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1 Introduction

1.1 Coronaviruses

Discovery

In 1966, the group of David Tyrell was working on an unknown ‘common cold’ virus

his group had isolated in 1961 and which initially proved to be impossible to prop-

agate by standard methods. Around the same time in Chicago, Dorothy Hamre and

John Procknow isolated another novel common cold virus from medical students,

labeled 229E [1]. To identify the causative agent, Tyrell sent samples of both isolates

to June Almeida at the St Thomas’s Hospital Medical School in London. At the time,

Almeida was a pioneer in electron microscopy and with her extensive knowledge was

able to to detect viral particles in both specimens in clear images. Surprisingly, the

particles showed striking similarities with infectious bronchitis virus (IBV), a virus

she had previously worked on and detected in chicken and mice. However, the previ-

ous studies describing the novel virus were rejected at the time because the reviewers

thought the images were of poor quality and simply showing Influenza virus parti-

cles. This time, however, the evidence was irrefutable [2]. Because of the halo-like

formations surrounding their exterior, they were named ’Coronaviruses’ and catego-

rized as a novel family in 1968 (Fig. 1A) [3], [4], [5].

Classification

The Coronaviridae family belongs to the suborder Cornidovirinae under the order Nidovi-

rales and is divided into three sub-families, namely Orthocornavirinae, Letovirinae,

Pitovirinae (Fig. 1B). Orthocornavirinae are further divided into four genera: Alpha,

Beta, Gamma and Deltacoronavirus [6]. Both, alpha- and betacoronaviruses exclu-

sively infect mammalian species, including humans, and originate from bats [7], [8].

Gamma- and deltacoronaviruses, in contrast, have their reservoirs in birds [7]. One

characteristic of all genera of coronaviruses is their ability to infect a wide range of

different species [9], [10], [11], [12]. While the virus adapts to its host to efficiently
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Figure 1: History of coronaviruses
(A) Early electron microscopy image of an HCoV-E229 particle, "surrounded by a distinct 200 Å long fringe" (1967) [3]
(left). False-colour transmission electron micrograph of a B.1.1.7 variant coronavirus. The surface protein Spike
(green) surrounds the genome containing virus particle (yellow) (right) NIAID.
(B) Taxonomy of the Coronaviridae family. As of 2022, all viruses in the subgenus Sarbecovirus (blue) belong to the
species Severe acute respiratory syndrome-related coronavirus ICTV.
(C) Timeline of discovery and emergence of coronaviruses known to infect humans. HCoV-NL63 and HCoV-229E
belong to the genus alphacoronavirus, while HCoV-HKU1, HCoV-OC43, SARS-CoV, MERS-CoV and SARS-CoV-2
are betacoronaviruses. Created with BioRender.com.
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replicate, it may indirectly adapt to species with a phylogenetically related immune

system. Combined with the close spatial proximity between humans and other host

species that can be infected by Coronaviruses, this has formed the crucible for past

and current epidemics and pandemics (Fig. 1C). The first such event that was well

documented began in 2002 in Guangdong (China) and was caused by a Betacoro-

navirus, the severe acute respiratory syndrome coronavirus (SARS-CoV). The first

infected individuals likely contracted the virus from masked palm civets on wet mar-

kets [13], [14]. However, mounting evidence suggests that these animals were only

an intermediate host and that the virus originated from horseshoe bats [15], [16]. In-

fected individuals showed clinical symptoms similar to other infections of the lower

respiratory tract, and the overall mortality rate is estimated to be 15% [17]. The last

documented cases occurred in 2004, and transmission of the virus has not been de-

tected since [14].

The next spillover event was detected in Jeddah (Saudi Arabia) in 2012 and caused

by the Middle East respiratory syndrome–related coronavirus (MERS-CoV), another

betacoronavirus phylogenetically distinct from SARS-CoV. Here, the virus crossed

the species barrier from bats to humans via dromedary camels as an intermediate

host [18]. In contrast to SARS-CoV, cases are still being reported, but are mostly

limited to the Arabian Peninsula. While transmissibility between humans is limited,

infection with the virus is associated with a high mortality rate (35%) [19], [20].

1.2 SARS-CoV-2

In December 2019, several hospitals in Hubei province (China) reported cases of

pneumonia of unknown origin [21], [22]. By early January, the causative agent had

been identified as a novel betacoronavirus, and increasing numbers of infections were

reported throughout all of China. On the 30th of January, the WHO declared the coro-

navirus outbreak a public health emergency of international concern, with the novel

virus officially termed SARS-CoV-2 and the resulting disease COVID-19. Over the

course of the following months, infections spread across the globe with thousands of

cases reported daily, prompting the WHO to declare COVID-19 a pandemic. The time
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since has been marked by nation-wide lockdowns, mass testing and a race to find an

effective vaccine against the virus [23], [21]. Phylogenetic analysis shows that SARS-

CoV-2 shares a higher degree of genome sequence identity with SARS-CoV (79%)

than with MERS-CoV (50%) [24], [21]. However, some genomic variations clearly

define SARS-CoV-2 as a distinct virus species, such as the truncation or complete

absence of certain genes [25], [26]. The exact origin of the virus has also remained

enigmatic to this day. However, due to its close sequence homology with SARS-like

CoVs, such as bat-SL-CoVZXC21 (87%) and BANAL-20-52 (97%) [27], SARS-CoV-2

has been suggested to have emerged from a bat-borne virus [28].

Transmission and entry

SARS-CoV-2 is transmitted through droplets, which are exhaled or coughed out by

an infected individual. Once the virus reaches the respiratory tract, it attaches to its

target cells, primarely ciliated epithelial cells in nasal mucosa and type II alveolar

pneumocytes in lung alveoli [29], [30]. The surface of the virus is covered by a homo-

trimeric fusion protein, Spike, which gives it its halo-like appearance. Initially, the

viral Spike protein interacts with its target receptor, angiotensin converting enzyme

2 (ACE2), which is expressed by cells of the respiratory tract, but is also found on

cells of the small intestine, testis, kidney, heart muscle, colon and thyroid gland [31].

Receptor engagement initiates conformational changes within the receptor binding

domain (RBD) of Spike and permits its activation by the serine protease TMPRSS2 on

the cell surface. This event in turn triggers the fusion between the viral and cellular

membrane, creating a fusion pore through which the virus genome is released into

the cytoplasm [32], [33].

Genome

The genome of SARS-CoV-2 consists of one continuous, single-stranded RNA of 29.9

kb, making it one of the largest viral RNA genomes currently known. It contains 14

open reading frames (ORFs) and codes for at least 25 different proteins. These can be
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Figure 2: SARS-CoV-2 genome organization
(A) The first two-thirds of the SARS-CoV-2 genome encode sixteen non-structural proteins (Nsp) within open read-
ing frames 1a (ORF1a) and ORF1b. Nsp1-11 are encoded by polyprotein 1a (pp1a). Nsp12-16 are expressed from
pp1b after extension of pp1a through a programmed ribosomal frameshift. Structural proteins Spike (S), Enve-
lope (E), Matrix (M), Nucleocapsid (N) as well as accessory proteins are encoded downstream of ORF1b. Se-
quences for ORF3b, 7b and 9b are embedded within other ORFs and expressed by leaky scanning. ORFs are
not drawn to scale. Adapted from “Genome Organization of SARS-CoV”, by BioRender.com (2024). Retrieved from
https://app.biorender.com/biorender-templates
(B) Simplified model of the viral replication and transcription complex (RTC). Replication and transