathways connecting gi and gj, 
ReactomeFI was searched for intermediate gk nodes, such that the edges 
gi→gk and gk→gj are present in ReactomeFI. The list of these short path-
ways is provided as the ‘flowpaths’ edge attribute in GraphML output.

The GraphML output of network diffusion was prepared for publica-
tion using yEd (v.3.20; https://www.yworks.com).

Intersection with other SARS coronavirus datasets. The intersection 
between the data generated by this study and other publicly avail-
able datasets was done using the information from respective sup-
plementary tables. When multiple viruses were used in a study, only 
the comparisons with SARS-CoV and SARS-CoV-2 were included. For 
time-resolved data, all time points up to 24 hpi were considered. The 
dataset coverage was defined as the number of reported distinct protein 
groups for proteomic studies and genes for transcriptomic studies. 
Confident interactions or significant regulations were filtered accord-
ing to the criteria specified in the original study. A hit was considered 
as ‘confirmed’ when it was significant both in the present study and the 
external data and showed the same trend.

qRT–PCR analysis
RNA isolation from SARS-CoV and SARS-CoV-2 infected A549-ACE2 cells 
was performed as described above (Qiagen). Five hundred nanograms 
total RNA was used for reverse transcription with PrimeScript RT with 
gDNA eraser (Takara). For relative transcript quantification PowerUp 
SYBR Green (Applied Biosystems) was used. Primer sequences can be 
provided upon request.

Co-immunoprecipitation and western blot analysis
HEK293T cells were transfected with pWPI plasmid encoding single 
HA-tagged viral proteins, alone or together with pTO-SII-HA express-
ing host factor of interest. 48 h after transfection, cells were washed 
in PBS, flash frozen in liquid nitrogen and kept at −80 °C until further 
processing. Co-immunoprecipitation experiments were performed as 
described previously55,56. In brief, cells were lysed in lysis buffer (50 mM 
Tris-HCl pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 0.2% (v/v) NP-40, 5% (v/v) 
glycerol, cOmplete protease inhibitor cocktail (Roche), 0.5% (v/v) 750 
U μl−1 Sm DNase) and sonicated (5 min, 4 °C, 30 s on, 30 s off, low set-
tings; Bioruptor, Diagenode SA). HA or Streptactin beads were added 
to cleared lysates and samples were incubated for 3 h at 4 °C under 
constant rotation. Beads were washed six times in the lysis buffer and 
resuspended in 1× SDS sample buffer 62.5 mM Tris-HCl pH 6.8, 2% SDS, 
10% glycerol, 50 mM DTT, 0.01% bromophenol blue). After boiling for 
5 min at 95 °C, a fraction of the input lysate and elution were loaded on 
NuPAGE Novex 4–12% Bis-Tris (Invitrogen), and further submitted to 
western blotting using Amersham Protran nitrocellulose membranes. 
Imaging was performed by HRP luminescence (ECL, Perkin Elmer).

SARS-CoV-2 infected A549-ACE2 cell lysates were sonicated (10 min, 
4 °C, 30 s on, 30 s off, low settings; Bioruptor, Diagenode). Protein 

concentration was adjusted based on Pierce660 assay supplemented 
with ionic detergent compatibility reagent. After boiling for 5 min at 
95 °C and brief centrifugation at maximum speed, the samples were 
loaded on NuPAGE Novex 4–12% Bis-Tris (Invitrogen), and blotted onto 
0.22 μm Amersham Protran nitrocellulose membranes (Merck). Pri-
mary and secondary antibody stainings were performed according to 
the manufacturer’s recommendations. Imaging was performed by HRP 
luminescence using Femto kit (ThermoFischer Scientific) or Western 
Lightning PlusECL kit (Perkin Elmer).

Mapping of post-translational modification sites on the N CTD 
structure
N CTD dimers of SARS-CoV-2 (PDB: 6YUN) and SARS-CoV (PDB: 
2CJR) were superimposed by aligning the α-carbons backbone over 
111 residues (from position 253/254 to position 364/365 following 
SARS-CoV-2/SARS-CoV numbering) by using the tool MatchMaker76 
as implemented in the Chimera software77. Ubiquitination sites were 
visually inspected and mapped by using the PyMOL software (https://
pymol.org). Phosphorylation on Ser310/311 was simulated in silico by 
using the PyTMs plugin as implemented in PyMOL78. Inter-chain resi-
due contacts, dimer interface area, free energy and complex stability 
were comparatively analysed between non-phosphorylated and phos-
phorylated SARS-CoV-2 and SARS-CoV N CTD by using the PDBePISA 
server79. Poisson–Boltzmann electrostatic surface potential of native 
and post-translationally modified N CTD was calculated by using the 
PBEQ Solver tool on the CHARMM-GUI server by preserving existing 
hydrogen bonds80. Molecular graphics depictions were produced with 
the PyMOL software.

Reporter assay and IFN bioassay
The following reporter constructs were used in this study: pISRE-luc was 
purchased from Stratagene, EF1-α-ren was obtained from E. Gürlevik 
(Department of Gastroenterology, Hepatology and Endocrinology, 
Hannover Medical School, Germany), pCAGGS-Flag-RIG-I was obtained 
from C. Basler (Department of Microbiology, Mount Sinai School of 
Medicine, USA), pIRF1-GAS-ff-luc, pWPI-SMN1-flag and pWPI-NS5 
(ZIKV)-HA was described previously56,81.

For the reporter assay, HEK293-R1 cells were plated in 24-well 
plates 24 h before transfection. Firefly reporter and Renilla transfec-
tion control were transfected together with plasmids expressing viral 
proteins using polyethylenimine (PEI, Polysciences) for untreated and 
treated conditions. In 18 h cells were stimulated for 8 h with a corre-
sponding inducer and collected in the passive lysis buffer (Promega). 
Luminescence of Firefly and Renilla luciferases was measured using 
dual-luciferase-reporter assay (Promega) according to the manufac-
turer’s instructions in a microplate reader (Tecan).

Total amounts of IFN-α and IFN-β in cell supernatants were measured 
by using 293T cells stably expressing the firefly luciferase gene under 
the control of the mouse Mx1 promoter (Mx1-luc reporter cells)82. In 
brief, HEK293-R1 cells were seeded, transfected with pCAGGS-flag-RIG-I 
plus viral protein constructs and stimulated as described above. Cell 
supernatants were collected in 8 h. Mx1-luc reporter cells were seeded 
into 96-well plates in triplicates and were treated 24 h later with superna-
tants. At 16 h after incubation, cells were lysed in the passive lysis buffer 
(Promega), and luminescence was measured with a microplate reader 
(Tecan). The assay sensitivity was determined by a standard curve.

Viral inhibitor assay
A549-ACE2 cells were seeded into 96-well plates in DMEM medium 
(10% FCS, 100 μg ml−1 streptomycin, 100 IU ml−1 penicillin) one day 
before infection. Six hours before infection, or at the time of infection, 
the medium was replaced with 100 μl of DMEM medium containing 
either the compounds of interest or DMSO as a control. Infection was 
performed by adding 10 μl of SARS-CoV-2-GFP (MOI of 3) per well and 
plates were placed in the IncuCyte S3 Live-Cell Analysis System (Essen 
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Bioscience), where whole well real-time images of mock (phase channel) 
and infected (GFP and phase channel) cells were captured every 4 h for 
48 h. Cell viability (mock) and virus growth (mock and infected) were 
assessed as the cell confluence per well (phase area) and GFP area nor-
malized by cell confluence per well (GFP area/phase area) respectively 
using IncuCyte S3 Software (Essen Bioscience; version 2019B rev2).

For comparative analysis of antiviral treatment activity against 
SARS-CoV and SARS-CoV-2, A549-ACE2 cells were seeded in 24-well 
plates, as previously described. Treatment was performed for 6 h with 
0.5 ml of DMEM medium containing either the compounds of inter-
est or DMSO as a control, and infected with SARS-CoV-Frankfurt-1 or 
SARS-CoV-2-MUC-IMB-1 (MOI of 1) for 24 h. Total cellular RNA was col-
lected and analysed by RT–qPCR, as previously described.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The raw sequencing data for this study have been deposited with the 
ENA at EMBL-EBI under accession number PRJEB38744. The mass spec-
trometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE83 partner repository with the dataset 
identifiers PXD022282, PXD020461 and PXD020222. Protein interac-
tions identified in this study have been submitted to the IMEx (https://
www.imexconsortium.org) consortium through IntAct84 with the iden-
tifier IM-28109. The data and analysis results are accessible online via 
the interactive web interface at https://covinet.innatelab.org.
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zenodo.4536603, https://doi.org/10.5281/zenodo.4536590, https://doi.
org/10.5281/zenodo.4536596, https://doi.org/10.5281/zenodo.4541090 
and https://doi.org/10.5281/zenodo.4541082.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | SARS-CoV-2 and SARS-CoV proteins expressed in 
A549 cells target host proteins. a, Expression of HA-tagged viral proteins in 
stably transduced A549 cells, used in AP–MS and proteome expression 
measurements. When several bands are present in a single lane, * or ► mark  
the band with the expected molecular weight (n = 4 independent experiments). 
For gel source data, see Supplementary Fig. 1. b, Extended version of the virus-
host protein–protein interaction network with 24 SARS-CoV-2 and 27 SARS-
CoV proteins, as well as ORF3 of HCoV-NL63 and ORF4 and ORF4a of HCoV-
229E, used as baits. Host targets regulated upon viral protein overexpression 
are highlighted (see the in-plot legend). c–f, Co-precipitation experiments in 
HEK293T cells showing a specific enrichment of endogenous MAVS co-

precipitated with C-terminal HA-tagged ORF7b of SARS-CoV-2 and SARS-CoV 
(negative controls: SARS-CoV-2 ORF6-HA, ORF7a-HA) (c), ORF7b-HA of SARS-
CoV-2 and SARS-CoV co-precipitated with SII-HA-UNC93B1 (control 
precipitation: SII-HA-RSAD2) (d), endogenous HSPA1A co-precipitated with 
N-HA of SARS-CoV-2 and SARS-CoV (control: SARS-CoV-2 ORF6-HA) (e) and 
endogenous TGF-β with ORF8-HA of SARS-CoV-2 vs ORF8-HA, ORF8a-HA, 
ORF8b-HA of SARS-CoV or ORF9b-HA of SARS-CoV-2 (f), (n = 2 independent 
experiments). For gel source data, see Supplementary Fig. 1. AP–MS: affinity-
purification coupled to mass spectrometry; MD: Macro domain; NSP: Non-
structural protein.
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Extended Data Fig. 2 | SARS-CoV-2 and SARS-CoV proteins trigger shared 
and specific interactions with host factors, and induce changes to the host 
proteome. a, b, Differential enrichment of proteins in NSP2 (a) and ORF8  
(b) of SARS-CoV-2 (x-axis) vs SARS-CoV ( y-axis) AP–MS experiments (n = 4 
independent experiments). c, Gene Ontology Biological Processes enriched 
among the cellular proteins that are up- (red arrow) or down- (blue arrow) 

regulated upon overexpression of individual viral proteins. d, The most 
affected proteins from the effectome data of protein changes upon viral bait 
overexpression in A549 cells (see materials and methods for the exact protein 
selection criteria). Homologous viral proteins are displayed as a single node. 
Shared and virus-specific effects are denoted by the edge colour. NSP: 
Non-structural protein.
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Extended Data Fig. 3 | RCOR3 and APOB regulation upon SARS-CoV-2 and 
SARS-CoV protein overexpression. a, b, Normalized intensities of selected 
candidates specifically perturbed by individual viral proteins: RCOR3 was 
upregulated both by SARS-CoV-2 and SARS-CoV NSP4 proteins (a), APOB was 

upregulated by ORF3 and downregulated by NSP1 specifically to SARS-CoV-2 
(b). The box and the whiskers represent 50% and 95% confidence intervals, and 
the white line corresponds to the median of the log2 fold change upon viral 
protein overexpression (n = 4 independent experiments).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Tracking of virus-specific changes in infected  
A549-ACE2 cells by transcriptomics and proteomics. a, Western blot 
showing ACE2-HA expression levels in A549 cells untransduced (wild-type)  
or transduced with ACE2-HA-encoding lentivirus (n = 2 independent 
experiments). For gel source data, see Supplementary Fig. 1. b, mRNA 
expression levels of SARS-CoV-2 N relative to RPLP0 as measured by qRT–PCR 
upon infection of wild-type A549 and A549-ACE2 cells at the indicated  
MOIs. Error bars represent mean and standard deviation (n = 3 independent 
experiments). c, Volcano plot of mRNA expression changes of A549-ACE2 cells, 
infected with SARS-CoV-2 at an MOI of 2 in comparison to mock infection at  
12 hpi. Significant hits are highlighted in grey (moderated t-test fasle discovery 
rate-corrected two-sided P-value, n = 3 independent experiments). Diamonds 
indicate that the actual log2 fold change or P-value were truncated to fit into the 
plot. d, Expression levels, as measured by qRT–PCR, of SARS-CoV-2/SARS-CoV 
N and host transcripts relative to RPLP0 in infected (MOI of 2) A549-ACE2 cells 
with SARS-CoV-2 (orange) and SARS-CoV (brown) at indicated time points. 
Error bars correspond to mean and standard deviation (Two-sided student  
t-test, unadjusted P-value, n = 3 independent experiments). *P-value ≤ 0.05;  
**P-value ≤ 0.01; ***P-value ≤ 10−3. e, Analysis of transcription factors, whose 
targets are significantly enriched among up- (red arrow) and down- (blue 
arrow) regulated genes of A549-ACE2 cells infected with SARS-CoV-2 (upper 

triangle) and SARS-CoV (lower triangle) for indicated time points (Fisher’s 
exact test unadjusted one-sided P-value ≤ 10−4). f, Volcano plot of SARS-CoV-2-
induced protein abundance changes at 24 hpi in comparison to mock. Viral 
proteins are highlighted in orange, selected significant hits are marked in black 
(Bayesian linear model-based unadjusted two-sided P-value ≤ 10−3, |median log2 
fold change| ≥ 0.25, n = 4 independent experiments). Diamonds indicate that 
the actual log2 fold change was truncated to fit into the plot. g, Western blot 
showing the total levels of ACE2-HA protein at 6, 12, 24 and 36 hpi (mock,  
SARS-CoV-2 and SARS-CoV infections); N viral protein as infection and ACTB as 
loading controls (n = 3 independent experiments). For gel source data, see 
Supplementary Fig. 1. h, Stable expression of ACE2 mRNA transcript relative to 
RPLP0, as measured by qRT–PCR, after SARS-CoV-2 and SARS-CoV infections 
(MOI of 2) of A549-ACE2 cells at indicated hpi (error bars show mean and 
standard deviation, n = 3 independent experiments). i, Scatter plots comparing 
the host proteome of SARS-CoV-2 (x-axis) and SARS-CoV ( y-axis) infection at  
24 hpi (log2 fold change in comparison to the mock infection samples at the 
same time point). Significantly regulated proteins (Bayesian linear model-
based unadjusted two-sided P-value ≤ 10−3, |log2 fold change| ≥ 0.25, n = 4 
independent experiments), are colored according to their specificity in both 
infections. Diamonds indicate that the actual log2 fold change was truncated to 
fit into the plot.
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Extended Data Fig. 5 | Post-translational modifications modulated during 
SARS-CoV-2 or SARS-CoV infection. a, Volcano plots of SARS-CoV-2-induced 
ubiquitination changes at 24 hpi in comparison to mock. The viral PTM sites are 
highlighted in orange and selected significant hits in black. b, Scatter plots 
comparing the host phosphoproteome of SARS-CoV-2 (x-axis) and SARS-CoV 
( y-axis) infection at 24 hpi (log2 fold change in comparison to the mock 
infection samples at the same time point). Significantly regulated sites are 
colored according to their specificity in both infections. c, Volcano plots of 
SARS-CoV-2-induced phosphorylation changes at 24 hpi in comparison to 
mock. The viral PTM sites are highlighted in orange and selected significant 
hits in black. For a–c, a change is defined significant if its Bayesian linear 
model-based unadjusted two-sided P-value ≤ 10−3 and |log2 fold change| ≥ 0.5, 
n = 3 independent experiments for ubiquitination and n = 4 independent 

experiments for phosphorylation data. Diamonds in a–c indicate that the 
actual median log2 fold change was truncated to fit into the plot. d, Profile plots 
showing the time-resolved phosphorylation of ACE2 (S787) and RAB7A (S72) 
with indicated median, 50% and 95% confidence intervals, n = 4 independent 
experiments. e, The enrichment of host kinase motifs among the significantly 
regulated phosphorylation sites of SARS-CoV-2 (upper triangle) and 
SARS-CoV-infected (lower triangle) A549-ACE2 cells (MOI of 2) at the indicated 
time points (Fisher’s exact test, unadjusted one-sided P-value ≤ 10−3). f, The 
enrichment of specific kinases among the ones known to phosphorylate 
significantly regulated sites at the indicated time points and annotated in 
PhosphoSitePlus database (Fisher’s exact test, unadjusted one-sided 
P-value ≤ 10−2).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Integration of multi-omics data from SARS-CoV-2 
and SARS-CoV infection identified co-regulation of host and viral factors. 
a, Phosphorylation (purple square) and ubiquitination (red circles) sites on 
vimentin (VIM) regulated upon SARS-CoV-2 infection. The plot shows the 
medians of log2 fold changes compared to mock at 6, 12, 24 and 36 hpi, 
regulatory sites are indicated with a thick black border. b, Profile plots of VIM 
K334 ubiquitination, S56 and S72 phosphorylation, and total protein levels in 
SARS-CoV-2 or SARS-CoV infected A549-ACE2 cells at indicated times after 
infection, with indicated median, 50% and 95% confidence intervals, n = 3 
(ubiquitination) or n = 4 (total protein levels, phosphorylation) independent 
experiments. c, Number of ubiquitination sites identified on each SARS-CoV-2 
or SARS-CoV proteins in infected A549-ACE2 cells. d, e, Mapping the 
ubiquitination and phosphorylation sites of SARS-CoV-2/SARS-CoV M and S 
proteins on their aligned sequence showing median log2 intensities in infected 
A549-ACE2 cells at 24 hpi (n = 4 independent experiments for phosphorylation 
and n = 3 independent experiments for ubiquitination data) with functional 
(blue) and topological (yellow) domains highlighted. Ubiquitin modifying 
enzymes binding to both M proteins and the host kinases that potentially 

recognize motifs associated with the reported sites and overrepresented 
among cellular motifs enriched upon infection (Extended Data Fig. 5e, f) or 
interacting with given viral protein (Extended Data Fig. 1b) are indicated 
(green). f, Number of phosphorylation sites identified on each SARS-CoV-2 or 
SARS-CoV proteins in infected A549-ACE2 cells. g, Mapping the ubiquitination 
(red circle) and phosphorylation (purple square) sites of SARS-CoV-2/SARS-CoV  
N protein on their aligned sequence showing median log2 intensities in A549-
ACE2 cells infected with the respective virus at 24 hpi (n = 4 independent 
experiments) with functional domains highlighted in blue. The host kinases 
that potentially recognize motifs associated with the reported sites and 
overrepresented among cellular motifs enriched upon infection (Extended 
Data Fig. 5e, f) or interacting with given viral protein (Extended Data Fig. 1b) 
(green). h, Electrostatic surface potential analysis of non-phosphorylated and 
phosphorylated SARS-CoV and SARS-CoV-2 N CTD dimers; red, white and blue 
regions represent areas with negative, neutral and positive electrostatic 
potential, respectively (scale from −50 to +50 kT e−1). NTD, N-terminal domain; 
hACE2, binding site of human ACE2; FP, fusion peptide; HR1/2, Heptad region 
1/2; CP, cytoplasmic region. CoV2 Cleav., SARS-CoV-2 cleavage sites.
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Extended Data Fig. 7 | Reactome pathways enrichment in multi-omics data 
of SARS-CoV-2 and SARS-CoV infection. a, Reactome pathways enriched in 
up- (red arrow) or downregulated (blue arrow) transcripts, proteins, 

ubiquitination and phosphorylation sites (Fisher’s exact test unadjusted 
P-value ≤ 10−4) in SARS-CoV-2 or SARS-CoV-infected A549-ACE2 cells at 
indicated times after infection.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | SARS-CoV-2 uses a multi-pronged approach to 
perturb host-pathways at several levels. a, The host subnetwork perturbed 
by SARS-CoV-2 M predicted by the network diffusion approach. Edge thickness 
reflects the transition probability in random walk with restart, directed edges 
represent the walk direction, and ReactomeFI connections are highlighted in 
black. b, Selection of the optimal threshold for the network diffusion model of 
SARS-CoV-2 M-induced proteome changes. The plot shows the relationship 
between the minimal allowed edge weight of the random walk graph (x-axis) 
and the mean inverse length of the path from the regulated proteins to the host 
targets of the viral protein along the edges of the resulting filtered subnetwork 
( y-axis). The red curve represents the metric for the network diffusion analysis 
of the actual data. The grey band shows 50% confidence interval, and dashed 
lines correspond to 95% confidence interval for the average inverse path length 
distribution for 1,000 randomized datasets. Optimal edge weight threshold 
that maximizes the difference between the metric based on the real data and its 
3rd quartile based on randomized data are highlighted by the red vertical line. 
c, d, Subnetworks of the network diffusion predictions linking host targets of 
SARS-CoV-2 ORF7b (c) to the factors involved in innate immunity and ORF8  
(d) to the factors involved in TGF-β signalling. e, f, Western blot showing the 
accumulation of the autophagy-associated factor MAP1LC3B upon SARS-CoV-2 

ORF3 expression in HEK293-R1 cells (n = 3 independent experiments) (e) and 
SARS-CoV-2/SARS-CoV infection of A549-ACE2 cells (n = 3 independent 
experiments) (f). For gel source data, see Supplementary Fig. 1. g, h, Profile 
plots showing the time-resolved ubiquitination of the autophagy regulators 
MAP1LC3A, GABARAP, VPS33A and VAMP8 (n = 3 independent experiments) 
(g), as well as an increase in total protein abundance of APOB with indicated 
median, 50% and 95% confidence intervals (n = 4 independent experiments) 
(h). i, Overview of perturbations to host-cell innate immunity-related 
pathways, induced by distinct proteins of SARS-CoV-2, derived from the 
network diffusion model and overlaid with transcriptional, ubiquitination and 
phosphorylation changes upon SARS-CoV-2 infection. j, Heat map showing the 
effects of the indicated SARS-CoV-2 proteins on type-I IFN expression levels, 
ISRE and GAS promoter activation in HEK293-R1. Accumulation of type-I IFN in 
the supernatant was evaluated by testing supernatants of PPP-RNA (IVT4) 
stimulated cells on MX1-luciferase reporter cells, ISRE promoter activation—by 
luciferase assay after IFN-α stimulation, and GAS promoter activation—by 
luciferase assay after IFN-γ stimulation in cells expressing SARS-CoV-2 proteins 
as compared to the controls (ZIKV NS5 and SMN1) (n = 3 independent 
experiments).
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Extended Data Fig. 9 | Perturbation of host integrin-TGF-β-EGFR-receptor 
tyrosine kinase signalling by SARS-CoV-2. a, Overview of perturbations to 
host-cell Integrin-TGF-β-EGFR-receptor tyrosine kinase signalling, induced by 
distinct proteins of SARS-CoV-2, derived from the network diffusion model and 
overlaid with transcriptional, ubiquitination and phosphorylation changes 
upon SARS-CoV-2 infection. b, Profile plots of total protein levels of SERPINE1 
and FN1 in SARS-CoV-2 or SARS-CoV-infected A549-ACE2 cells at 6, 12, and 24 
hpi, with indicated median, 50% and 95% confidence intervals (n = 4 

independent experiments). c, Profile plots showing intensities of indicated 
phosphosites on NCK2, JUN, SOS1 and MAPKAPK2 in SARS-CoV-2 or 
SARS-CoV-infected A549-ACE2 cells at 6, 12, 24 and 36 hpi, with indicated 
median, 50% and 95% confidence intervals (n = 4 independent experiments).  
d, Western blot showing phosphorylated (T180/Y182) and total protein levels 
of p38 in SARS-CoV-2 or SARS-CoV infected A549-ACE2 cells (n = 3 independent 
experiments). For gel source data, see Supplementary Fig. 1.
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Article

Extended Data Fig. 10 | Drug repurposing screen, focusing on pathways 
perturbed by SARS-CoV-2, reveals potential candidates for use in antiviral 
therapy. a, A549-ACE2 cells exposed for 6 h to the specified concentrations of 
IFN-α and infected with SARS-CoV-2-GFP reporter virus (MOI of 3). GFP signal 
and cell confluency were analysed by live-cell imaging for 48 hpi. Time-courses 
show virus growth over time as the mean of GFP-positive area normalized to the 
total cell area (n = 4 independent experiments). b, A549-ACE2 cells were pre- 
treated for 6 h or treated at the time of infection with SARS-CoV-2-GFP reporter 
virus (MOI of 3). GFP signal and cell growth were tracked for 48 hpi by live-cell 
imaging using an Incucyte S3 platform. Left heat map: the cell growth rate 
(defined as the change of cell confluence between ti and ti−1 timepoints 
divided by cell confluence at ti−1) over time in drug-treated uninfected 
conditions. Middle (6 h of pre-treatment) and right (treatment at the time of 
infection) heat maps: treatment-induced changes in virus growth over time 
(GFP signal normalized to total cell confluence log2 fold change between the 

treated and control (water, DMSO) conditions). Only non-cytotoxic treatments 
with significant effects on SARS-CoV-2-GFP are shown. Asterisks indicate 
significance of the difference to the control treatment (Wilcoxon test; 
unadjusted two-sided P-value ≤ 0.05, n = 4 independent experiments).  
c, A549-ACE2 cells exposed for 6 h to the specified concentrations of 
ipatasertib and infected with SARS-CoV-2-GFP reporter virus (MOI of 3).  
GFP signal and cell confluency were analysed by live-cell imaging for 48 hpi. 
Time-courses show virus growth over time as the mean of GFP-positive area 
normalized to the total cell area (n = 4 independent experiments). d–g, mRNA 
expression levels at 24 hpi of SARS-CoV-2 (orange) and SARS-CoV (brown) N 
relative to RPLP0, compared to DMSO-treated cells, as measured by qRT–PCR 
in infected A549-ACE2 cells (MOI of 1) pre-treated for 6 h with gilteritinib (d), 
tirapazamine (e), prinomastat (f) or marimastat (g). Error bars represent mean 
and standard deviation (Student t-test, two-sided, unadjusted P-value, n = 3 
independent experiments). * P-value ≤ 0.05; **P-value ≤ 0.01; ***P-value ≤ 10−3.
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Extended Data Table 1 | Functional annotations of the protein–protein interaction network of SARS-CoV-2 and SARS-CoV 
(AP–MS)

Proteins identified as SARS-CoV-2 and/or SARS-CoV host binders via AP–MS (Fig. 1b) grouped based on functional enrichment analysis of GOBP, GPCC, GPMF and Reactome terms (Supplemen-
tary Table 2).
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Supplementary discussion 

 

Supplementary discussion 1: Type-I interferon and NF-κB response in SARS-CoV-2 and 

SARS-CoV infected A549-ACE2 cells 

In line with previous reports9,22, we did not observe major virus-induced upregulation of type-

I interferons (IFN-α/β) and related genes at the mRNA level (e.g. IFNB, IFIT3, MX1), 

suggesting active viral inhibition of this system. In contrast, both viruses upregulated NF-κB 

and stress responses, as inferred from the induction of CXCLs (CXCL1, -2, -3, -5, -8), CCL2, 

NFKBIZ/-A, STAT1/3, IL6 and TNF (Figure 2c, Extended data Fig. 4c-d, Supplementary Table 

4) and transcription factor enrichment analysis (Extended data Fig. 4e; Supplementary Tables 

4, 8). This was confirmed at the proteome level, where we identified 272 proteins being 

regulated by SARS-CoV-2 or SARS-CoV (Figure 2a - b, Extended data Fig. 4f). Both viruses 

induced ACE2 downregulation only at the protein level (Extended data Fig. 4g-h). Similarly, 

SARS-CoV-2 and SARS-CoV failed to induce a detectable IFN-α/β proteomic signature while 

activating the pro-inflammatory NF-κB pathway (NFKB2, RELB, JUNB, TNFAIP2) 

(Extended data Fig. 4f, i; Supplementary Table 5). 
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Supplementary discussion 2: Structure-guided interpretation of post-translation 

modifications functionality on Nucleocapsid protein N 

The localization of K338 at the end of the 𝛽2-strands of the 𝛽1-𝛽2 hairpin could serve two 

potential functions (Figure 3c, lower close-up). The side chain of this residue is solvent-

exposed, and it is therefore conceivable that its ubiquitination, specific to SARS-CoV-2, may 

explain divergences in virus-host interactomes (Supplementary Table 2). Furthermore, the 

SARS-CoV-2 N C-terminal domain (CTD) four-stranded 𝛽-sheet dimeric interface can undergo 

significant rearrangements upon sliding and departing of the 𝛽2 strands from each other32, 

implying possible conformational consequences of SARS-CoV-2 N K338 ubiquitination. 

Analogous characterization of the S310/311, which is located at the beginning of the α5 helix, 

revealed that its phosphorylation contributes to a transfer of an inter-chain interaction, from 

R262/263 to T263/264, thus stabilizing the structure of the CTD dimer (Figure 3c, upper close-

up). In addition, S310/311 phosphorylation gives rise to two negatively charged areas on a polar 

and basic, solvent-exposed, groove involved in RNA binding32, indicating its possible 

implication in nucleocapsid formation and viral genome packaging (Extended data Figure 6h). 
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Supplementary Figure 1
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Extended Data Figure 6e
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3 Results and Discussion

3.2 Publication P2: Persistent innate immune stim-
ulation results in IRF3-mediated but caspase-
independent cytostasis

Virus-derived nucleic acids, such as 5’-ppp-RNAs, are detected by RIG-I-like pathogen
recognition receptors (RLRs) and activate the cell’s intrinsic innate immune system.
Rapid downstream signaling via MAVS and IRF3 subsequently produces type I and III
IFNs, that induce the expression of hundreds of ISGs with antiviral functions (Pichl-
mair et al. 2007). In case of acute virus infections, immediate activation of the innate
immune system triggers adaptive immunity and both systems respond in a concerted
manner to slow down virus replication, remove infected cells, and ultimately initiate
virus clearance as well as tissue regeneration (S. R. Paludan et al. 2021). Persistent
viruses and the Hepatitis C virus (HCV) in particular, however, are able to continu-
ously replicate in host cells despite generating immune-stimulatory nucleic acids that
trigger the expression of antiviral cytokines (Wieland et al. 2014). So far, conse-
quences of such a prolonged innate immune activation are poorly studied and often
hard to disentangle from the general effects of virus infection.
In this publication we have thus applied a minimal in vitro system to initiate long-
term innate immune stimulation via ectopic expression of the RNA-dependent RNA
polymerase NS5B of HCV. In the absence of viral genomes, NS5B generates aberrant
RNAs that activate RIG-I-dependent antiviral responses. Hence, this system enabled
us to study the cellular effects of continuous innate immune stimulation, while at the
same time omitting any infection-induced perturbations of these pathways. We con-
firmed an exclusively RIG-I-dependent and ligand-based activation of the type I IFN
response as a consequence of NS5B activity. Surprisingly, this response ceased within
two to three weeks and was correlated with a growth deficiency of cells expressing the
highest NS5B levels. This cytostatic effect was not mediated by type I or III IFNs or
activation of caspase-dependent apoptosis, but was directly regulated by MAVS and
IRF3 as central signal transducers of the RLR pathway.
In summary, this publication provides direct evidence that viruses, which continu-
ously activate the RLR signaling, have to antagonize this pathway not only to evade
antiviral immunity but also to restore host cell viability and thus maintain efficient
virus replication.
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Abstract: Persistent virus infection continuously produces non-self nucleic acids that activate
cell-intrinsic immune responses. However, the antiviral defense evolved as a transient, acute phase
response and the effects of persistently ongoing stimulation onto cellular homeostasis are not well
understood. To study the consequences of long-term innate immune activation, we expressed
the NS5B polymerase of Hepatitis C virus (HCV), which in absence of viral genomes continuously
produces immune-stimulatory RNAs. Surprisingly, within 3 weeks, NS5B expression declined
and the innate immune response ceased. Proteomics and functional analyses indicated a reduced
proliferation of those cells most strongly stimulated, which was independent of interferon signaling
but required mitochondrial antiviral signaling protein (MAVS) and interferon regulatory factor 3
(IRF3). Depletion of MAVS or IRF3, or overexpression of the MAVS-inactivating HCV NS3/4A
protease not only blocked interferon responses but also restored cell growth in NS5B expressing cells.
However, pan-caspase inhibition could not rescue the NS5B-induced cytostasis. Our results underline
an active counter selection of cells with prolonged innate immune activation, which likely constitutes
a cellular strategy to prevent persistent virus infections.

Keywords: innate immunity; RIG-I; MAVS; IRF3; interferon; HCV; cytostasis

1. Introduction

The innate immune system is highly efficient in preventing and clearing the majority of virus
infections and therefore constitutes an essential barrier inhibiting viral spread within populations
and across species [1]. Most viruses developed sophisticated mechanisms to escape cellular defense
systems [2]. Masters of such adaptations are viruses that manage to persist in their host despite presence
of a fully functional innate immune system. How such viruses escape surveillance by the innate
immune system is only partially understood, particularly for RNA viruses, such as the Hepatitis C
virus (HCV), since these viruses continuously generate viral nucleic acids that activate innate immune
pattern recognition receptors (PRRs). One PRR capable of selectively sensing non-self RNA species,
such as uncapped 5′-triphosphate-dsRNA generated during viral genome replication, is the RNA

Viruses 2020, 12, 635; doi:10.3390/v12060635 www.mdpi.com/journal/viruses
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helicase retinoic acid inducible gene I (RIG-I) [3]. Upon dsRNA binding, RIG-I induces aggregation
of mitochondrial antiviral signaling protein (MAVS) on the outer mitochondrial membrane [4].
MAVS aggregation in turn triggers further downstream signaling by inducing activation and nuclear
translocation of the transcription factors interferon regulatory factor 3 (IRF3) and nuclear factor kappa
B (NFκB) [5]. PRR engagement subsequently leads to the production of type-I (α/β) and -III (λ)
interferons (IFNs), which upon auto and paracrine signaling induce the expression of a large panel of
IFN-stimulated genes (ISGs) with antiviral function. Expression of type-I interferons and downstream
signaling are very tightly regulated at various levels. First, IFNs are only induced after engagement of
nucleic acid signatures that are characteristic of viral infections [2]. Second, negative feedback loops
are in place that shut off innate immune signaling and return the cell to a homeostatic state [6]. It is
unclear, however, how the persistent presence of viral pathogen-associated molecular patterns (PAMPs)
influence activation of the innate immune response. This point is difficult to address experimentally
since most viruses acquired mechanisms that target critical signaling pathways. The HCV NS3/4A
protease, for instance, prevents activation of interferon induction by cleaving MAVS, thereby impairing
proper signal transduction downstream of RIG-I [7,8]. Nevertheless, some persistent viruses, including
HCV itself, still induce high amounts of antiviral cytokines—indicating successful detection of the viral
pathogen and induction of antiviral immunity [9–11]. Here we asked whether the long-term presence
of immune-stimulatory nucleic acids, as it is commonly seen in persistent virus infections, may reshape
the innate immune system to induce a tolerogenic state in which the innate immune system is paralyzed.
Such a system would on the one hand be essential for the host to prevent exaggerative tissue damage,
but could as well be beneficial for the virus, ultimately preventing its clearance.

2. Materials and Methods

2.1. PCR and Gateway Cloning

NS5B-eGFP recombinant DNA was generated by amplifying sequences for NS5B and eGFP using
PCR and subsequently fusing both fragments in an overlap extension PCR approach (Q5 High-Fidelity
PCR Kit, NEB, Ipswich, MA, USA). The fused sequence harbored attB sites at both ends to permit
Gateway cloning into entry vector pDONR207 and subsequently into destination vector pWPI_BLR_rfB
following the manufacturer protocol (Gateway BP and LR Clonase II, Life Technologies, Carlsbad,
CA, USA). Plasmids were transformed into and amplified in chemo-competent Escherichia coli DH5α
(Heidelberg University, Heidelberg, Germany) cultured at 37 ◦C in LB medium (1% Bacto-Trypton,
0.5% Yeast extract, 0.5% NaCl) supplemented with the respective selection antibiotic (100 µg/mL
Carbenicillin, Sigma Aldrich, Munich, Germany; 7 µg/mL Gentamicin, Life Technologies).

2.2. Cell Culture

Cells were cultured at 37 ◦C and 95% humidity in the presence of 5% CO2 in Dulbecco’s modified
eagle medium (DMEM high glucose, Life Technologies) supplemented with a final concentration of
10% fetal calf serum (FCS, Thermo Fisher Scientific, Waltham, MA, USA), 1× non-essential amino
acids (Thermo Fisher Scientific) as well as 100 U/mL penicillin and 100 ng/mL streptomycin (Life
Technologies). Cells were passaged at 80% confluence in a 1:10 ratio. For detachment, 0.05%
Trypsin-EDTA (Life Technologies) was used.

2.3. Cell Line Generation, Lentivirus Production, Transduction, and Transfection

Transgene expressing cell lines were generated by lentiviral transduction. Lentiviral particles were
produced by transfecting HEK293T cells (DKFZ, Heidelberg, Germany) with plasmids pCMV-dr8.91,
pMD2.G and the respective retroviral vector (pWPI) in a 3:1:3 ratio using calcium phosphate transfection
(CalPhos Mammalian Transfection Kit, Takara Bio Europe, Saint-Germain-en-Laye, France). Supernatant of
particle producing cells was harvested and sterile filtered 2 days after transfection. A549 cells (Heidelberg
University Hospital, Heidelberg, Germany) were treated two times for 12 h with particle-bearing
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supernatant containing 10 µg/mL polybrene (Merck Millipore, Darmstadt, Germany). Afterwards,
medium was changed to complete DMEM supplemented with the appropriate selection antibiotic to
select for transgene expressing cells (5 µg/mL blasticidin, MP Biomedicals, Santa Ana, CA, USA; 1 µg/mL
puromycin, Sigma Aldrich; or 1 mg/mL geneticin (G418), Santa Cruz, Dallas, TX, USA). The A549 IRF3
knock-out cell line was generated by CRISPR/Cas9 technology. In brief, DNA oligonucleotides coding for
a guide RNA against exon 3 of human IRF3 (sense: 5′-CACCCGGAAATTCCTCTTCCAGGT-3′; antisense:
5′-AAACACCTGGAAGAGGAATTTCCG-3′) were cloned into expression vector LentiCRISPRv2 (Feng
Zhang, Addgene #52961) following the associated protocol (lentiCRISPRv2 and lentiGuide oligo cloning
protocol) to generate LentiCrisprV2_Puro_IRF3. A549 wild-type (WT) cells were transduced with
LentiCrisprV2_Puro_IRF3 and selected with puromycin. IRF3 knock-out efficiency in the cell pool
was validated by Western blot with anti-IRF3 antibody. Next, cells were seeded in limiting dilution
(0.5 cells/well) on 96-well plates and cultured under selection. Single cell clones were again validated by
Western blot and Sanger sequencing for complete IRF3 knock-out. In this study, IRF3−/− clone 1.1 was
used and A549 cells transduced with a lentiCRISPRv2 plasmid coding for a non-targeting guide RNA
served as control in experiments with IRF3 and MAVS knock-out. Generation of HEK-FlpIn-SH-MAVS
and -GFP cells was performed as described earlier [12] and transgene expression was induced by treatment
with 1 µg/mL doxycycline (Sigma-Aldrich). Transfection of 1 µg poly-I:C (Sigma-Aldrich) into 1 × 106

HEK-FlpIn-SH-MAVS or -GFP cells was performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. A549 RIG-I and A549 MAVS knock-out cells
have been generated previously [13,14], A549-IFIT1-eGFP cells [15] were a kind gift of Prof. Dr. Ralf
Bartenschlager (Heidelberg University), and PH5CH8 cells were kindly provided by Dr. Volker Lohmann
(Heidelberg University).

2.4. RNA Extraction and qRT-PCR

RNA isolation (NucleoSpin®RNA Plus, Macherey-Nagel, Düren, Germany), cDNA synthesis
(High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Waltham, MA, USA),
and quantitative PCR (qPCR; iTaq™ Universal SYBR®Green Supermix, Bio-Rad, Hercules, CA, USA)
were performed according to manufacturer’s protocols. Fold changes of target genes were calculated
relative to GAPDH using the 2−∆∆Ct or 2−∆Ct method [16].

2.5. Protein Extraction, SDS-PAGE, and Western Blot

Cells were washed in PBS, lysed in 1× Laemmli buffer (16.7 mM TRIS pH 6.8, 5% glycerol, 0.5%
SDS, 1.25% β-mercaptoethanol, 0.01% bromophenol blue) at 95 ◦C for 5 min and cleared from debris.
Then, 5 × 104 cells were loaded onto an SDS-polyacrylamide gel (8% acrylamide:bisacrylamide (29:1),
0.1% TEMED, 0.1% saturated ammonium persulfate solution, 0.375 M Tris Base pH 8.8, 0.1% SDS),
and run at 120 V for 60–90 min in 1× TGS (25 mM Tris Base pH 8.3, 192 mM glycine, 0.1% SDS) to
separate proteins. Transfer of proteins onto a methanol-activated PVDF membrane (Bio-Rad) was
performed with the Bio-Rad Semi Dry blotting system and 1× Semi Dry transfer buffer (25 mM Tris
Base pH 8.3, 150 mM glycine, 10% methanol) at 25 V and 1 A for 30 min. Membranes were dried,
rehydrated in ethanol, washed in PBS-T (PBS with 0.1% Tween-20), and blocked in PBS-T supplemented
with 5% milk (Roth) for at least 30 min. Incubation with primary antibodies at 4 ◦C overnight was
followed by four 15 min washing steps with PBS-T. Incubation with secondary antibodies at room
temperature for 1 h was followed by four 15 min washing steps with PBS-T. Protein bands were
visualized in an ECL Chemocam (Intas Science Imaging Instruments GmbH, Göttingen, Germany)
or Bio-Rad ChemiDox XRS+ Imager (Bio-Rad) using Clarity Western ECL Substrate (Bio-Rad) or
Western Lightning Plus-ECL (PerkinElmer, Waltham, MA, USA). Quantification of protein bands was
performed with ImageLab (Bio-Rad).
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2.6. Flow Cytometry and Fluorescence-Activated Cell Sorting

Cells were washed in FACS buffer (1× PBS supplemented with 1% FCS) and fixated in
Cytofix/Cytoperm solution (BD Biosciences, Franklin Lakes, NJ, USA) for 20 min at 4 ◦C in the dark.
Afterwards, cells were washed twice with 1× Perm/Wash buffer (BD Biosciences). Intracellular staining
of IFIT1 was performed by incubating cells with anti-IFIT1 (1:500 in 1× Perm/Wash) for 30 min on ice.
After two washing steps with Perm/Wash, cells were incubated with a fluorophore-coupled secondary
antibody (anti-rabbit Alexa Fluor 647, 1:1000 in 1× Perm/Wash) for 30 min on ice and protected from
light. Finally, cells were again washed twice with 1× Perm/Wash and resuspended in FACS buffer.
Flow cytometry was performed using a LSRFortessa flow cytometer equipped with the FACSDiva
software (BD Biosciences). Data analysis was performed in FlowJo 10 and R. For FACS sorting, cells
were washed once in PBS, resuspended in FACS buffer, and sorted into several fractions based on their
NS5B-eGFP levels. After sorting, cells were seeded in complete DMEM.

2.7. Sendai Infection Assay

A549 cells were infected 10 h after seeding with Sendai virus (kind gift from Rainer Zawatzky,
DKFZ, Heidelberg) at an MOI of 0.0038 and harvested 16 h post infection for RNA extraction.

2.8. Cell Growth Assay

Cells were transduced as described above to express NS5B-eGFP alone or together with HCV
NS3/4A and seeded at 2 × 103 cells per 96-well 5 days post transduction. Pan-caspase inhibitor
Z-VAD-FMK (R&D Systems, Minneapolis, MN, USA) and necroptosis inhibitor Necrostatin 7
(Sigma Aldrich) were added at the time of seeding. A549-IFIT1-eGFP cells were seeded at 4 × 103

cells per 96-well and treated with IFN-α (recombinant human IFN-α B/D, kind gift of Prof. Dr. Peter
Stäheli), IFN-β (IFN-β1, Bioferon GmbH & Co, Laupheim, Germany), IFN-λ (IFN-λ1, PeproTech,
Hamburg, Germany) or the supernatant of HEK-FlpIn-MAVS cells at 6 h post seeding. For supernatant
transfer, MAVS expression in HEK-FlpIn-MAVS cells was induced for 1 day with 1 µg/mL doxycycline,
medium was harvested and cleared from cells at 800 × g, 1:4 diluted with complete DMEM
and added to A549-IFIT1-eGFP cells. Cell growth of HEK-FlpIn-MAVS cells upon HCV NS3/4A
expression was monitored following NS3/4A transduction and selection for 5 days. For this
purpose, HEK-FlpIn-MAVS-NS3/4A cells were seeded at 6 × 103 cells per 96-well and treated with
1 µg/mL doxycycline. For each experiment, cell growth as well as IFIT1-eGFP expression (in case of
A549-IFIT1-eGFP cells) was monitored each 2–6 h in 3–5 technical replicates, each with 2–4 images
per well, using a 10× magnification in an IncuCyte® S3 Live-Cell Analysis System (Satorius AG,
Göttingen, Germany). Incucyte®Software (2019B Rev2, Satorius AG) was used to mask cells in phase
contrast images applying the following settings: segmentation adjustment 1.1, hole fill 500 µm2, min
area filter 200 µm2. For green fluorescence images the following settings were applied: green
acquisition time 300 ms, top-hat segmentation, radius 60 µm, threshold 1.2 gcu, edge split off, hole fill
100 µm2, min area filter 100 µm2. Cell growth was reported as phase area confluence (%) and the eGFP
signal was measured as green integrated intensity per well normalized to the phase area confluence
(GCU×µm2/well/%).

2.9. Total Proteome Analyses Using LC-MS/MS

NS5B-transduced A549 cells were analyzed 6, 12, 18, or 24 days post transduction, MAVS
expression in HEK-FlpIn-MAVS cells was induced for 1, 8, 12, or 15 days and A549 cells were
continuously treated every third day with IFN-α for 2, 6, or 14 days. For each replicate, cells were
washed with PBS, lysed in SDS lysis buffer (4% SDS, 10 mM DTT, 50 mM Tris/HCl pH 7.6), boiled at 95
◦C for 5 min and sonicated (4 ◦C, 10 min, 30 s on, 30 s off; Bioruptor, Diagenode SA, Seraing, Belgium).
Protein concentrations of cleared lysates were normalized to 50 µg and cysteines were alkylated with
55 mM IAA (20 min, 25 ◦C, in the dark). SDS was removed by protein precipitation with 80% (v/v)
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acetone (−20 ◦C, overnight), protein pellet was washed with 80% (v/v) acetone and resuspended in
40 µL U/T buffer (6 M urea, 2 M thiourea in 10 mM HEPES, pH 8.0). Protein digestion was performed
by subsequent addition of 1 µg LysC (3 h, 25 ◦C; FUJIFILM Wako Pure Chemical Corporation,
Richmond, VA, USA) and 1 µg Trypsin (Promega, Walldorf, Germany) in 160 µL digestion buffer
(50 mM ammonium bicarbonate, pH 8.0) at 25 ◦C overnight. Peptides were desalted and concentrated
using C18 Stage-Tips as described previously [17]. Purified peptides were loaded onto a 50 cm
reverse-phase analytical column (75 µm diameter; ReproSil-Pur C18-AQ 1.9 µm resin; Dr. Maisch,
Ammerbuch-Entringen, Germany) and separated using an EASY-nLC 1200 system (Thermo Fisher
Scientific) with a 120 or 180 min gradient (80% acetonitrile, 0.1% formic acid; 120 min gradient: 5–30%
(90 min), 30–95% (20 min), wash out at 95% for 5 min, readjustment to 5% in 5 min; 180 min gradient:
5–30% (150 min), 30–95% (20 min), wash out at 95% for 5 min, readjustment to 5% in 5 min) at a flow
rate of 300 nL per min. Eluting peptides were directly analyzed on a Q-Exactive HF mass spectrometer
(Thermo Fisher Scientific). Data-dependent acquisition included repeating cycles of one MS1 full
scan (300–1600 m/z, R = 60,000 at 200 m/z) at an ion target of 3 × 106, followed by 15 MS2 scans of
the highest abundant isolated and higher-energy collisional dissociation (HCD) fragmented peptide
precursors (R = 15,000 at 200 m/z). For MS2 scans, collection of isolated peptide precursors was limited
by an ion target of 1 × 105 and a maximum injection time of 120 ms. Isolation and fragmentation
of the same peptide precursor was eliminated by dynamic exclusion for 20 s. The isolation window
of the quadrupole was set to 1.4 m/z and HCD was set to an NCE of 27% and an underfill ratio of
20%. Peptides of MAVS expressing HEK-FlpIn-MAVS cells were analyzed on a LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific). Proteomic analysis was performed as described earlier [18].
Briefly, data-dependent acquisition mode with one full MS1 scan at a resolution of 60,000 at 400 m/z in
the Orbitrap was followed by 10 MS2 scans in the linear ion trap (target ion value = 1000, isolation
width = 2 m/z, CID fragmentation mode with normalized collision energy = 40) of the highest reported
peaks obtained in the full MS scan. Raw files were processed with MaxQuant (version 1.6.10.43;
Cox Lab, Max-Planck-Institute of Biochemistry, Martinsried, Germany) using the standard settings,
label-free quantification (LFQ) and match between run options enabled. Spectra were searched against
forward and reverse sequences of the reviewed human proteome including isoforms (UniprotKB,
release 10.2019) by the built-in Andromeda search engine [19].

2.10. Statistical Analyses

The output of MaxQuant was analyzed with Perseus (version 1.6.10.43, Tyanova, et al. [20]),
R (version 3.6.0) and RStudio (version 1.2.1335). Detected protein groups identified as known
contaminants, reverse sequence matches, only identified by site or quantified in less than three
out of four replicates in at least one condition were excluded. Following log2 transformation,
missing values were imputed for each replicate individually by sampling values from a normal
distribution calculated from the original data distribution (width = 0.3 × s.d., downshift = −1.8
× s.d.). Differentially expressed protein groups between NS5BWT and NS5Bmut transduced cells were
identified via two-sided Student’s t-tests (S0 = 1) corrected for multiple hypothesis testing applying
a permutation-based false discovery rate (FDR < 0.01, 250 randomizations). Protein groups were
further removed for statistical testing if not at least one t-test condition contained a minimum of three
non-imputed values. Fisher’s exact test with Benjamini–Hochberg adjusted FDR was used to perform
pathway enrichment analyses of Gene Ontology terms corresponding to Biological Processes (GOBP,
downloaded from http://annotations.perseus-framework.org, 06.2019) within significantly changing
proteins. For hierarchical clustering with heat map representation, row-wise Z-scored log2 LFQ
intensities were clustered using Euclidean distances and Ward as agglomeration method. Significantly
upregulated proteins 6 days after NS5BWT transduction (compared to NS5Bmut) were intersected with
proteins detected in IFN-α treated A549 cells or doxycycline-treated HEK-FlpIn-MAVS cells using
unique identifiers for each protein group (gene name and majority protein ID). The median log2 LFQ
intensity for each of these protein groups across replicates was calculated per condition and time
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point, normalized by row-wise Z-scoring and plotted using notched box and whisker plots in the style
of Tukey.

2.11. Antibodies, Plasmids, and Primers

Antibodies, plasmids, and primers used in this study are separately listed in Supplementary
File S1.

3. Results

3.1. Ligand-Based Stimulation of RIG-I by Expression of HCV NS5B

Persistent virus infection generates immune-stimulatory nucleic acids as well as
immune-modulatory viral proteins for a prolonged time. In contrast, synthetic stimuli commonly
used to study the activity of the innate immune system in the absence of viral perturbations allow
only a single pulse of stimulation. In order to continuously stimulate innate antiviral responses in
a virus-free cell culture system, we used the RNA-dependent RNA polymerase (RdRP) NS5B of HCV.
Based on previous reports, ectopic expression of NS5B generates aberrant RNAs capable of stimulating
the nucleic acid sensor RIG-I [21–23]. Therefore, we generated an eGFP-tagged variant of wild-type
NS5B (NS5BWT) as well as the catalytically inactive version NS5Bmut (∆GDD or GND), both lacking
the C-terminal 21 amino acids membrane anchor. Subsequently, IFN-competent A549 cells were
transduced with NS5B-coding lentiviral vectors. Both NS5B variants showed comparable expression
levels 6 days post transduction (Figure 1a), but only expression of NS5BWT led to the induction
of the interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) (Figure 1b) and IFN-λ
(Figure 1c). Fluorescence-activated cell sorting (FACS) revealed a dose dependency of NS5BWT

expression and the resulting IFN response: high NS5BWT-eGFP expression (population P6) induced
the highest amounts of IFN-λ mRNA (≈104-fold over naïve cells, Figure 1c), while cells expressing
≈10-fold less NS5BWT-eGFP (population P1) only led to ≈102-fold induction of IFN-λ (Figure 1c,
Figure S1a,b). We proceeded with a broader characterization of the NS5B-triggered response by
performing total proteome analysis of NS5BWT and NS5Bmut expressing cells (Figure 1d,e). In contrast
to NS5Bmut, NS5BWT expression led to an upregulation of 63 proteins and downregulation of one
protein (Figure 1d) with enriched biological processes (GOBP) clearly indicated the presence of
an antiviral state in NS5BWT expressing cells (Figure 1e). Among the highly expressed proteins were
MX proteins, members of the IFIT family as well as ISG15 and ISG20. Induction of interferon-stimulated
genes in response to NS5BWT expression required RIG-I-like receptor (RLR) signaling as A549 cells
with CRISPR/Cas9 targeted deletion of the cytoplasmic pathogen-recognition receptor RIG-I failed to
induce IFIT1 (Figure 1f). This confirmed that ectopic expression of NS5BWT leads to the production
of RNA species stimulating RIG-I in a ligand-based manner even in the absence of viral genomes.
We concluded that expression of NS5BWT is sufficient to generate immune-stimulatory RNAs which in
turn trigger a cell-intrinsic antiviral response while omitting uncontrolled interference by virus-encoded
antagonists of these pathways.
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Figure 1. Ligand-based stimulation of retinoic acid inducible gene I (RIG-I) by expression of Hepatitis
C virus (HCV) RdRP NS5B. NS5B (a) and IFIT1 (b) mRNA levels in NS5BWT, NS5Bmut, or empty
vector transduced A549 cells, 6 days post transduction. NS5B fold change (f.c.) over GAPDH or IFIT1
fold change over GAPDH and empty vector control was calculated (mean + s.d. of n = 3 technical
replicates). One representative of n = 3 independent experiments is shown. (c) IFN-λ mRNA levels
in naïve cells or cells transduced with NS5BWT or NS5Bmut either correspond to the entire cell pool
or FACS sub-populations (P1-6), which were sorted by increasing NS5BWT-eGFP levels. Fold change
over GAPDH and naïve cells was calculated (mean + s.d. of n = 3 technical replicates). Dashed
lines indicate IFIT1 mRNA levels of the cell pool for naïve or NS5BWT transduced cells. (d) Total
proteome analyses of A549 cells 12 days post NS5BWT or NS5Bmut transduction. Hyperbolic lines
indicate significantly changing proteins (two-tailed Student’s t-test, S0 = 1, permutation-based FDR <

0.01, n = 4 technical replicates). Proteins annotated with the GOBP term “cellular response to type I
interferon” are highlighted in blue. (e) Bar plot showing Benjamini–Hochberg-adjusted (B.H.) FDR
values (Fisher’s exact test) for the seven most significantly enriched GOBP terms within significantly
changing proteins upon NS5BWT expression. (f) Western blot of NS5B and IFIT1 protein expression in
wild-type and RIG-I knock-out A549 cells transduced with NS5BWT for the indicated days. Calnexin
(CANX) was used as loading control.
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3.2. Counter Regulation of the ISG Response Despite Continuous NS5B Expression

Continuous expression of NS5BWT presented an opportunity to functionally test the consequences
of long-term innate immune stimulation. Previous studies indicated that constitutive expression of
viral polymerases has no negative physiological impact in transgenic mice [24,25], suggesting that
expression of NS5B may also be a suitable way in vitro to stimulate innate immune responses for
extended periods of time. Indeed, expression of NS5B mRNA in lentivirally transduced cells was
readily detected throughout the full period of observation, with the average expression levels slightly
declining over time (Figure 2a). Following an initial peak of expression 4–8 days after lentiviral
transduction, NS5BWT protein was detected in all transduced cells and stabilized at constant levels until
day 24 of the experiment (Figure 2b). As expected, NS5BWT transduction induced IFIT1 expression
with the highest IFIT1 protein levels at day 8 (Figure 2a,c). Surprisingly and in contrast to NS5B, IFIT1
mRNA and protein levels declined after 8 days and returned to basal levels within 3 weeks post NS5BWT

transduction (Figure 2a,c). In order to address if the observed shutdown of gene expression is specific
to IFIT1 or if it is a general feature of the ISG response, we performed full proteome analysis of NS5BWT

and NS5Bmut transduced cells at 6, 12, 18, and 24 days post transduction. Compared to NS5Bmut

expressing cells, we identified 67 upregulated proteins, including many prototypical ISGs, 6 days
after NS5BWT transduction (Figure 3a). However, the number of upregulated proteins diminished
over time until day 24 (Figure 3a and Figure S2a–d). By tracking the abundance of proteins initially
upregulated at day 6, we could confirm the counter regulation of the ISG response on a proteome-wide
level (Figure 3b). Interestingly, time-resolved hierarchical clustering of proteins upregulated by
NS5BWT 6 days post transduction revealed four main clusters of differentially regulated proteins
(Figure 3b,d and Figure S3). We identified proteins such as IRF9 and IFIH1 that were upregulated
at day 6, but rapidly returned to base levels 12 days after transduction (cluster 4). With a similar
but delayed downregulation at day 18, cluster 2 included proteins involved in antigen presentation
(HLA-A, TAPBP) and ISG15 conjugation (UBE2L6, USP18). Proteins of cluster 1 showed the highest
upregulation at day 6 and returned to basal levels at day 18. Interestingly, this cluster was composed
of many proteins involved in nucleic acid binding (DDX60, −L, EIF2AK2, IFIT1, -2, -3, OAS1, -2, -L).
A fourth cluster (cluster 3) of proteins was induced by NS5BWT expression and contained negative
regulators of the innate immune system including ISG15 and LGALS3BP. In general, varying expression
kinetics can be explained by differences in induction sensitivities amongst ISGs, as well as different
protein stabilities and half-lives. Although different kinetics of ISG expression were observed, all
upregulated proteins followed the same overall trend by returning to baseline levels within 24 days
despite robust NS5BWT expression.

3.3. Refractoriness of Type-I IFN or RLR Signaling Is Not Responsible for the ISG Counter Regulation

We asked whether the decline in ISG expression despite presence of NS5BWT is inherent to the IFN
system and represents its previously described refractory state [26]. Therefore, we continuously treated
cells with IFN-α for 2, 6 or 14 days and analyzed total protein expression by mass spectrometry. Unlike
NS5BWT expression, exposure to IFN-α led to the induction of a constant number of ISGs over time
(Figure 3c,d). Proteins that showed transient upregulation upon NS5BWT expression were constantly
induced during IFN-α treatment, indicating that these proteins are not subject to direct IFN-mediated
negative feedback regulation. Overall, our data suggested that NS5B induces type-I IFNs, but these
cytokines do not lead to an anergic state rendering cells unresponsive to further stimulation. Having
ruled out type-I IFN refractoriness as a cause for the observed downregulation of ISGs upon prolonged
RIG-I-stimulation, we considered further scenarios that could explain a reduced antiviral response
over time. First, it may not be IFN signaling but rather the viral nucleic acid sensing pathway leading
to IFN induction that becomes refractory upon prolonged activation. In order to test this hypothesis,
we assessed whether NS5B expressing cells were still capable of properly responding to viral infection.
To this end, cells were infected with Sendai virus (SeV) at various days after NS5BWT or NS5Bmut

transduction and IFIT1 expression was measured (Figure 3e). As expected, NS5BWT transduced cells
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elicited IFIT1 transcription early after transduction also in the absence of SeV infection, and this
response declined over time. NS5Bmut expressing cells did not show a priori upregulation of IFIT1,
but could be stimulated by SeV infection to generate IFIT1 levels comparable to those observed in
NS5BWT cells. Interestingly, NS5BWT expressing cells could be further stimulated by SeV infection,
yielding maximum IFIT1 levels at all tested time points (Figure 3e). This indicates that constitutive
stimulation of the RLR pathway by NS5B does not lead to a general state of unresponsiveness of
the antiviral system.
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Figure 2. Long term NS5B expression counter-regulates the IFN-stimulated genes (ISG) response.
(a) NS5B and IFIT1 mRNA levels in A549 cells at the indicated days post NS5BWT or NS5Bmut

transduction. NS5B fold change (f.c.) over GAPDH or IFIT1 fold change over GAPDH and empty
vector control was calculated (mean ± s.d. of n = 3 technical replicates). One representative of n = 3
independent experiments is shown. NS5B-eGFP (b) and IFIT1 (c) protein levels in NS5BWT-eGFP
transduced and naïve cells were determined by flow cytometry at the indicated days post transduction.
Scaled density plots of fluorescent intensities were plotted individually for each time point after
NS5BWT-eGFP transduction or by combining time points for naïve cells. Dashed lines highlight
the median intensity in naïve cells.
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Figure 3. Time-resolved proteomics identifies differentially regulated proteins in NS5B and IFN-α
treated cells. (a) Number of significantly upregulated proteins (two-tailed Student’s t-test, S0 = 1,
permutation-based FDR < 0.01, n = 4 technical replicates) at the indicated days post NS5BWT transduction
as compared to NS5Bmut. (b,c) Box and whisker plots (median, hinges: 1st and 3rd quartiles, whiskers:
± 1.5 × inter-quartile-range) of Z-scored median log2 label-free quantification (LFQ) intensities of
proteins, significantly upregulated at 6 days post NS5BWT transduction, tracked over time in NS5BWT

and NS5Bmut transduced (b) or 8.25 ng/mL IFN-α and mock treated (c) cells. Hierarchical clustering
(Euclidean distances, Ward agglomeration method; Figure S3) of Z-scored log2 LFQ intensities of these
proteins in NS5BWT transduced cells across time points identified four main clusters of differentially
upregulated proteins (cluster 1, light blue; cluster 2, purple; cluster 3, yellow; cluster 4, green).
(d) Intersection of NS5BWT (solid box) upregulated proteins at day 6 post transduction with data of
IFN-α (dashed box) treated cells. Upregulated proteins were assigned to each of the identified clusters.
(e) IFIT1 mRNA levels in A549 cells non-infected or infected with Sendai Virus (SeV) at 7, 11, 15, 19,
and 23 days after NS5BWT or NS5Bmut transduction. IFIT1 fold change (f.c., mean + s.d. of n = 3
technical replicates) over GAPDH and naïve cells was calculated. The dashed line indicates IFIT1
mRNA levels in SeV infected cells 7 days after NS5Bmut transduction.

3.4. NS5B Expression but Not IFN Treatment Leads to Reduced Cell Growth

Loss of ISG expression over time in NS5BWT expressing cells was neither due to refractoriness
of the IFN system (Figure 3a–d), nor did long-term NS5BWT expression render the RLR pathway
anergic towards virus infection (Figure 3e). Knowing that stably transduced cells exhibit a broad
range of NS5BWT protein levels (Figure 2b) directly correlating with the magnitude of IFN induction
(Figure 1c and Figure S1), we hypothesized that cells expressing the highest levels of NS5BWT might
suffer a viability or growth deficit and hence get counter selected over time. Indeed, live cell imaging
revealed a significant and dose-dependent impact of NS5BWT expression on cell growth (Figure 4a–c
and Figure S4a–c). Interestingly, this phenotype was only present for the first days after transduction,
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where both, NS5BWT expression and IFIT1 induction were strongly elevated (Figure 2b,c). We therefore
analyzed cell growth in this period from 5 to 9 days post transduction of A549 cells and confirmed our
findings in human hepatocyte-derived PH5CH8 cells. Proliferation rates of NS5BWT transduced cells
were ≈3-times lower as compared to NS5Bmut transduced control cells and directly correlated with
NS5B expression levels (Figure 4a–c). This clear cell growth disadvantage over cells not expressing
active NS5B likely led to a gradual depletion of cells expressing NS5BWT at levels sufficient to
induce production and secretion of type-I IFNs. It has previously been reported that type-I IFNs
can exhibit cytotoxic and cytostatic effects [27–29], which could account for the observed growth
defect of cells expressing highest levels of NS5BWT. To test a potential involvement of IFN-α in our
system, we treated an A549-IFIT1-eGFP reporter cell line with high doses of IFN-α and tested for cell
proliferation (Figure 4d). This cell line allowed us to simultaneously track cell growth and ISG induction
(IFIT1-eGFP expression) over time. Notably, high doses of IFN-α induced prominent and sustained
IFIT1 induction, indicative of active type-I IFN signaling. However, IFN-α treatment did not affect cell
growth of A549 cells, which was further true for IFN-β and -λ (Figure 4d–f). IFN-β and -λ were used
at concentrations that induced IFIT1 expression levels comparable to treatment with IFN-α, thereby
excluding IFN-subtype specific effects on cell growth. Hence, our data indicates that type-I and -III
IFN signaling is efficacious even when supplied for prolonged periods of time, but IFN signaling is not
responsible for the observed growth defect of NS5BWT expressing cells. These observations are in line
with the proteomic analysis of cells exposed to IFN-α for 14 days (Figure 3c,d).

3.5. MAVS- and IRF3-Dependent Counter Selection of NS5B Expressing Cells

We showed that NS5B triggers the IFN system via the RIG-I/MAVS/IRF3 axis (Figure 1f), but IFN
signaling was not responsible for the observed reduction in cell growth (Figure 4). Therefore,
we concluded that the cause for the growth retardation and ceasing of ISG expression has to be
upstream of IFN production, likely at or downstream of the central adapter protein MAVS. Hence,
we tested if the ISG response in cells stimulated by overexpression of MAVS (independent of RIG-I)
shows the same decline upon long-term stimulation. We generated HEK-FlpIn-MAVS cells that
allowed for doxycycline (dox)-controlled induction of StrepII-HA (SH)-tagged MAVS (Figure 5a). It has
previously been reported that overexpression of this signaling adapter triggers its RIG-I-independent
oligomerization and strong activation of downstream signaling [30]. As expected, dox-treated
HEK-FlpIn-MAVS cells generated IFN-β mRNA to an extent similar to poly-I:C-stimulated control cells
(Figure 5b). Interestingly, SH-MAVS expression could only be observed up to day 12 of continuous
dox treatment (Figure 5c). Expression of MAVS was accompanied by strong induction of IFIT3,
which slowly decreased over the 15 day course of the experiment (Figure 5c), reminiscent of the ISG
counter regulation upon prolonged NS5B expression. We again employed proteomics to confirm
that the effect observed for IFIT3 was true for the global ISG response, and whether the proteomic
expression pattern is comparable to the expression pattern observed in NS5BWT transduced cells.
Indeed, proteins upregulated by NS5BWT were also induced by overexpression of MAVS (e.g., IFIT1,
-2, -3, STAT1, ISG15), but gradually disappeared within 15 days despite continuous dox treatment
(Figure 5d). When MAVS expression was upheld for several days, cells revealed a significantly reduced
growth rate (Figure 5e) which was in line with NS5BWT expressing cells and the notion that strong
MAVS activity can induce apoptosis [31–34]. This highly similar decline in ISG expression and growth
reduction of MAVS expressing cells led us to assume that in both systems a counter selection against
the most strongly stimulated cells occurred. To test whether the effect on cell growth in the MAVS
expressing system was cell-intrinsic or mediated through soluble factors, we expressed MAVS for
1 day in HEK-FlpIn-MAVS cells and transferred the supernatant to A549-IFIT1-eGFP reporter cells.
As expected, the supernatant of dox-treated HEK-FlpIn-MAVS cells induced a robust IFN response
(Figure 5f). However, this treatment did not affect cell growth. Collectively, these experiments show
that MAVS expression, similar to NS5BWT, affects cell growth and is not capable of maintaining
a stable ISG response over a course of 2–3 weeks. The phenotype observed in MAVS expressing cells
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was highly reminiscent of the phenotype seen when overexpressing NS5BWT. We therefore tested
if MAVS depletion in NS5BWT expressing cells could alleviate the negative effect of NS5BWT on cell
growth. Notably, CRISPR/Cas9 targeted deletion of MAVS in A549 cells indeed reversed the growth
disadvantage (Figure 6a). While MAVS has been shown to serve as signaling hub for a variety of
pathways [30,35], the induction of antiviral genes requires the transcription factor IRF3. To reveal
a potential involvement of IRF3 in the NS5BWT mediated cell growth phenotype we used CRISPR/Cas9
based IRF3 knock-out cells (Figure S4d). In line with our hypothesis, depletion of IRF3 rescued the NS5B
mediated cell growth arrest (Figure 6b). Activation of the RLR signaling pathway has previously
been suggested to lead to a MAVS- or IRF3-regulated cell death through various pathways [31,36–38].
However, in our system we did not observe phenotypic signs of cell death. Moreover, treatment
of cells with the pan-caspase inhibitor Z-VAD-FMK (ZVAD) only or together with the necroptosis
inhibitor Necrostatin-7 (Nec-7) did not rescue the NS5BWT induced cell growth defect (Figure 6c).
This indicates that MAVS triggers IRF3-dependent signaling events or expression of effector genes
which are responsible for the observed caspase-independent cytostasis.
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Figure 4. NS5B expression but not IFN treatment leads to reduced cell growth. (a) Cell growth of A549
cells 5 days after NS5BWT or NS5Bmut transduction as determined by live cell imaging (mean ± s.d. of
n = 5 technical replicates). One representative of n = 3 independent experiments is shown. (b) Cell
growth of A549 cells 5 days after NS5BWT or NS5Bmut transduction with increasing dilutions of NS5B
expressing lentivirus (mean ± s.d. of n = 4 technical replicates). (c) Cell growth of PH5CH8 cells 5
days after NS5BWT or NS5Bmut transduction as determined by live cell imaging (mean ± s.d. of n = 4
technical replicates). One representative of n = 3 independent experiments is shown. (d,f) Cell growth
of A549-IFIT1-eGFP cells treated with 8.25 ng/mL IFN-α (d), 17 IU/mL IFN-β (e), or 9 ng/mL IFN-λ
(f) for the indicated time (mean ± s.d. of n = 4 technical replicates and n = 3 independent experiments).
Left y-axis shows the percentage confluence and the right y-axis the IFIT1-eGFP expression based on
the confluence-normalized green integrated intensity per well.
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Figure 5. Counter selection of mitochondrial antiviral signaling protein (MAVS) expressing
cells. (a) Western blot showing protein expression levels of StrepII-HA-tagged MAVS (SH-MAVS)
and β-actin(ACTB) in doxycycline (dox)-treated HEK-FlpIn-MAVS cells. (b) IFN-β mRNA levels in
HEK-FlpIn-GFP or -SH-MAVS cells, non-treated, 1 µg/mL dox-treated or poly-I:C (1 µg / 1 × 106 cells)
transfected for 1 day. Fold change (f.c.) over GAPDH was calculated (mean + s.d. of n = 2 technical
replicates). (c) Western blot of SH-MAVS, IFIT3, and ACTB protein expression in HEK-FlpIn-MAVS
cells non-treated or continuously treated with 1 µg/mL dox for the indicated days. (d) Total proteome
analysis of HEK-FlpIn-MAVS cells non-treated or 1 µg/mL dox-treated for the indicated days. Box
and whisker plots (median, hinges: 1st and 3rd quartiles, whiskers: ± 1.5 × inter-quartile-range)
represent row-wise Z-scored median log2 LFQ intensities (n = 4 technical replicates) of proteins,
overlapping with proteins significantly upregulated at 6 days post NS5BWT transduction. (e) Cell
growth assay of HEK-FlpIn-MAVS cells non-treated or 1 µg/mL dox-treated for the indicated hours
(mean± s.d. of n = 9 technical replicates). One representative of n = 3 independent experiments is shown.
(f) Cell growth and IFIT1-eGFP expression of A549-IFIT1-eGFP cells stimulated with the supernatant
of 1 day 1 µg/µL dox-treated HEK-FlpIn-MAVS cells (mean ± s.d. of n = 4 technical replicates of
n = 3 independent experiments). Left y-axis shows the percentage confluence and the right y-axis
the IFIT1-eGFP expression based on the confluence-normalized green integrated intensity per well.

3.6. Rescue of Cell Growth through Viral Counter Measures

Based on above results, we concluded that continuous stimulation of the RLR pathway leads to
a MAVS- and IRF3-dependent, but IFN-independent counter selection of cells. Accordingly, persistent
viruses need to shutdown RLR signaling not only to prevent recognition and subsequent induction of
IFN signaling, but also to escape metabolic disadvantage and counter selection of cells with activated
RLR pathways. HCV, for example, encodes the protease NS3/4A that cleaves MAVS and thereby
blunts signal transduction [7]. To test if NS3/4A is indeed able to reverse the observed growth
disadvantage, we co-transduced NS5BWT with NS3/4AWT and tested for cell growth as well as IFIT1
induction (Figure 6d and Figure S4e). In fact, expression of NS3/4AWT restored cell growth rates
to levels seen for NS5Bmut control cells (Figure 6d). NS5BWT expressing cells co-transduced with
the enzymatically inactive mutant NS3/4Amut continued to exhibit a strong defect in cell growth
(Figure 6d). To corroborate these findings, we used HEK-FlpIn-MAVS cells transduced with NS3/4AWT.
As for RIG-I-stimulation by NS5BWT expression, MAVS overexpression led to a growth disadvantage
of cells which could be rescued by NS3/4AWT expression (Figure 6e).
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Figure 6. Mitochondrial antiviral signaling protein (MAVS)- and interferon regulatory factor 3
(IRF3)-dependent negative selection of NS5B expressing cells and rescue by HCV NS3/4A. (a) Cell
growth of wild-type and MAVS knock-out A549 cells, 5 days after transduction of either NS5BWT or
NS5Bmut (mean± s.d. of n = 5 technical replicates). One representative of n = 3 independent experiments
is shown. (b) Cell growth of wild-type and IRF3 knock-out A549 cells, 5 days after transduction of either
NS5BWT or NS5Bmut (mean ± s.d. of n = 5 technical replicates). One representative of n = 3 independent
experiments is shown. (c) Cell growth of DMSO, Z-VAD-FMK (ZVAD, 40 µM), or Necrostatin-7 (Nec7,
10 µM) treated A549 cells, 5 days after transduction of either NS5BWT or NS5Bmut (mean ± s.d. of
n = 4 technical replicates). One representative of n = 2 independent experiments is shown. (d) Cell
growth of NS5BWT or NS5Bmut and NS3/4AWT or NS3/4Amut transduced A549 cells (mean ± s.d. of
n = 3 technical replicates). One representative of n = 3 independent experiments is shown. (e) Cell
growth of non-treated or dox-treated HEK-FlpIn-MAVS cells, 5 days after NS3/4AWT or NS3/4Amut

transduction (mean ± s.d. of n = 9–12 technical replicates). One representative of n = 3 independent
experiments is shown.

In summary, we show that expression of an RNA virus RdRP (HCV NS5B) leads to aberrant,
putatively randomly primed synthesis of RNAs that are recognized by the innate immune sensor RIG-I.
We could show that stable transduction of cells with NS5BWT is an elegant means of triggering the RLR
pathway at the ligand level, omitting manipulation of the pathway itself. Surprisingly, the elicited
antiviral ISG response ceased over the course of 2–3 weeks due to growth deficits of strongly stimulated
cells. We could demonstrate that this cytostatic effect is not mediated by IFNs or caspase-dependent
apoptosis, but is regulated by RLR signaling involving MAVS as well as IRF3. This indicates that
viruses that continuously trigger the RLR pathway do not only have to deal with the ensuing antiviral
effector state, but also with reduced viability of their host cells. Hence, by targeting MAVS through
the NS3/4A protease, HCV reduces production of IFNs and in the same turn restores cell viability
(Figure 7).
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Figure 7. IRF3-mediated, but interferon- and caspase-independent cytostasis upon prolonged activation
of RLR signaling. Expression of HCV NS5B generates virus-like immune-stimulatory dsRNAs from
cellular RNA that are detected by the pattern-recognition receptor RIG-I. Activation of RIG-I triggers
downstream signaling via MAVS, IRF3 phosphorylation, and subsequent translocation into the nucleus.
IRF3 binding to the IFN-β and -λ promotor enhancers induces expression of IFNs which activate
the antiviral immune system. Prolonged stimulation of the innate immune response caused a prominent
IRF3-mediated growth defect of cells most strongly stimulated and was independent of IFN signaling
or caspase activity. By targeting MAVS through NS3/4A, HCV not only dampens activation of the IFN
response, but also restores cell viability in infected cells.

4. Discussions

Despite potent measures of the innate and adaptive immune system, some viruses are able to
establish a persistent infection. While viruses such as Hepatitis B virus follow a stealth strategy that
prevents detection by the immune system [39,40], others, such as HCV, constantly trigger antiviral
signaling [41]. Continuous stimulation of the innate immune system has been linked to autoimmune
diseases, cancer, and tissue damage [42–46]. Moreover, accumulating evidence underlines the existence
and importance of negative regulation of antimicrobial immune responses, which would affect clearance
of viral pathogens [6]. Hence, studying the effects of prolonged activation of antiviral pathways is
crucial to understand the molecular mechanisms leading to chronicity.

In the present study, we developed an experimental system allowing for continuous ligand-based
stimulation of the cell-intrinsic antiviral signaling pathway in absence of any perturbation, e.g.,
overexpression of pathway components or virus-encoded antagonists. For this purpose, we ectopically
expressed the RdRP of HCV, which has previously been shown to give rise to immune-stimulatory
RNA products inducing a prototypical antiviral ISG response. While an early report described antiviral
signaling upon NS5B expression to be mediated through (overexpressed) TLR3 [29], more recent studies
clearly attributed ISG production to activation of the RLR/MAVS axis [21,23]. In line with these reports,
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we observed a strict dependence of ISG expression on the presence of RIG-I and MAVS. Moreover, HCV
infection was reported to generate an almost exclusively RLR-dependent signal and actively evades
TLR3-sensing by secreting double-stranded RNA intermediates through the exosomal pathway [47].
Apart from RIG-I and TLR3, Vegna et al. [48] discovered NOD1 as an additional cytosolic receptor that,
together with its signaling adaptor RIPK2, induces expression of ERK, IL-8, and TNF-α upon NS5B
activity. In accordance with our results, they also found an involvement of RIG-I in IFN-β induction
upon NS5B expression and could rule out that the two pathways were coupled.

Consequently, stable transduction of cells with NS5B promised to be a suitable system to
continuously stimulate the RIG-I pathway by constantly supplying intracellular RNA ligands.
Surprisingly, ISG expression reproducibly faded approx. 1 week after transduction, and completely
ceased after 2–3 weeks, despite ongoing NS5B expression. Such a dampening of the observed ISG
signature could be due to activation of negative feedback regulations. Interferon stimulated proteins
such as USP18, SOCS1/2, DAPK1, ISG15, LGALS3BP [12,13,49–52], and others have been shown
to negatively regulate IFN induction and/or IFN signaling. However, proteomic analyses did not
show long-term upregulation of negative regulators, but only short-term induction (e.g., of ISG15
and LGALS3BP) and subsequent downregulation, comparable to the global ISG response upon
prolonged NS5B expression. Moreover, challenging of NS5B expressing cells with RIG-I inducing
Sendai virus yielded robust ISG induction at every time point, strongly arguing against an induction of
negative feedback loops rendering cells refractory to IFN signaling and ISG production. Detection of
NS5B generated immune-stimulatory RNAs throughout the experiment was further attempted by total
RNA isolation and treatment of reporter cells to monitor RNA levels capable of inducing RLR signaling.
This approach failed, indicating that the fraction of stimulatory RNA within the total isolated RNA
was too little to induce a detectable reporter activation. Strong dilution of the immune-stimulatory
RNA was likely caused by the small number of cells expressing high levels of NS5B versus the large
number of NS5B low expressing cells. We have further performed experiments employing continuous
treatment of cells with IFN-α for 2 weeks, but did not observe a downregulation of ISGs. This is in
contrast to the concept of IFN refractoriness [26,53], which, however, was mostly described in mice
and might be strongly cell-type specific.

While the decrease in strength of the innate immune response over time did not appear to be due
to an active suppression by negative immune regulators, it correlated with a gradual reduction of
NS5B expression, which stabilized at lower levels. This suggests a type of negative regulation that
only permits high level expression of NS5B for a short period of time. A possible explanation for
reduced NS5B expression in a cell population could be negative selection of cells that express high
amounts of NS5B and, as a result, induce a strong antiviral response. Indeed, NS5B expression had
a significant cytostatic effect, but the underlying reason was not clear. It is widely accepted that high
amounts of type-I IFNs have cytostatic and/or cytotoxic effects [27–29]. However, prolonged treatment
with recombinant IFN-α, -β or -λ did not affect cell proliferation in our system. Therefore, it appeared
likely that the observed impact on cell growth was mediated by the upstream IFN-inducing pathways.
We showed that NS5B expression activates RIG-I- and MAVS-dependent signaling, suggesting that this
pathway may be involved in reduced cell proliferation. Indeed, RIG-I activation has been linked to cell
death induction [33,54] and MAVS transfection (i.e., auto-activation) activates apoptosis [32]. In line
with an involvement of this pathway in the observed impairment of cell growth, CRISPR/Cas9 mediated
deletion of MAVS restored normal growth in the presence of high level NS5B expression. This effect
was remarkable since it suggests that other pattern recognition receptors, such as protein kinase R,
Toll-like receptor 3 or the 2′5′oligoadenylate synthetase/RNAseL system, all of which are activated by
double-stranded RNA and linked to cell death induction [55–57], appear to not or only marginally
regulate cell growth upon long-term NS5B expression. Furthermore, manipulation of the pathway
downstream of MAVS by deletion of the transcription factor IRF3 restored normal cell growth
despite NS5B activity. Recently, a RIG-I-like receptor-induced IRF3 mediated pathway of apoptosis
(RIPA) has been described [37,38,58]. Here, linear poly-ubiquitination of IRF3 through the LUBAC
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complex involving, among others, MAVS and TRAF2/6 facilitates the recruitment of IRF3 and BAX
to the mitochondrial membrane, subsequent release of pro-apoptotic factors such as cytochrome C,
and activation of caspase 9. Induction of RIPA through NS5B-derived dsRNA posed a straightforward
explanation for the observed growth defect in NS5B transduced cells. However, in our system,
we did not observe signs of cell death that could explain the strong growth retardation. Additionally,
treatment with the pan-caspase inhibitor Z-VAD-FMK had no effect on cell growth, excluding a major
involvement of caspase-driven apoptosis. This suggests the presence of a RIPA-independent cytostatic
property of IRF3, which might be linked to transcriptional activity. Previous in vitro studies on tumor
cells also indicated an oncogenic potential upon knock-out or mutation of IRF3, while overexpression
decreased cell growth and cell cycle progression, partly through blocking DNA synthesis and apoptosis
induction [59]. In particular, induction of apoptosis was found to be interferon-independent and linked
to the transcriptional activity of DRAF1, a dsRNA-activated transcription factor complex composed
of IRF3 and CREBBP [60]. These studies are in line with our findings of an interferon-independent,
but IRF3-activated cytostatic effect upon stimulation of RLR signaling by NS5B activity. Since IRF3
does not only lead to pro-inflammatory gene expression but has also been linked to induction of
negative regulators [61–63], the here discovered function may be part of this transcriptional program.

Combining our observations, we conclude that—at least in immune-competent A549 cells—it is not
possible to induce a constitutive antiviral state through triggering the RLR pathway. Initial stimulation
of RIG-I in NS5B high-expressing cells led to the production of type-I and -III IFNs that communicated
the antiviral signal across the whole cell population. On the one hand, as RLRs themselves are ISGs, this
IFN response in a positive feedback could further increase the cells’ sensitivity towards NS5B-generated
RNA, thereby rendering the response strong and robust. On the other hand, NS5B expression gradually
decreased throughout the cell population which can be associated with a clear cell growth deficit of
cells with strong RLR activation, leading to a steady counter selection against IFN producing cells.
The combination of both effects, IFN-mediated upregulation of RLR-sensitivity and constant loss of
the inducing stimulus, is a plausible explanation for the observed robust and stable expression of
ISGs for a certain period of time, followed by a steep decline to background levels as soon as NS5B
levels drop below a certain threshold. The here presented cell culture model is therefore well-suited
to study the effects of persistent ligand-based stimulation of innate antiviral pathways without viral
interference. This model system can serve as a basis to broaden our understanding of the prerequisites
for a virus to achieve persistence in the face of a functional cell-intrinsic immune response.

It is intriguing to envisage how the process described above—increasing both, sensitivity to viral
nucleic acids and cellular countermeasures against their amplification—acts during viral infections in
a tissue context. High-level viral replication in a cell is accompanied by PAMP production and, hence,
leads to secretion of IFNs into the surrounding tissue region. While this fortifies antiviral responses
through upregulation of RLRs, the infected cells would suffer from the cytostatic/metabolic burden
of prolonged RLR-signaling as demonstrated in our experiments. Eventually, this would efficiently
limit viral spread and replication, suppress production of PAMPs, and ultimately lead to a gradual
ceasing of the antiviral response. This implies that it is very difficult for RLR-stimulatory viruses to
persistently replicate in a cell. Indeed, HCV, a virus that frequently establishes persistent infections,
has evolved several strategies to counteract those measures. Strategies include PAMP level reduction
through self-limiting RNA replication and active export of dsRNA species [47,64]. Furthermore, while
the infection is persistent on the organ level, it was reported to be highly dynamic on a single cell
level [10,65,66]. Livers infected with HCV contain small clusters of infected cells that are surrounded
by non-infected tissue [65,66]. Both, infected and non-infected regions, exhibit elevated ISG levels [10].
In line with our model, these infected clusters appear to be highly dynamic and are estimated to rarely
be older than 1 week [66]. These dynamics support the notion that RLR stimulation is timely limited,
and in order to establish and maintain persistence, HCV has to continuously re-infect new cells in
tissue areas not currently engaged in an antiviral state. Lastly, HCV’s NS3/4A protease targets MAVS as
central player in the RLR pathway to dampen the IFN-mediated immune response and IRF3-dependent
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apoptosis [8,58]. The here presented data propose that targeting MAVS might be crucial for establishing
persistence as it relieves the cytostatic effects induced by RLR signaling, adding yet another layer of
antiviral properties to this pathway.

Collectively, our data indicate that persistent activation of the RIG-I signaling pathway is
counter selected, which could serve as a cellular strategy to prevent persistent virus infection.
RLR activating viruses either have to reduce PAMP production or actively prevent IRF3 activation.
Our work suggests a rationale for persistent viruses to directly target the RLR signaling pathway that
leads to IRF3 activation since the RLR pathway—besides being responsible for expressing antiviral
cytokines—initiates cytostatic effects that result in counter selection of persistently infected cells.
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Figure S1. Fluorescence-activated cell sorting of NS5BWT-eGFP transduced A549 cells. (a) Scatter plot 

showing the side scatter area (SSC-A) and eGFP fluorescence intensity area (GFP-A) 6 days after 

NS5BWT-eGFP transduction. Non expressing (negative) cells or six populations of cells (P1-6) 

expressing increasing NS5BWT-eGFP levels are separated by vertical lines. The total percentage of cells 

for each sub-population is indicated. (b) Histograms show the GFP-A for negative (black) and 

NS5BWT-eGFP expressing sub-populations.  
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Figure S2. Total cell proteomics of NS5B-transduced A549 cells. Total cell proteomics of A549 cells 6 

(a), 12 (b), 18 (c) and 24 (d) days post transduction of NS5BWT versus NS5Bmut. Significantly up- or 

down-regulated proteins (two-tailed Student’s T-test, S0 = 1, permutation-based FDR < 0.01, n=4 

technical replicates) are shown in black and proteins annotated with the GOBP term “cellular 

response to type I interferon” are highlighted in blue.  
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Figure S3. Hierarchical clustering of NS5BWT upregulated proteins. Hierarchical clustering of Z-

scored log2 LFQ intensities of proteins, significantly upregulated 6 days after NS5BWT as compared to 

NS5Bmut transduced cells. Clustering was performed for all time points after NS5BWT transduction 

using Euclidean distances and Ward as agglomeration method. Four main clusters of differentially 

regulated proteins were identified and gene names including majority protein IDs for each protein 

are shown.  
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Figure S4. (a) NS5B mRNA levels in naïve, NS5BWT or NS5Bmut transduced PH5CH8 cells, 5 days post 

transduction. NS5B fold change (f.c.) over GAPDH was calculated (mean + s.d. of n=3 technical 

replicates). NS5B (b) and IFN-λ (c) mRNA levels in naïve, NS5BWT or NS5Bmut transduced A549 cells, 

5 days post transduction using indicated dilutions of NS5B expressing lentiviruses. NS5B fold change 

over GAPDH and IFN-λ fold change over GAPDH and naïve control was calculated (mean + s.d. of 

n=3 technical replicates). (d) Western blot of IRF3 protein expression in control and IRF3 knock-out 

A549 cells. Calnexin (CANX) was used as loading control. (e) Bar graph shows the mean fluorescence 

intensity (MFI) of IFIT1 in A549 cells transduced as indicated with NS5BWT and/or NS3/4AWT or 

NS3/4Amut (mean + s.d. of n > 1.6×104 single cell events). One representative of n=2 independent 

experiments is shown. 
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Supplementary Material 

Supplementary File S1 

Table S1.1. Plasmids 

Name Origin 

pDONR207 Invitrogen, Carlsbad, CA 

pCMV-dr8.91 Didier Trono, EPFL, Lausanne, Schweiz 

pMD2.G Didier Trono, EPFL, Lausanne, Schweiz 

pWPI BLR rfB Binder et al., 2007 

pWPI EF1a BLR Con1 NS3/4A wt Volker Lohmann, Heidelberg University Hospital, 

Germany 

pWPI EF1a BLR Con1 NS3/4A S139A Volker Lohmann, Heidelberg University Hospital, 

Germany 

lentiCRISPRv2 puro Feng Zhang, Addgene #52961 

pWPI EF1a BLR NS5B dc21 WT eGFP This study 

pWPI EF1a BLR NS5B dc21 dGDD eGFP This study 

pWPI EF1a BLR NS5B dc21 GND eGFP This study 

lentiCRISPRv2 puro IRF3 guideRNA 1 This study 

 

Table S1.2. Primers 

Name Purpose Sequence 

GAPDH fwd qPCR GAPDH TCGGAGTCAACGGATTTGGT 

GAPDH rev qPCR GAPDH TTCCCGTTCTCAGCCTTGAC 

ISG56 fwd qPCR IFIT1 GAATAGCCAGATCTCAGAGGAGC 

ISG56 rev qPCR IFIT1 CCATTTGTACTCATGGTTGCTGT 

IFN-λ-1 fwd qPCR IFN-λ GGTGACTTTGGTGCTAGGCT 

IFN-λ-1 rev qPCR IFN-λ TGAGTGACTCTTCCAAGGCG 

IFN-β-1 fwd qPCR IFN-β CATTCGGAAATGTCAGGAGC 

IFN-β-1 rev qPCR IFN-β TGGAGCATCTCTTGGATGG 

NS5B d21 fwd qPCR NS5B CAAGTATGGATTCGGGGCCA 

NS5B d21 fwd qPCR NS5B CAGGGTAAACGATGAGGCGA 

attB1NS5B fwd PCR  GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTC

ATACTCCTGGACCGG 

NS5B_GFP fwd PCR CGCGCGCCCGACCCCGCGTGAGCAAGGGCGAGG 

NS5B_GFP rev PCR CCTCGCCCTTGCTCACGCGGGGTCGGGCGCG 

attB2GFP rev PCR GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTG

TACAGCTCGTCC 
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Table S1.3. Antibodies 

Name Origin Identifier 

Donkey polyclonal anti-Rabbit Alexa 

Fluor 647 

Invitrogen, Carlsbad, CA A-31573 

Goat polyclonal anti-mouse-HRP Sigma Aldrich, Munich, Germany A4416 

Goat polyclonal anti-rabbit-HRP Sigma Aldrich A6154 

Mouse monoclonal anti-ACTB Santa Cruz, Dallas, TX SC-47778 

Rabbit monoclonal anti-HA-HRP Cell Signaling, Danvers, MA 3724 

Rabbit monoclonal anti-IRF3 (D6I4C) 

XP 

Cell Signaling 11904S 

Rabbit polyclonal anti-CANX Enzo Life Sciences, Farmingdale, 

NY 

ADI-SPA-865-F 

Rabbit polyclonal anti-IFIT1 Abnova, Taipei, Taiwan H00003434-DO1 

Rabbit anti-human-IFIT3  

(3 µg/µl, in PBS-glycerin, affinity-

purified) 

Self-made Pichlmair, Lassnig (1) N/A 

Rabbit anti-NS5B Volker Lohmann, Heidelberg 

University Hospital, Germany 

N/A 
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3 Results and Discussion

3.3 Publication P3: A protein-interaction network of
interferon-stimulated genes extends the innate
immune system landscape

Detection of viral nucleic acids by germline-encoded pattern recognition receptors
activates downstream signaling cascades to ultimately establish protective antiviral
immunity. At the center of this response system are the interferon (IFN) family of cy-
tokines, which are secreted upon virus infection to activate immunity in neighboring
cells. Type I IFNs bind to the IFN-a receptor, trigger JAK-STAT signaling and induce
formation of the transcription factor complex ISGF3, which binds to genes with IFN-
stimulated response elements (Schoggins 2019). Products of IFN-stimulated genes
(ISGs) constitute the backbone of the innate immune system and exert pleiotropic
functions within the immune responses to eventually limit virus spreading. While
some ISGs encode direct antiviral effectors such as PKR, ISG15 and MX1, others
work in a concerted manner (e.g. IFIT1, -2 and -3). However, so far not much is
known about the precise mechanism of action for hundreds of ISGs, including their
potential dependence on additional cellular co-factors indispensable for full antiviral
activity (Sadler et al. 2008).
Using affinity purification mass spectrometry combined with functional analyses we
uncovered novel ISG protein-protein interactions and molecular mechanisms by which
particular ISGs contribute to establish antiviral immunity. Thereby, we identified
2,734 interactions between 104 ISGs and 1,401 cellular proteins, of which 90% were
so far unknown. We then utilized an integrative approach using public databases as
well as ISG depletion, gain of function and virus infection experiments and uncov-
ered novel mechanistic insights such as the activation of NF-kB signaling by P2RY6,
an impairment of the CCR4-NOT complex by ANXAR2 and a negative regulation
of the IFN response by LGALS3BP. Interestingly, anti-Influenza A virus activity of
particular ISGs, such as IFITM3, MX1 and NOD2, was found to be potentially de-
pendent on the engagement of cellular co-factors, which directly interacted with viral
ribonucleoprotein complexes to support virus replication.
In summary, this publication contributes a comprehensive proteomics study that ex-
tends the known ISG protein-interaction network and provides novel starting points
to target cellular systems for antiviral therapies.
I was able to contribute to this study by validating ISG protein-protein interac-
tions, that were identified by affinity purification mass spectrometry, using a co-
immunoprecipitation with immunoblotting approach.

115



3 Results and Discussion

A protein-interaction network of
interferon-stimulated genes extends the

innate immune system landscape

Philipp Hubel, Christian Urban, Valter Bergant, William M. Schneider, Barbara
Knauer, Alexey Stukalov, Pietro Scaturro, Angelika Mann, Linda Brunotte, Heinrich
H. Hoffmann, John W. Schoggins, Martin Schwemmle, Matthias Mann, Charles M.
Rice and Andreas Pichlmair.

Author contributions:

P.H., C.U., V.B. B.K., W.M.S., P.S., L.B., H.H.H and A.M. conducted experiments.
P.H. and A.S. analyzed data. M.S. and J.W.S. contributed critical reagents. P.H.,
M.S., M.M., C.M.R., A.S, P.S. and A.P. designed the experiments and wrote the
paper.

Figures based on data generated by Christian Urban:
Supplementary Figure 2 d
Supplementary Figure 3 d, e
Supplementary Figure 4 a
Supplementary Figure 5 b

published in

Nature Immunology (2019)

Reprint from Hubel et al. 2019 under exclusive license to Springer Nature America, Inc.

116



ResouRce
https://doi.org/10.1038/s41590-019-0323-3

1Innate Immunity Laboratory, Max-Planck Institute of Biochemistry, Munich, Germany. 2Institute of Virology, School of Medicine, Technical University 
of Munich, Munich, Germany. 3Laboratory of Virology and Infectious Disease, The Rockefeller University, New York, NY, USA. 4Institute of Virology, 
Westfaelische Wilhelms-University Muenster, Muenster, Germany. 5Cluster of Excellence ‘Cells in Motion’, Westfaelische Wilhelms-University Muenster, 
Muenster, Germany. 6Department of Microbiology, University of Texas Southwestern Medical Center, Dallas, TX, USA. 7Institute of Virology, Medical 
Center University of Freiburg, Freiburg, Germany. 8Department of Proteomics and Signal Transduction, Max-Planck Institute of Biochemistry, Munich, 
Germany. 9German Center for Infection Research (DZIF) Munich Partner Site, Munich, Germany. *e-mail: andreas.pichlmair@tum.de

Defense against viral infections relies on rapid and massive 
engagement of cellular proteins with antiviral properties. 
Germline-encoded pattern-recognition receptors sense the 

presence of pathogens and initiate a signaling cascade leading to 
the induction of antiviral cytokines, including type-I interferons  
(IFN-α/β). IFN-α/β bind to the IFN-α/β receptor (IFNAR), initiating 
signaling that culminates in the expression of interferon-stimulated 
genes (ISGs). In summary, viral infection triggers the expression of 
several hundred proteins covering a wide range of biological activi-
ties. Among these proteins are pattern-recognition receptors (for 
example RIG-I, MDA5 and Toll-like receptors), signaling molecules 
(for example, MYD88 and MAVS), transcription factors (for exam-
ple members of the interferon-regulatory family (IRFs) and mem-
bers of the signal transducer and activator of transcription family 
(STATs)) and proteins with direct antiviral functions (for example, 
Mx proteins and interferon-induced proteins with tetratricopeptide 
repeats (IFITs)), as well as negative regulators of immune responses 
(for example suppression of cytokine signaling proteins, DAPK1) 
that prevent overshooting of immune reactions. ISGs are thus a het-
erogeneous group of proteins that serve different purposes related 
to direct antiviral defense and immune regulation.

Although some ISGs have been studied in detail, the modes of 
action of a large majority of ISGs are still unknown. Much knowl-
edge on their functional activities has been gained from overex-
pression screens in which single ISGs were expressed and their 
antiviral activity was tested against different viruses1,2. Even though 
these studies identified antiviral effects for individual ISGs, most 

of the underlying molecular mechanisms remained unknown. It is 
accepted that many proteins must interact with one or more other 
cellular factors to achieve full activity. In line with this notion, some 
ISGs form multiprotein complexes to attain optimal antiviral effi-
ciency. Examples are IFIT1, IFIT2 and IFIT3, which show only 
marginal antiviral activity when individually expressed. However, 
co-expression of IFITs leads to the formation of large heteropro-
tein complexes that recruit additional cellular proteins and together 
confer potent antiviral effect. Similarly, interferon-induced E3 ubiq-
uitin ligases, such as the RIG-I activating protein TRIM25, require 
constitutively expressed E2 and E1 ubiquitin ligases. In addition, 
TRIM25 requires ZC3HAV1 (ZAP) to efficiently mediate RIG-I 
ubiquitination and activation3,4. Although the importance of ISGs 
for the antiviral response of the host is well accepted, the cellular co-
factors associating with ISGs have not yet been systematically stud-
ied. Here we conduct a survey on the basis of affinity proteomics to 
systematically chart the ISGs protein-interaction network. We aim 
to illuminate the molecular mechanisms underlying their antiviral 
potential and to identify additional cellular factors that are critically 
required by the innate immune system.

Results
Identification of novel ISG binding partners using mass spec-
trometry. To select ISGs that represent a wide range of antiviral 
activities, we performed a meta-analysis of single ISG overexpres-
sion studies conducted in 5 cell types that covered 20 viruses from 
9 virus classes (Supplementary Table 1). We identified proteins that 

A protein-interaction network of interferon-
stimulated genes extends the innate immune 
system landscape
Philipp Hubel1, Christian Urban2, Valter Bergant2, William M. Schneider3, Barbara Knauer1, 
Alexey Stukalov1,2, Pietro Scaturro1,2, Angelika Mann1, Linda Brunotte4,5, Heinrich H. Hoffmann3, 
John W. Schoggins   3,6, Martin Schwemmle7, Matthias Mann   8, Charles M. Rice3 and 
Andreas Pichlmair   1,2,9*

Interferon-stimulated genes (ISGs) form the backbone of the innate immune system and are important for limiting intra- and 
intercellular viral replication and spread. We conducted a mass-spectrometry-based survey to understand the fundamental 
organization of the innate immune system and to explore the molecular functions of individual ISGs. We identified interactions 
between 104 ISGs and 1,401 cellular binding partners engaging in 2,734 high-confidence interactions. 90% of these interac-
tions are unreported so far, and our survey therefore illuminates a far wider activity spectrum of ISGs than is currently known. 
Integration of the resulting ISG-interaction network with published datasets and functional studies allowed us to identify regu-
lators of immunity and processes related to the immune system. Given the extraordinary robustness of the innate immune sys-
tem, this ISG network may serve as a blueprint for therapeutic targeting of cellular systems to efficiently fight viral infections.
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have antiviral activity against a wide range of viruses (for example 
IRF2, IRF7 and MAP3K14) as well as proteins specific to a single 
virus class (for example TCF7L2 and DDX60) (Supplementary 
Table 1). Among these proteins, we selected 104 ISGs with diverse 
antiviral properties (Supplementary Fig. 1a), expressed them as 
Strep-II-Hemagglutinin (SH)-tagged fusion proteins in doxycy-
cline-inducible HeLa-FlpIn or HEK-FlpIn TREX cells and vali-
dated their expression by immunoblotting. We confirmed that this 
expression system preserves functionality of the ISGs by testing the 
antiviral activity of MxA and MAP3K14 in comparison to an inac-
tive MxA (M527D) mutant for their ability to impair vesicular sto-
matitis virus (VSV) replication (Supplementary Fig. 1b).

To determine binding partners for these 104 ISGs, we estab-
lished an affinity enrichment with quantitative liquid chro-
matography–tandem mass spectrometry (AE–LC–MS/MS) 
workflow that allowed identification of proteins associating to ISGs 
(Supplementary Fig. 2a). By combining 439 mass-spectrometry 
runs we identified 2,734 high-confidence interactions between 104 
ISG baits and 1,401 cellular proteins (Fig. 1a and Supplementary 
Table 2). The majority of the ISGs (70 out of 104) formed a con-
nected network (Fig. 1a). Ten percent of the interactions identi-
fied here were already reported in public databases (Supplementary 
Fig. 2b). As well as confirming many reported ISG interactors (for 
example FBOX6, PSMB9 and JADE2), we additionally character-
ized the cellular interactomes of a number of ISGs that have not yet 
been comprehensively studied (for example IRF2, IRF7 and NOD2) 
(Supplementary Fig. 2c). We confirmed the reliability of this 
approach further by validating a subset of these novel interactions 
through co-immunoprecipitation with immunoblotting. OASL 
interacted with the helicase LARP7, known for its ability to unwind 
RNA and its involvement in RNA degradation (Supplementary 
Fig. 2d). The RNA helicase LGP2 co-precipitated the DNA sensor 
IFI16. Interferon stimulatory protein C14ORF166 bound RTCB, a 
protein involved in tRNA splicing and eIF3e interacted with the 
ISGs DDX60 and CD74 (Supplementary Fig. 2d).

On a global level, these data allowed us to infer previously unde-
scribed ISG-related biological processes. Only 30% of the Gene 
Ontology (GO) terms enriched in our network were directly or 
indirectly associated to the analyzed ISGs, according to semantic-
similarity clustering5 (Fig. 1b and Supplementary Table 3). In par-
ticular, many of the new ISG interactors identified here are involved 
in apoptotic processes, NF-κB regulation and the innate immune 
response (Fig. 1c).

Among cellular proteins that were specifically targeted by ISGs, 
we identified proteins involved in innate defense mechanisms, cell 
cycle, and protein metabolism (Fig. 1d and Supplementary Table 3). 
In particular, this analysis confirmed known interactions but also 
revealed novel interactions between ISGs and proteins involved in 
NF-κB regulation (Fig. 1c and Supplementary Fig. 2e). Moreover, a 
prominent group of ISGs associated with proteins involved in intra-
cellular transport (Fig. 1d), indicating that ISGs have a major effect 
on intracellular trafficking. We also found unexpected interactions 
between ISGs and proteins involved in energy metabolism, sug-
gesting that ISGs influence cellular metabolic activity (Fig. 1d and 
Supplementary Fig. 2f). For instance, apoptosis facilitator Bcl-2-like 
protein 14 (BCL2L14) associated with succinate dehydrogenase 
(SDHB) and succinate–Co-A ligase complex members (SUCLG1, 
SUCLG2, SUCLA2), as well as members of the ubiquinone oxido-
reductase complex (NDUFAF4, NDUFS2), suggesting regulation of 
complex-II activity in mitochondria (Supplementary Fig. 2f).

This comprehensive analysis allowed us to evaluate the over-
all organization of the ISG protein–protein interaction network. 
Nearly half of the interactors identified (694 proteins) were found 
to interact with one individual ISG, while 707 proteins interacted 
with more than one ISG bait (Figs. 1a and 2a and Supplementary 
Table 2). Strikingly, two proteins were interacting with as many as 

nine baits: LGALS3BP and COPB1. This analysis uncovered inter-
actions between ISGs mediated by cellular proteins (Fig. 2b), as 
well as direct interactions between ISGs (Supplementary Fig. 3a  
and Supplementary Table 2). For instance, we could confirm pre-
viously described IFIT1–IFIT3 and ATF3–JUNB interactions 
(Supplementary Fig. 3a). Of particular interest are novel interac-
tions, such as IRF2–TRIM25, which point towards a role for ubiq-
uitination in IRF2-mediated gene transcription (Supplementary  
Fig. 3a). Furthermore, our data identified a novel interaction 
between BST2 (also known as tetherin) and the NF-κB modula-
tor NOD2 (Supplementary Fig. 3a,b), which may explain reports 
describing BST2-mediated NF-κB regulation4,6,7.

Proteins connected to multiple ISGs were implicated in pro-
tein folding, endoplasmic reticulum (ER)-to-Golgi transport, 
neutrophil degranulation as well as viral processes (Fig. 2c (red) 
and Supplementary Table 4). Notable examples of highly con-
nected proteins, recently described as host-dependency factors 
critically required by diverse viruses8–10, are the transport pro-
tein COPB1 and UBR4, which is involved in protein degradation 
(Supplementary Fig. 3c). ISGs also prominently engage members 
of the nuclear pore complex that are reported to have antiviral 
activity, these include XPO1 (also known as CRM1), NUP210 and 
NUP155. We validated CSE1L (also known as exportin-2) and 
KPNB1 (importin-β1) binding to five and six individual ISGs, 
respectively (Supplementary Fig. 3d,e).

Notably, proteins specifically binding to a single ISG bait were 
often associated with signaling pathways related to immune sys-
tem modulation (TNF signaling pathway, T cell signaling pathway, 
C-type lectin signaling pathway, MAPK cascade) (Fig. 2c (blue) and 
Supplementary Table 4). The data from the ISGs tested here, indi-
cate that some ISGs have a particular role in regulation of the anti-
viral immune response.

ISGs associate with viral ribonucleocomplexes through cellular 
factors. ISGs are the frontline of cellular antiviral responses, thus 
they have to directly or indirectly associate with viral components 
to limit viral spread. To study whether ISGs or their interactors 
associate with viral proteins, we used a recombinant influenza A 
virus (FluAV) expressing an affinity-tagged PB2 subunit, a central 
component of the viral ribonucleoprotein (vRNP) complex. AE–
LC–MS/MS analysis identified 58 proteins bound to the FluAV 
vRNP complex during the initial phase of infection (Fig. 3a,  
Supplementary Fig. 3f and Supplementary Table 5). Although we 
did not identify direct interactions between ISGs and the vRNP, 
34 of the 58 vRNP interactors were part of the ISG interactome 
(Fig. 3a). These 34 vRNP binders associated with 26 ISGs, which 
showed significantly higher antiviral activity against FluAV 
compared with the remaining 78 ISGs in our study (Fig. 3b and 
Supplementary Table 1). These 26 ISGs included five (IFITM3, 
MX1, NOD2, DDX60 and TCF7L2) of the six ISGs that showed 
highest specific anti-influenza activity in previous overexpression 
studies1 (Fig. 3c and Supplementary Table 1). This suggests that 
to target vRNP complexes, ISGs use proteins that are not neces-
sarily regulated by type-I interferons. These data might explain 
the specificity of some ISGs, such as DDX60, which are active 
against FluAV but not against other viruses upon overexpression 
(Supplementary Table 1). DDX60 and FluAV–vRNP both interact 
with PPP6R3, a subunit of the cellular serine/threonine protein 
phosphatase 6 (PP6) complex that is required for influenza virus 
replication and vRNA nuclear export11. Similarly, TCF7L2 shares 
six proteins interacting with influenza vRNPs, including ANP32B, 
PDCD6, STUB1, which have known functions in either virus rep-
lication or immune processes12–14. Therefore besides the reported 
ability of some ISGs to directly interact with viral structures, our 
data suggest that ISGs engage cellular proteins that are important 
for virus replication.
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Data intersection identifies the lectin-binding protein 
LGALS3BP as an immune regulator. Intersecting our ISG net-
work with complementary immunity-related datasets revealed a 

strong enrichment of cellular proteins targeted by viral immune-
modulatory open reading frames (vORFs) (Fisher’s exact test 
unadjusted P = 2.92 × 10−83)15 and influenza A virus replication 
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Fig. 1 | Identifying interactions between ISgs and cellular proteins using mass spectrometry. a, ISG network derived from AE–LC–MS/MS experiments 
in this study. b, GO terms enriched among ISG interactors: matching to the terms of ISG bait (known), similar to the terms of the bait (related to known) 
or novel. c, Interactions between ISGs and proteins implicated in the specified processes and pathways. Known, published interactions (BioGrid) between 
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Reactome pathways). Each node represents a specific pathway, node size indicates the number of interactions to individual ISGs. Edge thickness between 
nodes represents the number of ISG-interacting proteins shared by both pathways. Halos group closely related pathways. Boxes show ISGs targeting at 
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Hochberg FDR < 0.05 and enrichment factor of at least twofold was set as a threshold. Only pathways significantly enriched among the interactors of at 
least four individual ISGs and baits with at least three interacting proteins were considered.
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factors previously identified by functional genome-wide RNA 
interference knockdown screens (Fisher’s exact test unadjusted 
P = 8.01 × 10−44)9, whereas the other ISGs were represented not so 
prominently (Fisher’s exact test unadjusted P = 0.00392)16 (Fig. 4a 

and Supplementary Table 6). Overall, the ISG interactome was sig-
nificantly enriched with the proteins reported in these public data-
sets compared with the remaining human proteome (Fig. 4b,c). Six 
proteins (KPNB1, LGALS3BP, MYH10, NAP1L1, TUBB2A and 
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VCP) were present in all four independent datasets (ISG network, 
vORF interactome, siRNA screens and Interferome DB), suggest-
ing a central role in antiviral immunity (Fig. 4c and Supplementary 
Table 6). LGALS3BP, a protein that exists both in secreted and non-
secreted forms17–19, was highly connected in the ISG interactome 
(Figs. 2a and 4c). Importantly, we validated binding of LGALS3BP 
to six intracellular proteins by co-immunoprecipitation assay 
(Supplementary Fig. 4a). Furthermore, LGALS3BP depletion in dif-
ferent cell lines reduced FluAV–driven renilla luciferase (Ren) and 
VSV–driven firefly luciferase (Luc) expression to a similar extent as 
ATP6V0D1, a subunit of the ATP proton pump absolutely required 
for productive FluAV entry (Fig. 4d and Supplementary Fig. 4b,c). 
An influenza A virus replicon system, which selectively tests for 
the activity of the viral polymerase and reporter gene expression, 
was also affected by LGALS3BP depletion, suggesting a mecha-
nism of inhibition that is independent from virus entry or assembly 
and does not produce significant cytotoxic effects (Supplementary  
Fig. 4d,e). To gain additional insights into LGALS3BP antiviral 
activity, we compared the total proteomes of FluAV-infected and 

non-infected HeLa cells lacking LGALS3BP. LGALS3BP knock-
down led to a significant upregulation of proteins linked to antiviral 
immunity, most notably ISGs (Fig. 4e, Supplementary Fig. 4f,g and 
Supplementary Table 7). Short interfering RNA (siRNA)-mediated 
depletion of LGALS3BP, but not of control proteins, led to sponta-
neous expression of IFIT3 (Fig. 4f), and positively stimulated ISGs 
expression, as indicated by global analysis of proteome expression 
(Supplementary Fig. 4h,i and Supplementary Table 7). Collectively, 
these data suggest that LGALS3BP negatively regulates the inter-
feron response, explaining its broad antiviral activity on diverse 
virus genera. This example shows how integration of the ISG inter-
actome with other datasets can accelerate the search for novel pro-
teins critically required for virus growth and immune regulation.

Cell-death modulating ANXA2R interacts with the RNA-
degrading CCR4–NOT complex. Proteins assemble into func-
tional complexes to form operative units. Therefore we mined 
the ISG interactome for protein complexes that are enriched by 
individual or multiple ISGs (Fig. 5a and Supplementary Table 3). 
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In summary, we identified 80 protein complexes. Although the 
proteasome complex, the eukaryotic translation initiation fac-
tor complex and the spliceosomal complex were targeted by two 
or more ISGs, other complexes predominantly bound individual 
ISGs. MAP3K14, TNFSF13B and ATF3, for instance, very specifi-
cally co-precipitated protein complexes related to their described 
functions (Fig. 5b). A subset of ISGs associated with cellular com-
plexes that were not previously linked to innate immunity (Fig. 
5c and Supplementary Fig. 5a). Notable examples within this 
dataset were annexin-2 receptor (ANXA2R), GCH1 and OASL. 
Among these, the largely unstudied ANXA2R was unique in its 
specific enrichment for components of the CCR4–NOT complex  
(Fig. 5c), a key player in RNA degradation. We confirmed the 

potent interaction between ANX2R and CNOT1, a core compo-
nent of the CCR4–NOT complex, using co-immunoprecipitation 
with immunoblotting (Supplementary Fig. 5b). Furthermore, as 
predicted by our meta-analysis (Supplementary Fig. 1a), ANXA2R 
exhibited strong antiviral activity in virus replication assays using 
a doxycycline-inducible cell line (Supplementary Fig. 5c). In line 
with previous publications20, persistent ANXA2R expression led 
to cytotoxic effects (Supplementary Fig. 5d), a phenotype that has 
also been reported in cell lines that were depleted for CNOT1, a 
critical component of the CCR4–NOT complex21. To rule out 
possible pleiotropic effects resulting from cell death, we induced 
ANXA2R expression for very short time frames, using conditions 
that had no detectable detrimental effects on cell viability. Under 
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these conditions, replication of VSV was significantly reduced, 
confirming a direct antiviral role of ANXA2R (Supplementary  
Fig. 5e,f). The CCR4–NOT complex regulates expression of a  

subset of genes21–23. Notably, ANXA2R expression specifically led 
to a prominent re-distribution of CNOT1 to perinuclear areas, 
suggesting a potential perturbation of CCR4–NOT activity in 
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(see Supplementary Fig. 5d). Two-tailed t-test permutation-based FDR < 0.01, S0 = 0.5, n = 6 independent samples. ND, not detected. d,e, Control HEK-
FlpIn TREX cells and HEK-FlpIn TREX P2RY6 cells were infected with RVFV Clone 13 for 18 h (m.o.i. = 0.1) or not infected and used for AE–LC–MS/MS 
analysis. d, Enrichment of P2RY6-associated proteins in uninfected (x axis) and infected conditions (y axis) relative to the background. Dashed lines 
correspond to ±3.5 × log2(fold change of association strength between the infected and non-infected conditions) and define the proteins that, upon RVFV 
infection, associate more strongly (red) or more weakly (blue) to P2RY6. Dot size corresponds to the significance of infection-dependent association 
changes. Two-tailed Welch’s t-test, permutation-based FDR = 0.05, S0 = 1, n = 3. e, LFQ intensities of the selected proteins in the affinity enrichments 
using non-infected or RVFV (Clone 13)-infected P2RY6-expressing or empty control cells. f, HEK293 cells were co-transfected with a NF-κB–Luc reporter 
construct, an EIF1a–Ren control and a plasmid expressing P2RY6 for 20 h. Where indicated, cells were either treated with the P2RY6-specific ligand 
MRS2957 (250 nM) alone or in combination with a CD40–RAF6 specific inhibitor (3-[(2,5-dimethylphenyl)amino]-1-phenyl-2-propen-1-one, 1 µM) for an 
additional 8 h. Shown are luciferase/renilla activity ratios (mean ± s.d., n = 4 in relation to GFP control transfection; one representative experiment of three 
is shown). *P < 0.0001 on the basis of a one-way ANOVA with Dunnett’s multiple comparisons test. g, The proposed mechanism of P2RY6-mediated 
NF-κB and AP1 activation through TRAF6.
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the presence of ANXA2R (Supplementary Fig. 5g). To investigate 
this hypothesis further, we used LC–MS/MS analysis of control 
or CNOT1 siRNA-depleted cells to identify the subset of proteins 
that are regulated in a CNOT1-dependent manner. This analysis 
led to the identification of 95 significantly up- and 36 downregu-
lated proteins (Supplementary Fig. 5h and Supplementary Table 7). 
We compared these data with time-resolved proteome expression 
analysis of ANXA2R-expressing HeLa cells (Supplementary Fig. 
5i,j and Supplementary Table 7). Notably, proteins upregulated by 
CNOT1 depletion were generally also upregulated upon ANXA2R 
induction (Supplementary Fig. 5h–j). Conversely, CNOT1-
dependent proteins—including CNOT1 itself—were specifically 
downregulated in the presence of ANXA2R (Supplementary Fig. 
5i,j). Altogether, these data indicate that ANXAR2 expression leads 
to impairment of CCR4–NOT function. Moreover, these findings 
exemplify that the ISG interactome can resolve targeting of indi-
vidual complexes engaged in the innate antiviral response, thereby 
expanding our current knowledge of the innate-immune-regulated 
cellular machinery.

ISG interaction partners suggest antiviral functions. Although 
most of the ISG interactors we identified are not interferon-stim-
ulated, ISGs could interact with these proteins to modulate their 
activity. To test this hypothesis, we asked whether ISGs target pro-
teins that have been reported to modulate influenza virus growth 
in genome-wide siRNA knockdown screens (Fig. 6a, gray inset). 
We identified 15 ISGs, which showed a significant enrichment of 
FluAV modulatory proteins (Fisher’s exact test unadjusted P ≤ 0.01; 
P2RY6, CD74, UNC93B1, SLC15A3 and MAB21L2 showed the 
highest P-value) (Fig. 6a and Supplementary Table 6). We focused 
our attention on P2RY6, a plasma-membrane-bound G-protein-
coupled nucleotide receptor, which has not been studied in detail 
in the context of antiviral immunity. In line with ISG overexpres-
sion studies, doxycycline-driven expression of P2RY6 in HEK-
FlpIn TREX cells potently inhibited replication of Semliki forest 
virus (SFV), VSV and FluAV (Fig. 6b and Supplementary Fig. 6a,b). 
Antiviral activity could be further boosted by the specific P2RY6 
agonist MRS2957 (Fig. 6b and Supplementary Fig. 6c). To assess 
the potential function of P2RY6 and its agonist, we performed total 
proteome analysis in P2RY6-expressing cells. These data indicated 
that P2RY6 expression leads to differential expression of a subset 
of proteins (Fig. 6c, Supplementary Fig. 6d and Supplementary 
Table 7), which were associated with AP1 and NF-κB signaling 
(Supplementary Fig. 6e). Indeed, the activation of NF-κB by P2RY6 
expression could be confirmed by reporter assays (Supplementary 
Fig. 6f) as previously suggested24. The ISG interactome data sug-
gested binding of P2RY6 to ubiquitin-conjugating enzyme E2 vari-
ant 1 (UBE2V1) (Supplementary Fig. 2e and Supplementary Table 2),  
which is a central component for K63-dependent ubiquitination of 
TRAF proteins in response to pathogen sensing and inflammatory 
signal amplification25. To assess potential molecular mechanisms of 
P2RY6-dependent inflammatory signaling we performed AE–LC–
MS/MS experiments in virus-infected cells. Using MAP3K14 as a 
prototypic case confirmed feasibility of this approach; infection with 
a cytokine-inducing clone 13 of Rift Valley fever virus (RVFV)26 led 
to a dissociation of NF-κB inhibitory components from MAP3K14 
precipitates (Supplementary Fig. 6g and Supplementary Table 8). 
Similar experiments with P2RY6 as bait identified JUNB, an AP1-
specific transcription factor, and TRAFD1, which is involved in 
TRAF6-mediated NF-κB signaling, as RVFV infection-dependent 
P2RY6 interactors (Fig. 6d,e). Conversely, P2RY6 lost its interaction 
to UBE2V1 in presence of RVFV (Fig. 6e and Supplementary Table 8).  
Therefore, these data corroborated that P2RY6 directly triggers 
NF-κB activation through regulation of TRAF6-mediated signal-
ing. To test this hypothesis we used a TRAF6 inhibitor and tested 
its influence on P2RY6-dependent NF-κB activation. Notably,  

inhibition of TRAF6 completely abrogated P2RY6-dependent 
NF-κB activation (Fig. 6f). Altogether, the data indicate engagement 
of a specific signaling pathway in response to P2RY6 activation. 
P2RY6 engages the E3 ubiquitin ligase UBE2V1 under steady-state 
conditions, and virus infection drives binding of the negative regu-
lator TRAFD1 to P2RY6, which might facilitate TRAF6-mediated 
activation of NF-κB and AP1 signaling (Fig. 6g). Collectively, these 
data demonstrate that the ISG interactome provides entry points for 
hypothesis-driven characterization of specific signaling events that 
are activated during virus infections.

Discussion
The evolutionarily shaped antiviral immune system is highly effi-
cient and relies on the function of ISGs that employ multiple 
pathways and act together to control a wide variety of pathogens. 
However, the influence of ISGs on the cellular landscape and their 
engagement of cellular proteins is only partially defined. The ISG 
interactome presented here allows several considerations regarding 
the organization of the innate immune system. For instance, some 
of the ISG interactors were previously found to be relevant for virus 
replication. The affinity to such proteins may allow ISGs to target 
viral replication hotspots, and would enable the cells to neutralize 
a wide variety of pathogens with a limited set of ISGs. Conversely, 
integrating interaction data from other pathogens with the ISG inter-
actome might prove an effective strategy to pinpoint ISGs with spe-
cific antiviral activity. Diverse ISGs share a few common interactors, 
suggesting a central role for these proteins in ISG-mediated antiviral 
functions. For instance, LGALS3BP—the most connected protein in 
the network—functions as a potent negative regulator of the inter-
feron response. Such highly connected proteins in key positions of 
the innate immune network may have as-yet-unappreciated roles in 
regulating the antiviral immune response. In summary, the combi-
nation of pleiotropic and specific interactions within the antiviral 
defense system might provide an extraordinary flexibility, enabling 
high efficacy against a broad range of pathogens. Furthermore, mul-
tiple interconnections with pre-existing cellular machinery reduce 
energy limitations, allowing the response to proceed more rapidly 
than if new molecular infrastructure were required1,2.

The ISG interactome complements functional data from over-
expression and genome-wide gene-depletion studies, facilitating 
the identification of activities and functions of individual ISGs and 
their binding partners. Integration of diverse datasets highlights 
central hubs with particular antiviral potency. For instance, the 
identification of P2RY6 and the downstream pathway signaling 
through NF-κB and AP1, demonstrates how this resource could 
be used to guide further functional and mechanistic studies on 
individual ISGs. ISG activity often depends on cellular proteins, 
which serve as essential co-factors for viral replication or are them-
selves targets of ISGs. Since susceptibility to ISGs varies between 
viruses, the data presented here may allow identifying vulnerability 
hotspots for pathogen-centric therapies. In personalized medicine, 
the individual susceptibility is taken into account to maximize 
therapeutic efficiency of drugs. By analogy, considering the ISG 
interactome and activities of ISGs against specific viruses should 
help the development of pathogen-centric therapies providing 
highly specific and efficient treatment against individual viruses 
and virus classes.
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Methods
Cells, plasmids, viruses and reagents. HEK293T, HeLa, HEK-FlpIn TREX, 
HeLa-FlpIn TREX, Vero E6 cells were described previously15,27,28, A549 cells were 
a kind gift from G. Kochs. Cell lines were maintained in DMEM medium (PAA 
Laboratories) supplemented with 10% fetal calf serum (GE Healthcare) and 
antibiotics (100 U ml−1 penicillin, 100 µg ml−1 streptomycin) and regularly tested 
to be free of Mycoplasma contamination. Doxycycline-inducible cell lines were 
generated as described15. Expression constructs for N-terminal SII-HA tagged 
ISGs were generated by Gateway cloning of ISGs cDNA into pTO-SII-HA-GW15. 
The NF-κB reporter assay was performed as described before15. The FluAV mini 
replicon system (based on WSN strain) was provided by G. Kochs. Reporter 
assays were normalized to a co-transfected pBS EF1a–Ren construct kindly 
provided by E. Gürlevik. siRNAs were purchased from Qiagen or Dharmacon (see 
Supplementary Table 9). A/SC35M–NS1–2A–Renilla–2A–NEP (FluAV–Ren)29 
and VSV–Luc were gifts from G. Zimmer, SFV–NanoLuc and SFV–gLuc were 
gifts from A. Merits. Generation of Influenza A virus (WSN strain) encoding 
an N-terminal SII-tagged PB2 was described earlier30. Streptavidin beads were 
purchased from IBA (2-1201-010, Strep-Tactin Sepharose). The following 
antibodies were used: rabbit anti-IFIT328, rabbit anti-LGALS3BP was a kind gift 
form A. Ullrich, mouse anti-actin antibody (Santa Cruz; sc-47778), anti-HA-
tag from rabbit (Cell Signaling; 3724), horseradish peroxidase (HRP)-coupled 
mouse antibody against HA (Sigma-Aldrich; H6533), mouse anti-VSV-G (Santa 
Cruz Biotechnology; sc-66180), HRP-coupled mouse against c-myc (Roche; 
11814150001), rabbit anti-CSE1L (Proteintech; 22219-1-AP), mouse anti-KPNB1 
(Abcam; ab2811), rabbit anti-CNOT1 (Cell Signaling Technology; 44613), HRP-
coupled secondary antibody against mouse IgG (Sigma-Aldrich; RABHRP2) and 
against rabbit IgG (Cell Signaling Technology; 7074). Transfection of nucleic acids 
was performed using Metafectene Pro (Biontex). Dual-luciferase reporter assay 
system, cell viability assay (CellTiter-Glo) and Luciferase substrate d-Luciferin 
(E1602) were from Promega. Resazurin reduction assay was performed as 
described earlier31. The renilla substrate Coelenterazine (no. C2230) and the CD40 
TRAF6 Inhibitor (3-[(2,5-dimethylphenyl)amino]-1-phenyl-2-propen-1-one; no. 
SML1160) were obtained from Sigma-Aldrich, while the MRS2957 was obtained 
from Tocris (no. 4260).

AE-LC–MS/MS analysis. Expression of ISGs in HeLa- and HEK-FlpIn TREX cells 
was induced by doxycycline (1 µg ml−1) treatment for 48 h. For affinity enrichment, 
two 15 cm dishes per replicate were used. Cells were scraped off, washed in PBS, 
precipitated, and pellets were lysed on ice using TAP lysis buffer (50 mM Tris pH 7.5,  
100 mM NaCl, 5% (v/v) glycerol, 0.2 % (v/v) Nonidet-P40, 1.5 mM MgCl2, 
1 µg ml−1 Avidin (2-0204-015; IBA) and protease inhibitor cocktail (EDTA-free, 
cOmplete; Roche)) for 15 min followed by a 5 min sonication step at 4 °C. Strep-
Tactin agarose was added to the clarified cell lysates and incubated for 3 h at 4 °C 
on a rotary wheel. Beads were washed four times in TAP lysis buffer to reduce 
the concentration of unspecific proteins and to separate specific binders from 
background ones. Samples were washed five additional times with TAP washing 
buffer (50 mM Tris pH 7.5, 100 mM NaCl, 5% (v/v) glycerol, 1.5 mM MgCl2) to 
eliminate remaining detergents. Beads were resuspended in 20 µl guanidinium 
chloride buffer (6 M GdmCl, 10 mM TCEP, 40 mM CAA, 100 mM Tris/HCl pH 8), 
boiled at 95 °C for 5 min and digested by adding 20 µl LysC-Protease-Mix (100 mM 
Tris/HCl pH 8 and 0.5 µg LysC (WAKO Chemicals)) for 3 h at 30 °C. Samples were 
diluted 1:5 with Trypsin-Protease-Mix (100 mM Tris/HCl pH 8 and 1 µg trypsin) 
(Promega) and incubated for 12 h at room temperature. TFA and acetonitrile was 
added to a final concentration of 0.6% and2 %, respectively. Peptides were desalted 
and concentrated using C18 Empore filter discs (3 M)32. After elution, peptides 
were analyzed using an EASY-nanoLC system (Thermo Fisher Scientific), which 
was directly coupled to a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher 
Scientific). Peptides were loaded on an analytical 15 cm C18 column (Reprosil-
Pur 120 C10-AQ, 3 µM; Dr. Maisch) and eluted using an 115 min acetonitrile 
gradient starting with 5% to 30% (85 min), 30% to 95% (15 min), a wash out period 
of 5 min at 95% and a re-adjustment phase to 5% of organic acetonitrile buffer 
(80% acetonitrile, 0.1% formic acid) (10 min) at a constant flow of 250 nl min−1. 
Proteomic analysis was performed as described earlier33. In brief, the mass 
spectrometer was used in a data-dependent acquisition mode with one full mass-
spectrometry scan at a resolution of 60,000 at 400 m/z in the Orbitrap, followed by 
10 tandem-mass-spectrometry scans in the linear ion trap (target ion value = 1,000, 
isolation width = 2 m/z, CID fragmentation mode with normalized collision 
energy = 40) of the highest reported peaks obtained in the full MS scan before. Raw 
files were processed with MaxQuant version 1.5.3.34 or 1.6.0.15, using label-free 
quantification (LFQ) and match between run options and searched against forward 
and reverse sequences of the human proteome (UniprotKB, release 03.2016) by 
the built-in Andromeda search engine34. Carbamidometylation was set as fixed, 
methionine oxidation and N-acetylation as variable modification. Precursor ions 
with a mass tolerance of 6 ppm and fragmented ions with a mass tolerance of 
0.5 Da were accepted. Peptide and protein identification was controlled by a False 
Discovery Rate (FDR) of 0.01. Perseus version 1.5.3.0 or 1.6.0.7 was used to analyze 
the output of MaxQuant35. Protein groups identified as known contaminants or 
reverse sequence matches were excluded from the analysis. Only proteins with a 
minimum of two LFQ quantifications in at least one group of replicate experiments 

(n = 3) for a specific ISG bait were considered for the analysis. Missing values were 
imputed using normal distribution, whose standard deviation was defined as 30% 
and the mean was offset by −1.8 s.d. of the data distribution of the real intensities 
observed in the corresponding mass-spectrometry run, respectively. To identify 
true interactors of ISG baits and eliminate unspecific (false positive) binders, 
statistical data analysis was performed as follows: on the basis of the similarity 
of their protein content, mass-spectrometry runs were classified into 7 groups 
of 15 ISG baits each and complemented with a fixed set of control experiments 
(see Supplementary Table 10, ‘ISG bait groups’). Within each resulting subset, 
the significance of the protein enrichment in the pulldowns of a specific ISG bait 
versus the other baits and control experiments was determined using a t-test (two 
sided, equal variance, S0 = 0.5) and corrected for multiple hypothesis testing using 
permutation-based FDR statistics (FDR = 0.05, 250 permutations) as described 
previously36,37. The groups of ISG baits were determined by co-cluster analysis 
using the Spearman’s ranked correlation of protein abundance (LFQ) profiles as 
the similarity measure. The complemented set of control experiments included 
AE–LC–MS/MS experiments of tagged GFP, and experiments defining precipitated 
background binders obtained in cell lysate without tagged protein, measured in 
parallel with the AE–LC–MS/MS runs for ISG baits.

FluAV vRNP interactions: A549 cells were infected with a recombinant 
FluAV (strain WSN) expressing SII-tagged PB2 for 3 h at m.o.i. = 30 and 
affinity enrichment was performed as described above. Results are shown in 
Supplementary Table 2 and Supplementary Table 5 (FluAV vRNP interactors) 
and selected AE–LC–MS/MS experiments were blotted as volcano plots by using 
Perseus and R (https://www.r-project.org, version 3.3).

We performed direct comparison of protein interactions to ISGs in uninfected 
and RVFV clone 13 infected HEK293T FlpIn TREX cells. Cells were infected 30 h 
after doxycycline induction with RVFV clone 13 for 18 h at m.o.i. =0.1. Affinity 
enrichment, sample preparation, LC–MS/MS analysis and processing of raw 
data were performed as described before. Statistical analysis was performed as 
follows: for the comparison, only the experiments from infected and non-infected 
samples of a specific ISG bait and the controls were considered. In a first step, 
we excluded infection-induced changes in a background proteome. For this, the 
dataset was separated into two groups. The first group covered AE–LC–MS/MS 
runs of infected samples and controls, the second group consisted of the same 
set of samples and controls, which were not infected with RVFV clone 13. These 
two groups were compared to each other by multiple equal variance t-tests with 
permutation-based FDR statistics. Protein groups that changed significantly 
(FDR < 0.0001) were identified as common RVFV clone 13-mediated changes and 
excluded from the subsequent analysis steps (830 protein groups were identified 
and excluded). In a second step, we addressed ISG-specific, significant interactors 
in infected versus non-infected cells by performing multiple equal variance t-tests 
with permutation-based FDR statistics of the individual infected or non-infected 
replicate experiments of a specific ISG bait against the entire pre-filtered data 
matrix (as described in the previous step). Results of differential binding profiles 
were combined and direct comparisons are accessible in Supplementary Table 8, 
and selected comparisons were plotted using R.

Total proteome analysis. After depletion of LGALS3BP in HeLa cells or CNOT1 
depletion in HeLa-FlpIn TREX IFIT3 cells or doxycycline-induced expression of 
P2RY6 in HEK FlpIn TREX or HeLa FlpIn TREX ANXA2R cells, the total cellular 
proteome was measured and compared to the proteome of control cells. For each 
replicate, 106 cells were used. Cells were washed with PBS, lysed in 200 µl SDS lysis 
buffer (4% SDS, 10 mM DTT, 55 mM IAA, 50 mM Tris/HCl pH 7.5) and boiled 
at 95 °C for 5 min. Samples were sonicated until a homogeneous suspension was 
achieved (20 min at 4 °C; Bioruptor). Protein concentration was determined by 
DC Protein Assay (BioRad) and protein concentration was adjusted accordingly 
to a final concentration of 1 µg µl−1 with SDS lysis buffer. Per replicate, 200 µg of 
protein was precipitated using pre-chilled acetone (−20 °C) at a final concentration 
of 80% acetone (v/v) and incubated for 3 h at −20 °C. Precipitates were pelleted 
and washed once with 80% acetone. Pellets were air dried at room temperature 
and resolubilized by adding 80 µl thiourea buffer (6 M urea, 2 M thiourea (U/T) in 
10 mM HEPES, pH 8.0) followed by subsequent sonication until a homogeneous 
suspension was achieved (10 min at 4 °C; Bioruptor). For protein digestion, 25% of 
the resolubilized protein mixture was used and digested with LysC and trypsin as 
described above. After peptide clean up on C18 stage tips, purified peptides were 
loaded onto a 50 cm reverse-phase analytical column (75 µm column diameter; 
ReproSil-Pur C18-AQ 1.9 µm resin; Dr. Maisch) and separated using a 120 min 
(P2RY6) or 180 min (LGALS3BP) gradient (80% acetonitrile, 0.1% formic acid) 
(120 min gradient: 5% to 30% (90 min), 30% to 95% (20 min), wash out at 95% for 
5 min, readjustment to 5% in 5 min; 180 min gradient: 5% to 30% (150 min), 30% 
to 95% (20 min), wash out at 95% for 5 min, readjustment to 5% in 5 min) at a flow 
rate of 350 nl min−1 using the EASY-nLC 1200 system (Thermo Fisher Scientific). 
Separated peptides were analysed on a Q Exactive HF mass spectrometer (Thermo 
Fisher Scientific). The MS instrument was set to a data-dependent acquisition 
mode with repeating cycles of one MS1 full scan (300–1,600 m/z, R = 60,000 
at 200 m/z) at an ion target of 3 × 106, followed by 15 MS2 scans of the highest 
abundant isolated and higher-energy collisional dissociation (HCD) fragmented 
peptide precursors (15,000 at 200 m/z). For MS2 scans, collection of isolated 
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peptide precursors in the C-Trap was limited by a ion target of 1 × 105 and a 
maximum injection time of 120 ms to ensure high quality MS2 spectra and the 
dynamically adaption to the sample complexity. In-line repeated isolation and 
fragmentation of the same peptide precursor was eliminated by dynamic exclusion 
for 20 s. The isolation window of the quadrupole was set to 1.4 m/z and HCD was 
set to NCE to 27% and underfill ratio of 20%. Identified spectra were analyzed 
using MaxQuant as described for AE–LC–MS/MS experiments.

The analysis of proteins differentially regulated between HeLa-FlpIn TREX 
ANXA2R and control (IFIT3) cells was performed in R (version 3.5.1) and 
Rstudio (version 1.1.456) using a generalized random effects linear model: 
log2(intensity) ∝ doxcycline × time × cell line.

The significance of ANXA2R induction contribution and the significance of 
the difference between ANXA2R and IFIT3 induction contribution were estimated 
by the general linear hypothesis test using the glht function from the multcomp R 
package (version 1.4-8)38. A protein was considered specifically regulated, if it was 
both significantly regulated by ANXA2R induction (estimate k2 in Supplementary 
Table 7) and this effect was significantly different than upon IFIT3 induction 
(estimate k1 in Supplementary Table 7) (two-sided P values were adjusted using the 
Benjamini–Yekutieli method39 with P = 0.001 significance cut-off). For visualization 
purposes, P values of zero were replaced with 0.5 of minimal finite P value.

Bioinformatics analysis. The list of specific ISG–protein interactions identified at 
the previous step was imported into Cytoscape (version 3.3.0) for further analysis. 
The resulting interaction network consisted of 104 ISG baits and 1401 binding 
partners. The connectivity between the two ISG baits was defined as the fraction 
of shared interactors among all interacting proteins of the ISG pair. The number of 
novel interactions was defined by intersecting interactions in the ISG network with 
the interactions reported in BioGrid (release August2017). GO Terms and Reactome 
pathways enrichment analysis was performed using Fisher’s exact tests (Benjamini–
Hochberg-adjusted P ≤ 0.05, minimum twofold enrichment of the annotated genes 
in comparison to the remaining background) using the annotations of interactors 
(http://www.pantherdb.org, May 2017) of individual ISGs. The enrichments were 
calculated against the set of all proteins previously identified as interactors in 
comparable AE–LC–MS/MS experiments15,36 and background binders identified 
in this study. In case of total proteome analysis, functional annotation enrichments 
were calculated against all the proteins identified in a given experiment, using 
Fisher’s exact tests or by one-dimensional annotation enrichment analysis40.

Functional annotation of ISG network. The enriched functional annotations 
of every individual ISG interactome were compared to functional annotations 
of the corresponding ISG bait itself (QuickGO database, release July 2017). We 
used the REViGO analysis platform to estimate the relation between the two 
groups of annotations: interactome GO terms that matched exactly to the reported 
GO terms of the ISG bait were classified as ‘Known’, interactome GO terms that 
formed a defined cluster with the bait GO terms were defined as ‘Related to 
known’ (REViGO, allowed similarity threshold = 0.5; Supplementary Table 3), the 
remaining interactome GO terms could not be associated with the GO terms of the 
ISG bait and were classified as ‘Novel’.

To determine the frequently targeted pathways we counted how often 
individual Reactome pathways were enriched in the interactomes of individual 
ISGs. We isolated Reactome pathways, which were targeted by at least three 
different ISGs. Then we connected the selected pathways to each other, weighting 
each pair of pathways proportionally to the number of ISG interactors they shared. 
Highly connected modules were clustered according to their weighted connections 
and manually defined into functional modules.

To evaluate which functional annotations correlate with the number of ISG 
baits interacting with the given protein, we first identified annotations significantly 
enriched among all ISG interactors in comparison to the background set of 
proteins defined above (Fisher’s exact test, Benjamini–Hochberg-corrected 
P ≤ 0.05). We then subsequently reduced the group of ISG interactors, considering 
only the ones interacting with two, three or more ISG baits. At each step we 
calculated the relative enrichment factor of the term against the set of all 
interactors in the ISG network (Supplementary Table 4).

Intersecting ISG network with the public data. To intersect the ISG-interaction 
network with functionally relevant datasets, the proteins identified in this study, 
confirmed candidates of siRNA screens9, identified vORF interactors15 and genes 
dynamically regulated by the interferon system16 (fold change ≥ 2 in at least three 
independent experiments) were mapped using ENSEMBL database to the UniProt 
accession codes of reviewed human protein sequences. Proteins were classified 
into three groups: ‘ISG interactors’, ‘ISG baits’ and ‘Background’. Significance of the 
overlap between one of the defined groups and the external sets was determined 
by Fisher’s exact test and corrected for multiple hypotheses using a Benjamini–
Hochberg FDR against the remaining human proteome background. The overlap 
between the interactomes of individual ISG baits and the confirmed candidates of 
siRNA screens was analyzed similarly.

Protein complexes targeted by specific ISGs. Significantly enriched protein 
complexes were isolated on basis of their Gene Ontology cellular compartment 

annotations (GO CC) and the numbers of ISGs, which interact with at least one 
complex member in the ISG network, were determined. In a second step, the LFQ 
intensities of the complex members in the pulldown experiments of a specific ISG 
bait were compared to their intensities in the rest of the dataset. The subnetworks 
of the six complexes showing high specificity to a single ISG bait were generated 
(see Fig. 5b,c).

Overlapping the ISG network and vRNP interactors. Interactions between 
ISG binders and influenza vRNP-associated proteins were grouped according 
to their cellular localization (GOCC) and their overlap with the ISG network. 
For subsequent analysis, ISGs that bind one or more vRNP-associated proteins 
were defined as one group and the remaining ISGs in the network as the second 
group. We mapped the information about ISG-mediated effects on influenza virus 
replication1,2 to these two groups and compared these two populations by  
Mann–Whitney test.

RNA interference knockdown, overexpression, virus replication and luciferase 
assays. HeLa or A549 cells were transfected with siRNA (30 pmol per 2 × 105 
cells) for 48 h using Metafectene Pro (Biontex) according to the manufacturer's 
instructions. HeLa FlpIn and HEK-FlpIn T-REX cells were treated with 
doxycycline to induce ISG expression for 24 h. Cells were infected with reporter 
viruses, which express either renilla or luciferase as reporter genes. Infected cells 
(1 × 105 to 2 × 105 cells) were lysed 20 h to 24 h after infection and enzyme activity 
was measured using an Infinite 200 PRO micro plate reader (Tecan). To determine 
the impact of the protein depletion on FluAV replication, we treated cells with 
siRNAs for 48 h and transfected a mini replicon system for 36 h. Replication 
capacity was determined by calculating firefly luciferase/renilla luciferase activity 
using a dual-luciferase reporter assay system (Promega). To assess the influence 
of ISGs on NF-κB activity, we co-transfected ISGs (100 ng) with pNFκB-luc 
(100 ng) and pBS EF1a–Ren (15 ng) in 1 × 105 HEK293T cells and cultured cells for 
additional 16 h. Cell pellets were lysed in passive lysis buffer and firefly luciferase/
renilla luciferase activity ratios were determined as described above.

Where indicated, CD40–TRAF6 specific inhibitor (3-[(2,5-dimethylphenyl)
amino]-1-phenyl-2-propen-1-one) (1 µM) was added to cells together with the 
P2RY6 Ligand MRS2957 8 h before lysis. Cell viability was tested by CellTiter-Glo 
or resazurin reduction assay27.

Co-immunoprecipitation and immunofluorescence experiments. For validation 
of ISG interaction partners, HEK293T cells were seeded at 5 × 106 cells per 
10 cm dish and transfected with plasmids for the expression of SII-HA-tagged 
bait proteins. Twenty-four hours after transfection, cells were collected in 1 ml 
lysis buffer (50 mM Tris-HCl pH 7.5, 0.2% NP-40, 5% glycerol, 100 mM NaCl, 
1.5 mM MgCl2 and protease inhibitor cocktail (cOmplete, Roche)) and clarified 
lysates were incubated with 20 µl Strep-Tactin agarose for 3 h at 4 °C. After three 
washing steps with lysis buffer, co-immunoprecipitated proteins were analyzed 
by immunoblot analysis. LGALS3BP interaction partners were validated using 
a LUMIER assay. HEK293T cells were seeded at 6 × 105 cells per well in six-well 
plates and the next day plasmids expressing SII-HA-tagged bait proteins were co-
transfected with a Renilla–LGALS3BP fusion protein expressing plasmid. Lysis 
in 250 µl lysis buffer and co-immunoprecipitation was carried out as described 
above, followed by two additional washing steps with lysis buffer lacking NP-40. 
Suspension of the washed agarose in renilla-substrate-buffer (100 mM K3PO4 
pH 7.6, 500 mM NaCl, 1 mM EDTA, 25 mM thiourea, 0.01 mM coelenterazine) 
enabled the quantification of LGALS3BP binding via luminescence following 
coelenterazine conversion by the renilla enzyme.

For immunofluorescence analysis HeLa FlpIN TREX cells expressing Strep-
HA-tagged IFIT3 or ANXAR2 were seeded in 24-well plates (5 × 104 cells per 
well) and 24 hours later treated with doxycycline (1 µg ml−1) for another 24 h. Cells 
were fixed with 4% PFA, permeabilized with 0.1% (v/v) Triton X-100 in PBS and 
unspecific binding sites were blocked with PBS containing 5% BSA for 1 h at room 
temperature. Cells were then subjected to immunofluorescence staining using 
anti-HA and anti-CNOT1 antibodies. Secondary staining was performed with 
donkey anti-mouse Alexa568-conjugated and goat anti-rabbit Alexa488-conjugated 
antibodies. Nuclear DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(Molecular Probes). Coverslips were mounted in Fluoromount-G mounting 
medium (Southern Biotechnology Associates). Fluorescence images were acquired 
with a FluoView1000 confocal microscope (Olympus, Hamburg, German) using a 
63× water objective.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The MS-based proteomics data were deposited at the ProteomeXchange 
consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner 
repository under following accession codes: PXD012274, PXD012275, PXD012276, 
PXD012277 and PXD012278. The protein interactions from this publication 
have been submitted to the IMEx consortium (http://www.imexconsortium.org) 
through IntAct and has been assigned the identifier IM-26691.

NAtURe IMMUNoLogy | www.nature.com/natureimmunology

3 Results and Discussion

128



ResouRceNature ImmuNoloGy

References
 27. Holze, C. et al. Oxeiptosis, a ROS-induced caspase-independent apoptosis-

like cell-death pathway. Nat. Immunol. 19, 130–140 (2018).
 28. Pichlmair, A. et al. IFIT1 is an antiviral protein that recognizes 

5′-triphosphate RNA. Nat. Immunol. 12, 624–630 (2011).
 29. Reuther, P. et al. Generation of a variety of stable Influenza A reporter viruses 

by genetic engineering of the NS gene segment. Sci. Rep. 5, 11346 (2015).
 30. Chase, G. P. et al. Influenza virus ribonucleoprotein complexes gain 

preferential access to cellular export machinery through chromatin targeting. 
PLoS Pathog. 7, e1002187 (2011).

 31. Riss, T. L. & Moravec, R. A. Use of multiple assay endpoints to investigate the 
effects of incubation time, dose of toxin, and plating density in cell-based 
cytotoxicity assays. Assay Drug Dev. Technol. 2, 51–62 (2004).

 32. Gebhardt, A. et al. mRNA export through an additional cap-binding complex 
consisting of NCBP1 and NCBP3. Nat. Commun. 6, 8192 (2015).

 33. Hubner, N. C. et al. Quantitative proteomics combined with BAC 
TransgeneOmics reveals in vivo protein interactions. J. Cell Biol. 189, 
739–754 (2010).

 34. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational platform  
for mass spectrometry-based shotgun proteomics. Nat. Protoc. 11,  
2301–2319 (2016).

 35. Tyanova, S. et al. The Perseus computational platform for comprehensive 
analysis of (prote)omics data. Nat. Methods 13, 731–740 (2016).

 36. Hein, M. Y. et al. A human interactome in three quantitative dimensions 
organized by stoichiometries and abundances. Cell 163, 712–723 (2015).

 37. Keilhauer, E. C., Hein, M. Y. & Mann, M. Accurate protein complex retrieval 
by affinity enrichment mass spectrometry (AE–MS) rather than affinity 
purification mass spectrometry (AP-MS). Mol. Cell Proteomics 14,  
120–135 (2015).

 38. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous inference in general 
parametric models. Biom. J. 50, 346–363 (2008).

 39. Benjamini, Y. & Yekutieli, D. The control of the false discovery rate in 
multiple testing under dependency. Ann. Stat. 29, 1165–1188 (2001).

 40. Cox, J. & Mann, M. 1D and 2D annotation enrichment: a statistical method 
integrating quantitative proteomics with complementary high-throughput 
data. BMC Bioinformatics 13, S12 (2012).

NAtURe IMMUNoLogy | www.nature.com/natureimmunology

3 Results and Discussion

129



ResouRce
https://doi.org/10.1038/s41590-019-0323-3

A protein-interaction network of interferon-
stimulated genes extends the innate immune 
system landscape
Philipp Hubel1, Christian Urban2, Valter Bergant2, William M. Schneider3, Barbara Knauer1, 
Alexey Stukalov1,2, Pietro Scaturro1,2, Angelika Mann1, Linda Brunotte4,5, Heinrich H. Hoffmann3, 
John W. Schoggins   3,6, Martin Schwemmle7, Matthias Mann   8, Charles M. Rice3 and 
Andreas Pichlmair   1,2,9*

1Innate Immunity Laboratory, Max-Planck Institute of Biochemistry, Munich, Germany. 2Institute of Virology, School of Medicine, Technical University 
of Munich, Munich, Germany. 3Laboratory of Virology and Infectious Disease, The Rockefeller University, New York, NY, USA. 4Institute of Virology, 
Westfaelische Wilhelms-University Muenster, Muenster, Germany. 5Cluster of Excellence ‘Cells in Motion’, Westfaelische Wilhelms-University Muenster, 
Muenster, Germany. 6Department of Microbiology, University of Texas Southwestern Medical Center, Dallas, TX, USA. 7Institute of Virology, Medical 
Center University of Freiburg, Freiburg, Germany. 8Department of Proteomics and Signal Transduction, Max-Planck Institute of Biochemistry, Munich, 
Germany. 9German Center for Infection Research (DZIF) Munich Partner Site, Munich, Germany. *e-mail: andreas.pichlmair@tum.de

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NAtURe IMMUNoLogy | www.nature.com/natureimmunology

3 Results and Discussion

130



 
 

 
 

Supplementary Figure 1 

Bait selection and testing bait functionality. 

(a) ISG proteins ranked by average antiviral activity in published gain of function virus replications studies. ISGs selected for AE-LC-
MS/MS experiments are highlighted (blue circles). Top 10 ISGs showing highest and lowest antiviral activity are listed. (b) Validation of 
antiviral activity of selected ISGs in HEK-FlpIn TREX cells. ISG expression was induced by increasing concentrations of doxycycline 
(Dox) for 24h followed by infection with VSV-expressing firefly luciferase (VSV-Luc; MOI=0.01). Graphs show luciferase activity 18h 

post infection. Lysates were used to determine protein expression levels of the ISG transgene (HA), VSV-G and -Tubulin by 

immunoblot analysis. The histogram shows average luciferase activity ±s.d. n = 3 independent samples, one representative experiment 
of three is shown. * p-value ≤ 0,0002, ** p-value ≤ 0,0001, ns: not significant. One-way ANOVA with Dunnett’s multiple comparisons 
test. One representative experiment of three is shown. 
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Supplementary Figure 2 
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AE-LC-MS/MS procedure and identified interactions. 

(a) AE-LC-MS/MS workflow and data analysis strategy. (b) The number of already reported and novel interactions identified by AE-LC-

MS/MS experiments in this study. (c) The number of known and novel interactions for selected ISG baits, colors as in (b). (d) 293T cells 

were transfected for plasmids expressing SII-HA-tagged control (GFP, THYN1) or bait proteins (OASL, LGP2, RTCB, DDX60, CD74) 

together with Myc-tagged prey proteins (LARP7, IFI16, C14ORF166, eIF3e). Cell lysates of HEK293T cells were used for SII-

immunoprecipitation and probed with antibodies against HA or Myc. One representative blot of three is shown. (e, f) Binary matrix of 

interactions between ISG baits (columns) and proteins (rows) with reported functions in NF-kB signaling (e) and in energy metabolism 

(f). 
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Supplementary Figure 3 
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Identification of ISG–ISG interactions and FluAV vRNP interactors. 

(a) Binary matrix of ISG-ISG interactions identified in this study. Only ISGs listed in Supplementary Table 1 were considered. Bait ISG 
(columns), Prey ISG (rows). (b) BST2-centric NF-kB subnetwork. ISG baits (large circles) interacting with BST2 (red triangle) plus the 
other bait interactors (small balls) implicated in NF-kB signaling (based on GO BP annotations). (c) Identified ISG interactors with 
known functions in viral processes. Size and color intensity correspond to the number of interacting ISG baits (shown in callout boxes). 
(d, e) Co-immunoprecipitation of SII-HA-tagged control (THYN1, IFIT3) or bait proteins (NS4A4A, P2RY6, TNFSF13B, UNC93B1, 
VAMP5, CD74, and MAP3K14) and endogenous proteins (CSE1L, KPNB1). Cell lysates of 293T cells were used for SII-
immunoprecipitation and probed with antibodies against HA-tag, CSE1L or KPNB1. One representative blot of three is shown. (f) 
Identification of FluAV vRNP-binding proteins by AE-LC-MS/MS analysis. A549 cells were infected with SII-tagged viral polymerase 
subunit 2 (PB2) expressing FluAV or untagged virus and anti-SII precipitates were analyzed by AE-LC-MS/MS. Volcano plot shows the 
average enrichment of a protein in PB2 pulldown compared to the control enrichments and the corresponding p-value (N = 4, two tailed 
t-test, unadjusted) with significantly enriched cellular (red) and viral (blue) proteins (permutation-based FDR = 0.05, S0 = 1, n = 4) 
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Supplementary Figure 4 

Identification of LGALS3BP as an immunomodulatory protein. 

(a) Co-immunoprecipitation of N-terminal-renilla-tagged LGALS3BP with non-transfected control (Mock), SII-HA-tagged control (GFP), 
or bait proteins (BCL2L14, FBXO6, MXA, SAMHD1, TNFRSF10A, VAMP5) in 293T cells. The graph shows mean ±s.d. relative 
luminescence unites (RLU) of streptavidin co-immunoprecipitated renilla-LGALS3BP normalized to the corresponding input renilla 
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expression. Graph is based on technical triplicates (dots) of one representative biological repeat of three. * p-value < 0.01, ** p-value ≤ 
0.001. Immunoblot analysis shows the enrichment of SII-HA-tagged proteins following SII-immunoprecipitation, probed with a HA-
specific antibody. (b-e) HeLa cells were treated with siRNA against LGALS3BP, ATP6V0D1, ADAM17 or control siRNA (siCtrl) for 24h. 
The cells were (b) infected with FluAV-Ren (MOI=0.05), (c) infected with VSV expressing firefly luciferase (VSV-Luc), (d) transfected 
with plasmids that encode for the FluAV replication complex driving luciferase expression, (e) left untreated. (b, c, e) 24h , (c) 36h later 
(b) renilla, (c, d) firefly luciferase or (e) cell titer glow activity were measured. Histograms show average ±s.d. of three (b-d) or nine (e) 
technical replicates, representative experiments of at least three independent biological experiments are shown. ** p-value < 0.001, *** 
p-value < 0.0001, ns: not significant based on one way ANOVA with Dunnett’s multiple comparisons test. (f, g) Proteome analysis of 
HeLa cells treated with siRNA targeting LGALS3BP or Control (siScr) for 24h and subsequently infected with FluAV (MOI=0.05). (f) 
Protein expression in siLGALS3BP-treated FluAV-infected HeLa cells in comparison to siScr. Significantly enriched proteins are 
highlighted in red (two-tailed Welch’s t-test, FDR ≤ 0.01, S0 = 0.1, n = 4 independent measurements). (g) Top 5 GOBP terms enriched 
among the proteins significantly changed in (f) (Fisher’s exact test, Benjamini-Hochberg FDR ≤ 0.05, enrichment factor ≥ 2). (h) 
Proteome changes in LGALS3BP- (X axis) and ATP6V0D1- (Y axis) depleted HeLa cells in comparison to the non-targeting siRNA 
control (siScr). Red dots: ISGs upregulated in LGALS3BP-depleted cells. (i) Top 10 GOBP terms enriched among the proteins changed 
in (h). Histogram displays enrichment factors representing the mean LFQ based protein abundance distribution for each significant 
category, relative to the overall LFQ abundance distribution in the proteome. (Benjamini-Hochberg FDR ≤ 0.05). 
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Supplementary Figure 5 
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Functional effects of protein complex targeting. 

(a) Selected protein complexes (based on GOCC) targeted by individual ISGs (Fisher’s exact test, Benjamini-Hochberg FDR ≤ 0.001, 
enrichment factor > 3). Shown protein complexes have ≤ 1 interactions of protein complex members to other ISGs in the network. Bar 
shows –log10 p-value of enrichment of the protein complex by the ISG against the background. (b) SII co-immunoprecipitation of 
endogenous CNOT1 with transfected SII-HA-tagged IFIT3 (control) or ANXA2R in 293T cells. One representative blot of three is 
shown. (c) HeLa-FlpIn TREX cells expressing the indicated transgene were left untreated or treated with doxycycline (1µg/ml) and at 
the same time infected with SFV-gLuc (MOI: 0.2). The graph shows mean luciferase activity ±s.d. of four independent samples 36h 
after infection. One representative experiment of three independent biological repeats is shown. p-values: Two way ANOVA with 
Tukey’s multiple comparisons test. * p < 0.0001,  ns: not significant. (d) HeLa FlpIn TREX ANXA2R or Ctrl (IFIT3) cells were treated 
with doxycycline or not and cell viability was tested by resazurin reduction assay after the indicated time point. 12 individual samples 
per condition and timepoint were measured. One representative experiment of three independent biological repeats is shown. p-values: 
Two way ANOVA with Tukey’s multiple comparisons test. * p < 0.0001 between Mock and +Dox condition, ns: not significant. (e, f) As 
(c) but VSV-Luc (MOI: 1) was used for infection. (e) Mean luciferase activity ±s.d. of quadruplicate measurements 6h after infection. (f) 
Cell viability as measured by resazurine conversion assay 6h after infection. p-values: as (c), four independent samples of one 
representative experiment of three independent biological repeats is shown.  (g) Confocal microscopy images of ANXAR2 and IFIT3 in 
HeLa FlpIn TREX cells. Doxycycline-treated ANXAR2 or control (IFIT3)-expressing HeLa-FlpIn TREX cells were fixed 24h after 
induction and immunostained for CNOT1 and HA-tagged proteins. Scale bars, 10 μm. n = 2 independent experiments. (h-j) Proteomic 
analysis of cells depleted for CNOT1 or overexpressing ANXA2R. (h) HeLa-FlpIn TREX cells were treated with siRNAs against CNOT1 
or control (siScr) and the total proteome was analyzed by LC-MS/MS 48h later. Volcano plot shows all identified proteins. In blue: 
significantly up or downregulated proteins (student’s t-test, FDR ≤ 0.05, S0 = 0.05, n = four independent measurements). Proteins that 
are also significantly regulated in the same direction upon ANXA2R induction are highlighted in red, yellow or green. (i, j) HeLa-FlpIn 
TREX ANXA2R or control (IFIT3) cells were left unstimulated or stimulated with doxycycline and total proteome was analysed by LC-
MS/MS 12h, 18h and 24h later. (i) Volcano plot showing proteome changes in doxycycline treated vs untreated HeLa-FlpIn TREX 
ANXA2R cells 24 hours post induction. Significantly changing (both in comparison to the no Dox control and to IFIT3 induction) proteins 
are highlighted in red (general linear model hypothesis test, Benjamini-Yekutieli adjusted p-value ≤ 0.001), and proteins significantly 
changing in (h) are further highlighted in blue. (j) Density plots showing changes of protein abundance distribution upon ANXA2R or 
control (IFIT3) induction. Proteins were grouped according to their change in CNOT1-depleted conditions shown in (h): unchanged 
upon CNOT1 depletion: grey, downregulated: blue, upregulated: pink. Numbers on top of each panel show p-values of two-sided K-S 
test for similarities between proteins co-regulated in CNOT1-depleted and ANXA2R- or control- (IFIT3) expressing conditions. ns: not 
significant. 
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Supplementary Figure 6 

Activity of P2RY6. 

(a, b) HEK-FlpIn TREX P2RY6 cells were stimulated with the indicated concentration of doxycycline (Dox) and infected with the 
indicated viruses. Bar plots show mean luciferase expression ±s.d. of doxycycline treated cells infected with VSV (MOI = 0.01) for 20h 
(a) and FluAV (MOI = 0.05) for 24h (b). Values were normalised to the non-doxycycline treated condition. Lysates in (a) were used for 

immunoblotting against HA-P2RY6, VSV-G and -tubulin. Graphs show mean ±s.d. of three technical replicates, one representative 

experiment of three independent biological repeats is shown. (c) HEK-FlpIn TREX GFP cells were treated or not with doxycycline (Dox) 
for 20h and an additional 8h with the P2RY6 ligand MRS2957, as indicated. Cells were infected with SFV-NanoLuc (MOI: 0.01) for 24h 
and luciferase activity was measured. Histogram shows mean relative luciferase activity of quadruplicate measurements ±s.d. 
normalized to the uninduced control. (d, e) Proteome analysis of HEK-FlipIn TREX cells after doxycycline (Dox; 1µg/ml) induced P2RY6 
expression for 24h. (d) Volcano plot shows average protein expression in doxycycline induced compared to uninduced HEK-FlipIn 
TREX cells (x-axis) and the transformed p-value for each protein (y-axis; two tailed t-test). Red dots: significant enriched proteins, 
curved dotted line separates significant enriched proteins from background population (black dots) (two-tailed t-test permutation based 
FDR < 0.01, S0 = 0.5, n = 6 independent measurements). p-values: One-way ANOVA with Dunnett’s multiple comparisons test. One 
representative experiment of three is shown. (e) Functional enrichment annotation analysis of significantly changed proteins compared 
to protein background population (Fisher’s exact test, Benjamini-Hochberg FDR < 0.05, enrichment factor > 2). Pathways derived from 
Panther database (http://www.pantherdb.org): AP1 pathway = Inflammation mediated by chemokine and cytokine signaling pathway → 
activator protein-1; JUN pathway = Gonadotropin-releasing hormone receptor pathway → JUN). (f) HEK 293 cells were co-transfected 
with a NF-KB-firefly luciferase reporter construct, an EIF1a-renilla control and increasing amounts of P2RY6 for 20h. GFP plasmid was 
used to adjust amounts of DNA for transfection. Cells were either treated or not with the P2RY6 specific ligand (MRS 2957, 250 nM) for 
additional 8h. Graph shows relative mean luciferase/renilla values ±s.d. of three replicates in relation to GFP control transfection. One 
representative experiment of three independent biological repeats is shown. (g) Control HEK-FlpIn TREX cells and HEK-FlpIn TREX 
MAP3K14 cells were infected with RVFV (Clone 13) for 18h, MOI 0.1 or not infected and used for AE-LC-MS/MS experiments. Analysis 
was performed as described in Fig. 6d and material and methods. 
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3 Results and Discussion

3.4 Publication P4: The zinc finger antiviral pro-
tein ZAP restricts human cytomegalovirus and
selectively binds and destabilizes viral UL4/UL5
transcripts

Human Cytomegalovirus (HCMV), a member of the herpesviridae family, causes life-
long infections in humans with a prevalence of up to 90% in adults. In immunocom-
petent individuals, primary HCMV infections usually result in mild symptoms and
upon establishment of latency in hematopoietic progenitor cells, its reactivation is
controlled by the host’s immune system. However, patients with compromised im-
munity suffer from severe disease progression including reactivation of HCMV from
latency. Importantly, as leading cause of congenital viral infections, HCMV has the
potential to severely affect newborn development causing, among others, impaired
hearing and microcephaly (Cohen et al. 1985; Geisler et al. 2019). Further under-
standing of virus-host interactions during HCMV infection is hence crucial to improve
and develop novel targeted antiviral therapies.
In publication P4, we investigated the role of the zinc finger CCCH-type antiviral pro-
tein 1 (ZAP/ZC3HAV1), an ISG and member of the innate immune response against
HCMV. Upon recognition of CG-rich and to some extend AU-rich dinucleotide re-
gions in RNAs, ZAP can induce degradation of viral nucleic acids to exert broad
antiviral activity (Odon et al. 2019; Takata et al. 2017). Using transcriptomics and
proteomics, we showed that ZAP slows down HCMV infection as evident by reduced
viral mRNA and protein levels. Especially viral transcripts UL4 and UL5, expressed
during the immediate early to early phase of infection, were directly targeted by ZAP
and significantly destabilized. Using cross-linking immunoprecipitation followed by
RNA sequencing (CLIP-seq), ZAP’s target specificity was further extended by various
cysteine-rich sequences that contain CC-, TC- and CT-rich motifs.
In summary, this publication highlights the antiviral role of ZAP in decelerating
HCMV infection by specifically targeting and destabilizing a subset of HCMV tran-
scripts.
I was able to contribute to this study by designing, analyzing and interpreting time-
resolved full proteome measurements of the human fibroblast cell line HFF-1 infected
with HCMV.
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ABSTRACT Interferon-stimulated gene products (ISGs) play a crucial role in early
infection control. The ISG zinc finger CCCH-type antiviral protein 1 (ZAP/ZC3HAV1)
antagonizes several RNA viruses by binding to CG-rich RNA sequences, whereas its
effect on DNA viruses is less well understood. Here, we decipher the role of ZAP in
the context of human cytomegalovirus (HCMV) infection, a b-herpesvirus that is associ-
ated with high morbidity in immunosuppressed individuals and newborns. We show
that expression of the two major isoforms of ZAP, ZAP-S and ZAP-L, is induced during
HCMV infection and that both negatively affect HCMV replication. Transcriptome and
proteome analyses demonstrated that the expression of ZAP results in reduced viral
mRNA and protein levels and decelerates the progression of HCMV infection. Metabolic
RNA labeling combined with high-throughput sequencing (SLAM-seq) revealed that
most of the gene expression changes late in infection result from the general
attenuation of HCMV. Furthermore, at early stages of infection, ZAP restricts HCMV
by destabilizing a distinct subset of viral mRNAs, particularly those from the previ-
ously uncharacterized UL4-UL6 HCMV gene locus. Through enhanced cross-linking
immunoprecipitation and sequencing analysis (eCLIP-seq), we identified the tran-
scripts expressed from this HCMV locus as the direct targets of ZAP. Moreover, our
data show that ZAP preferentially recognizes not only CG, but also other cytosine-
rich sequences, thereby expanding its target specificity. In summary, this report is
the first to reveal direct targets of ZAP during HCMV infection, which strongly indi-
cates that transcripts from the UL4-UL6 locus may play an important role for HCMV
replication.

IMPORTANCE Viral infections have a large impact on society, leading to major human
and economic losses and even global instability. So far, many viral infections, includ-
ing human cytomegalovirus (HCMV) infection, are treated with a small repertoire of
drugs, often accompanied by the occurrence of resistant mutants. There is no li-
censed HCMV vaccine in sight to protect those most at risk, particularly immuno-
compromised individuals or pregnant women who might otherwise transmit the vi-
rus to the fetus. Thus, the identification of novel intervention strategies is urgently
required. In this study, we show that ZAP decelerates the viral gene expression cas-
cade, presumably by selectively handpicking a distinct set of viral transcripts for
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degradation. Our study illustrates the potent role of ZAP as an HCMV restriction fac-
tor and sheds light on a possible role for UL4 and/or UL5 early during infection, pav-
ing a new avenue for the exploration of potential targets for novel therapies.

KEYWORDS ZAP, ZC3HAV1, ISG, antiviral, DNA virus, herpesvirus, HCMV, innate
immunity, human cytomegalovirus, interferons, mRNA degradation, pattern
recognition receptors, zinc finger proteins

Viral infections pose a major global health burden as the cause of a range of debili-
tating human diseases with the potential to paralyze countries. Herpesviruses are

large, structurally complex DNA viruses belonging to the Herpesviridae. Within this fam-
ily, a number of viruses are responsible for a variety of diseases in humans ranging
from cold sores and pneumonia to cancer. The common peculiarity of herpesviruses
lies in their ability to establish latency, which presents a particular challenge due to
severe complications resulting from virus reactivation. Human cytomegalovirus
(HCMV), part of the Betaherpesvirinae subfamily, is one of the nine human herpesvi-
ruses described to date. HCMV displays a coding capacity that exceeds that of most
other Herpesviridae, having the largest genome among all known human viruses and
the capacity to encode more than 200 proteins. Primary HCMV infection generally
causes mild symptoms in immunocompetent individuals (1). However, immunosup-
pressed individuals, such as AIDS patients or transplant recipients, are vulnerable to
HCMV-related disease (2, 3). In addition, HCMV is the leading cause of congenital viral
infection worldwide and can result in serious long-term sequelae in newborns, such as
hearing loss, vision abnormalities, microcephaly, or developmental delays (4).

The host innate immune system, as the first line of defense, is equipped with
germ line-encoded pattern recognition receptors (PRRs), a group of sensors that
detect the presence of pathogens by recognizing pathogen-associated molecular
patterns (PAMPs). The detection of PAMPs induces downstream signaling culminat-
ing in the activation of several transcription factors, including interferon regulatory
factors (IRF) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB), leading to the induction of genes encoding type I interferons (IFNs), proinflam-
matory cytokines, and noncanonical interferon-stimulated genes (ISGs) (5). Upon
binding type I IFNs, the interferon-a/b receptor (IFNAR) is activated, and its signaling
results in nuclear translocation of STAT1 and STAT2 transcription factors and induc-
tion of canonical ISGs (reviewed in reference 6). ISGs are essential antiviral effectors
and constitute a group of cellular factors ranging from PRR (e.g., IFI16, cGAS, or RIG-I)
or transcription factors to proapoptotic proteins or proteins involved in the regula-
tion of the immune response (7).

The zinc finger CCCH-type antiviral protein 1, also known as ZAP, ZC3HAV1, or
PARP13, belongs to the subset of noncanonical ISGs whose expression can be induced
via IRF3 directly as well as canonically by IFNAR signaling (5). Four isoforms of ZAP that
originate from alternative splicing of the ZC3HAV1 gene have been reported thus far
(8), with the long (ZAP-L) and the short (ZAP-S) isoforms being the most prominent
ones. While approximately the first 700 amino acids are shared by ZAP-L and ZAP-S,
ZAP-L has an extended C terminus of around 200 amino acids containing a catalytically
inactive PARP-like domain (9) and a functional CaaX prenylation motif (10). The farnesyl
modification on the cysteine residues of the CaaX motif increases the hydrophobicity
of ZAP-L, targeting this isoform to endolysosomal membranes (10). Both ZAP isoforms
are equipped with an N-terminal zinc finger domain (containing four CCCH-type zinc
finger motifs), a TiPARP homology domain (TPH), which is well conserved among ZAP
paralogs and contains a fifth zinc finger motif, and a WWE domain, predicted to medi-
ate specific protein-protein interactions (11, 12).

ZAP exhibits broad antiviral activity against a variety of RNA viruses by binding RNA
and mediating its degradation (13–16). The antiviral activity of ZAP was demonstrated
against alphaviruses (17), filoviruses (18), retroviruses (16, 19), and flaviviruses (20).
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However, ZAP fails to inhibit a diverse range of other RNA viruses, including vesicular
stomatitis virus (VSV), poliovirus (17), influenza A virus (21, 22), and enterovirus A71
(23). The involvement of ZAP in the defense against DNA viruses has not been
explored to the same extent as for RNA viruses. For instance, ZAP restricts hepatitis B
virus by downregulating viral pregenomic RNA (24). For herpesviruses, while ectopic
expression of ZAP failed to inhibit growth of the a-herpesvirus herpes simplex virus 1
(HSV-1) (17), ZAP could restrict HCMV by an unknown mechanism (25). Interestingly, a
luciferase-based reporter assay identified the HSV-1 UL41 protein, known for its ability
to mediate degradation of several mRNAs, as a ZAP antagonist that degrades ZAP
mRNA, which may explain why ZAP cannot restrict HSV-1 (17, 26). Modified vaccinia vi-
rus Ankara (MVA) was recently shown to be restricted by ZAP, and while the knockout
of ZAP had no discernible effect on viral DNA, individual mRNA, or protein species, an
interference of ZAP with a late step in the assembly of infectious MVA virions was sug-
gested (27).

To date, the molecular details of how ZAP recognizes RNA have not been clearly
defined. Early publications suggest an RNA structure-dependent recognition, based on
the RNA tertiary structure, but already advocating the importance of the sequence-spe-
cific interaction between ZAP and its target RNA (28). The formation of tertiary struc-
tures raises the possibility of multiple binding sites. Subsequent studies support the
recognition of CG-rich dinucleotide regions (19). Indeed, a recent study revealed on a
structural level that ZAP binds to CG-rich RNA with high affinity through its basic sec-
ond zinc finger, which contains a pocket capable of accommodating CG-dinucleotide
bases (29). However, another possibility is the binding of ZAP to AU-dinucleotides.
Although one study reported that ZAP does not recognize any of the three types of
AU-rich elements (AREs) and concluded that ZAP may modulate stability of non-ARE-
containing mRNAs (14), recent publications described ZAP target specificity for
sequences enriched for AU-rich dinucleotides (30, 31). Taken together, while there are
solid data indicating ZAP recognition of CG-dinucleotide-containing RNA, it is feasible
that the presence of several other zinc finger motifs in the ZAP protein broadens its
target specificity. How these target specificities are regulated and the mechanism of
how ZAP-bound RNA is degraded warrant further investigation.

Here, we report that the expression of the ZAP-S and ZAP-L isoforms is induced
upon infection and that both act as restriction factors for HCMV in human primary
fibroblasts (HFF-1). Further, a combination of transcriptomic and proteomic experi-
ments demonstrates that ZAP restricts the progression of HCMV gene expression, con-
sequently affecting viral protein levels. Enhanced cross-linking and immunoprecipita-
tion (eCLIP) revealed that ZAP preferentially cross-links to cytosine-rich regions devoid
of adenosines, rather than recognizing specific motifs. In combination with metabolic
RNA labeling (SLAM-sequencing) we show that ZAP negatively regulates the stability
of the viral transcripts UL4 and UL5 by direct interaction. Together, we provide evi-
dence that ZAP is an important cellular factor that restricts HCMV early during infection
in a distinct manner, by specifically targeting transcripts that originate from the UL4-
UL6 locus expressed with immediate-early to early kinetics.

RESULTS
Expression of ZAP is induced upon HCMV infection. A previous proteomics study

showed that HCMV infection of human fibroblasts (HFF-1) leads to the upregulation of
a specific set of host proteins in the first 24 h, including some ISGs. One of these ISGs
was the antiviral protein ZAP (32). The two major isoforms of ZAP, the short (ZAP-S)
and the long (ZAP-L), are only differentiated by the inclusion of the C-terminal PARP-
like domain in ZAP-L (Fig. 1A). To analyze which of the two major isoforms of ZAP is
induced upon HCMV infection, HFF-1 cells were infected with HCMV or, as a control,
stimulated with recombinant IFN-b , and expression of ZAP was analyzed by immuno-
blotting. Our results show that ZAP-L was expressed in uninfected HFF-1 cells, and its
expression was only marginally increased upon HCMV infection or IFN-b 24 h
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poststimulation (Fig. 1B). In contrast, ZAP-S was barely expressed in untreated cells,
but its expression was strongly induced by HCMV infection and IFN-b treatment
(Fig. 1B). These results show that ZAP-S is a prototypical ISG, which is strongly induced
upon HCMV infection, whereas ZAP-L is already expressed prior to, and only slightly
induced with, infection.

To investigate whether ZAP can shape the course of HCMV infection, we generated
three individual ZAP-deficient HFF-1 cell lines by Cas9-mediated gene editing. Each
cell line was generated using a different guide RNA, all targeting the first exon of
Zc3hav1, and thereby affecting both ZAP-L and ZAP-S expression (Fig. 1C). To verify
the efficacy of genome editing, we infected the knockout (KO) cell lines with HCMV
and analyzed ZAP expression at 24, 48, and 72 h postinfection (hpi). Protein levels of
both ZAP-L and ZAP-S were strongly reduced in all three knockout cell lines (g1, g2,
g3), confirming successful genome editing (Fig. 1D). As a control, we also generated a
cell line with a nontargeting guide RNA. Expression of ZAP followed the same kinetics

FIG 1 Expression kinetics of ZAP-S and ZAP-L in HCMV-infected fibroblasts. (A) Schematic representation of the
protein domains of the two main isoforms of ZAP, the long isoform, ZAP-L, and the short isoform, ZAP-S. Both
isoforms share four CCCH-type zinc finger motifs in the N-terminal domain, as well as a TPH domain containing a fifth
zinc finger motif, and a WWE domain, while the C-terminal PARP-like domain is only present in ZAP-L. TPH, TiPARP
homology domain; PARP, poly(ADP-ribose)-polymerase. (B) Primary human fibroblasts (HFF-1) were either mock-
treated, infected by centrifugal enhancement with HCMV (MOI 0.1), or stimulated by addition of recombinant IFN-b
(20 ng/ml), and expression of ZAP and actin was analyzed 24 h later by immunoblotting with a ZAP- or actin-specific
antibody. (C) Three independent ZAP KO cell lines were generated by Cas9-mediated gene editing using three
different gRNAs (g1, g2, and g3) that target the first exon of the zc3hav1 gene. (D to F) Wild-type HFF-1 and the three
ZAP KO (D) or control (E and F) cell lines were mock-treated or infected by centrifugal enhancement with HCMV (MOI
0.1) for the indicated time points, and cell lysates were subjected to immunoblotting with specific antibodies against
ZAP and actin. Quantifications of ZAP-L (in green) or ZAP-S (in blue) band intensities normalized to actin are
represented in line graphs. hpi, hours postinfection.
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in both wild-type (WT) and control HFF-1 cells, demonstrating that stable expression of
Cas9 did not affect ZAP expression kinetics (Fig. 1E). To pinpoint when ZAP-S expres-
sion begins to increase after HCMV infection, we monitored its protein levels in WT
and control cells at earlier time points (2 to 10 hpi). ZAP-S expression levels started to
be detectable between 6 and 8 h post-HCMV infection and steadily increased over
time (Fig. 1F).

Taken together, these results show that HCMV infection leads to a steady increase
of ZAP-S levels, while ZAP-L is already expressed in uninfected cells but also further
induced upon infection and is overall stable throughout a complete cycle of HCMV
replication.

Both ZAP-S and ZAP-L negatively affect HCMV genome replication. To investi-
gate the impact of ZAP on HCMV replication, WT, control, or ZAP KO HFF-1 cells were
infected with HCMV, and viral genome copies were quantified by quantitative PCR at
1, 3, and 5 days postinfection (dpi) (Fig. 2A). We included day 1 of infection in our anal-
ysis to verify that the KO of ZAP is not affecting viral entry and that the different cell
lines were infected to a similar extent. Indeed, at this early time point when HCMV has
not entered the first round of viral genome replication, no significant differences in the
number of HCMV genome copies were detected (Fig. 2B). At day 3 postinfection, when
HCMV has completed its first replication cycle, WT and control cells showed signifi-
cantly lower numbers of viral genome copies compared to ZAP KO cells. At 5 days
postinfection, HCMV genome copy numbers in WT and control cells were still 5 times
lower than those in ZAP KO cells (Fig. 2B). These results suggest that HCMV genome
replication is negatively affected by ZAP-S, ZAP-L, or both.

Next, we sought to elucidate which of the two major isoforms contributes to the
restriction of HCMV replication. To address this, we reconstituted ZAP KO cells by lenti-
viral transduction with either an empty vector control or C-terminally myc-tagged
forms of ZAP-S or ZAP-L (Fig. 2C). Both ZAP isoforms were codon optimized to avoid
recognition and cleavage by the stably expressed guide RNA (gRNA) and Cas9 within
the KO cell lines. Protein levels of both codon-optimized and WT isoforms were compa-
rable when expressed in HEK 293T cells, showing that codon optimization of the ZAP-S
or ZAP-L gene did not negatively affect protein expression (Fig. S1). Upon stable
expression in ZAP KO HFF-1 cells, both ZAP-S and ZAP-L localized to the cytoplasm
under both uninfected and infected conditions (Fig. 2D). Next, the reconstituted ZAP
KO cells were infected with HCMV, and genome copy numbers were analyzed as
described above (Fig. 2A). Strikingly, reconstitution with either ZAP-S (Fig. 2E) or ZAP-L
(Fig. 2F) in ZAP KO cells rescued the phenotype. While HCMV genome copy numbers
were equal in infected WT and ZAP-S or ZAP-L reconstituted cells, ZAP KO cells showed
significantly higher viral copy numbers. To exclude the possibility that the C-terminal
myc-tag of ZAP-L could be interfering with the CaaX prenylation motif and therefore
with prenylation of ZAP-L and its correct subcellular localization, we analyzed the viral
genome copy numbers in ZAP KO cells expressing an untagged version of ZAP-L. As
shown in Fig. S2A, myc-tagged and untagged ZAP-L had similar effects on HCMV
replication.

Taken together, these findings show that both ZAP-S and ZAP-L negatively affect
HCMV genome replication.

ZAP negatively affects global expression of early and late HCMV proteins.
Given the negative impact of ZAP on HCMV genome replication, we next examined
the time course of HCMV infection in the presence or absence of ZAP. Expression of
HCMV genes follows a temporal cascade, which begins with the transcription of imme-
diate-early (IE) genes, with the translation of IE proteins starting approximately 6 h
postinfection (hpi). IE proteins subsequently transactivate the transcription of early (E)
genes, which are mainly involved in viral DNA replication. Early proteins are produced
approximately 18 to 20 hpi and together with a third classical cluster of the so-called
early-late (E-L) proteins at 48 hpi will mediate the transcription of late (L) genes, which
code mainly for viral capsid, envelope, and tegument components at 72 to 96 hpi
(32–34). When we monitored the expression levels of the early viral protein UL44 and
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FIG 2 ZAP-S and ZAP-L restrict HCMV replication in HFF-1 cells. (A) Schematic representation of the workflow to
determine HCMV genome copy numbers. WT, control, or ZAP KO HFF-1 cells were infected with HCMV (MOI 0.1) for
2 h. Both cells and supernatant were harvested at 1, 3, and 5days postinfection (dpi), followed by DNA extraction and
measurement of viral genome copies by quantitative PCR. (B) HCMV genome copy numbers from WT, control, or ZAP
KO HFF-1 cells were determined as described in panel A. HCMV copy numbers/ml are displayed as bar plots showing
the mean 6 standard deviation (S.D.) of biological triplicates. Results shown are one representative of at least three
independent experiments using two different ZAP KO cell lines, with similar results obtained in all replicates. (C)
Schematic representation of the workflow to reconstitute ZAP KO HFF-1 cells. HEK 293T cells were transfected with
either myc-tagged ZAP-S or ZAP-L expression plasmids together with the packaging (gag-pol) and the envelope (VSV-
G) plasmids to produce lentiviruses harboring ZAP-S or ZAP-L, respectively, followed by transduction of ZAP KO HFF-1
cells. As the control, WT and ZAP KO HFF-1 cells were transduced with lentiviruses harboring empty vector. (D)
Subcellular localization of myc-tagged ZAP-S and ZAP-L in ZAP KO HFF-1 cells. ZAP KO cells were transduced as
described in panel C with either myc-tagged ZAP-S or ZAP-L. Transduced cells were infected by centrifugal
enhancement with HCMV (MOI 0.1), and 24 h postinfection, cells were fixed for immunolabeling with myc- and HCMV
IE1-specific antibodies. IE1, immediate-early protein 1. Nuclei were stained with Hoechst 33342. Scale bars represent
50mm. (E and F) HCMV genome copy numbers from WT, ZAP KO, or ZAP KO HFF-1 cells reconstituted with ZAP-S (E)
or ZAP-L (F) were determined as described in panel A. HCMV copy numbers/ml are displayed as bar plots showing the
mean 6 S.D. of one (E) or two combined independent (F) experiments performed with biological triplicates. Two
independent experiments for both ZAP-S and ZAP-L were performed. Significant changes were calculated using
unpaired two-sided Student’s t tests, n.s., not significant; *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001.
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the late viral protein UL83 in HCMV-infected WT and the three ZAP KO cell lines, we
observed elevated protein levels of UL44 and UL83 in the absence of ZAP. This sug-
gests that the presence of ZAP negatively affects viral protein expression (Fig. 3A),
which is in line with our analysis of HCMV genome replication (Fig. 2B).

To obtain a global overview of the progression of HCMV infection, we performed
whole-proteome analyses of WT and ZAP KO HFF-1 cells using liquid chromatography
with tandem mass spectrometry (LC-MS/MS) (Data set S1). We mock-treated or
infected WT and ZAP KO HFF-1 cells with HCMV for 48 and 72 h, thus covering the early
and late proteome landscape of viral gene expression. Overall, we observed signifi-
cantly higher viral protein levels in ZAP KO cells than in WT cells (Fig. 3B). In line with
our previous observations (Fig. 3A), we detected significantly higher levels of the early
UL44 protein and the late UL83 protein in ZAP KO cells (Fig. 3C). Moreover, the pro-
teome analysis showed other viral proteins that were significantly upregulated in the
absence of ZAP. For instance, we detected increased expression of UL84, which is an
early protein involved in viral DNA replication, at 48 hpi (Fig. 3D), as well as elevated
levels of the late proteins UL103 and UL104 at 72 hpi, similar to UL83 and correspond-
ing to late kinetics (Fig. 3E).

Next, we performed reconstitution assays with myc-tagged ZAP-S and ZAP-L as
described above (Fig. 2C) and analyzed UL44 protein expression by immunoblotting
(Fig. 3F and G). Similar to our analysis of HCMV genome replication, UL44 protein levels
in ZAP KO cells reconstituted with either myc-tagged ZAP-S (Fig. 3F) or myc-tagged
ZAP-L (Fig. 3G) were lower than in the absence of ZAP and comparable to those in WT
cells. Similar results were obtained with untagged ZAP-L (Fig. S2B).

Taken together, these results demonstrate that the presence of both main ZAP iso-
forms negatively affects HCMV protein levels at early and late stages of infection.

ZAP-S and ZAP-L have a negative impact on early and late HCMV transcripts.
Previous studies showed that ZAP directly binds to RNA (14) and subsequently medi-
ates its degradation by recruiting both the 59and 39 RNA degradation machinery (13,
16). To decipher whether ZAP affects HCMV mRNA expression, we analyzed mRNA lev-
els of the early UL44 and the late UL83 transcripts at different stages of the HCMV infec-
tion cycle by quantitative reverse transcription-PCR (qRT-PCR) in WT and ZAP KO cells.
Indeed, in the presence of ZAP, UL44 and UL83mRNA levels were lower (Fig. 4A), which
mirrors our protein analyses. Congruent with our analysis of HCMV protein expression
(Fig. 3), reconstitution of ZAP KO cells with either ZAP-S or ZAP-L resulted in the rescue
of this phenotype (Fig. 4B).

Taken together, these results suggest that both ZAP isoforms, ZAP-S and ZAP-L,
negatively regulate HCMV mRNA expression, possibly by affecting either their expres-
sion or stability or by other, indirect effects.

HCMV infection progresses faster in the absence of ZAP. In order to understand
the effect of ZAP on the viral gene expression cascade over time, we analyzed the
whole-transcriptome landscape during HCMV infection by RNA-sequencing (RNA-seq)
in WT, control cells, and two independent ZAP KO cell lines (g1 and g3 ZAP KO)
(Fig. 5A, Data set S2). First, we observed that HCMV infection leads to a robust and
overall similar induction of ISGs in all cell lines analyzed, indicating that the absence of
ZAP does not affect the PRR-mediated host response during HCMV infection (Fig. S3).
For analysis of the temporal progression of HCMV gene expression, we focused on the
mRNA abundance per time point postinfection relative to the abundance over all time
points. Based on these relative temporal gene expression values in WT cells, genes
were clustered into nine groups grouped from immediate-early to late expression,
broadly corresponding to a previously published classification (32) (Fig. 5A, Fig. S4). To
simplify the temporal distribution of the viral genes, average relative expression levels
of the genes within the clusters were calculated and depicted as a heat map (Fig. 5A).
Strikingly, the temporal expression patterns of most clusters were shifted to earlier
time points in both ZAP KO cell lines compared to WT and control cells. For instance,
ZAP KO cells showed high expression levels of UL138 or long noncoding RNA 2.7
(Fig. S4). Notably, these viral transcripts have been previously identified in several
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FIG 3 ZAP has a negative impact on early and late HCMV protein levels. (A) WT or ZAP KO HFF-1 cells were infected by centrifugal
enhancement with HCMV (MOI 0.1), and lysates were analyzed at the indicated time points postinfection by immunoblotting with specific
antibodies against HCMV UL44, HCMV UL83, and actin. One representative experiment performed with three independent ZAP KO cell lines
is shown, with similar results in all three experiments. Quantifications of UL44 and UL83 band intensities normalized to actin are represented
as bar plots. (B) WT and ZAP KO HFF-1 cells were mock-treated or infected by centrifugal enhancement with HCMV (MOI 0.1), and cell lysates
were subjected to total proteome LC-MS/MS analysis at the indicated time points. Represented are volcano plots (x axis, log2 fold change; y
axis, -log10 P value) showing differentially expressed proteins at 48 and 72 h post-HCMV infection (unpaired two-sided Student’s t test with
permutation-based FDR, 0.05; S0, 0.1). (C to E) Time-resolved expression changes of HCMV UL44 and UL83 (C), UL84 (D), UL103, or UL104 (E)
in HCMV-infected WT and ZAP KO HFF-1 cells displayed as bar plots showing the mean 6 S.D. of quadruplicates. (F and G) WT, ZAP KO, or
ZAP KO HFF-1 cells reconstituted with either ZAP-S (F) or ZAP-L (G) were infected by centrifugal enhancement with HCMV (MOI 0.1), and
lysates were analyzed at the indicated time points postinfection by immunoblotting with specific antibodies against ZAP, HCMV UL44, and
actin. Quantifications of UL44 band intensities normalized to actin are depicted as bar plots. One representative of at least 2 independent
experiments is shown. hpi, hours postinfection. Significant changes were calculated using unpaired two-sided Student’s t tests; n.s., not
significant; *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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studies in relation to the latent phase of HCMV (35–37), a concept that is currently
changing and is increasingly associated with a late-lytic replication program (38).
Although the effect of earlier expression patterns in ZAP KO cells was not uniform, it
was particularly strong for cluster 7, which contains the genes UL141, US27, and US28,
and for cluster 8 (UL4, UL5, UL6, UL148A).

In conclusion, ZAP KO cells show an accelerated course of HCMV infection and
seem to more rapidly achieve an intracellular environment associated with a late-lytic
gene expression program. These results, in line with our findings for viral protein levels,
indicate that ZAP delays the progression of the HCMV infection cycle, as reflected in
the decelerated course of the viral gene expression cascade.

ZAP affects the stability of early, but not late, HCMV transcripts. ZAP was previ-
ously described to be involved in mRNA degradation. To investigate the mechanisms
by which ZAP interferes with HCMV infection, we analyzed cellular and viral mRNA sta-
bility during HCMV infection of WT and ZAP KO cells. For this, we labeled newly synthe-
sized RNA at 17 h or 71 h postinfection for 1 h with 4-thiouridine (4sU), as well as con-
trol untreated cells, and performed SLAM-seq (thiol-linked alkylation for the metabolic
sequencing of RNA) (39). Then, we identified the newly synthesized and total RNA
using the computational approach GRAND-SLAM (termed globally refined analysis of
newly transcribed RNA and decay rates using SLAM-seq) (40) (Fig. 5B, Data set S3). In
agreement with previous studies, we confirmed that TNFRSF10D total mRNA was signif-
icantly upregulated in uninfected ZAP KO cells but also expressed higher in the context
of HCMV infection (Fig. 5C). TNFRSF10D encodes the prosurvival protein TRAIL receptor
4 (TRAILR4, a human cell surface receptor of the TNF-receptor superfamily) and was
previously described to be targeted by ZAP at the mRNA level (41). Notably, we found
another, previously undescribed, antiapoptotic factor which was significantly upregu-
lated in ZAP KO cells compared to WT cells, ZMAT3 (encoding the zinc finger matrin-
type protein 3, also known as zinc finger protein Wig-1), with a more pronounced

FIG 4 ZAP-S and ZAP-L negatively affect early and late HCMV transcripts. (A) WT or ZAP KO HFF-1
cells were infected by centrifugal enhancement with HCMV (MOI 0.1). Total RNA was extracted at the
indicated time points postinfection, and mRNA levels of HCMV UL44 and UL83 were measured by
qRT-PCR. Viral mRNA relative expression (log10) normalized to GAPDH is displayed as bar plots
showing the mean 6 S.D. of three independent experiments performed with experimental duplicates.
Experiments were performed in three independent ZAP KO cell lines, and results were combined. (B)
ZAP KO HFF-1 stably expressing either ZAP-S or ZAP-L or transduced with empty vector control, and
WT cells expressing empty vector, were infected by centrifugal enhancement with HCMV (MOI 0.1)
and qRT-PCR performed as described in panel A. Viral mRNA relative expression (log10) normalized to
GAPDH is displayed as bar plots showing the mean 6 S.D. of two independent experiments
performed with experimental duplicates. hpi, hours postinfection. Significant changes were calculated
using unpaired two-sided Student’s t tests; n.s. not significant; *, P, 0.05; **, P, 0.01; ***, P, 0.001;
****, P, 0.0001.
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FIG 5 ZAP decelerates HCMV infection and negatively affects the stability of a subset of HCMV transcripts. (A) WT, control, and two independent
ZAP KO HFF-1 cell lines were untreated (UT), mock-treated, or infected by centrifugal enhancement with HCMV (MOI 0.1). Total RNA was extracted
at 8, 24, and 72 hpi, and lysates were subjected to total transcriptome analysis. Relative temporal expression levels of gene clusters and selected
individual genes are represented as a heat map. Expression of HCMV genes was quantified from the RNA-sequencing and relative temporal
expression levels calculated by dividing, per-sample, normalized expression values (fpkm) to the sum of these values from the same gene over all
samples/time points. Based on these values, genes were clustered in nine groups representing kinetic classes. Shown are the averages of replicates
and clusters. g1, g3, ZAP KO generated with gRNA 1 or gRNA 3. (B) WT and ZAP KO HFF-1 cells were left untreated (UT) or infected by centrifugal
enhancement with HCMV (MOI 0.1). Newly synthesized RNA was labeled with 4-thiouridine (4sU) for 1 h prior to cell lysis, and lysates were taken
at 18 and 72 hpi, followed by RNA purification. SLAM-seq was performed to identify newly synthesized and total RNA using GRAND-SLAM. (C)
Time courses of log2 fold changes of cellular and viral genes (n=12,652) for total (upper panel) and newly synthesized (lower panel) RNA in ZAP
KO/WT HFF-1 cells. The values represent the mean of two biological replicates. TNFRSF10D and ZMAT3 are indicated in yellow and purple,
respectively. (D and E) Represented are log2 fold changes of cellular and viral genes (n=12,652) for total (x axis) and newly synthesized RNA (y axis)
at 72 (D) and 18 hpi (E). Values represent the mean of two biological replicates. Weakly expressed viral genes are indicated (,10 TPM). Dashed
lines demarcate 2-fold differences in regulation of total versus newly synthesized RNA. hpi, hours postinfection; TPM, transcripts per million.
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upregulation in the context of HCMV infection (Fig. 5C, Fig. S5). For both TNFRSF10D
and ZMAT3, reconstitution with either ZAP-S or ZAP-L rescued these phenotypes as
shown by qRT-PCR analyses (Fig. S5). The SLAM-seq results revealed that the upregula-
tion in ZAP KO cells of these two cellular mRNAs in total RNA was not paralleled by the
transcription of newly synthesized RNA, where levels were equal between WT and ZAP
KO cells (Fig. 5C). This shows that in the absence of ZAP, these transcripts have a longer
half-life and indicates that ZAP has an impact on their degradation, but not on their
transcription.

For viral mRNA transcripts, we observed a 4- to 12-fold upregulation in ZAP KO cells
on both total RNA as well as newly synthesized RNA levels at 72 hpi (Fig. 5D). These
results indicate that the upregulation on total RNA levels in ZAP KO cells at late times
of HCMV infection is predominantly due to increased transcription rates and not due
to an increase in mRNA stability.

At 18 hpi, upregulation of viral transcripts was much weaker and below 2-fold for
genes with significant levels of expression (.10 transcripts per million, TPM), with the
exception of UL4 and UL5, which were 6-fold upregulated (Fig. 5E). Strikingly, the up-
regulation in total RNA was not paralleled by upregulation of newly synthesized RNA.
This provides evidence that at 18 hpi, a small subset of viral transcripts, including UL4
and UL5, is destabilized in the presence of ZAP. We conclude that ZAP directly inter-
feres with the expression of distinct viral genes early during infection on the posttran-
scriptional level, which, as a secondary effect, results in substantially weaker transcrip-
tion of viral genes at later time points.

ZAP binds to cytosine-rich regions in several thousand cellular mRNAs.
Previous studies indicated that ZAP directly binds to CG-dinucleotide-enriched RNA
sequences (19, 29). To determine the physical mRNA binding sites of ZAP during
HCMV infection, we performed enhanced cross-linking and immunoprecipitation in
combination with RNA sequencing analysis (eCLIP-seq) (42) using a ZAP antibody that
recognizes both ZAP isoforms (Fig. 6A). We first concentrated on the host genome
where we found 15,302 ZAP binding sites in 5,657 transcripts (Data set S4). To assess
the quality of our data, we compared the expression changes of cellular mRNAs with
and without ZAP binding sites in WT and ZAP KO cells. For that, we focused on the
untreated samples from our SLAM-seq experiment to exclude effects of ZAP that are
not mediated by direct interaction with targets, which likely are exacerbated upon
infection. Gene expression differences were generally weak, with .95% of genes regu-
lated less than 1.3-fold. Nevertheless, genes with a strong ZAP binding site (.5-fold
enrichment of size-matched input RNA) or with multiple binding sites had on average
higher expression levels in KO cells (P, 6.4� 1026, two-sided Kolmogorov-Smirnov
test.) (Figure S6A). In contrast, newly synthesized RNA was largely unchanged
(Fig. S6B). This shows that even in uninfected cells, ZAP has a measurable impact on
RNA half-lives of hundreds of cellular genes and that our eCLIP approach could capture
the global landscape of ZAP binding sites. For genes with a single weak binding site of
ZAP (,5-fold enrichment over input RNA), we did not observe an effect on expression
levels (Fig. S6A). Weak binding sites might correspond to transient ZAP binding with-
out a strong effect on RNA stability, or they are predominantly false-positive peak calls.
Thus, we concentrated on strong ZAP binding sites in the following analyses.

To evaluate the binding preferences of ZAP in our data, we counted dinucleotides
inside or outside binding sites in strongly expressed genes (TPM. 10, n=6,600) at 18
hpi. As observed in previous studies, CG dinucleotides in ZAP binding sites were signifi-
cantly overrepresented (enrichment over background f=1.65, P, 2� 10216, two-sided
Wilcoxon test). However, we also observed other cytosine-containing dinucleotides,
including CC (f=1.55, P, 2� 10216), TC (f=1.48, P, 2� 10216), and CT (f=1.46,
P, 2� 10216), to be strongly enriched in binding sites. In contrast, adenosine-contain-
ing dinucleotides, with the exception of TA, were generally underrepresented (AA,
f=0.46; GA, f=0.62; AG, f= 0.67; AT, f=0.75; CA, f=0.78; AC, f=0.80; all, P, 2� 10216;
Fig. 6B).
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FIG 6 ZAP specifically binds to a subset of cytosine-rich viral transcripts early during HCMV infection. (A) WT HFF-1 cells were infected with HCMV (MOI 1)
and UV-cross-linked 20 hpi to create covalent bonds between nucleic acids and associated proteins. Following cell lysis, unprotected RNA was digested
and endogenous ZAP was immunoprecipitated using a ZAP-specific antibody. Cross-linked protein-RNA complexes were separated by SDS-PAGE, followed
by transfer onto nitrocellulose. Bands migrating at the expected size range were excised, and recovered RNA fragments were converted into a cDNA
library. IP samples and size-matched input were subjected to sequencing according to the eCLIP protocol. The cross-linking site is depicted as a star. (B)
Boxplots showing the distribution of relative frequencies of dinucleotides inside (“binding site”) and outside (“background”) binding sites for n= 6,600
strongly expressed genes (TPM. 10). The y axis is cut at 0.2. (C) Heat map showing the log2 enrichments of dinucleotide frequencies over background at
each position upstream and downstream of the main cross-linking site per gene (n= 6,600). (D) Scatterplot comparing the deviation of KO versus WT fold
changes in newly synthesized RNA from total RNA against the total expression level in WT at 18 h postinfection (hpi). Viral open reading frames (ORFs) are
colored according to their strongest binding site (in terms of enrichment over input RNA) or shown in black if no binding site was detected. Cellular genes
are shown in gray for comparison. TPM, transcripts per million. (E) Genome browser showing the UL4-UL6 locus. The tracks indicate the position in the
HCMV genome, the ORF positions, polyadenylation signals (PAS), binding sites called by MACS2 with the indicated enrichment values, the normalized
coverage of eCLIP reads (input in ochre, IP in green), and the normalized coverage by SLAM-seq reads at 18 h postinfection (ZAP KO cells in red, WT cells
in gray).
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To investigate the binding preferences of ZAP in more detail, we made use of the
nucleotide resolution of our eCLIP data; for each gene with a detected binding site, we
identified the strongest cross-linking site by considering the 39 ends of mapped eCLIP
read pairs and counted occurrences of dinucleotides around these sites. This more
detailed analysis confirmed the over- and underrepresentation of specific dinucleoti-
des. Moreover, it revealed much stronger enrichments of cytosine-containing dinucleo-
tides at specific positions downstream of the cross-linking sites than predicted by the
prior analysis (CG, f=2.08; CC, f=2.00; TC, f=1.77; CT, f=1.67) and much stronger
depletion of adenosine-containing dinucleotides (CA, f=0.13; AA, f=0.20; AT, f=0.31;
AC, f=0.51; GA, f=0.51; AG, f=0.53; Fig. 6C). We then used DREME (43) to identify
motifs enriched in the sequences directly downstream of the main cross-linking site.
However, only a few spurious motifs were identified (Fig. S6C to E). As these were
largely composed of overrepresented dinucleotides, we concluded that ZAP preferen-
tially binds to cytosine-rich regions devoid of adenosines but likely does not recognize
longer sequence patterns.

ZAP binds to a limited number of sites in the viral transcriptome to destabilize
mRNAs transcribed from the UL4-UL6 locus. Next, we identified ZAP binding sites in
the viral transcriptome and mapped them to open reading frames (ORFs). Interestingly,
we found only 16 binding sites exceeding an enrichment of .5-fold over input, 12 of
which could be mapped to an ORF of the HCMV genome (Data set S4). Of note, five of
those mapped to the UL4-UL6 locus. Thus, ZAP binds to only a small number of sites on
viral mRNAs, and those are concentrated in the UL4-UL6 locus.

We then aimed to directly compare the ZAP binding sites identified by eCLIP with
the regulation at 18 hpi. For that, we plotted the log fold change difference in total
versus newly synthesized RNA (i.e., the deviation from the diagonal line in Fig. 5E)
against the overall expression strength in the WT and determined for each ORF the
most strongly enriched binding site (Fig. 6D). As shown before, transcripts expressed
from the UL4-UL6 locus were by far the most strongly destabilized mRNAs (Fig. 5E),
with a strong temporal shift upon ZAP depletion (Fig. 5A, Fig. S4, cluster 8). Strikingly,
our analysis revealed that these transcripts are also the only direct targets of ZAP with
a substantial enrichment over input as shown by eCLIP-seq (Fig. 6E). Our SLAM-seq
data indicate that transcription at this locus stops at a polyadenylation signal inside
the UL6 ORF and that a sixth binding site upstream of the UL4 ORF that was not con-
sidered in the previous analysis is also located on a transcript expressed from this locus
(Fig. 6E).

Altogether, our data provide clear evidence that ZAP strongly destabilizes mRNAs
originating from the UL4 and UL5 ORFs by directly binding to several mRNA sites and
that these are the most prominent ZAP targets among the transcripts produced from
the HCMV genome. We therefore propose that this early and distinct regulation of the
UL4-UL6 locus early after HCMV infection could underlie the observed delay in the pro-
gression of the HCMV infection cycle (Fig. 7).

DISCUSSION

Viral infection induces a specific expression pattern of ISGs (44). To date, more than
300 ISGs have been described, but so far, the function of the majority of the proteins
they encode is poorly understood. ISG function is highly contextual, as their effect on
viral infection is dependent on the viral entry route, replication mechanism, site of rep-
lication and viral assembly, and cell type. Hence, while some ISGs may exert an antiviral
activity against some viruses, they may either have a neutral or positive effect on other
viruses or, in some instances, be susceptible to viral evasion mechanisms (5, 7).

HCMV infection leads to the upregulation of a distinct set of cellular proteins during
the first 24 h of infection, 32 of which were classified as ISGs, including the RNA bind-
ing protein ZAP (32). While that report did not distinguish between the two major ZAP
isoforms, ZAP-S and ZAP-L, in this study, we delineated their endogenous expression
kinetics during HCMV infection. ZAP-L is readily detectable in uninfected cells, and its
expression slightly increases throughout the first 48 h of HCMV infection, while ZAP-S
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protein levels are low in uninfected cells and strongly upregulated from 6h postinfec-
tion onward. At a late stage of the HCMV life cycle, expression of both ZAP isoforms
decreases, which likely reflects the fading type I IFN response rather than HCMV-medi-
ated degradation (32, 45).

Our results showed that HCMV replication is restricted by the presence of ZAP.
Notably, reconstitution of ZAP KO cells with either ZAP-S or ZAP-L showed that both
have the potential to restrict HCMV replication to similar levels as endogenous ZAP in
wild-type cells. However, the overexpression of one or another ZAP isoform during
reconstitution did not push antiviral protection beyond that of endogenous levels. We
speculate that this could (i) be a phenomenon of saturation regarding the capacity of
cellular machineries to degrade RNA or (ii) be related to the availability of cofactors
involved in ZAP-mediated antiviral activities (46–48).

While both ZAP isoforms, ZAP-S and ZAP-L, restricted HCMV infection in our study,
recent studies propose diverse functions for one or the other isoform during infection
with different viruses, for example, the DNA virus modified vaccinia virus Ankara (MVA)
(27) and Sindbis virus (SINV), an RNA alphavirus (17, 31). For MVA, which replicates in the
cytoplasm, no impact of ZAP on viral transcription was observed, but rather, an effect of

FIG 7 ZAP is a restriction factor for HCMV infection. (A) The expression of the ISG ZAP is induced at
early stages during HCMV infection. The RNA-binding protein ZAP specifically binds to viral mRNAs
transcribed from the HCMV UL4-UL6 genome locus (depicted in orange) and negatively affects their
stability. In the presence of ZAP, expression of early and late HCMV genes and proteins, as well as
genome replication, is delayed. (B) In the absence of ZAP, the stability of HCMV mRNAs transcribed
from the UL4-UL6 locus is unaltered, and HCMV transcription, protein expression, and genome
replication are enhanced compared to ZAP-expressing cells.
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ZAP-L on viral assembly was observed (27). Similarly, Schwerk and colleagues found that
ZAP-L, which can be farnesylated at its C terminus (lacking in ZAP-S) and is thereby tar-
geted to membranes (10), colocalizes with SINV RNA intermediates in distinct foci in the
cytoplasm (31). Moreover, ZAP-S was described to act as a negative feedback regulator
of the IFN response later in infection with SINV by destabilizing IFN transcripts (31).
However, in our study, by comparing WT and ZAP KO cells, we did not observe an effect
of ZAP expression on IFN signaling pathways. This could be due to the presence of
HCMV evasion proteins that downmodulate the IFN response, which may overshadow
an effect of ZAP-S in this regard (7, 49), but this is purely speculative at this point.
Nevertheless, based on our results, we cannot state whether ZAP-S and ZAP-L employ
the same mechanism of action or whether they provide individual contributions to in-
hibit HCMV replication. This will need to be further evaluated in future work.

We took a global approach to explore the role of ZAP during HCMV infection and
examined the whole transcriptome and proteome in WT and ZAP KO cells. We
observed that expression of ZAP greatly delays transcription of the majority of viral
genes, eventually resulting in a delay of viral protein expression. CCCH-type zinc finger
proteins such as ZAP have previously been reported to be capable of RNA binding and
mediation of RNA degradation (13, 14, 16). In the case of ZAP, a preference for RNA
with a high CG dinucleotide content was proposed (19, 20, 30). In comparison to the
human genome, which has low CG content (50, 51), the HCMV genome presents the
highest CG content among human Betaherpesvirinae (52), which makes HCMV tran-
scripts a putative target for ZAP-mediated degradation. Accordingly, we conducted a
series of experiments with regard to mRNA stability during HCMV infection. By per-
forming eCLIP-seq and SLAM-seq, we investigated whether (i) ZAP binds to cellular
and/or viral mRNA, (ii) ZAP binds to specific mRNA sequences, and (iii) the stability of
the ZAP-bound mRNA is altered.

First, due to the nucleotide resolution of eCLIP-seq, dinucleotide analyses carried
out on the strongest cross-linking sites enabled the identification of putative binding
preferences for ZAP. The obtained results were in agreement with previous publica-
tions that show a binding preference of ZAP to CG-rich motifs (19, 20, 29, 30, 53).
However, our analysis revealed that not only CG, but also other cytosine-containing
dinucleotides were highly overrepresented in the cross-linking sites, whereas adeno-
sines were significantly underrepresented. Ultimately, our data did not provide specific
sequence motifs for ZAP binding, but only few spurious motifs were identified. As
these were largely composed of overrepresented dinucleotides, we conclude that ZAP
likely does not recognize longer specific sequence patterns but preferentially binds to
cytosine-rich regions. At this point, we can only hypothesize that there may also be (i)
sequences surrounding the ZAP binding sites or (ii) secondary RNA structures that are
crucial for ZAP binding, as previously proposed by Huang et al. (28). These results also
suggest a broader binding preference of ZAP to mRNA, which in turn, possibly allows
ZAP to act against a variety of viruses, and virus-mediated escape of recognition by
ZAP, e.g., by single nucleotide mutations, is less likely.

In agreement with previous studies, which described ZAP to mediate degradation
not only of foreign but also of specific cellular transcripts (31, 41), we identified thou-
sands of ZAP-bound cellular transcripts by eCLIP-seq. These transcripts were weakly
but significantly downregulated in uninfected WT cells, indicating that ZAP, even when
expressed at basal levels in interferon-naive cells, exerts a function as an mRNA desta-
bilizer. Upon HCMV infection, several cellular mRNAs were strongly destabilized by
ZAP. For example, we confirmed a previously reported negative effect of ZAP on
TNFRSF10D (41), encoding the TRAIL receptor 4 (TRAILR4) involved in cell survival. The
authors showed that ZAP-mediated downregulation of TRAILR4 results in increased
cell sensitivity to TRAIL-mediated apoptosis (41). Moreover, our global approach
allowed us to identify previously undescribed cellular targets of ZAP, as illustrated by
the ZMAT3 gene, encoding the zinc finger matrin-type protein 3 (also known as zinc
finger protein Wig-1), which is another prosurvival factor (54).
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As mentioned above, the HCMV genome has a high CG content compared to the
host genome. However, expression of ZAP did not affect stability of viral transcripts
expressed late in infection (72 hpi), but it affected viral transcripts expressed at early
stages of infection (18 hpi), with HCMV UL4 and UL5 transcripts being the most promi-
nent ones. Remarkably, eCLIP-seq revealed that most of the binding sites for ZAP were
concentrated in the UL4-UL6 locus. This strongly suggests that the overall CG content
is not predictive for ZAP binding.

In the course of completing our manuscript, a study was published that reported a
negative effect of ZAP on HCMV (25). The authors concluded, based on a bioinformatics
analysis of the CG content of HCMV genes, that the low CG content of the IE1 gene could
be an HCMV evasion mechanism to avoid ZAP recognition (25). While the conclusion
drawn by Lin et al. (25) is reasonably supported by their data, the impact of ZAP was
only elucidated on four HCMV proteins, without analyzing their transcript levels or
mRNA stability. Our study generally confirmed the results of Lin et al. (25), as we did
observe a ZAP-dependent notable delay of viral protein expression but no effect on total
IE1 transcript levels. However, rather than IE1 expression being the decisive factor for
this phenotype, our data suggest that the delay in HCMV life cycle progression is due to
the effect of ZAP on the stability of transcripts from the UL4-UL6 gene locus.

UL4, UL5, and UL6 belong to the RL11 gene family of HCMV (55, 56). The UL4 gene
encodes two transcripts with early kinetics and one with late kinetics (57, 58), while
UL5 encodes two transcripts (59, 60). Interestingly, all of them share the same 39 end,
which designates the UL4-UL5 region as a transcription unit (60). To our knowledge,
UL6 was not further characterized yet. The biological function of the RL11 family mem-
bers is only poorly understood. Several studies suggest that these membrane-associ-
ated proteins may be involved in immune evasion (61–65), as they are largely dispen-
sable for virus growth in cultured fibroblasts (66, 67). A more detailed impact of UL4
and UL6 on HCMV infection has not been studied so far. Recently, HCMV UL5 was
shown to be involved in efficient viral assembly and/or egress from the host cell by
interacting with the cellular scaffold protein IQGAP1 (IQ motif-containing GTPase acti-
vating protein 1) (68). This indicates a possible role of UL5 in a late phase of HCMV
infection. However, the impact of UL4 and UL5 expressed with early kinetics remains
unknown. The fact that ZAP has an impact on HCMV infection and specifically targets
transcripts from this locus suggests a possible involvement of products originating
from the UL4-UL6 gene locus for efficient HCMV infection.

Altogether, these findings show the multiple layers of complexity of the RNA bind-
ing protein ZAP, highlighting its different facets depending on the virus species it
encounters. For HCMV, ZAP appears on the scene at early time points of infection,
decelerating the viral gene expression cascade, presumably by handpicking a distinct
set of viral transcripts for degradation, mainly containing the UL4 and UL5 HCMV ORFs.
Our study illustrates the potent role of ZAP as an antiviral restriction factor and sheds
light on a possible role of UL4 and/or UL5 early during infection, paving a new avenue
to explore these poorly characterized HCMV genes.

MATERIALS ANDMETHODS
Cell lines. Primary human foreskin fibroblasts (HFF-1; SCRC-1041), MRC-5 (CCL-171), and human em-

bryonic kidney 293T cells (HEK 293T; CRL-3216) were obtained from ATCC. HEK 293T and MRC-5 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; high glucose) supplemented with 8%
fetal calf serum (FCS) and 1% penicillin/streptomycin (P/S). HFF-1 cells were maintained in DMEM (high
glucose) supplemented with 15% FCS, 1% P/S and 1% nonessential amino acids (NEAA). Cells were cul-
tured at 37°C in a humidified 7.5% CO2 incubator.

Viruses. The wild-type HCMV TB40-BAC4 (here designated HCMV WT) was characterized previously
(69) and kindly provided by Martin Messerle (Institute of Virology, Hannover Medical School, Germany).
HCMV BACs were reconstituted after transfection of MRC5 cells with purified BAC DNA. Reconstituted vi-
rus was propagated in HFF-1 cells, and virus was purified on a 10% Nycodenz cushion. The resulting vi-
rus pellets were resuspended in virus standard buffer (50mM Tris-HCl pH 7.8, 12mM KCl, 5mM EDTA)
and stored at 270°C. Infectious titer was determined by standard plaque assay and IE1 labeling using
HFF-1 cells.
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Plasmids. Expression plasmids for firefly luciferase (FFLuc, control) and ZAP-S (short isoform of ZAP)
in pTRIP-IRES-RFP as well as pCMV-VSV-G and pCMV-gag/pol plasmids were described previously (44)
and kindly provided by John Schoggins (University of Texas Southwestern Medical Center, Dallas, Texas).
pcDNA4-HA-ZAP-L (long isoform of ZAP) (9) was kindly provided by Chad Swanson (Department of
Infectious Diseases, School of Immunology and Microbial Sciences, King’s College London). ZAP-S and
ZAP-L were subcloned into pEF1-V5/His (Thermo Fisher Scientific) via the KpnI/XbaI sites to generate
pEF1-ZAP-S-V5/His and pEF1-ZAP-L-V5/His, respectively. Exchange of V5/His to myc/His was performed
using the Q5 site-directed mutagenesis kit (New England Biolabs [NEB] no. E0554) according to the man-
ufacturer’s protocol, resulting in pEF1-ZAP-S-myc/His and pEF1-ZAP-L-myc/His. In order to reconstitute
ZAP-S and ZAP-L expression in ZAP KO cell lines, codon optimization of the ZAP-S and ZAP-L coding
region was performed to prevent binding of the constitutively expressed gRNA and Cas9. For this, nucle-
otides 103 to 219 of the ZAP-S and ZAP-L coding region (spanning the binding sites for gRNA 1 and
gRNA 3; see Fig. 1C) were codon optimized using the Q5 site-directed mutagenesis kit, resulting in
pEF1-ZAP-S-myc/His and pEF1-ZAP-L-myc/His codon-optimized. A pTRIP-IRES-RFP empty vector was
generated by replacing the coding region of ZAP-S from pTRIP-IRES-RFP ZAP-S (received from John
Schoggins) by the multiple cloning sites of pWPI vectors to obtain PmeI, SdaI, SgsI, BamHI, XmaI, RgaI,
and XhoI restriction sites for further subcloning. Codon-optimized versions of ZAP-S and ZAP-L were
subcloned into the newly generated pTRIP-IRES-RFP empty vector via the SgsI/BamHI restriction sites to
generate pTRIP-IRES-RFP ZAP-S-opt-myc/His and pTRIP-IRES-RFP ZAP-L-opt-myc/His. To generate the
untagged version of ZAP-L, ZAP-L optimized was subcloned into pTRIP-IRES-RFP empty vector via the
PmeI/BamHI sites, resulting in pTRIP-IRES-RFP ZAP-L-opt. All constructs were verified by sequencing.
Oligo sequences as well as sequences of all constructs are available upon request.

The expression plasmid for gRNA cloning and CRISPR/Cas9-mediated gene editing, pLK05.U6.sgRNA
(BsmBI,stuffer).EFS.SpCas9.P2A.tagRFP (70), was kindly provided by Dirk Heckl (Experimental Pediatrics,
Martin Luther University, Halle, Germany). The corresponding envelope and packaging plasmids, pMD2.
G and psPAX2, were purchased from AddGene (no. 12259 and no. 12260, respectively).

Antibodies and reagents. Mouse monoclonal anti-pp65 (anti-UL83) (no. ab6503, clone 3A12) was
obtained from Abcam, and mouse monoclonal anti-ICP36 (anti-UL44) (no. MBS530793, clone M612460)
was purchased from MyBioSource. Mouse monoclonal anti-hZAP (ZC3HAV1) (no. 66413-1-Ig, clone
1G10B9) and rabbit polyclonal anti-hZAP (no. 16820-1-AP) were obtained from ProteinTech. Mouse
monoclonal anti-actin (A5441, clone AC-15) was obtained from Sigma-Aldrich. Rabbit monoclonal anti-
myc (no. 2278, clone 71D10) was obtained from Cell Signaling. Mouse monoclonal anti-IE1 (clone 63-27,
originally described in reference 71) was a kind gift from Jens von Einem (Institute of Virology, Ulm
University Medical Center, Ulm, Germany). Alexa Fluor-conjugated secondary antibodies were purchased
from Invitrogen. The transfection reagent Lipofectamine 2000 was purchased from Life Technologies.
Polybrene was obtained from Santa Cruz Biotechnology. Opti-MEM was purchased from Thermo Fisher
Scientific. Protease inhibitors (no. 4693116001) were purchased from Roche. Recombinant human IFN-b
was purchased from PeproTech (no. 300-02BC).

Generation of ZAP knockout cells using CRISPR/Cas9-mediated genome editing. Custom gRNAs
targeting the first exon of the ZAP coding region, thus disrupting expression of ZAP-S and ZAP-L, were
designed using CRISPOR software (http://crispor.tefor.net) (72) and cloned into the lentiviral pLKO5 vec-
tor (kindly provided by Dirk Heckl, Martin Luther University, Halle, Germany). The pLKO5 vector constitu-
tively expresses the introduced gRNA under the control of a U6 promoter. SpCas9 with a P2A cleavage
site followed by RFP is under the control of the EF1a short promoter and results in the constitutive
expression of SpCas9 and an RFP reporter for cell sorting. Three different gRNAs targeting the ZAP coding
region and a nontargeting control gRNA were generated and cloned into the pLKO5 vector via the BsmBI
restriction site. ZAP gRNA 1 targets exon 1 at nucleotide 149, ZAP gRNA2 at nucleotide 53, and ZAP gRNA3
at nucleotide 191. The gRNA sequences are as follows: ZAP-g1_FOR, 59-CACCGGCCGGGCCCGACCGCTTTG;
ZAP-g1_REV, 59-AAACCAAAGCGGTCGGGCCCGGCC; ZAP-g2_FOR, 59-CACCGCAAAATCCTGTGCGCCCACG;
ZAP-g2_REV, 59-AAACCGTGGGCGCACAGGATTTTGC; ZAP-g3_FOR, 59-CACCGGCCGGGATCACCCGATCGG; ZAP-
g3_REV, 59-AAACCCGATCGGGTGATCCCGGCC; control-gRNA_FOR, 59-CACCGGATTCTAAAACGGATTACC; con-
trol-gRNA_REV, 59-AAACGGTAATCCGTTTTAGAATCC. For lentivirus production, HEK 293T cells (730,000 cells
per well, 6-well format) were transfected with 400ng pMD2.G, 1,600ng psPAX2, and 2,000ng pLKO5 plasmid
(containing the respective gRNA) complexed with Lipofectamine. Then, 16h posttransfection, medium was
changed to lentivirus harvest medium (DMEM h.gl. supplemented with 20% FCS, 1% P/S, and 10mM HEPES);
48h posttransfection, lentivirus was harvested and diluted 1:2 with HFF-1 medium, and Polybrene was added
to a final concentration of 4mg/ml. HFF-1 cells were seeded the day before transduction in a 6-well format
with 250,000 cells/well. For transduction, HFF-1 medium was replaced by medium containing lentivirus, and
cells were transduced by centrifugal enhancement at 684� g and 30°C for 90 min. Next, 3h postransduction,
medium was replenished with fresh HFF-1 medium. Successfully transduced cells were sorted by flow cytome-
try for RFP signal 72h postransduction to obtain a cell population devoid of ZAP expression. Cas9-mediated
knockout of ZAP was verified by immunoblotting.

Reconstitution assays. For reconstitution of ZAP-S or ZAP-L expression in ZAP KO cell lines, lentivi-
ral transduction was performed as described above. Briefly, 2,000 ng pTRIP-IRES-RFP empty vector or
pTRIP-IRES-RFP containing codon-optimized C-terminally myc-tagged ZAP-S, ZAP-L, or untagged ZAP-L,
together with 400 ng pCMV-VSV-G and 1,600 ng pCMV-gag/pol complexed with Lipofectamine was
transfected into HEK 293T cells, and medium was changed to lentivirus harvest medium the next day.
Then, 48 h posttransfection, the WT or the indicated ZAP KO HFF-1 cells were lentivirally transduced;
72 h postransduction, cells were counted, and 100,000 cells per well were seeded in a 24-well format.
The next day, cells were infected with HCMV WT at a multiplicity of infection (MOI) of 0.1, and infection
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was enhanced by centrifugation at 684� g for 45min at 30°C. After centrifugation, cells were incubated
at 37°C for 30min followed by replacement of virus-containing medium with fresh HFF-1 medium. At
the indicated time points postinfection, cells were lysed for analysis by immunoblotting or qRT-PCR as
described below.

Immunoblotting. For the analysis of viral protein kinetics upon HCMV infection, HFF-1 WT or ZAP
KO cells (100,000 cells/well in a 24-well format) were infected with HCMV WT at an MOI of 0.1, and the
infection was enhanced by centrifugation at 684� g at 30°C for 45min. The moment when the virus was
added to the cells was defined as time point 0. After centrifugation, cells were incubated at 37°C for 30
min followed by replacement of virus-containing medium with fresh HFF-1 medium. Cells were lysed at
the indicated time points using radioimmunoprecipitation (RIPA) buffer (20mM Tris-HCl pH 7.5, 1mM
EDTA, 100mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS). Protease inhibitors were
added freshly to all lysis buffers prior to use. Cell lysates and samples were separated by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membrane (GE Healthcare) using wet transfer and
Towbin blotting buffer (25mM Tris, 192mM glycine, 20% [vol/vol] methanol). Membranes were probed
with the indicated primary antibodies and respective secondary horseradish peroxidase (HRP)-coupled
antibodies diluted in 5% wt/vol nonfat dry milk or 5% bovine serum albumin (BSA) in Tris-buffered saline
with Tween 20 (TBS-T). Immunoblots were developed using SuperSignal West Pico (Thermo Fisher
Scientific) chemiluminescence substrates. Membranes were imaged with a ChemoStar ECL imager
(INTAS) and quantified using LabImage 1D software (INTAS).

Immunofluorescence. ZAP KO HFF-1 cells were lentivirally transduced as described above. Briefly,
2,000 ng pTRIP-IRES-RFP containing codon-optimized C-terminally myc-tagged ZAP-S or ZAP-L together
with 400 ng pCMV-VSV-G and 1,600 ng pCMV-gag/pol complexed with Lipofectamine were transfected
into HEK 293T cells, and medium was changed to lentivirus harvest medium the next day. Then, 48 h
posttransfection, ZAP KO HFF-1 cells were lentivirally transduced; 72 h postransduction, cells were
counted, and 20,000 cells per well were seeded in a m-Slide 8-well chamber slide (ibidi; no. 80826). The
next day, cells were mock-infected or infected with HCMV WT at an MOI of 0.1, and infection was
enhanced by centrifugation at 684� g for 45min at 30°C. After centrifugation, cells were incubated at
37°C for 30min, followed by replacement of virus-containing medium with fresh HFF-1 medium. Cells
were fixed 24 hpi using 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20min at
room temperature. Cells were washed three times with PBS, followed by permeabilization using 0.4%
Triton X-100 in PBS for 10min at room temperature. Cells were washed three times with PBS and
blocked with 4% BSA in PBS for 45min. Cells were stained with the indicated primary antibodies and re-
spective secondary antibodies coupled to Alexa488, or Alexa647, and Hoechst (Thermo Fisher Scientific;
no. 33342) diluted in 4% BSA in PBS for 45min at room temperature in the dark. Imaging was done on a
Nikon ECLIPSE Ti-E-inverted microscope equipped with a spinning disk device (Perkin Elmer Ultraview),
and images were processed using Volocity software version 6.2.1 (Perkin Elmer).

Quantitative RT-PCR. HFF-1 WT or ZAP KO cells were infected with HCMV WT as described above.
Briefly, an MOI of 0.1 was used, and the infection was enhanced by centrifugation at 684� g at 30°C for
45min, followed by 30 min incubation at 37°C and replacement of virus-containing medium with fresh
HFF-1 medium. Cells were lysed in RLT buffer, and RNA was purified using the Analytik Jena RNA isola-
tion kit (845-KS-2040250) following the manufacturer’s protocol. After RNA extraction, 1,500 ng of RNA
per sample was used for further processing. DNase treatment and cDNA synthesis were performed with
the iScript gDNA Clear cDNA synthesis kit (no. 1725035) following the manufacture’s protocol. Generated
cDNA was diluted 1:5 before performing qPCR to obtain 100ml of cDNA. For quantification of gene tran-
scripts, 5ml of cDNA per sample was used, and qRT-PCR was performed using the GoTaq qPCR master mix
(Promega, A6001) on a LightCycler 96 instrument (Roche). GAPDH was used for normalization. The follow-
ing oligo sequences were used: GAPDH_FOR, 59-GAAGGTGAAGGTCGGAGTC; GAPDH_REV, 59-GAAGATG
GTGATGGGATTTC; UL44_FOR, 59-CGCGACGTTACTTTGATTTGAG; UL44_REV, 59-ATTCGGACGCCGACATTAG;
UL83_FOR, 59-AACCAAGATGCAGGTGATAGG; UL83_REV, 59-AGCGTGACGTGCATAAAGA; TNFRSF10D_FOR,
59-CTGCTGGTTCCAGTGAATGACG; TNFRSF10D_REV, 59-TTTTCGGAGCCCACCAGTTGGT; ZMAT3_FOR, 59-
GCTCTGTGATGCCTCCTTCAGT; ZMAT3_REV, 59-TTGACCCAGCTCTGAGGATTCC.

Determination of HCMV genome copy numbers. HFF-1 WT, control, or ZAP KO cells were infected
with HCMV WT at an MOI of 0.1 for 2 h at 37°C. After this time, cells were washed once with fresh me-
dium and incubated at 37°C. At the indicated time points, cells were scraped into the supernatants, and
cells and supernatant were harvested together. DNA from 200ml of the samples was extracted using the
Qiagen DNeasy blood and tissue kit (no. 69504) following the manufacturer’s protocol. Extracted DNA
was diluted 1:10 prior to qPCR for the analysis of HCMV genome copy numbers. HCMV DNA copy num-
bers were quantified with a real-time quantitative PCR as described previously (73). Copy numbers were
harmonized to the 1st WHO International Standard for Human Cytomegalovirus for Nucleic Acid
Amplification Techniques (NIBSC, no. 09/162).

Total proteome analyses using LC-MS/MS. HFF-1 WT or ZAP KO (250,000 cells/well in a 6-well for-
mat) were mock-treated or infected with HCMV WT at an MOI of 0.1, and the infection was enhanced by
centrifugation at 684� g at 30°C for 45min. The moment when the virus was added to the cells was
defined as time point 0. After centrifugation, cells were incubated at 37°C for 30 min followed by re-
moval of the virus-containing medium, one wash with DMEM, and replacement with fresh medium. At
the indicated time points, cells were washed with PBS once and then collected in 300ml of fresh PBS per
well. Cell pellets were frozen at 270°C. Two wells were combined to obtain a total of 500,000 cells per
condition. Quadruplicates of HCMV-infected HFF-1 cells were analyzed at 48 and 72h postinfection. For
each replicate, cells were washed with PBS, lysed in SDS lysis buffer (4% SDS, 10mM dithiothreitol [DTT],
50mM Tris/HCl pH 7.6), boiled at 95°C for 5min, and sonicated (4°C, 10min, 30 sec on, 30 sec off;
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Bioruptor). Protein concentrations of cleared lysates were normalized, and cysteines were alkylated with
5.5mM indole-3-acetic acid (IAA) (20min, 25°C, in the dark). SDS was removed by protein precipitation
with 80% (vol/vol) acetone (220°C, overnight), and protein pellets were washed with 80% (vol/vol) ace-
tone and resuspended in 40ml U/T buffer (6M urea, 2M thiourea in 10mM HEPES, pH 8.0). Protein diges-
tion was performed by subsequent addition of 1mg LysC (3 h, 25°C) and 1mg trypsin in 160ml digestion
buffer (50mM ammonium bicarbonate, pH 8.0) at 25°C overnight. Peptides were desalted and concen-
trated using C18 stage tips as described previously (74). Purified peptides were loaded onto a 50-cm
reverse-phase analytical column (75mm diameter; ReproSil-Pur C18-AQ 1.9mm resin; Dr. Maisch) and
separated using an EASY-nLC 1200 system (Thermo Fisher Scientific). A binary buffer system consisting
of buffer A (0.1% formic acid in H2O) and buffer B (80% acetonitrile, 0.1% formic acid in H2O) with a 120-
min gradient (5 to 30% buffer B [95min], 30 to 95% buffer B [10min], wash out at 95% buffer B [5min],
decreased to 5% buffer B [5min], and 5% buffer B [5min]) was used at a flow rate of 300 nl per min.
Eluting peptides were directly analyzed on a Q-Exactive HF mass spectrometer (Thermo Fisher
Scientific). Data-dependent acquisition included repeating cycles of one MS1 full scan (300 to 1,650m/z,
R= 60,000 at 200m/z) at an ion target of 3� 106, followed by 15 MS2 scans of the highest abundant iso-
lated and higher-energy collisional dissociation (HCD) fragmented peptide precursors (R=15,000 at
200m/z). For MS2 scans, collection of isolated peptide precursors was limited by an ion target of 1� 105

and a maximum injection time of 25ms. Isolation and fragmentation of the same peptide precursor
were eliminated by dynamic exclusion for 20 s. The isolation window of the quadrupole was set to
1.4m/z, and HCD was set to a normalized collision energy of 27%. Raw files were processed with
MaxQuant (version 1.6.14.0) using the standard settings and label-free quantification (LFQ) and match
between runs options enabled. Spectra were searched against forward and reverse sequences of the
reviewed human proteome, including isoforms (UniProtKB, release 01.2019) and of the HCMV proteins
(accession number GenBank accession no. EF999921.1) by the built-in Andromeda search engine (75).

The output of MaxQuant was analyzed with Perseus (version 1.6.14.0) (76), R (version 3.6.0), RStudio
(version 1.2.1335), and GraphPad Prism (version 7.04). Detected protein groups identified as known con-
taminants, reverse sequence matches, only identified by site, or quantified in less than 3 out of 4 repli-
cates in at least one condition were excluded. Following log2 transformation, missing values were input
for each replicate individually by sampling values from a normal distribution calculated from the original
data distribution (width = 0.3 · S.D., downshift = 21.8 · S.D.). Differentially expressed protein groups
between biological conditions were identified via two-sided Student’s t tests corrected for multiple
hypotheses testing applying a permutation-based false-discovery rate (FDR) (250 randomizations).

Total transcriptome analyses (RNA sequencing). HFF-1 WT, control, and two independent ZAP KO
cells (250,000 cells/well in a 6-well-plate format) were untreated, mock-treated, or infected by centrifugal
enhancement at 684� g and 30°C for 45 min with HCMV WT at an MOI of 0.1. The moment when the vi-
rus was added to the cells was defined as time point 0. After centrifugation, cells were incubated at 37°C
for 30 min followed by removal of the virus-containing medium and washed with fresh DMEM once.
Medium was then replaced with previously conditioned medium (medium in which the cells were origi-
nally seeded was kept at 37°C during the infection time). Cells were lysed at the indicated time points
using TRIzol for 2 min at room temperature and kept at 270°C. Two wells were combined to obtain
around 500,000 cells per sample. Total RNA was isolated using the RNA clean and concentrator kit
(Zymo Research) according to the manufacturer’s instructions. Sequencing libraries were prepared using
the NEBNext Ultra II directional RNA library prep kit for Illumina (NEB; catalog no. E7760) following polyA
RNA enrichment (NEB; catalog no. E7490) with 9 cycles of PCR amplification and sequenced on a HiSeq
4000 1� 50-cycle flow cell.

Alignments were done using HISAT 2 (77). Sequencing reads were aligned to the hg19 version of the
human genome using standard parameters, using the Refseq gtf file downloaded from the UCSC ge-
nome browser. Reads were then quantified using QuasR (78) and the above-mentioned gtf file or the
HCMV TB40/E annotation (GenBank accession number MF871618). Differential expression and corre-
sponding P values were calculated using edgeR (79). Plots were created using ggplot2 (80) and pheat-
map (version 1.0.12) (https://cran.r-project.org/web/packages/pheatmap/index.html).

SLAM sequencing. HFF-1 WT or ZAP KO (g3) cells (250,000 cells/well in a 6-well format) were left
untreated or infected with HCMV WT at an MOI of 0.1, and the infection was enhanced by centrifugation
at 684� g at 30°C for 45min. The moment when the virus was added to the cells was defined as time
point 0. After centrifugation, cells were incubated at 37°C for 30 min followed by removal of the virus-
containing medium, one wash with DMEM, and replacement with fresh medium. Newly synthesized
RNA was labeled with 4-thiouridine (4sU) for 1 h prior to cell lysis. Cells were lysed at the indicated time
points using TRIzol for 5 min at room temperature and kept at 270°C. Two wells were combined to
obtain around 500,000 cells per sample. Total RNA was isolated using the DirectZOL kit (Zymo Research)
according to the manufacturer’s instructions, including the optional on-column DNase digestion. The
4sU alkylation reaction was essentially performed as published before (39). Briefly, 7.5 to 15mg total
RNA was incubated in 1� PBS (pH 8) containing 50% dimethyl sulfoxide (DMSO) and 10mM IAA at 50°C
for 15 min. The reaction was quenched with 100mM DTT, and RNA was purified using the RNeasy kit
(Qiagen). The quality and integrity of the total RNA were controlled on a 5200 fragment analyzer system.
The RNA sequencing library was generated from 100 ng total RNA using a NEBNext single cell/low input
RNA library according to the manufacture’s protocols. The libraries were sequenced on an Illumina
NovaSeq 6000 device using a NovaSeq 6000 S1 reagent kit (300 cycles, paired-end run, 2� 150 bp) with
an average of 40� 106 reads per RNA sample.

SLAM-seq was performed in duplicates to identify newly synthesized and total RNA using
GRAND-SLAM. Sequencing adapters (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA, AGATCGGAAG
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AGCGTCGTGTAGGGAAAGAGTGT) were trimmed using Trimmomatic (version 0.39) (81). Reads were mapped
to a combined index of the human genome (Hg38/Ensembl version 90) and the HCMV genome (GenBank
accession number EF999921.1) using STAR (version 2.5.3a) with the parameters –outFilterMismatchNmax
20 –outFilterScoreMinOverLread 0.3 –outFilterMatchNminOverLread 0.3 –alignEndsType Extend5pOfReads12
–outSAMattributes nM MD NH. We used GRAND-SLAM (version 2.0.5d) (40) to estimate the new-to-total RNA
ratios. We only used the parts of the reads that were sequenced by both mates in a read pair (parameter
-double) for the estimation. New RNA was computed by multiplying total RNA with the maximum a posteri-
ori estimate of the new-to-total RNA ratio. For further analyses, we removed all cellular genes that had less
than 1 transcript per million transcripts (TPM) in more than 6 (cellular genes) or 2 (viral genes) samples. To
remove artifacts due to imprecise quantification, we furthermore removed all viral genes with less than 100
new reads. Log2 fold changes were estimated using PsiLFC (82) with uninformative prior (corresponding to
no pseudocounts). Normalization factors were computed from total RNA such that the median log2 fold
change was 0 and applied to both total and new RNA.

Enhanced cross-linking and immunoprecipitation (eCLIP) sequencing. HFF-1 WT cells (50� 106

cells) were infected with HCMV WT at an MOI of 1 for 3 h at 37°C and 7.5% CO2. After this time, cells
were washed once with fresh DMEM and replace with fresh medium. At 20 hpi, the cells were UV cross-
linked using a BLX-254 VILBER cross-linker equipped with 254-nm light bulbs. Briefly, the culture me-
dium was removed, and cells were washed once with ice-cold PBS followed by cross-linking on ice.
Cross-linking was performed at 254 nm and 0.8 J/cm2 UV light. Cells were collected by scraping using
ice-cold PBS, followed by centrifugation at 400� g at 4°C for 5min. The cell pellet was washed once
with ice-cold PBS and frozen down in liquid nitrogen. Frozen cell pellets were lysed in 50mM Tris-HCl
pH 7.4, 150 mM NaCl, 1mM EDTA, 1% (vol/vol) NP-40, 0.5% NaDeoxycholate, 0.25mM TCEP [Tris(2-car-
boxyethyl)phosphine hydrochloride], and complete EDTA-free protease inhibitor cocktail. Subsequent
steps were performed as described in the eCLIP protocol (42), with the following modifications.
Immunoprecipitates were washed two times in 1ml CLIP lysis buffer and two times in IP wash buffer
(50mM Tris-HCl pH 7.4, 300mM NaCl, 1mM EDTA, 1% [vol/vol] NP-40, 0.5% sodium deoxycholate,
0.25mM TCEP), followed by two washes in 50mM Tris-HCl pH 7.4, 1mM EDTA, and 0.5% (vol/vol) NP-40.
All other steps were carried out as described in the eCLIP method. Briefly, following cell lysis, unpro-
tected RNA was digested, and ZAP was immunoprecipitated using a specific antibody. Cross-linked pro-
tein-RNA complexes were separated by SDS-PAGE, followed by nitrocellulose transfer. Bands migrating
at the expected size range were excised, and recovered RNA fragments were converted into a cDNA
library according to the eCLIP procedure (42). Sequencing was performed using the NextSeq 500 tech-
nology. For immunoprecipitation reactions, a specific antibody against ZAP (ZC3HAV1) (Proteintech,
16820-1-AP) was used.

Paired-end sequencing reads from eCLIP experiments were trimmed using a custom Python script
that simultaneously identified the umi-molecular identifier (UMI) associated with each read. Trimmed
reads were then aligned to the HCMV genome (GenBank accession number EF999921.1) and the human
genome (Hg38/Ensembl v100) using the Burrows-Wheeler Aligner (83) (version 0.7.15-r1140). Next, we
removed PCR duplicates using the UMI-aware deduplication functionality in Picard’s MarkDuplicates,
and the generated .bam files were then split by strand using “samtools view -f/-F 16” and converted to .bw
(bigwig format) using bamCoverage (84). Finally, ZAP binding sites were identified as peaks that were
enriched relative to a size-matched input control. MACS2 (85) (version 2.2.7.1) callpeak was used with the pa-
rameters -f BAM –keep-dup all –nomodel –extsize 50 –d-min 5 –scale-to small -B.

For comparing the binding site with gene expression (Fig. 6D and Fig. S6), all binding sites overlap-
ping the annotated region of the gene were identified using custom scripts, and the binding site with
the strongest enrichment was used. For the binding preference analysis, the set of strongly expressed
genes defined by our SLAM-seq data was used (see SLAM sequencing section). For each of these genes,
the sequences of the transcript isoform that had the most peaks (and the longest in case more than one
transcript had the same number of peaks) were extracted. Within each of these transcripts, dinucleotide
counts inside and outside the whole binding site regions defined by MACS2 were identified with a cus-
tom script for Fig. 6B. Furthermore, the position directly upstream of the 59 end of the second read of an
eCLIP read pair was considered to be the site of cross-linking. Sequences 6100 nucleotides (nt) of the
main cross-linking site (defined as the position in a transcript isoform having the maximal number of
cross-linking events) were extracted from the transcript sequences (excluding introns), and dinucleotides
were counted for each position using custom scripts for Fig. 6C. DREME (version 5.0.1) (43) was used to
identify sequence motifs (with the parameter -norc) in these sequences.

Statistical analyses. For qRT-PCR and genome copy number quantification, differences between
data sets were evaluated after log transformation with Student’s t-test (unpaired, two-tailed), using
GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA). P values of, 0.05 were considered stat-
istically significant.

Data availability. The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE (86) partner repository with the data set identifier PXD023559.

The raw sequencing data, including SLAM-seq, RNA-seq, and CLIP-seq, have been deposited in the
NCBI GEO database, with the accession number GSE159853.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 7.7 MB.
DATA SET S2, XLSX file, 12.7 MB.
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DATA SET S3, XLSX file, 4.2 MB.
DATA SET S4, XLSX file, 2.5 MB.
FIG S1, TIF file, 0.1 MB.
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3.5 Publication P5: Interferon-induced degradation
of the persistent hepatitis B virus cccDNA form
depends on ISG20

Hepatitis B virus (HBV) can establish acute and chronic infections in humans. De-
spite the availability of a preventive vaccine, approximately 3.5% of the population
are chronically infected, turning HBV together with Hepatitis C virus (HCV) into
the leading causes of liver cancer (Yuen et al. 2018). Hence, treatment of infected pa-
tients to suppress HBV replication is important to prevent the onset of advanced liver
diseases such as hepatocellular carcinoma. Approved antiviral compounds are either
nucleoside or nucleotide analogues (e.g. Entecavir and Tenofovir), that directly inhibit
the viral reverse transcriptase, or formulations of interferons (e.g. PEG-Interferon-
a-2a) which activate the innate immune response (Kwon et al. 2011). Interferon-a
(IFN-a), in particular, is able to diminish the persistence form of HBV in the nu-
cleus, the covalently closed circular DNA (cccDNA) which serves as template for vi-
ral genome replication and protein expression. Apolipoprotein B editing complex 3A
(APOBEC3A, A3A) and A3B were previously identified as the cytidine deaminases
that were induced by IFN-a treatment and deaminated HBV’s cccDNA to activate its
degradation (Lucifora et al. 2014). However, so far unknown enzymes were postulated
that can directly target deaminated cccDNA to initiate its degradation.
We thus used functional studies together with transcriptomics and proteomics analy-
ses to identify anti-HBV host factors involved in the IFN-induced cccDNA clearance.
Intriguingly, we found the interferon-stimulated gene 20 (ISG20) to be the only type I
and II IFN-inducible nuclease in the nucleus of hepatocytes. Its exclusive detection in
livers of patients with an acute, self-limiting infection compared to chronic hepatitis B
patients further corroborated the notion that ISG20 serves as key factor for the clear-
ance of HBV infections. cccDNA binding by ISG20 was further confirmed through
affinity purification of proteins using deoxyuridine-containing single-stranded DNA
molecules that mimic deaminated and transcriptionally active cccDNA. Moreover,
co-expression of ISG20 together with A3A was sufficient for degradation of cccDNA,
while depletion of ISG20, despite IFN treatment, stabilized the cccDNA.
Given the above, this publication identified a novel pathway for HBV elimination,
which comprises the interferon-inducible nuclease ISG20 that works in concert with
A3A to eliminate HBV’s cccDNA from the nucleus of infected cells.
I was able to contribute to this study by designing, performing, analyzing and inter-
preting affinity purification mass spectrometry experiments using deaminated single
and double-stranded DNA oligonucleotides as baits to identify proteins which are
specifically binding to A3A-edited cccDNA molecules.
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Abstract

Hepatitis B virus (HBV) persists by depositing a covalently closed
circular DNA (cccDNA) in the nucleus of infected cells that cannot
be targeted by available antivirals. Interferons can diminish HBV
cccDNA via APOBEC3-mediated deamination. Here, we show that
overexpression of APOBEC3A alone is not sufficient to reduce HBV
cccDNA that requires additional treatment of cells with interferon
indicating involvement of an interferon-stimulated gene (ISG) in
cccDNA degradation. Transcriptome analyses identify ISG20 as the
only type I and II interferon-induced, nuclear protein with annotated
nuclease activity. ISG20 localizes to nucleoli of interferon-stimulated
hepatocytes and is enriched on deoxyuridine-containing single-
stranded DNA that mimics transcriptionally active, APOBEC3A-
deaminated HBV DNA. ISG20 expression is detected in human
livers in acute, self-limiting but not in chronic hepatitis B. ISG20
depletion mitigates the interferon-induced loss of cccDNA, and
co-expression with APOBEC3A is sufficient to diminish cccDNA.
In conclusion, non-cytolytic HBV cccDNA decline requires the
concerted action of a deaminase and a nuclease. Our findings high-
light that ISGs may cooperate in their antiviral activity that may
be explored for therapeutic targeting.
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Introduction

Despite the availability of an effective vaccine, more than 255 million

humans are suffering from chronic HBV infection and are at risk of

developing liver cirrhosis or hepatocellular carcinoma (Thomas, 2019;

WHO, 2019) causing 880,000 deaths every year (Naghavi et al, 2015;

WHO, 2019). Current antivirals control HBV replication but cannot

target its persistence form, the HBV covalently closed circular (ccc)

DNA, in the nucleus of infected cells (Lucifora & Protzer, 2016; Xia &

Guo, 2020).

HBV is a small, enveloped virus that belongs to the Hepadnaviri-

dae family, a group of pararetroviruses that replicate via reverse

transcription (RT) and express viral proteins from their nuclear

transcription template, the cccDNA (Hu & Liu, 2017). Its genomic

DNA is a partially double-stranded relaxed circular DNA (rcDNA)

genome. Upon receptor-mediated entry into hepatocytes, the viral

capsid is released into the cytoplasm and rcDNA is transferred into

the nucleus where it is completed into the fully double-stranded and
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covalently closed form of HBV cccDNA that remains episomal

(Nassal, 2015).

In livers of chronically infected ducks, a mean of 10 duck HBV

cccDNA copies/cell is reported (Zhang et al, 2003), while in human

cell cultures, copy numbers of human HBV cccDNA are estimated

between 1.4 and 9.6 copies/cell (Tropberger et al, 2015; Ko et al,

2018). cccDNA serves as the transcription template for all viral

RNAs: subgenomic mRNAs for expression of the small, medium,

and large (S, M, and L) HBV envelope proteins (Seeger & Mason,

2015) and the HBV x protein (HBx) that is essential to initiate and

maintain viral transcription (Lucifora et al, 2011; Decorsiere et al,

2016); the pregenomic RNA encoding the viral polymerase and the

HBV core protein forming the viral capsid; and a precore RNA trans-

lated into a protein that is processed and secreted as hepatitis B e

antigen (HBeAg) (Seeger & Mason, 2015). Within the newly forming

capsid, pregenomic RNA is reverse-transcribed by the viral poly-

merase into the genomic rcDNA (Summers & Mason, 1982). These

DNA-containing capsids can either be transported back to the

nucleus to increase the cccDNA copy number or be enveloped and

secreted. By this means, cccDNA provides the source for new viri-

ons and is thus a major therapeutic target in chronic hepatitis B

(Nassal, 2015; Lucifora & Protzer, 2016).

Half-life of HBV cccDNA has not been exactly defined. In cell

culture, in the absence of cell division, cccDNA appears to be rather

stable (Cai et al, 2012; Ko et al, 2018) independently of its transcrip-

tional activity (Lucifora et al, 2011). In vivo in the liver, cccDNA

half-life is influenced by a number of factors. Cytotoxic activity of T

cells, e.g., during acute hepatitis, depletes cccDNA by induction of

hepatocyte death (Murray et al, 2005). Interferons and T cell-

derived cytokines destabilize and diminish cccDNA in a non-cyto-

lytic fashion (Lucifora et al, 2014; Xia et al, 2016; Koh et al, 2018).

Since cccDNA does not have a nuclear re-targeting signal, it is not

self-maintained and may be lost during cell division, e.g., during

liver regeneration, as has been demonstrated in humanized mice

(Allweiss et al, 2018). However, cccDNA may also survive through

mitosis through a “nuclear refill” that occurs via reimport of rcDNA

from newly formed viral capsids into the nucleus. A rebound of

HBV replication upon withdrawal from nucleos(t)ide analogue treat-

ment and traces of HBV DNA remaining detectable years after clini-

cal recovery from acute hepatitis (Rehermann et al, 1996)

demonstrate that HBV cccDNA may be very long-lived in the human

liver and can persist for months (Huang et al, 2021).

Cytokine signaling can control cccDNA transcription and its

epigenetic state, and limits stability of HBV transcripts and prege-

nomic RNA-containing capsids (summarized in Xia & Protzer,

2017). Recently, we demonstrated that cccDNA levels can be

reduced without hepatocyte cell death by treatment with interferon

alpha (IFNa) or lymphotoxin beta receptor (LTbR) stimulation

(Lucifora et al, 2014), but also by the T-cell cytokines interferon

gamma (IFNc) and tumor necrosis factor alpha (TNFa) (Xia et al,

2016). These cytokines or LTbR ligands on non-lytic T cells induce

the expression of apolipoprotein B editing complex 3 (APOBEC3)

enzymes (Lucifora et al, 2014; Xia et al, 2016; Koh et al, 2018),

which elicit antiviral activity against a broad range of DNA viruses

and retroviruses (Stavrou & Ross, 2015). APOBEC3 proteins are a

family of cytidine deaminases leading to conversion of cytosines to

uracils in DNA. All members of the APOBEC3 family except

APOBEC3DE can hypermutate HBV (Janahi & McGarvey, 2013), but

only APOBEC3A (A3A) that is an ISG and APOBEC3B (A3B) that is

additionally expressed in an NFjB-mediated fashion can directly

target nuclear HBV DNA (Lucifora et al, 2014). During cytokine-

mediated targeting of HBV cccDNA, deamination by A3A or A3B is

an essential step (Lucifora et al, 2014; Xia et al, 2016).

While the essential role of deaminases has been demonstrated,

downstream enzymatic processes that determine whether cccDNA is

repaired or degraded after deamination have not yet been defined.

Stenglein et al (2010) described that interferon-induced A3A deami-

nating foreign double-stranded DNA generates a substrate for uracil

DNA glycosylase (UNG) 2, and speculated that APEX1 might func-

tion as an endonuclease finally degrading the DNA. After treatment

with transforming growth factor beta, HBV cccDNA is deaminated

by activation-induced cytidine deaminase (AICDA) that triggers

uracil excision by UNG (Qiao et al, 2016). In the duck model of HBV

infection, AICDA and UNG also trigger reduction of cccDNA

(Chowdhury et al, 2013). However, the nuclease responsible for the

degradation of nuclear HBV DNA has not been identified so far.

Therefore, the aim of the present study was to identify the nucle-

ase involved in interferon-induced purging of HBV cccDNA. To this

end, we searched for interferon-induced nucleases in gene expres-

sion analyses and confirmed the expression of the strongest induced

nuclease, ISG20 (interferon-stimulated gene product of 20 kDa), in

liver tissue samples from patients with acute but not chronic hepati-

tis B. Knockdown and overexpression experiments confirmed the

requirement of ISG20 for interferon-induced cccDNA reduction.

ISG20 together with A3A was sufficient to induce cccDNA loss with-

out any further treatment, thereby opening perspectives for thera-

peutic applications in chronic hepatitis B.

Results

A3A deaminates HBV cccDNA dependent on transcription but is
not sufficient to induce its degradation

We and others have previously shown that deamination by A3A is

an essential step in IFNa-induced purging of DNA from the nucleus

of cells (Lucifora et al, 2014; Li et al, 2017; Zhou et al, 2019). Here,

we confirmed IFNa-induced upregulation of A3A, A3F, and A3G,

but not of other APOBEC3 proteins or AICDA (Fig EV1A). Among

the upregulated APOBEC3 proteins, only A3A is expressed in the

nucleus of cells (Muckenfuss et al, 2006), a pre-requisite characteris-

tic for nuclear HBV cccDNA regulation, and thus, we knocked down

A3A by small interfering RNA (siRNA) (Fig EV1A). Accordingly, we

observed IFNa-induced reduction of cccDNA that is abolished

by A3A knockdown (Fig 1A) without cytotoxicity (Fig EV1B). In

contrast, knockdown of A3A did not rescue the reduction of

total intracellular HBV DNA (Fig EV1C) or HBeAg (Fig EV1D) by

IFNa, suggesting that additional antiviral mechanisms mediated by

IFNa apply.

Since A3A acts on single-stranded DNA (Hoopes et al, 2016), we

investigated whether HBV cccDNA must be transcriptionally active

to be deaminated, which requires the presence of HBx (Lucifora

et al, 2011). Therefore, we studied the effect of IFNa on an HBx-

deficient HBV (HBVDx) in differentiated HepaRG (dHepaRG) cells,

where HBx can be reconstituted by tetracycline-induced expression

(HepaRG-TR-X cells). As expected, HBVDx infection alone led to
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HBeAg levels below the detection limit due to disabled transcription

from the cccDNA template and reconstitution of HBx allowed

HBeAg transcription that was reduced under IFNa treatment

(Fig 1B). IFNa did not affect cccDNA levels of HBVDx over a time

period of 15 days (Appendix Fig S1A) but under HBx-mediated tran-

scription, the cccDNA amount was reduced (Fig 1C). Analogously,

cccDNA deamination under IFNa treatment appeared only when

HBVDx infection was complemented with HBx expression as seen in

lower denaturing temperatures in differential DNA denaturation

PCR (3D-PCR) (Fig 1D) indicating that active transcription is

required for cccDNA purging and deamination by A3A.

To further investigate whether activation of A3A expression—

in addition to proteins constitutively expressed within the host

cell—is sufficient for cccDNA removal or whether additional cyto-

kine-induced host factors are required, we generated HepaRG

cells for conditional, tetracycline-induced overexpression of A3A

A

D

F G

E

B C

Figure 1.
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(HepaRG-TR-A3A). We chose HepaRG cells as they, upon differenti-

ation, most closely resemble interferon responses observed in

primary human hepatocytes (Lucifora et al, 2014), while other hepa-

toma cell lines such as HuH7 or HepG2 show much less pronounced

interferon responses (Appendix Fig S1B). HepaRG-TR-A3A cells

maintained the ability to differentiate into biliary- and hepatocyte-

like cells after 4 weeks of cell culture (Appendix Fig S1C) with hepa-

tocyte-like cells being susceptible to HBV infection (Appendix Fig

S1D). Tetracycline-inducible expression of A3A was confirmed after

2 and 7 days on mRNA and protein levels (Appendix Fig S1E).

Next, we studied the effect of A3A overexpression on cccDNA in

HBV-infected, dHepaRG-TR-A3A cells. A3A expression alone, IFNa
treatment, or the combination of A3A expression and IFNa treatment

was not toxic to the cells (Appendix Fig S1F) but resulted in lower

denaturing temperatures of cccDNA amplicons in 3D-PCR (Fig 1E),

indicating cytosine deamination. Consistently, sequence analyses of

amplicons at low denaturing temperatures revealed increased G-to-A

conversions under treatments compared to controls (Appendix Fig

S1G, Fig 1F). This indicated deamination of nuclear, minus-strand

HBV DNA during A3A expression, IFNa treatment, or the combina-

tion of both. To see whether HBV expression and replication levels

were affected analogously, we measured HBV cccDNA, total intracel-

lular HBV DNA, and HBeAg. As expected, IFNa treatment alone or

combined with A3A expression reduced all viral markers. A3A

expression on its own, however, did neither affect HBV DNA and

cccDNA nor HBeAg levels (Fig 1G). Altogether, these results showed

that A3A expression resulted in transcription-dependent cccDNA

deamination but was not sufficient to reduce cccDNA.

Differential gene expression analysis indicates ISG20 as
candidate nuclease

As IFNa was required to reduce cccDNA, we hypothesized that IFNa
induced at least one more factor enabling cccDNA degradation. To

identify this factor, we performed gene expression analysis of HBV-

infected dHepaRG-TR-A3A cells comparing A3A induction alone

to A3A induction in combination with IFNa treatment for six

(Appendix Fig S2A) and 72 h (Appendix Fig S2B). Since non-

cytolytic purging of cccDNA by IFNa supposedly requires a nuclease

(Lucifora et al, 2014), we focused on genes with known nuclease

activity overexpressed in A3A-expressing and IFNa-treated cells

compared to cells that were not treated with IFNa. After 6 h of treat-

ment, expression levels of ISG20, PNPT1, XRN1, RAD9A, and PELO

and after 72 h those of ISG20 and PNPT1 were increased (Fig 2A).

Within the group of nucleases identified, we focused on ISG20,

RAD9A, and PELO encoded enzymes that localize to the nucleus

where cccDNA resides (Shamsadin et al, 2000; Yoshida et al, 2003;

Chen et al, 2007; Lu et al, 2013; Nagarajan et al, 2013). Quantitative

reverse transcription PCR (qRT–PCR) confirmed upregulation of

ISG20 with a maximum 9 h after IFNa treatment (Fig 2B). Treat-

ment with type II interferon IFNc, that triggers similar signaling

cascades as IFNa (Schneider et al, 2014) and shows the same effect

on HBV cccDNA (Xia et al, 2016), also resulted in upregulation of

ISG20 and to a minor extent RAD9A (Fig 2C) with slightly different

kinetics. PELO, in contrast, was either unchanged or even downreg-

ulated by IFNa and IFNc treatments (Fig 2B and C).

Since ISG20 was most prominently upregulated by both IFNa
and IFNc treatments, we first investigated whether HBV infection

influenced the expression of this nuclease. HBV infection neither

affected mRNA nor protein levels of ISG20 and also did not affect

induction of ISG20 by IFNa or IFNc treatment in dHepaRG cells and

primary human hepatocytes (Fig 2D and E). This demonstrated that

both type I and type II interferons induced expression of the

sequence non-specific, 30 to 50 exonuclease ISG20 in HBV-infected

cells, that targets RNA but to a lesser extent also DNA (Nguyen

et al, 2001).

ISG20 is expressed in acute, self-limiting HBV infection but not in
chronic hepatitis B

Since ISG20 was the strongest upregulated nuclease in our analyses

(84-fold after 6 h and 4-fold after 72 h by microarray, 6-fold to

26-fold by qRT–PCR) and was induced by both type I and type II

interferons, we considered ISG20 as the prime candidate for DNA

degradation in interferon-induced purging of HBV cccDNA. To

analyze whether ISG20 may be involved when immune responses

restrict HBV infection from the majority of hepatocytes to a low

percentage being infected (Guidotti et al, 1999), we analyzed liver

tissue samples from HBV-infected patients with different courses of

infection by immunohistochemistry. We validated the antibody used

herein by showing that it binds recombinant overexpressed ISG20-

mKate in HepG2-NTCP cells (Appendix Fig S3A) and gives a specific

signal in lymphoid and liver tissue at 1/100 dilution (Appendix Fig

S3B). Indeed, we found strong ISG20 expression in livers of patients

with acute, self-limiting but not with chronic hepatitis B (Fig 3A).

Quantitative analysis revealed a significantly higher percentage of

ISG20-positive areas per sample in acute hepatitis B compared to

chronic hepatitis B or control samples (Fig 3B).

◀ Figure 1. A3A deaminates HBV cccDNA dependent on transcription but is not sufficient to induce its degradation.

A dHepaRG cells were infected with HBV at a multiplicity of infection (MOI) of 100 virions/cell and transfected with siRNA against A3A (siA3A) or control siRNA (�) on
day 8 postinfection (p.i.). Cells were treated with 300 U/ml IFNa from days 9 to 15 p.i., and HBV cccDNA was determined thereafter by qPCR relative to the prion
protein (Prnp) gene (n = 4 biological replicates).

B–D dHepaRG-TR-X cells were infected with an HBx-deficient HBV (HBVDx) at an MOI of 200 virions/cell. Cells were treated with tetracycline to induce expression of
HBx (+HBx) and/or 1,000 U/ml IFNa from days 10 to 17 p.i. HBeAg (B) was measured by ELISA (OD: optical density) and HBV cccDNA (C) by qPCR relative to Prnp
(n = 3 biological replicates). cccDNA amplicons were analyzed by differential DNA denaturation PCR (3D-PCR) (D) to visualize deamination.

E–G dHepaRG-TR-A3A cells were infected with HBV at an MOI of 300 virions/cell. Cells were treated with tetracycline (Tet (A3A)) or/and 300 U/ml IFNa from days 9 to
18 p.i. cccDNA amplicons were analyzed by 3D-PCR (E). Marked amplicons were sequenced and analyzed for nucleotide composition (F) in comparison with the
wild-type HBV sequence (n = 3–5 biological replicates). HBV infection level was determined by measuring cccDNA, intracellular HBV DNA by qPCR relative to Prnp,
or HBeAg by ELISA (G) (n = 6 biological replicates from two independent experiments).

Data information: Data are represented as mean � standard deviation (SD), nd: not detected. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s
unpaired t-test with Welch’s correction.
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Figure 2. Differential gene expression analysis indicates ISG20 as candidate nuclease.

A A3A-expressing dHepaRG-TR-A3A cells were infected with HBV at an MOI of 300 virions/cell and treated 7 days after infection with 300 U/ml IFNa (+IFNa) or
without (�IFNa). Microarray data were analyzed for upregulated nucleases after 6 or 72 h of treatment, respectively.

B, C dHepaRG cells were infected with HBV at an MOI of 100 virions/cell and treated 9 days later with 300 U/ml IFNa (B) or 200 U/ml IFNc (C) for indicated times (h:
hours). Expression of indicated genes was analyzed by qRT–PCR relative to TATA-box binding protein (TBP) mRNA (n = 6 biological replicates of two independent
experiments).

D dHepaRG cells were infected with HBV at an MOI of 100 virions/cell or not infected and treated 7 days later with 300 U/ml IFNa for 6 h or 200 U/ml IFNc for 24 h.
ISG20 mRNA levels were measured by qRT–PCR relative to TBP mRNA (n = 6 biological replicates of two independent experiments).

E dHepaRG cells were infected with HBV at an MOI of 100 virions/cell and treated with 300 U/ml IFNa from days 7 to 9 p.i. or 200 U/ml IFNc from days 7 to 10 p.i.
Primary human hepatocytes were infected with HBV at an MOI of 100 virions/cell and treated with 500 U/ml IFNa or 200 U/ml IFNc from days 4 to 6 p.i.
Expression of ISG20 was detected by Western blot.

Data information: Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s unpaired t-test with Welch’s correction.
Source data are available online for this figure.
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To determine whether triggering an immune response during

chronic HBV infection can restore ISG20 expression, we additionally

analyzed samples from chronic hepatitis B patients with hepatitis D

virus (HDV) coinfection. HDV induces an innate immune response

and expression of ISGs in livers of humanized mice (Giersch et al,

2015). HDV coinfection resulted in positive ISG20 staining (Fig 3A

and B). In addition, liver tissue samples from patients mono- or

coinfected with hepatitis C virus (HCV), which also activates an

interferon response in a relevant proportion of patients (Heim &

Thimme, 2014), stained positive for ISG20 (Fig EV2A and B). Thus,

ISG20 was expressed in livers of patients with acute hepatitis B,

acute hepatitis C or chronic hepatitis B upon coinfection with HDV

or coinfection with HCV which both are known to suppress HBV

infection (Cheng et al, 2020). This indicated that ISG20 is a relevant

downstream molecule in immune control or interferon-mediated

control of HBV infection.

ISG20 localizes to nucleoli after interferon treatment

To confirm that ISG20 localizes to the nucleus and to determine

which compartment it localizes to, we investigated the localization

of ISG20 within hepatocytes by immunofluorescence. We first vali-

dated specific detection of ISG20 when overexpressed as mKate

fusion protein in HepG2-NTCP cells (Appendix Fig S4A). As we

detected additional punctuate, nuclear staining, we assumed that

this was endogenous ISG20. To test this, we generated ISG20 knock-

out (HepaRG-ISG20-KO) cells. All three ISG20 knockouts and the

non-target control cells expressed MxA when treated with IFNa but

only the control showed interferon-induced ISG20 (Appendix Fig

S4B and C).

Both IFNa and IFNc induced ISG20 expression and localization

into defined nuclear structures, in dHepaRG cells (Fig 4A), in

primary human hepatocytes (Fig 4B), and in dHepG2NTCP cells

(Appendix Fig S5A). We separated cytoplasm and nuclei of dHepaRG

cells treated with IFNa or IFNc to investigate the subcellular distribu-

tion of ISG20. Western blots for tubulin (cytoplasm fraction) and

lamin A/C (nucleus fraction) confirmed efficient separation

(Appendix Fig S5B), and ISG20 was present in both fractions after

treatment with IFNa or IFNc (Appendix Fig S5C). To evaluate

whether nuclear ISG20 localizes to PML (promyelocytic leukemia)

nuclear bodies, which are known to be induced by interferon and,

e.g., control replication of negative-strand RNA viruses (Chelbi-Alix

et al, 1998), we stained ISG20 and PML in HBV-infected dHepaRG

cells under interferon treatment. Both IFNa and IFNc led to increased

expression of ISG20 as well as PML in nuclei but ISG20 and PML

showed distinct staining patterns and did not co-localize (Fig 4C).

Similarly, IFNa and IFNc induced nuclear expressions of ISG20 and

PML in dHepG2H1.3 cells but the two proteins did not co-localize

(Fig EV3A). To assure that ISG20 does not localize to PML nuclear

bodies, we confirmed the identity of PML nuclear bodies by co-

staining PML and Daxx (death domain-associated protein 6) (Fig EV3B).

Subsequently, we tested whether ISG20 localizes to nucleoli.

Thus, we stained HBV-infected dHepaRG cells after interferon treat-

ment for ISG20 and nucleophosmin. IFNa- and IFNc-induced ISG20

showed very similar staining patterns compared to nucleophosmin

with co-localization of the two proteins confirmed by z-stack analy-

sis (Fig 4D). Analogously, interferon-induced ISG20 co-localized

with nucleophosmin in dHepG2H1.3 cells (Fig EV3C) and a further

nucleolus-marker protein (Fig EV3D). Finally, we confirmed the co-

localization of nucleophosmin as marker for nucleoli with ISG20 in

HBV-infected primary human hepatocytes upon induction of ISG20

by IFNa or IFNc (Fig 4E).

To see whether HBV-infected cells can still express ISG20 upon

interferon treatment, we stained them for HBV core protein and

ISG20. Under both IFNa and IFNc treatments, we found double-

positive dHepaRG cells (Appendix Fig S5D) and primary human hepa-

tocytes (Fig EV3E). Taken together, these results demonstrate that

interferon-induced ISG20 does not localize to PML nuclear bodies but

to nucleoli within the nuclei of HBV-replicating hepatocytes.

ISG20 knockdown mitigates interferon-induced decline
of cccDNA

To prove the functional relevance of ISG20, we established a knock-

down via siRNA or short hairpin RNA (shRNA) targeting ISG20 in

HBV-infected dHepaRG cells and evaluated whether this influenced

the antiviral effect of IFNa. Transfection of HBV-infected dHepaRG

cells with ISG20 siRNA decreased basal and IFNa-induced ISG20

expression (Fig EV4A). As expected, IFNa reduced cccDNA but

when ISG20-specific siRNA was transfected, the effect was reverted

(Fig EV4B). Due to short half-life of siRNA, however, IFNa could

only be applied for 72 h and thus only had a moderate effect on

cccDNA levels, total intracellular HBV DNA (Fig EV4C), and HBeAg

(Fig EV4D). Comparing the effect of ISG20 on HBV DNA and

ssRNA, we found that ssRNA is degraded almost completely, while

ssDNA and dU-containing ssDNA are only partially degraded

(Fig EV4E). The ISG20 knockdown only reverted the effect of IFNa
on HBV cccDNA but neither that on HBV DNA nor that on HBeAg

due to transcriptional and post-transcriptional antiviral effects of

interferon (Uprichard et al, 2003; Belloni et al, 2012).

To reduce ISG20 expression levels in a more sustained fashion,

we transduced HBV-infected dHepaRG cells with adenoviral vectors

expressing shRNA against ISG20. ISG20 protein expression was

diminished by shRNA-mediated knockdown after 7 days of IFNa or

12 days of IFNc treatment (Fig 5A, Appendix Fig S6A). As expected,

IFNa and IFNc reduced cccDNA levels after 12 days of treatment

but the shRNA-mediated ISG20 knockdown partially (IFNa treat-

ment) or even completely (IFNc treatment) prevented cccDNA

▸Figure 3. ISG20 is expressed in acute, self-limiting HBV infection but not in chronic hepatitis B.

A Liver tissue samples obtained from HBV-negative patients undergoing metastasis resection (control) or patients with acute, self-limiting HBV infection or chronic
hepatitis B, or chronic coinfection with HBV and hepatitis D virus (HDV) were stained for ISG20 by immunohistochemistry. For each clinical entity, tissue sections
from three different patients are shown; scale bar: 50 µm.

B ISG20-positive area of each sample (n = 3 biological replicates) was determined by Tissue IA image analysis software and is given in % of total tissue area scanned.

Data information: Data are represented as mean � SD. **P < 0.01 and ns: not significant by one-way ANOVA.
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reduction (Fig 5B) proving that ISG20 is essential to purge cccDNA

from HBV-infected cells. Again, suppression of total intracellular

HBV DNA as well as HBeAg by IFNa or IFNc treatment was not

rescued by ISG20 knockdown via shRNA (Fig 5C and D).

Southern blot analysis confirmed the elimination of capsid-

associated HBV DNA by interferon treatment (Appendix Fig S6B).

No rescue of this effect was observed after ISG20 knockdown

indicating that ISG20 directly targets cccDNA and the antiviral

A

C

E

D

B

Figure 4.
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effects observed were not a consequence of targeting of prege-

nomic RNA which serves as template for HBV DNA reverse tran-

scription within HBV capsids. In summary, ISG20 knockdown

abolished the interferon-triggered decline of cccDNA but had no

effect on HBV DNA or HBeAg levels indicating that it specifically

targets deaminated cccDNA.

◀ Figure 4. ISG20 localizes to nucleoli after interferon treatment.

A dHepaRG cells were infected with HBV at an MOI of 100 virions/cell and treated with 600 U/ml IFNa or 400 U/ml IFNc from days 10 to 14 p.i., and ISG20 was
stained by immunofluorescence.

B Primary human hepatocytes were infected with HBV at an MOI of 100 virions/cell and treated with 500 U/ml IFNa or 200 U/ml IFNc from days 4 to 6 p.i., and
ISG20 was stained by immunofluorescence.

C, D dHepaRG cells were infected with HBV at an MOI of 500 virions/cell, treated with 600 U/ml IFNa or 400 U/ml IFNc from days 7 to 9 p.i., and stained by
immunofluorescence for ISG20 and PML (C) or ISG20 and nucleophosmin (D).

E Primary human hepatocytes were infected with HBV at an MOI of 100 virions/cell, treated with 500 U/ml IFNa or 200 U/ml IFNc from days 4 to 6 p.i., and stained
for ISG20 and nucleophosmin. White arrowheads indicate double-positive nuclei.

Data information: Scale bars: 10 µm.

A

B C D

Figure 5. ISG20 knockdown mitigates interferon-induced control of cccDNA.

A–D dHepaRG cells were infected at an MOI of 100 virions/cell and transduced at day 7 p.i. with an adenoviral vector for expression of shRNA targeting ISG20 (AdV-
shISG20). After 2 days, cells were treated with 300 U/ml IFNa or 200 U/ml IFNc. ISG20 expression (A) was analyzed by Western blot after 7 days of IFNa or 12 days
of IFNc treatment, respectively. The amount of ISG20/GAPDH was determined by signal density measurement. cccDNA (B) relative to Prnp (n = 4 biological
replicates), total intracellular HBV DNA (C) relative to Prnp, and HBeAg (D) were measured 12 days after treatment (n = 8 biological replicates of two independent
experiments). cccDNA was measured after T5 digestion of DNA.

Data information: Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s unpaired t-test with Welch’s correction.
Source data are available online for this figure.
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ISG20 degrades double-stranded (ds) and single-stranded (ss)
DNA and is enriched on deoxyuridine (dU)-containing ssDNA

To test whether ISG20 can degrade HBV DNA sequences, we

performed in vitro digestion experiments. First, we incubated

recombinantly expressed and purified ISG20 (Appendix Fig S6C)

with the 213 bp amplicon from 3D-PCR, which is a dsDNA fragment

of the HBV cccDNA. This double-stranded 3D-PCR amplicon

(Fig 6A) and plus- and minus-strand ssDNA and ssRNA oligonu-

cleotides (Figs 6B and EV4E) were degraded in the presence of

Mn2+, a cofactor necessary for ISG20 degradation activity (Nguyen

et al, 2001). We selected the ssDNA oligonucleotides and the minus

strand with deoxycytidines substituted by deoxyuridines (dU-

containing (�) ssDNA) as a 24-nucleotide-long fragment of the 3D-

PCR amplicon, because we observed substantial deamination by

A3A and/or IFNa treatment in this region (Appendix Fig S1G). To

confirm the direct interaction between the single-stranded DNA

oligomers and ISG20, we performed a single point binding mobility

shift assay with the single-stranded oligomers and ISG20 or recom-

binantly expressed and purified mA3A (mutant E72A, C171A)

(Appendix Fig S6D). (�) ssDNA, dU-containing (�) ssDNA, and (+)

ssDNA all formed complexes with ISG20 (Fig 6C).

To determine whether ISG20 recognizes the (�) ssDNA and

dU-containing (�) ssDNA oligomers differentially, we used NMR

spectroscopy. In a single point titration, 1H,15N SOFAST-HMQC

experiments (Schanda & Brutscher, 2005) revealed that both

oligomers induce similar chemical shift perturbations to amide reso-

nances (Fig EV4F). These data corroborate previous findings by

Nguyen et al (2001) that ISG20-facilitated DNA and RNA degrada-

tion is not sequence-specific.

Additionally, we performed affinity purification–mass spectrome-

try using the whole proteome of IFNc-treated dHepG2H1.3 cells and

the oligomers (�) ssDNA and dU-containing (�) ssDNA as baits.

This resulted in ISG20 enrichment on the (�) ssDNA if it contained

deoxyuridines as compared to the wild-type (�) ssDNA sequence

without deoxyuridines (Fig 6D) suggesting that other cellular

proteins may support ISG20 binding to dU-containing ssDNA. When

we used the same oligomers and annealed them with the comple-

mentary (+) ssDNA oligomers to get dsDNA constructs as control,

ISG20 was not enriched depending on deoxyuridine anymore

(Fig 6D). Taken together, our in vitro analysis demonstrated that

ISG20 can target both dsDNA and ssDNA for degradation and indi-

cated that dU-containing ssDNA is the primary target.

ISG20 overexpression together with A3A is sufficient for
reduction of transcriptionally active cccDNA

To determine whether expression of ISG20 in addition to A3A is suf-

ficient to purge HBV cccDNA, we overexpressed ISG20 by adenovi-

ral transduction. Western blotting confirmed the expression of

ISG20 after adenoviral transduction and tetracycline-induced expres-

sion of A3A in dHepaRG-TR-A3A cells (Fig 7A). This allowed us to

obtain either individual expression of A3A or ISG20 or the simulta-

neous expression of both proteins. Neither A3A nor ISG20 expres-

sion alone significantly affected cccDNA levels, but the combination

of both enzymes led to a significant reduction of cccDNA to < 50%

of the control (Fig 7B) without cytotoxicity (Appendix Fig S7A).

Total intracellular HBV DNA was also reduced by concerted A3A

and ISG20 expression, whereby already ISG20 alone led to a slight

decrease of HBV DNA (Fig 7C). In addition, all HBV RNAs were

moderately reduced by ISG20 as described before (Leong et al,

2016; Liu et al, 2017) or by combined ISG20 and A3A expression in

infected dHepaRG-TR-A3A cells (Appendix Fig S7B).

To confirm the effect, we overexpressed ISG20 in dHepG2H1.3-

A3A cells. These cells constantly express A3A and replicate HBV

from a 1.3-fold overlength genome supporting cccDNA formation

via reimport of HBV-genome-containing capsids into the nucleus

(Lucifora et al, 2014). After expression of ISG20 in dHepG2H1.3-

A3A cells using the adenoviral vector (Fig EV5A), cccDNA levels

were reduced (Fig EV5B) without cytotoxicity (Appendix Fig S7C),

confirming that the combined expression of A3A and ISG20 is suffi-

cient to reduce HBV cccDNA levels.

We tested further catalytically inactive mutants of A3A (mA3A)

and ISG20 (mISG20) by transfection of in vitro-transcribed (IVT)

mRNAs for protein expression in primary human hepatocytes.

Importantly, cccDNA levels were only reduced when both A3A and

ISG20 were expressed in their catalytically active form but not if one

or both of the expressed enzymes were mutated (Fig 7D). This

result indicates that the enzymatic function of both the deaminase

(A3A) and the nuclease (ISG20) are required to purge cccDNA. By

measuring comparable amounts of mitochondrial DNA between the

combined expression of A3A and ISG20 and the controls, we

excluded a cytotoxic effect (Appendix Fig S7D).

To see whether the effect of combined A3A and ISG20 expres-

sion can be enhanced by addition of an interferon, we tested the

different combinations in dHepaRG cells. IFNa or IFNc treatment

alone or combined with A3A and ISG20 expression led to cccDNA

reduction without cytotoxicity (Appendix Fig S7E) but there was

no increased effect when A3A and ISG20 overexpression was

combined with interferon treatments (Fig EV5C). This might be a

hint that A3A and ISG20 comprise the main axis of the interferon

effect on cccDNA.

Finally, we tested whether cccDNA has to be transcriptionally

active to be accessible for A3A and ISG20, as our initial experiments

revealed that IFNa is only effective in reducing cccDNA when it is

transcriptionally active (Fig 1C). Similarly, we infected dHepaRG-

TR-A3A cells with HBVwt and HBVDx, that lacks the HBx protein

necessary for transcription from cccDNA (Lucifora et al, 2011), and

expressed A3A and ISG20 in these cells without cytotoxicity

(Fig EV5D). As expected, modest amounts of HBeAg (Fig 7E) and

intracellular HBV DNA (mainly rcDNA) (Fig EV5E) were expressed

from HBVDx in comparison with HBVwt and combined A3A and

ISG20 reduced both viral markers in the HBVwt infection. Impor-

tantly, only cccDNA from HBVwt was reduced by concerted A3A

and ISG20 expression but not cccDNA from HBVDx (Fig 7F) indicat-

ing that cccDNA has to be transcriptionally active to be vulnerable

to A3A and ISG20 action.

In summary, these results show that catalytically active A3A and

ISG20 together are sufficient to reduce transcriptionally active

cccDNA without further treatment.

Discussion

IFNa (Lucifora et al, 2014) and IFNc (Xia et al, 2016) can trigger a

non-cytolytic removal of HBV cccDNA from the nucleus of infected
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hepatocytes in an A3A deaminase-dependent fashion. The nuclease

which served to degrade the deaminated DNA, however, was

unknown. In the present study, we identify ISG20 as the key nucle-

ase involved in interferon-triggered cccDNA purging. We show that

ISG20 is expressed upon IFNa and IFNc treatments in differentiated

hepatocytes and in liver tissue samples of patients with acute, self-

limiting hepatitis B. However, it was not detected in chronic infec-

tion unless either HDV or HCV, RNA viruses that trigger IFN

responses, coinfects the liver. Upon interferon induction, ISG20

localized to nucleoli rather than to PML nuclear bodies, where it

A

C D

B

Figure 6. ISG20 degrades dsDNA and ssDNA and is enriched on deoxyuridine(dU)-containing ssDNA.

A A 3D-PCR amplicon was digested in vitro with recombinant ISG20 and increasing concentration of manganese chloride.
B A subsequence of the 3D-PCR amplicon was used as (�) ssDNA oligomer, complementary (+) ssDNA, and a dU-containing (�) ssDNA, where all cytosines were

replaced by uracils. These oligomers were digested in vitro with recombinant ISG20 with or without EDTA as indicated.
C Recombinant ISG20 and mA3A (mutant E72A, C72A) were mixed with indicated oligomers and analyzed in a single point binding mobility shift assay.
D dHepG2H1.3 cells were treated for 1 day with 1,000 U/ml IFNc, and harvested proteins were subjected to an affinity purification–mass spectrometry assay (n = 4

technical replicates). Oligomers used for pulldown were single-stranded or double-stranded DNA with and without dU as indicated. Significantly enriched protein
groups in the volcano plot were identified via two-sided Welch’s t-tests (S0 = 1) corrected for multiple hypothesis testing applying a permutation-based FDR
(FDR < 0.01, 250 randomizations). Dashed line and blue colored points indicate a significant enrichment according to the Welch’s t-test cut-offs. Statistical
significance of log2 iBAQ intensities of ISG20 enrichment was determined using a two-sided Welch’s t-test.

Data information: Data are represented as mean � SD. ***P ≤ 0.001 and n.s.: not significant (P > 0.05) by two-sided Welch’s t-test.
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may target HBV cccDNA. The knockdown of ISG20 blocked the

interferon-induced loss of cccDNA, and ISG20 in concert with A3A

expression was sufficient to reduce transcriptionally active cccDNA

when both enzymes were catalytically active. ISG20 was enriched

on deoxyuridine-containing single-stranded DNA that mimicked

A3A-deaminated HBV DNA. Thus, we provide strong evidence that

ISG20 is the key downstream nuclease, which finally cleaves

“damaged” cccDNA.

ISG20 is long known to be induced by cellular responses to

interferon signaling (Gongora et al, 1997; Espert et al, 2006; Liu

et al, 2017) and is found in nuclei and cytoplasm of hepatocytes in

response to IFNa treatment (Lu et al, 2013). ISG20 is a 30 to 50

exonuclease that—as the deaminase A3A—primarily acts on single-

stranded RNA and DNA substrates (Nguyen et al, 2001). Our study

shows that similarly to A3A it can bind to single-stranded DNA and

efficiently degrades ssRNA and to a certain extent also single- and

double-stranded DNA in vitro. When the whole cellular proteome

was present, ISG20 was enriched on deoxyuridine-containing

single-stranded DNA, which mimicked A3A-deaminated cccDNA in

a transcriptionally active status. During active transcription,

cccDNA needs to form a transcription bubble, which renders

cccDNA partially single-stranded (Liu et al, 2010; Nassal, 2015).

This is in line with the observation that IFNa treatment and

concerted A3A and ISG20 expression are only effective in reducing

cccDNA levels when the HBx protein is expressed that enables

transcription from cccDNA (Lucifora et al, 2011). The fact that

ISG20 is an exonuclease (Nguyen et al, 2001) implies that its HBV

DNA substrate has been damaged previously, i.e., the uracils intro-

duced by APOBEC3 deaminases were removed and DNA strand

breaks were formed. Accordingly, ISG20 expression alone was not

sufficient to affect cccDNA levels in our experiments. However, a

concerted expression of ISG20 and A3A reduced cccDNA. This

effect was only achieved by expressing native A3A and ISG20 but

not using catalytically inactive variants (Nguyen et al, 2001; Sten-

glein et al, 2010), demonstrating that deaminase and nuclease

activities are required for cccDNA purging. Since A3A only deami-

nates cytosines to uracils, it seems reasonable that cellular factors

constitutively expressed remove the uracils from the DNA leading

to the formation of apurinic/apyrimidinic (AP) sites and introduce

strand breaks. The resulting damaged cccDNA then becomes a

substrate for ISG20. In line with this, AP sites have been shown to

be formed during cccDNA purging induced by IFNa treatment or

LTbR activation (Lucifora et al, 2014). AP sites have been reported

to be generated by the glycosylase UNG in plasmid DNA that is

degraded in an interferon-dependent fashion (Stenglein et al, 2010)

and to be involved in cccDNA loss after deamination by AICDA

(Chowdhury et al, 2013; Qiao et al, 2016). Thus, it seems reason-

able that deamination by APOBEC3 proteins is followed by further

enzymatic steps generating damaged cccDNA, which is finally

degraded by ISG20.

Recent studies have described additional mechanisms of viral

inhibition by ISG20. Weiss et al, (2018) describe that ISG20 exerts

indirect antiviral activity acting as a master regulator of type I inter-

feron response proteins that prevent translation of infecting alpha-

virus RNAs in the cytoplasm. Wu et al, (2019) demonstrate that

ISG20 inhibits translation of vesicular stomatitis virus RNA without

degrading the RNA. They found that ISG20 exerts control over a

large panel of non-self RNAs while sparing endogenous transcripts

and apparently is able to discriminate self from non-self origin of

cellular RNA through translation modulation.

Beside these indirect effects, degradation of viral RNAs has been

described as ISG20’s most prominent antiviral effect. Expression of

ISG20 inhibits HBV replication by diminishing HBV RNAs, whereby

the exonuclease activity of ISG20 is required (Leong et al, 2016; Ma

et al, 2016; Liu et al, 2017). Recently, it has been shown that degra-

dation of HBV RNA depends on N6-methyladenosine modification

of nucleotide A1907 present twice in the terminally redundant

genomic HBV RNA (Imam et al, 2020). Hereby, binding of ISG20 to

the HBV RNA is mediated by a N6-methyladenosine reader protein.

Consistent with these findings, HBV RNAs as well as total intracellu-

lar HBV DNA were reduced in our experiments, when ISG20 was

expressed in HBV-infected cells. Intracellular HBV DNA consists

mainly of cytoplasmic rcDNA, which is exclusively located inside

capsids and therefore most likely protected from nuclease attack.

Thus, the reduction of cytoplasmic HBV DNA may also be explained

by direct degradation of pregenomic RNA by ISG20 (Leong et al,

2016; Liu et al, 2017; Imam et al, 2020) or steric inhibition of prege-

nomic RNA encapsidation by ISG20 (Liu et al, 2017). This, however,

is not sufficient to explain the reduction of nuclear HBV cccDNA.

In our experiments, siRNA- or shRNA-mediated knockdown of

ISG20 could rescue cccDNA levels but did not influence interferon-

mediated reduction of HBV DNA or HBeAg. This strongly indicated

that ISG20 activity targets cccDNA directly and not indirectly by

reducing pregenomic RNA or the reimport of rcDNA-containing

HBV capsids into the nucleus. In addition, dHepaRG cells lack

cccDNA amplification by nuclear capsid reimport or reinfection

(Hantz et al, 2009). The effect of interferon on HBeAg and HBV

rcDNA is explained by its known additional antiviral effects, such as

◀ Figure 7. ISG20 overexpression together with A3A is sufficient for reduction of transcriptionally active cccDNA.

A dHepaRG-TR-A3A cells were treated with tetracycline to induce A3A expression (Tet(A3A)) or transduced with an adenoviral vector for expression of ISG20 (AdV-
ISG20). After 4 days, expression of A3A and ISG20 was detected by Western blot.

B, C dHepaRG-TR-A3A cells were infected with HBV at an MOI of 300 virions/cell and at day 7 p.i. transduced with AdV-ISG20 and treated with tetracycline to induce
A3A expression as indicated (� Tet (A3A)) for 7 days. Cell lysates were analyzed for cccDNA after T5 digest (B) and total intracellular HBV DNA (C) by qPCR relative
to Prnp (n = 5–6 biological replicates from two independent experiments).

D Primary human hepatocytes were infected with HBV at an MOI of 100 virions/cell and transfected on day 3 p.i. with mRNAs of A3A, ISG20, or catalytically inactive
mutants thereof as indicated. Four days after transfection, cccDNA after T5 digest was measured by qPCR relative to Prnp (n = 4 biological replicates).

E, F dHepaRG-TR-A3A cells were infected with wild-type HBV (HBVwt) or HBVDx at an MOI of 300 virions/cell and transduced on day 7 p.i. with AdV-ISG20 and treated
with tetracycline to induce A3A expression as indicated (� Tet (A3A)) for 7 days. HBeAg (E) was measured by ELISA and cccDNA after T5 digest (F) by qPCR relative
to Prnp (n = 6 biological replicates from two independent experiments).

Data information: Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s unpaired t-test with Welch’s correction.
Source data are available online for this figure.
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IFNa-mediated epigenetic silencing of cccDNA resulting in transcrip-

tional inhibition (Belloni et al, 2012; Tropberger et al, 2015), the

cytokine-induced destabilization of HBV RNA (Heise et al, 1999), or

the inhibition of the formation or accelerated decay of HBV nucleic

acid-containing capsids by type I or II interferons (Wieland et al,

2005; Xu et al, 2010). Taken together, this indicates that interferon-

induced ISG20 can directly deplete the nuclear cccDNA pool, further

strengthening the notion that ISG20-mediated cccDNA loss under

interferon treatment is not an artifact of reduced cytoplasmic rcDNA

levels but a consequence of interferon-induced ISG20 targeting

nuclear HBV cccDNA.

In our experiments, shRNA-mediated knockdown of ISG20 abol-

ished IFNc-induced cccDNA loss completely, but IFNa-mediated

reduction was only partially rescued. The weaker ISG20-knockdown

effect under IFNa treatment might reflect an incomplete knock-

down. Another possible explanation is a compensation by other

nucleases, which may assist the function of ISG20. Stenglein et al

(2010) hypothesized that the nuclease APEX1 degrades foreign DNA

after deamination by A3A (Stenglein et al, 2010), but a knockdown

of APEX1 did not affect IFNc-mediated reduction of cccDNA in our

experiments (Xia et al, 2016). Gene expression analyses by microar-

rays displayed the induction of additional IFNa-induced nucleases.

However, addition of interferons to cells that expressed both A3A

and ISG20 could not enhance the effect on cccDNA decline caused

already by A3A and ISG20.

By genome-wide gene expression analysis and gene ontology

analysis, we identified a number of interferon-induced nucleases that

could potentially affect cccDNA stability. However, their involve-

ment is unlikely since they localize to the wrong cellular compart-

ment or were not or only minimally induced by interferon in further

experiments. RAD9A is a DNase with preference for single over

double strands (Bessho & Sancar, 2000) localizing to the nucleus

(Yoshida et al, 2003), but it was only weakly induced in dHepaRG

cells by interferons. PNPT1 encodes for the RNase human polynu-

cleotide phosphorylase (hPNPase) that localizes to the mitochondrial

intermembrane space (Chen et al, 2007), and the exoribonuclease

XRN1 is a cytoplasmic RNase (Nagarajan et al, 2013). PELO (protein

pelota homolog) has a nuclear localization signal (Shamsadin et al,

2000), also localizes to the cytoskeleton, and might degrade aberrant

mRNAs (Burnicka-Turek et al, 2010), but we could not confirm its

upregulation by interferons in dHepaRG cells.

In studies similar to ours, overexpression of the deaminase

AICDA was reported to be sufficient to reduce cccDNA levels

(Chowdhury et al, 2013; Qiao et al, 2016). We could not confirm an

induction of AICDA and detect no decrease of cccDNA levels when

only A3A was overexpressed, indicating that A3A alone is not suffi-

cient to enable cccDNA degradation. When ISG20 was co-expressed,

cccDNA was diminished in our cell culture experiments in

dHepG2H1.3-A3A cells that were differentiated to stabilize cccDNA

pools (Protzer et al, 2007), as well as in dHepaRG-TR-A3A cells, in

which cccDNA is only derived from incoming virus (Hantz et al,

2009). We found the combined A3A and ISG20 expression to be suf-

ficient to reduce cccDNA levels to less than 50% of control without

further treatment. This finding may open the opportunity for thera-

peutic intervention by specifically triggering A3A and ISG20 expres-

sion or direct delivery of A3A and ISG20 to hepatocytes and bears

the chance to avoid the side effects of systemic IFNa therapy

(Janssen et al, 2005).

Studies with chimpanzees showed that ISG20 was expressed in

the liver of acutely infected animals during viral clearance (Wieland

et al, 2004), suggesting that ISG20 would be available for the elimi-

nation of HBV. We confirmed regulation of ISG20 through in vivo

histological examination for ISG20 expression in liver tissue samples

from patients with acute, self-limiting hepatitis B. Notably, during

chronic hepatitis B the expression level of ISG20 was as low as in

control samples. During acute hepatitis B a strong, polyfunctional T-

cell response is observed (Bertoletti & Ferrari, 2012; Said & Abdel-

wahab, 2015) that has cytolytic, but also non-cytolytic effects on

HBV (Murray et al, 2005). Mathematical simulation of HBV clear-

ance in chimpanzees supported the notion that during the early

phase of HBV clearance, non-cytopathic T-cell effector mechanisms

inhibit viral replication and greatly shorten the half-life of the long-

lived cccDNA, thereby limiting the extent to which cytopathic T-cell

effector functions and tissue destruction are required to terminate

acute HBV infection (Murray et al, 2005). In line with this observa-

tion, in situ hybridization showed increased mRNA amounts of A3A

and A3B in human liver tissue in acute but not in chronic hepatitis

B (Xia et al, 2016) and T-cell cytokines IFNc and tumor necrosis

factor alpha (TNFa) (Xia et al, 2016) or T cell-mediated LTbR activa-

tion (Koh et al, 2018) lead to non-cytolytic cccDNA reduction, most

likely via induction of A3 deaminases and ISG20.

During chronic HBV infection, in contrast, the T-cell response is

weak. HBV-specific T cells are scarce and partially exhausted, and

thus, there is little cytokine secretion (Gehring & Protzer, 2019;

Rehermann & Thimme, 2019). Coinfection with HDV or HCV during

chronic hepatitis B restored ISG20 expression in liver tissue

samples. HDV (Giersch et al, 2015) and HCV (Su et al, 2002; Heim

& Thimme, 2014) trigger innate immune responses and induce inter-

ferons. Accordingly, chronic hepatitis B patients responding to IFNa
therapy showed increased ISG20 expression as compared to non-

responders (Xiao et al, 2012; Lu et al, 2013). Taken together, clinical

data strongly support the notion that ISG20 is critically involved in

HBV elimination in vivo and acts as the DNase targeting the HBV

persistence form cccDNA during viral clearance.

In summary, this study shows that ISG20 is the nuclease respon-

sible for an interferon-induced decline of HBV cccDNA. Co-expression

of catalytically active ISG20 and A3A is sufficient to reduce HBV

cccDNA, opening new avenues for therapeutic targeting of the

HBV persistence form, which remains a difficult target for antiviral

therapies that aim at curing chronic hepatitis B.

Materials and Methods

Materials availability

Further information and requests for resources and reagents should

be directed to and will be fulfilled by the corresponding author,

Ulrike Protzer (protzer@tum.de). Viral vectors and cell lines gener-

ated in this study will be available for research purposes on demand.

This study did not generate additional new unique reagents.

Cell culture

HepaRG cells and derivates were cultured similar to described

procedures (Lucifora et al, 2010) and grown for 2 weeks in
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supplemented William’s E medium (10% FBS Fetalclone II, 100 U/

ml penicillin/streptomycin, 2 mM glutamine, 0.023 U/ml human

insulin, 0.0047 mg/ml hydrocortisone, 0.08 mg/ml gentamicin) and

differentiation for 2 weeks by adding 1.8% DMSO (Sigma-Aldrich,

Steinheim, Germany) to the growth medium. Generation and

characterization of HepaRG-TR-X cells were described previously

(Lucifora et al, 2011). To generate tetracycline-inducible HepaRG-

TR-A3A cells for overexpression of A3A, A3A cDNA was amplified

from IFNc-treated, dHepaRG cells and cloned into pLenti4-TO plas-

mid between a tetracycline-regulated minimal CMV promoter and a

V5 tag. Using this plasmid, lentiviral vectors were produced and

HepaRG-TR cells, which express the tetracycline repressor (TR), were

transduced as described (Lucifora et al, 2011). Analogously, HepaRG

cells with tetracycline-inducible expression of NTCP (HepaRG-TR-

NTCP) were generated. HepaRG-ISG20-KO cells were generated using

LentiCRISPRv2-plasmid and lentiviral transduction as published (San-

jana et al, 2014; Shalem et al, 2014) and gRNA duplexes as indicated

in Appendix Table S1. The empty plasmid backbone was used as

non-target control. The dHepaRG cells were treated with 5 µg/ml

tetracycline (Applichem, Darmstadt, Germany), 300–1,000 U/ml

IFNa (interferon alpha-2a/Roferon-A, Roche, Vienna, Austria), or

200–400 U/ml IFNc (interferon gamma-1b/Imukin, Boehringer Ingel-

heim, Vienna, Austria) as indicated in figure legends.

HuH7 and HepG2-based cells were cultured in supplemented

DMEM (10% FCS, 100 U/ml penicillin/streptomycin, 2 mM gluta-

mine, 1× non-essential amino acids, 1 mM sodium pyruvate), and

HepG2-based cells were grown on collagen-coated vessels. Undif-

ferentiated HuH7, HepG2, and HepG2H1.3 cells, a hepatoma cell

line replicating HBV from a single integrate of a 1.3-fold overlength

genome (Jost et al, 2007; Protzer et al, 2007), were treated with

1,000 U/ml IFNa. HepG2H1.3 and HepG2H1.3-A3A cells, addition-

ally expressing constantly A3A under a CMV promoter (Lucifora

et al, 2014), were differentiated in DMEM by adding 1.74% DMSO

and reducing FCS to 1%. HepG2NTCP cells (clone K7) were dif-

ferentiated with 2.5% DMSO as described (Ko et al, 2018).

dHepG2NTCP or dHepG2H1.3 cells were treated with 1,500 U/ml

IFNa or 1,000 U/ml IFNc.
Primary human hepatocytes were obtained from the Department

of General, Visceral, and Transplant Surgery at Hannover Medical

School and were isolated as described before (Kleine et al, 2014).

Liver tissue was derived from donors undergoing partial hepatec-

tomy upon written informed consent (approved by the ethic

commission of Hannover Medical School/Ethik-Kommission der

MHH, #252-2008). Primary human hepatocytes were cultured in

HepaRG differentiation medium and treated with 500 U/ml IFNa or

200 U/ml IFNc.

HBV infection

HBV stocks were prepared as described (Xia et al, 2016), and DNA-

containing enveloped particles (virions) were determined for calcu-

lation of the MOI. dHepaRG cells or primary human hepatocytes

were infected overnight at an MOI of 100–1,000 virions/cell—as

indicated in figure legends—in William’s E differentiation medium

with 5% PEG6000 (Merck, Hohenbrunn, Germany). dHepG2NTCP

cells were infected overnight at an MOI of 400 virions/cell in DMEM

supplemented with 2.5% DMSO and 4% PEG6000 as described (Ko

et al, 2018). The HBx-deficient HBVDx stock was produced as

described (Lucifora et al, 2011; Xia et al, 2016), and dHepaRG cells

were infected overnight at an MOI of 200 virions/cell in William’s E

differentiation medium with 5% PEG8000 (Merck) or at an MOI of

300 virions/cell with 5% PEG6000 (Merck) as indicated.

Measurement of HBV markers

Total cellular DNA was extracted (NucleoSpin Tissue kit, Macherey-

Nagel, D€uren, Germany), digested with T5 exonuclease (New

England Biolabs, Ipswich, MA, USA) where indicated and used for

measuring cccDNA by quantitative real-time PCR (qPCR) on a Light-

Cycler 480 system (Roche, Mannheim, Germany) as described (Xia

et al, 2017). Total intracellular HBV DNA and Prnp as a reference

gene were quantified using primer sets listed in Appendix Table S1

and cycling programs as described (Xia et al, 2017). Secreted HBeAg

was measured with a commercial immunoassay (BEP III, Siemens

Molecular Diagnostics, Marburg, Germany).

Differential DNA denaturation PCR (3D-PCR)

To investigate deamination of nuclear HBV DNA, 3D-PCR was applied

as described (Xia et al, 2017). Briefly, 1/50-diluted products from

cccDNA qPCR were used as template in nested PCR with the primers

50-HBxin and 30-HBxin (Appendix Table S1) using a denaturing

temperature gradient. Cytosine deamination results in GC-to-AT

conversions and therefore lower melting temperatures of double-

stranded DNA allowing differential amplification of AT-rich sequences

(Suspene et al, 2005). Amplicons from 3D-PCR were visualized on a

2% agarose gel, extracted, cloned in sequencing vectors, and analyzed

by multiple sequence alignment and nucleotide composition.

Knockdown of A3A and ISG20

dHepaRG cells were transfected overnight with 0.75 µl DharmaFECT 1

siRNA Transfection Reagent (GE Healthcare Dharmacon, Lafayette,

CO, USA) per well of a 12-well plate according to the manufac-

turer’s instructions. 20 nM Accell human APOBEC3A (200315)

siRNA SMARTpool (#E-017432-00-0005, GE Healthcare Dharma-

con), 20 nM Accell human ISG20 siRNA SMARTpool (#E-015994-

00-0005, GE Healthcare Dharmacon), or 20 nM Accell non-targeting

pool siRNA (#D-001910-10-05, GE Healthcare Dharmacon) was

applied. Alternatively, synthetic oligonucleotides (sequences adapted

from The RNAi Consortium Collection, Mission shRNA, Sigma-

Aldrich; listed in Appendix Table S1) were annealed and ligated into

a HindIII- and SalI-digested pEntry backbone with H1 promoter to

generate adenoviral vectors following the Gateway approach (pAd/

PL-DEST Gateway Vectors and Virapower Adenoviral Expression

Systems, Invitrogen, Carlsbad, CA, USA). Resulting constructs were

transfected in HEK293 cells to amplify the adenoviral vector AdV-

shISG20, and infectious units (i.u.) were determined in HEK293 cells.

dHepaRG cells were transduced using an MOI of 3 i.u./cell in DMEM

without supplements for 2 h.

Quantitative reverse transcription PCR (qRT–PCR)

RNA was extracted according to the manufacturer’s instructions

(NucleoSpin RNA isolation kit, Macherey-Nagel) and reverse-

transcribed into cDNA (SuperScript III First-Strand Synthesis SuperMix
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for qRT–PCR, Invitrogen). 1/10-diluted cDNA was used with Light-

Cycler 480 SYBR Green I Master Mix (Roche) in qPCR (95°C,

300 s; (95°C, 15 s; 60°C, 10 s; 72°C, 25 s, single acquisition)

*45 cycles; melting curve with continuous acquisition). Primer

sequences are listed in Appendix Table S1. qPCRs ran on a Light-

Cycler 480 system (Roche), and data were analyzed by advanced

relative quantification considering primer efficiency and normal-

ization to a reference gene.

Cell viability assays

In dHepaRG cells, viability was measured by CellTiter-Blue Cell Viabil-

ity Assay (Promega, Madison, WI, USA) according to the manufac-

turer’s instructions. Alternatively, CytoTox-ONE Homogeneous

Membrane Integrity Assay (Promega) was used for dHepG2H1.3-A3A

cells to determine the percentage of cell death relative to a complete

lysis control according to the manufacturer’s instructions.

Microarray-based gene expression analysis

Total RNA was extracted from cell culture samples using the AllPrep

DNA/RNA Kit (Qiagen, Valencia, CA, USA) according to the manu-

facturer’s instructions. RNA integrity was assessed using the 2100

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) in combi-

nation with the RNA 6000 Nano Kit (Agilent Technologies): All

samples showed a RIN of > 8.5. Global gene expression profiling

was performed using SurePrint G3 Human Gene Expression 8 × 60k

microarrays (v2, AMADID 039494, Agilent Technologies) according

to the manufacturer’s protocol with an input of 25 ng of total RNA

(one-color Low Input Quick Amp Labeling Kit, Agilent Technolo-

gies). Hybridized microarrays were scanned with a G2505C Sure

Scan Microarray Scanner (Agilent Technologies), and raw data were

extracted using the Feature Extraction 10.7 software (Agilent Tech-

nologies). Data quality assessment, preprocessing, normalization,

and differential expression analyses were conducted with the R

Bioconductor packages limma (Ritchie et al, 2015) and Agi4x44PrePro-

cess, whereas Benjamini–Hochberg-adjusted P-values (FDR (Benjamini

& Hochberg, 1995)) smaller than 0.1 were considered statistically

significant. Gene ontology (GO) terms of the resulting gene lists were

extracted deploying the Ensembl BioMart database. The data have

been deposited in NCBI’s Gene Expression Omnibus (Edgar et al, 2002)

and are accessible through GEO Series accession number GSE134929

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134929).

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) and Western blot analyses

For A3A and MxA Western blots, cells were lysed in M-PER

Mammalian Protein Extraction Reagent (Thermo Scientific, Rock-

ford, IL, USA) with protease inhibitors (Complete, Roche) and

mixed with a loading dye (LDS Sample Buffer, Non-Reducing (4X),

Thermo Scientific) before protein separation in a 12.5% SDS–PAGE

or 7.5% SDS–PAGE, respectively. Proteins were blotted onto a

methanol-activated PVDF membrane (Amersham Hybond PVDF

Membrane, GE Healthcare Life Sciences, Freiburg, Germany) in a

semi-dry manner. For ISG20 and MxA (if shown together with

ISG20) Western blot, cells were lysed in Pierce RIPA buffer (Thermo

Scientific) with protease inhibitors. Proteins were separated in a

12% SDS–PAGE and blotted onto a methanol-activated PVDF

membrane (Bio-Rad, Hercules, CA, USA) in a wet blot procedure.

Following antibodies were used: MxA (#13750-1-AP, ProteinTech

Group, IL, USA) in 1/1,000-dilution, b-actin (#A5441, Sigma-

Aldrich) in 1/10,000-dilution, V5 tag (#ab27671, Abcam,

Cambridge, United Kingdom) in 1/5,000-dilution for detection of

V5-tagged A3A, GAPDH (#ACR001PT, Acris, Herford, Germany) in

1/5,000-dilution, ISG20 (#ab154393, Abcam) in 1/500-dilution, a-
tubulin (#T5168, Sigma-Aldrich) in 1/5,000-dilution, lamin A/C

(#sc-376248, Santa Cruz Biotechnology) in 1/200-dilution, a peroxi-

dase-labeled, secondary antibody against mouse (#A0168, Sigma-

Aldrich) in 1/10,000-dilution, and a peroxidase-labeled, secondary

antibody against rabbit (#A0545, Sigma-Aldrich) in 1/10,000-

dilution. All blots were developed using Amersham ECL Prime

Western Blotting Detection Reagent (GE Healthcare Life Sciences).

Where applicable, cells were separated in a cytoplasm and a nucleus

fraction by CelLytic NuCLEAR Extraction Kit (NXTRACT, Sigma-

Aldrich) and subjected to Western blot in a wet blot procedure as

described above.

Immunofluorescence staining

For immunofluorescence, dHepaRG cells, dHepG2NTCP cells or

dHepG2H1.3 cells were fixed for 10 min using 4% paraformalde-

hyde (Roth, Karlsruhe, Germany) and permeabilized with PBS/

0.5% saponin (Roth) for 10 min at room temperature. Blocking was

performed with PBS/0.1% saponin/10% goat serum (Abcam). Fixed

cells were incubated with following primary antibodies at 4°C over-

night: rabbit-anti-ISG20 (#ab154393, Abcam) diluted 1/100, mouse-

anti-PML (#sc-966, Santa Cruz Biotechnology, Santa Cruz, CA, USA)

diluted 1/300, rabbit-anti-Daxx (#07-471, Upstate/Merck Millipore,

Billerica, MA, USA) diluted 1/200, mouse-anti-nucleophosmin

(#325200, Life Technologies/Invitrogen) diluted 1/200, mouse-anti-

nucleolus (#ab190710, Abcam) diluted 1/200, and mouse-anti-core

protein (#sc-23945, Santa Cruz Biotechnology) diluted 1/50. After

washing (PBS/0.1% saponin), an appropriate secondary antibody

(goat-anti-rabbit 568 in 1/500-dilution, goat-anti-rabbit 488 in 1/

1,000-dilution, goat-anti-rabbit 594 in 1/1,000-dilution, goat-

anti-mouse 647 in 1/1,000-dilution) was added for 2 h at room

temperature before slides were covered with DAPI mounting

medium (Roche). Fluorescence microscopy was carried out with a

confocal laser scanning microscope (Olympus FluoView 1000;

Olympus, Hamburg, Germany) or a spinning disk microscope

(Nikon Ti Eclipse microscope equipped with a PerkinElmer Ultra-

View Vox System (Yokogawa CSU-X1)). Spinning disk microscopy

images were analyzed with the Volocity 6.2 software package

(PerkinElmer, Waltham, USA).

Immunohistochemistry

Liver and lymphoid tissues were provided by DZIF Gewebebank

Heidelberg and handled according to the guidelines of the tissue

bank of the University of Heidelberg after a positive vote of the local

ethics commission. Paraffin-embedded liver tissue sections came

from patients with acute or chronic hepatitis B, chronic hepatitis B

with HDV coinfection, chronic hepatitis B with HCV coinfection or

acute hepatitis C. As control, liver tissues obtained from metastasis

resection but distant to the metastasis and from otherwise healthy
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patients were used. For each clinical entity, liver tissue samples

from three different patients were stained with an antibody against

ISG20 (H-50, #sc-66937, Santa Cruz Biotechnology) in 1/200-dilu-

tion as described (Lu et al, 2013). Lymphoid and liver tissue for

antibody dilution testing were stained accordingly. For quan-

tification, image analysis software Tissue IA (Slidepath, Leica,

Wetzlar, Germany) was used with optimized color detection and

quantification algorithms at 40× magnification. Data are presented

as DAB positive area in % of total recognizable tissue area (each

sample 3–20 mm2 tissue area analyzed).

ISG20 in vitro digestion and binding assays

The 3D-PCR amplicon was generated as described above and puri-

fied from an agarose gel. The 24-nucleotide oligomers used herein

are listed in Appendix Table S1 as 033, 034, 035, 036, 039, and 040

and were purified on 20% urea-denaturing polyacrylamide gels. The

oligomers were extracted from the gel using electroelution, followed

by equilibration against water (for degradation and binding assays)

or buffer containing 150 mM NaCl and 25 mM sodium phosphate,

pH 6.5 (for NMR evaluation).

ISG20 was expressed and purified as previously described

(Nguyen et al, 2001) and equilibrated in buffer containing 150 mM

NaCl, 25 mM sodium phosphate, pH 6.5, and 5 mM DTT. mA3A

contained two point mutations for increased solubility (E72A,

C171A) (Bohn et al, 2015).

Degradation assays were carried out as described previously by

Nguyen et al, (2001). Briefly, oligomers were incubated with ISG20

at a 3:1 molar ratio at 37°C for up to 6 h in buffer containing

13.5 mM NaCl, 6.5 mM HEPES pH 8, 2 mM MgCl2, and 2 mM

MnCl2. Inhibition assays included 5 mM EDTA (as indicated in the

figures). Reactions were quenched with 5 mM EDTA, supplemented

with denaturing loading dye (8 M urea, 100 mM Tris pH 8, 0.1%

xylene cyanol, and 0.1% bromophenol blue), and loaded on an 8%

(3D-PCR amplicon) or 20% (24-nucleotide oligomers) urea-denatur-

ing polyacrylamide gel. Gels were run for 1.5 h at 12 W, followed

by staining with SYBR Gold for 5 min prior to imaging.

Binding shift assays were performed by incubating 0.2 µM of

each oligomer with 2.5 µM ISG20 or mA3A (in the same buffer used

for degradation assays but supplemented with 5% glycerol), on ice

for 10 min prior to loading on a 20% native polyacrylamide gel.

For nuclear magnetic resonance (NMR) spectroscopy, single

point titration 1H,15N SOFAST-HMQC experiments (Schanda &

Brutscher, 2005) with 30 µM 15N-labeled ISG20 (90% H2O/10%

D2O) and 24-nucleotide oligomers 033 and 035 were carried out on

an 800 MHz Bruker NMR spectrometer equipped with a cryogenic

probe at 298 K.

Affinity purification–mass spectrometry

HepG2H1.3 cells were differentiated for 10 days and treated for

1 day with 1,000 U/ml IFNc. PBS-washed cells were harvested with

a cell scraper, and pellets were snap-frozen in liquid nitrogen. DNA

oligomers used herein are listed in Appendix Table S1 as 033, 034,

and 036. Oligomers (033 and 034) were denatured (99°C; 10 min)

and chilled on ice (single-stranded versions) or mixed in a 1:1 ratio

(033:036 and 034:036), denatured, and slowly cooled down at room

temperature (double-stranded versions). StrepTactin sepharose

slurry (IBA, Göttingen, Germany) was washed three times and

reconstituted in TAP buffer (50 mM Tris/HCl pH 7.5, 5% glycerol,

0.2% NP-40, 1.5 mM MgCl2, 100 mM NaCl) in 10x volume. Per

sample, 1 µg ssDNA or 2 µg dsDNA was incubated with 100 µl

reconstituted StrepTactin beads at 4°C for 1 h. Cell pellets were

lysed in TAP buffer including protease inhibitors on ice for 20 min

and centrifuged thereafter (10,000 g, 15 min, 4°C). Supernatants

were then cleared by incubation with washed and reconstituted

StrepTactin beads (3.3× volume TAP buffer) in a 10:1 ratio (15 min,

4°C, rotary wheel) and centrifugation. Protein concentration was

determined by absorbance at 280 nm (NanoDrop, Thermo Scien-

tific) and Pierce 660 nm Protein Assay (Thermo Scientific). ssDNA-

or dsDNA-bound beads were washed three times with TAP buffer,

resuspended in TAP buffer including protease inhibitors, and incu-

bated with 2 mg protein lysate per sample (1 h, 4°C). After washing

in TAP buffer and TAP buffer without NP-40, beads were harvested

(2,000 g, 1 min, 4°C). Enriched proteins on agarose beads were

denatured, reduced, and alkylated by sequential addition of 40 µl

U/T buffer (6 M urea, 2 M thiourea, 10 mM HEPES, pH 8.0),

10 mM DTT (30 min), and 55 mM IAA (20 min, in the dark). For

protein digestion, 160 µl digestion buffer (50 mM ammonium bicar-

bonate, pH 8.0) containing 0.5 µg LysC (FUJIFILM Wako Pure

Chemical Corporation, Osaka, Japan) and 0.5 µg trypsin (Progema)

was added to the beads and incubated at 25°C overnight. Peptides

were desalted and concentrated using three layers of C18 StageTips

(3 M) as described previously (Rappsilber et al, 2007). Purified

peptides were loaded onto a 50 cm reverse-phase analytical column

(75 µm diameter; ReproSil-Pur C18-AQ 1.9 µm resin; Dr. Maisch

GmbH, Ammerbuch, Germany) and separated using an EASY-nLC

1200 system (Thermo Fisher Scientific) with a binary buffer system

of buffer a (0.1% formic acid), buffer b (80% ACN, 0.1% formic

acid), and a 120-min gradient (5–30% buffer b for 90 min, 30% to

95% for 20 min, wash-out at 95% for 5 min, readjustment to 5% in

5 min) at a flow rate of 300 nl per min. Eluting peptides were

directly analyzed on a Q-Exactive HF mass spectrometer (Thermo

Fisher Scientific). Data-dependent acquisition included repeating

cycles of one MS1 full scan (300–1,600 m/z, resolution of 60,000) at

an ion target of 3 × 106, followed by 15 MS2 scans of the highest

abundant isolated and higher-energy collisional dissociation (HCD)

fragmented peptide precursors (resolution of 15,000). For MS2

scans, collection of isolated peptide precursors was limited by an

ion target of 1 × 105 and a maximum injection time of 120 ms.

Isolation and fragmentation of the same peptide precursor was elim-

inated by dynamic exclusion for 20 s. Raw files were processed with

MaxQuant (version 1.6.10.43; Cox Lab, Max-Planck-Institute of

Biochemistry, Martinsried, Germany) using the standard settings,

label-free quantification (iBAQ; LFQ, LFQ min ratio count 1, normal-

ization type none, stabilize large LFQ ratios disabled) and match

between run options enabled. Spectra were searched against

forward and reverse sequences of the reviewed human proteome

including isoforms (UniProtKB, release 10.2019) and HBV proteins

by the built-in Andromeda search engine (Tyanova et al, 2016a).

The output of MaxQuant was analyzed with Perseus (version

1.6.10.43 (Tyanova et al, 2016b)), R (version 3.6.0), and RStudio

(version 1.2.1335). Detected protein groups identified as known

contaminants, reverse sequence matches or only identified by site

as well as replicate samples with poor quality were excluded from

the analysis. Following log2 transformation, iBAQ intensities were
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normalized to correct for technical variation by using the intensity

of unspecifically bound proteins that were quantified in all samples.

Following normalization, proteins without quantification in at least

three replicates of one condition were removed and missing values

were imputed for each replicate individually by sampling values

from a normal distribution calculated from the original data

distribution (width = 0.3×SD, downshift = �1.8×SD). Differentially

expressed protein groups in the volcano plot were identified via

two-sided Welch’s t-tests (S0 = 1) corrected for multiple hypothesis

testing applying a permutation-based FDR (FDR < 0.01, 250

randomizations). Statistical significance of log2 iBAQ intensities of

ISG20 enrichment was determined using a two-sided Welch’s t-test:

***P ≤ 0.001 and n.s.: not significant (P > 0.05). The mass spec-

trometry proteomics data have been deposited to the ProteomeX-

change Consortium via the PRIDE (Perez-Riverol et al, 2019)

partner repository with the dataset identifier PXD019285.

Overexpression of ISG20 and A3A

For overexpression of ISG20, ISG20 cDNA was PCR-amplified from

IFNc-treated dHepaRG cells and ligated into a HindIII- and BamHI-

digested pEntry backbone with CMV promoter to generate adenovi-

ral vectors following the Gateway approach (pAd/PL-DEST Gateway

Vectors and Virapower Adenoviral Expression Systems, Invitrogen).

Resulting constructs were transfected in HEK293 cells to amplify the

adenoviral vector AdV-ISG20 and an empty pEntry-CMV vector-

derived control vector (AdV). dHepaRG or dHepG2H1.3-A3A cells

were transduced using an MOI of 3 i.u./cell in DMEM without

supplements for 2 h.

For overexpression of ISG20-mKate fusion protein, the backbone

was gained from pNTCP-mKate2 (Van de Wiel et al, 2016) by EcoRI

and BamHI digestion. The ISG20 insert was PCR-amplified from

above-mentioned pEntry-ISG20, digested with EcoRI, BamHI, and

DpnI, and ligated into the backbone to get pISG20-mKate. pISG20-

mKate was transfected into HepG2NCTP cells using 3 µl lipofec-

tamine 2000 (Thermo Scientific) and 5 µg plasmid DNA per well of

a 12-well plate and fixed 3 days later for staining and/or fluores-

cence detection.

For overexpression of proteins via IVT mRNA transfection,

following templates were used: For A3A and ISG20, cDNA from

IFNc -treated dHepaRG cells in plasmid backbones was used as

original template. For mISG20, three point mutations were inserted

(D11G, D94G, D154G) to get a catalytically inactive mutant

(Nguyen et al, 2001) into the plasmid template. For mA3A, an inac-

tivating point mutation was inserted (E72A) (Stenglein et al, 2010)

into the plasmid template. These plasmid templates were subjected

to PCRs to introduce the T7 promoter and a NLS sequence with

the primers listed in Appendix Table S1 and used thereafter as

templates for IVT mRNA synthesis. 300 ng of each purified

template (High Pure PCR Product Purification Kit, Roche) was used

for IVT mRNA synthesis with the HiScribe T7 ARCA mRNA Kit

(with tailing) (New England Biolabs) according to the manufac-

turer’s instructions but with addition of 1.25 mM pseudo-UTP and

1.25 mM 5-methyl-CTP (Jena Bioscience, Jena, Germany) per reac-

tion. Cleaned IVT mRNAs (RNA Clean and Concentrator-25, Zymo

Research, Freiburg, Germany) were then transfected overnight to

primary human hepatocytes using 22.5 µl Lipofectamine Messen-

gerMAX (Thermo Fisher Scientific) and 75 ng per single IVT mRNA

per well of a 12-well plate. IVT mRNA of red fluorescent protein

was used as control for transfection.

Southern blot analysis for intracellular capsid-associated HBV
DNA and northern blot analysis for HBV RNAs

Southern blot to detect intracellular capsid-associated HBV DNA

was performed as described (Ko et al, 2018). Briefly, after cell lysis

(50 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 1% NP-

40), samples were incubated for 15 min on ice and centrifuged at

15,322 g for 15 min at 4 °C. Supernatants were adjusted to 11 mM

MgCl2, 200 µg/ml RNaseA, and 0.02 U/ml DNase I, incubated at

37°C for 3 h, and centrifuged at 15,322 g for 15 min at 4°C. HBV

capsids were precipitated from supernatants with PEG8000 over-

night on ice. After centrifugation (15,322 g, 15 min, 4°C), viral DNA

was extracted from the pellet using the QIAamp DNA Mini Kit (Qia-

gen) according to the manufacturer’s instructions. Viral DNA forms

were separated on a 1.3% agarose gel, transferred to a nylon

membrane (Hybond-XL, Amersham Biosciences), hybridized with a

digoxigenin-labeled HBV probe, and developed with the DIG Lumi-

nescent Detection Kit (Roche). Northern blot was performed as

described before (Ko et al, 2018). Briefly, total RNA was extracted

from cell culture using TRIzol Reagent (Ambion/Life Technologies,

Carlsbad, CA, USA) according to the manufacturer’s instructions,

separated through a 1% formaldehyde agarose gel, blotted onto a

nylon membrane (Hybond-XL, Amersham Biosciences), and hybri-

dized as described above.

Statistical analysis

Numeric values are represented as means with standard deviation

(SD); P-values were calculated with Student’s unpaired two-tailed t-

test with Welch’s correction or one-way ANOVA using Prism 5.01

software (Graph Pad, La Jolla, CA, USA). Statistical analyses of

microarray and mass spectrometry data are given in the respective

sections.

Data availability

The datasets produced in this study are available in the following

databases:

• Gene expression data (microarray): Gene Expression Omnibus

GSE134929 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE134929).

• Mass spectrometry proteomics data: PRIDE PXD019285 (http://

www.ebi.ac.uk/pride/archive/projects/PXD019285).

Expanded View for this article is available online.
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Expanded View Figures

◀ Figure EV1. IFNa induces APOBEC3 proteins, of which A3A is knocked down by siRNA.

A dHepaRG cells were infected with HBV at a multiplicity of infection (MOI) of 100 virions/cell, transfected with siRNA against A3A (siA3A) or control siRNA (�) on day
6 postinfection (p.i.), and treated with 300 U/ml IFNa 1 day later for 6 h. Expression of indicated genes was analyzed by qRT–PCR relative to TATA-box binding
protein (TBP) mRNA (n = 3 biological replicates). mRNA from PBMCs was used as positive control in qRT–PCR for AICDA.

B–D dHepaRG cells were infected with HBV at a multiplicity of infection (MOI) of 100 virions/cell and transfected with siRNA against A3A (siA3A) or control siRNA (�) on
day 8 postinfection (p.i.). Cells were treated with 300 U/ml IFNa from days 9 to 15 p.i., and cell viability was determined thereafter by CellTiter-Blue (CTB) assay (B),
total intracellular HBV DNA by qPCR relative to the prion protein (Prnp) gene (C), and HBeAg by ELISA (D) (n = 4 biological replicates).

Data information: Data are represented as mean � standard deviation (SD), nd: not detected. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s
unpaired t-test with Welch’s correction.
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Figure EV2. ISG20 is expressed in HCV infection.

A Liver tissue samples obtained from HBV-negative patients undergoing metastasis resection (control), with chronic hepatitis B (HepB) and HCV coinfection or acute
hepatitis C (HepC) were stained for ISG20 by immunohistochemistry. For each clinical entity, tissue sections from three different patients are shown; scale bar: 50 µm.

B ISG20-positive area of each sample was determined by Tissue IA image analysis software (n = 3 biological replicates) and is given in % of total tissue area scanned.

Data information: Data are represented as mean � SD. ns: not significant by one-way ANOVA.
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▸Figure EV3. ISG20 co-localizes with nucleolar proteins and is expressed in HBV-replicating cells.

A–D dHepG2H1.3 cells were treated with 1,500 U/ml IFNa or 1,000 U/ml IFNc from days 3 to 4 after differentiation start and stained by immunofluorescence for ISG20
and PML (A), PML and Daxx (B), ISG20 and nucleophosmin (C), or ISG20 and a nucleolar marker protein (D). Scale bar: 10 µm.

E Primary human hepatocytes were infected with an MOI of 200 virions/cell, treated with 500 U/ml IFNa or 200 U/ml IFNc from days 5 to 6 p.i., and stained for
ISG20 and HBV core protein. Scale bar: 50 µm.
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▸Figure EV4. ISG20 is knocked down by siRNA and binds and degrades ssDNA.

A–D dHepaRG cells were infected with HBV at an MOI of 100 virions/cell and transfected with siRNA targeting ISG20 (siISG20) or control siRNA (�) at day 7 p.i. and
treated with 300 U/ml IFNa from days 8 to 11 p.i. ISG20 mRNA (A) was measured by qRT–PCR relative to TBP mRNA (n = 3 biological replicates). cccDNA (B) and
total intracellular HBV DNA (C) were determined by qPCR relative to Prnp, and HBeAg (D) was determined by ELISA (n = 5–6 biological replicates from two
independent experiments).

E ssDNA oligomers with and without dU modifications (left panel) or ssRNA oligomers (right panel) were digested in vitro for 4 h using 7 µM oligomer and 2.5 µM
recombinant ISG20 each and separated by polyacrylamide gel electrophoresis.

F NMR spectra of 15N-labeled ISG20 bound to the (�) ssDNA and dU-containing (�) ssDNA oligomers are shown. At a 1:1 ratio of oligomer to ISG20, both oligomers
induce similar chemical shift perturbations in ISG20 amide resonances, as observed in the 1H,15N correlation NMR spectra.

Data information: Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s unpaired t-test with Welch’s correction.

Daniela Stadler et al EMBO reports

ª 2021 Helmholtz Zentrum Muenchen EMBO reports e49568 | 2021 EV6

3 Results and Discussion

195



 A 

 D 

 F 

 E 

 B  C 

Figure EV4.

EMBO reports Daniela Stadler et al

EV7 EMBO reports e49568 | 2021 ª 2021 Helmholtz Zentrum Muenchen

3 Results and Discussion

196



 A 

 D  E 

 B  C 

Figure EV5. ISG20 overexpression together with A3A reduces cccDNA similar to interferon treatments.

A, B dHepG2H1.3-A3A cells constantly expressing A3A (A3A Ctrl) were transduced 10 days after differentiation with an empty adenoviral vector (AdV) or AdV-ISG20. ISG20
levels (A) were determined by qRT–PCR relative to TBP mRNA 1 day after transduction (n = 4 biological replicates). cccDNA (B) was measured after T5 digest 7 days
after transduction by qPCR relative to Prnp (n = 4 biological replicates).

C dHepaRG-TR-A3A cells were infected with HBV at an MOI of 300 virions/cell and transduced on day 7 p.i. with AdV-ISG20 and treated with tetracycline to induce
A3A expression, 300 U/ml IFNa or 200 U/ml IFNc. Seven days after transduction, cccDNA was measured after T5 digest by qPCR relative to Prnp (n = 5 biological
replicates from two independent experiments).

D, E dHepaRG-TR-A3A cells were infected with wild-type HBV (HBVwt) or HBVDx at an MOI of 300 virions/cell and transduced on day 7 p.i. with AdV-ISG20 and treated
with tetracycline to induce A3A expression as indicated (� Tet (A3A)) for 7 days. Cell viability (D) was measured by CTB assay and total intracellular HBV DNA (E) by
qPCR relative to Prnp (n = 6 biological replicates from two independent experiments).

Data information: Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns: not significant by Student’s unpaired t-test with Welch’s correction.
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4 Summary and Outlook

In this thesis, mass spectrometry-based proteomics approaches were applied to study
the cellular consequences of virus infections, including a multi-omics virus-host inter-
action screen of SARS coronaviruses. We found, that autophagy, a process involved
in virus degradation and immunity, was one of the most perturbed cellular path-
ways upon SARS-CoV-2 infection. Intriguingly, this process is often manipulated
by viruses to support viral replication. In the following paragraphs I will therefore
highlight the dual role of autophagy upon virus infection and discuss the relevance of
further SARS-CoV-2 host perturbations in the context of the current literature.
In light of the high number and complexity of virus-induced perturbations during
infection, cellular antiviral responses are often masked and difficult to study in the
context of infection. I have therefore established an in vitro system to explore the ac-
tivation of innate immune responses in a viral infection independent manner. In this
study, persistent stimulation of antiviral signaling significantly decreased cell growth.
Such cytostatic effects, including cell death through induction of apoptosis, were pre-
viously linked to the activation of innate immune pathways. This crosstalk between
the innate immune system and apoptosis will be discussed in more detail and linked
to the findings of my study.
In addition, recent advances, limitations and benefits of affinity purification mass
spectrometry, a method that was intensively applied in this thesis to study protein-
protein interactions, will be briefly discussed.

4.1 Virus-host interactions of SARS coronaviruses
and the dual role of autophagy in virus infec-
tions

The emergence of a highly pathogenic coronavirus in December 2019 required the
immediate understanding of virus-host interactions and associated pathophysiology
to rapidly develop targeted strategies and dampen the pandemic spread. To this
end, we systematically assessed the interactions of SARS-CoV-2 and SARS-CoV pro-
teins with cellular factors by affinity purification mass spectrometry and further com-
plemented this data with infection-induced changes on the mRNA, proteome and
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post-translational level. Intriguingly, integration and enrichment of the multi-omics
datasets with protein level information from public databases identified key cellular
pathways, such as autophagy, TGF-b and innate immune signaling, perturbed upon
SARS-CoV-2 infection. Successful repurposing of existing drugs to inhibit SARS-
CoV-2 replication in vitro further demonstrated the power of our proteomics pipeline
to screen virus-host interactions within a very short period of time (Stukalov et al.
2021).

Apart from our novel findings, multiple datasets describing the impact of SARS-
CoV-2 infection on cellular protein interactions and signaling networks have con-
tributed to the current state of knowledge (Blanco-Melo et al. 2020; Bojkova et al.
2020; Bouhaddou et al. 2020; Gordon et al. 2020a,b; J. Huang et al. 2020; Klann et al.
2020; J. Li et al. 2021; Messner et al. 2020). A particularly outstanding example in
this context is the paper from Nevan Krogan’s laboratory by Gordon et al., who pub-
lished the first complete interactome of SARS-CoV-2 proteins, ectopically expressed
in HEK293T cells, using affinity purification mass spectrometry (Gordon et al. 2020a).
Shortly thereafter, the same laboratory delineated a comparative protein-protein in-
teraction map of SARS-CoV-2, SARS-CoV and MERS-CoV proteins (Gordon et al.
2020b). Besides the identification of shared and unique features among these three hu-
man pandemic coronaviruses, they also applied immunofluorescence- and qPCR-based
methods to screen for antiviral activities of drugs that target SARS-CoV-2-interacting
cellular proteins and pathways. This protein interaction data was further used in RNA
interference and CRISPR-based genetic perturbation screens with A549-ACE2 and
Caco-2 cells, respectively, to identify 73 host factors that have a significant impact on
SARS-CoV-2 replication. Among those were the mitochondrial import receptor sub-
unit TOM70 (TOMM70), the interleukin-17 receptor A (IL17RA), the prostaglandin
E synthase 2 (PGES2) and the sigma non-opioid intracellular receptor 1 (SIGMAR1).
To finally elucidate the role of these proteins for COVID-19 pathophysiology in more
detail, structural analysis and meta-analysis of clinical data was performed (Gordon
et al. 2020a,b).
In general, both studies by Gordon et al. significantly contributed to the clarification
of virus-host interactions upon SARS-CoV-2 infection. In that respect, one of their
key findings was the ORF3-specific binding to members of the homotypic fusion and
protein sorting (HOPS) complex, which is consistent with our data. More specifi-
cally, ORF3 of SARS-CoV-2 but not of SARS-CoV targeted five out of six members
of the vacuolar protein sorting family (i.e. VPS11, -16, -18, -39, and -41), which un-
der physiological conditions assemble to form the HOPS complex and interact with
RAB7A another binding partner of ORF3 (Stroupe et al. 2006). While Gordon et al.
could only speculate about potential cellular consequences of this seemingly impor-
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tant virus-host interaction, we on the other hand were able to correlate the interaction
data with changes on the transcriptome-, proteome- and PTM-level upon virus in-
fection. In this context, HOPS complex binding by SARS-CoV-2 ORF3 correlated
with the accumulation of autophagy receptors such as MAP1LC3A/B, SQSTM1,
GABARAPL2, NBR1, CALCOCO2, and TAX1BP1, as evident from proteome data
of ORF3-expressing as well as virus-infected cells. Measuring the infected cells’ tran-
scriptome further enabled us to rule out any regulation of autophagy receptors on
the expression level and supported the assumption of an ORF3-mediated obstruction
of autophagosome-lysosome fusion (Jiang et al. 2014). Additionally, many of those
autophagy receptors, which bind ubiquitinated cargo proteins and sequester them
for autophagosomal degradation, were found to be themselves ubiquitinated upon
SARS-CoV-2 infection. One direct evidence that linked our findings to potential
mechanisms of COVID-19 pathophysiology was the revealed increase of apolipopro-
tein B-100 (APOB) levels upon SARS-CoV-2 infection and exclusive ORF3 expression
in A549 cells. In light of the autophagy-dependent regulation of APOB protein levels,
inhibition of the autophagy flux by SARS-CoV-2 ORF3 could trigger APOB accumu-
lation, thereby increasing the risk for arterial thrombosis in heart, lung and kidney
tissues of patients suffering from COVID-19 (Khalil et al. 2004; Nicolai et al. 2020;
Ohsaki et al. 2006).
By now, the postulated SARS-CoV-2-dependent inhibition of autophagy, more pre-
cisely through ORF3, has been confirmed by several other groups (Miao et al. 2021;
Y. Zhang et al. 2021). Both Miao et al. and Zhang et al. refined our model of
autophagy inhibition by providing evidence for a direct interaction of ORF3 with
VPS39. This interaction was shown to be depended on the ORF3’s C-terminus and
its transmembrane domain-mediated localization to lysosomal membranes. Hence,
remaining VPS proteins of the HOPS complex, which were shown to interact with
ORF3 in our dataset, were only indirectly targeted by ORF3 through VPS39. Fur-
thermore, the ORF3-HOPS complex interaction inhibited binding of the HOPS com-
plex to STX17, located at autophagosomal membranes, and consequently perturbed
the assembly of the STX17-SNAP29-VAMP8 SNARE complex, which is crucial for
fusion of autophagosomal and lysosomal membranes (Miao et al. 2021; Y. Zhang
et al. 2021). Such detailed mechanistic studies are generally of high importance for
the development of targeted strategies to tackle virus infections. They moreover il-
lustrate the value of preceding system-level studies, that provide starting points for
hypothesis-driven research.
Autophagy is a highly conserved eukaryotic degradation pathway which maintains
cellular homeostasis and is triggered by various conditions, including amino acid star-
vation and ER stress (Klionsky et al. 2000; Yorimitsu et al. 2006). During autophagy,
cytosolic material is delivered to lysosomes and enzymatically degraded via three main
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routes: (i) microautophagy, (ii) chaperon-mediated autophagy, and (iii) macroau-
tophagy (Mijaljica et al. 2011; Mizushima et al. 2011).
However, upon virus infection, autophagy constitutes a double-edged sword. On the
one hand, xenophagy, a specific from of selective autophagy, is activated to target
intracellular pathogens for degradation (Levine 2005). Autophagy is further acti-
vated by the innate immune system and cooperates with PRR signaling to activate
IFN responses. In addition, processing of virus-derived antigens by autophagy and
trafficking to the cell surface for recognition by T-cells activates adaptive immu-
nity (J. Cheng et al. 2017; Deretic et al. 2013; C. Paludan et al. 2005). On the other
hand, many viruses not only evolved strategies to counteract the autophagosomal
degradation, but also established mechanisms to exploit this cellular process for their
replication. In particular RNA viruses, such as polio- and coronaviruses, are known
to induce autophagosome-like double membrane vesicles (DMVs) by perturbing au-
tophagy signaling and associated membrane formation. DMVs further support viral
genome replication by providing a protected microenvironment within the host cell
and can promote non-lytic release of progeny virions (Bird et al. 2014; Jackson et al.
2005; Prentice et al. 2004).
In the case of SARS-CoV-2, infections also induce the formation of DMVs, mainly
to assist genome replication via the viral replication and transcription complex (Reg-
giori et al. 2010; V’kovski et al. 2021; Y. Zhang et al. 2021). Although, the over-
all involvement of autophagy in this process is not yet fully understood, blocking
autophagosomal-lysosomal fusion is generally conserved among pathogenic SARS and
MERS coronaviruses. Hence, this mechanism could aim to inhibit the degradation
of DMVs, which in turn would support viral replication and interfere with immune
responses (Y. Zhang et al. 2021). In addition, autophagy might be regulated dif-
ferently at early and late stages of SARS-CoV-2 replication. During the beginning
of an infection, induced autophagy might reflect a general activation of innate and
adaptive immune responses. In later stages, however, sufficient expression of the viral
accessory protein ORF3 inhibits autophagy to prevent the fusion of virus-containing
vesicular compartments with lysosomes and thus counteracts the degradation of viral
components (Miao et al. 2021).

All individual omics datasets of our SARS-CoV-2 study were acquired from a syn-
geneic lung-derived human cell line, infected with the same virus strain. These as-
pects in combination contributed to the identification of cellular pathways, which
were perturbed on multiple levels. However, one major drawback of this study de-
sign was the use of an immortalized cell line, which was required to achieve suffi-
cient sample quantities for interactome and ubiquitinome studies. To our surprise,
the detected block of type I and III IFN responses among an almost exclusive NF-
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kB-driven pro-inflammatory cytokine signature was found to be in accordance with
another study encompassing in vitro, ex vivo as well as in vivo SARS-CoV-2 infec-
tion models (Blanco-Melo et al. 2020). More precisely, Blanco-Melo et al. confirmed
similar innate immune responses using transcriptomics in the A549-ACE2 cell line, in
primary human bronchial epithelial (NHBE) cells and in ferrets infected with SARS-
CoV-2. Transcriptional profiling of post-mortem human lung biopsies, in combination
with the analysis of serum from COVID-19 patients, additionally supported both our
findings (Blanco-Melo et al. 2020). Moreover, impaired IFN and exacerbated in-
flammatory responses, particularly in patients with a critical disease progression, are
considered as hallmark of severe COVID-19 (Hadjadj et al. 2020). However, time-
resolved analyses of SARS-CoV-2 infections revealed a transient expression of ISGs
in blood-derived immune cells, which correlated with an early burst of IFN-a lev-
els (Arunachalam et al. 2020; Schulte-Schrepping et al. 2020; Schultze et al. 2021).
These established dynamics of type I IFN responses are in accordance to another
study on COVID-19 disease progression. Here, IFN-a and IFN-l levels reached their
maximum early after SARS-CoV-2 infection and subsequently declined in cases of
mild to moderate COVID-19 outcomes. In contrast, severe disease progression pro-
moted constantly increased IFN signatures that were generally insufficient to control
SARS-CoV-2 replication but which are considered as a significant driver of patho-
logical responses (Israelow et al. 2020; Lucas et al. 2020; Schultze et al. 2021). All
these observations significantly contributed to the current understanding of SARS-
CoV-2 biology and particularly COVID-19 pathophysiology. They further illustrate
the reliability of results from in vitro studies but also demonstrate the need to con-
duct multiple studies by numerous laboratories, including various infection models in
combination with patient cohorts, to properly assess the temporal heterogeneity of
immune responses in patients infected with SARS-CoV-2.

4.2 Persistent immune stimulation and crosstalk of
innate antiviral pathways with apoptosis

In my second project, we applied an in vitro system to systematically study the ef-
fects of persistent innate immune stimulation on IFN signaling, the ISG response and
on global cellular homeostasis. Intriguingly, we found that continuous activation of
RIG-I signaling and the resulting type I IFN responses ceased within two weeks. This
trend was further accompanied by a strong cytostatic effect, which was mediated by
intrinsic IRF3 activity and developed independently of cytokine signaling as well as
caspase-induced apoptosis (Urban et al. 2020).
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Apart from the above outlined findings, connections between the sensing of virus-
derived nucleic acids by RLRs and activation of cell death pathways, such as apop-
tosis, have already been reported. Besch et al., for instance, studied the type I
IFN-independent activation of proapoptotic signaling induced by RIG-I and MDA5
stimulation in human melanoma cells (Besch et al. 2009). More precisely, they showed
that activation of MAVS, the central adaptor protein in the RLR pathway, was re-
quired to trigger a mitochondrion-based apoptotic program which in turn induced
the proapoptotic proteins BBC3 (Puma) and PMAIP1 (Noxa) as well as APAF1 and
CASP9 (Besch et al. 2009). Intriguingly, RLRs can also directly stimulate cell death
as exemplified for LGP2 and RIG-I (Onomoto et al. 2021; Poeck et al. 2010; T. Taka-
hashi et al. 2020). In this context, an elegant mechanism has been proposed, which
comprises LGP2 interaction with the transactivation response RNA-binding protein
(TRBP), a positive regulator of the DICER-based miRNA processing, to block mat-
uration of miR-106b. This inhibition, in turn, rescued the RNAi-mediated degra-
dation of multiple caspase transcripts, and hence enhanced apoptosis (T. Takahashi
et al. 2018, 2020). Pyroptosis, a rapid pro-inflammatory form of cell death triggered
by inflammasome activity, constitutes yet another pathway triggered by RLR signal-
ing (Latz et al. 2013). Amongst other PRRs and central innate immune signaling pro-
teins, RIG-I is able to directly interact with PYCARD to initiate caspase-1-dependent
inflammasome activity, in a MAVS, CARD9 or NLRP3 independent manner (Lupfer
et al. 2015; Poeck et al. 2010; Subramanian et al. 2013).
In our study, however, the cytostatic effect upon persistent innate immune stimulation
was independent of caspase-mediated apoptosis, but required IRF3. Despite IRF3’s
main function as transcription factor to induce the expression of IFNs, Chattopad-
hyay et al. also identified an IRF3-dependent apoptotic pathway, which is activated
through direct interaction of IRF3 with the apoptosis regulator BAX (Chattopadhyay
et al. 2016, 2010). Also referred to as RIPA (short for RIG-I-like receptor-induced
IRF3-mediated pathway of apoptosis), this pathway was activated upon virus in-
fection, independently of IRF3’s transcriptional activity, and required TRAF2 and
TRAF6 in addition to proteins involved in the canonical RLR signal transduction.
Subsequent polyubiquitination of IRF3 by the linear ubiquitin chain assembly com-
plex (LUBAC), triggered its interaction with BAX and consequently lead to the
mitochondrial-mediated apoptotic cell death (Chattopadhyay et al. 2016, 2010, 2017).
In contrast to our results, which indicated that treatment of cells with the pan-
caspase inhibitor Z-VAD-FMK cannot rescue the cytostatic effect, caspase activation
was found to be crucial for RIPA activation. We moreover did not identify any signs
of apoptotic cell death, such as apoptotic bodies or DNA fragmentation, and hence
assume that RIPA might not be responsible for the revealed cytostatic phenotype in
our system. However, based on our studies with immortalized cell lines, dysregula-
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tion of feedback loops that control cell homeostasis and hence cell proliferation upon
strong and prolonged stimulation of RLR signaling, can potentially contribute to the
observed phenotype and might not reflect responses in non-dividing cells.
Overall, many studies confirmed a tight connection between innate immune responses
and the induction of cell death. These conjunctions are further complemented by the
discovery of a negative feedback regulation through cleavage of MAVS, IRF3 and
cGAS by apoptotic caspases, which additionally contributes to maintain immune
homeostasis upon virus infection (Ning et al. 2019). Furthermore, knowledge about
the connection between RIG-I and apoptosis, for example, primed the design of a
dual-functional 5’-triphosphate-siRNA drug to treat melanoma in mice (Poeck et al.
2008). Specific targeting of the key melanoma survival factor Bcl2 synergized well
with the RIG-I immune-stimulatory properties of the 5’-triphosphate structure to
specifically induce apoptosis in tumor cells of lung metastases in vivo (Poeck et al.
2008).

4.3 Recent advances and benefits of affinity purifi-
cation mass spectrometry approaches to study
virus-host interactions

In general, affinity purification mass spectrometry approaches are very well suited to
identify protein-protein interactions in a rapid, unbiased manner without the need of
raising antibodies for the enrichment of target proteins. They nevertheless require
the addition of an affinity tag for bait-specific enrichment. This is particularly pre-
carious since any modification in the amino acid sequence of a given bait protein
can abolish true interactions and generate false positive hits. To give an example,
addition of the required affinity tag for enrichment, either at the C- or N-terminus
of the recombinant bait protein, can disrupt specific localization sequences and as
a consequence induce mislocalization and a perturbed protein function. Moreover,
ectopic expression, from a transfected plasmid or transduced lentiviral genome, often
utilizes non-physiological promotors, e.g. from cytomegalovirus (CMV). Especially
viral promoters induce unusually high expression levels, that can promote bait aggre-
gation along with the activation of cellular stress responses and hence alter the native
interaction profile. Almost equally as important as physiological expression levels for
AP-MS experiments are the comparable expression and enrichment between different
baits and their corresponding control proteins. Despite accurate data normalization
and stringent statistical analysis, false positive hits are likely to occur if the bait of
interest, with a high expression profile and an optimal enrichment of interacting pro-
teins, is compared to a barely expressed control bait with an insufficient enrichment
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efficiency (Lavallee-Adam et al. 2011; Mering et al. 2002; Pina et al. 2014).
In an attempt to overcome many of these limitations, recent AP-MS studies aimed
to induce as little perturbations as possible, while at the same time ensuring a high
throughput protein-protein interaction and localization screening. An example in
this context is a study conducted by Cho et al., who recently reported one of the
most comprehensive interaction and localization screens which encompassed more
than 1,300 human proteins in living cells (Cho et al. 2021). For this purpose, they
generated a CRISPR-edited HEK293T cell library by fusing one element of a split-
mNeonGreen2 tag to the bait gene. This approach conferred the additional advan-
tage of a more native, endogenously-controlled expression of the protein of interest.
The tagged bait protein was then complemented with the second split-mNeonGreen2
element, expressed in trans, to assemble the final tag structure. Based on the tag’s
fluorescence signal, bait expressing cells were enriched via FACS, followed by simulta-
neous detection of protein-protein interactions using AP-MS and protein localization
by fluorescence microscopy. This study hence constitutes a prime example of how
state-of-the-art technologies work in concert to facilitate high throughput in-depth
biological studies. This becomes even more evident when considering the minute
sample amounts (less than one million cells) that were used for AP-MS experiments.
Compared to previous large-scale interactome studies, even 10-times less cells could
be used due to the optimized sample preparation protocols combined with high sen-
sitivity peptide analysis using a timsTOF mass spectrometry setup (Cho et al. 2021;
Hein et al. 2015; Huttlin et al. 2017).
To conclude, such AP-MS studies pave the way for future large-scale and rapid inves-
tigation of protein interaction networks of so far unstudied organisms. In this context,
one especially has to keep in mind that not even a decade ago such studies involved
a large amount of people and years of work.

Overall, the studies presented in my thesis demonstrate how proteomics in gen-
eral and affinity purification mass spectrometry-based workflows in particular, are
excellent tools to gain an accelerated understanding of virus-host interactions on the
systems-level. In combination with time-resolved data from proteome, transcriptome
and PTM studies of virus infected cells, they convey the potential to illuminate viral
perturbations of key cellular pathways from various perspectives. In the end, knowl-
edge about hotspots of virus-host interactions can guide the development of antiviral
treatments and provide inception points for hypothesis-driven research with the aim
to further explore the ongoing battle between viruses and their hosts.
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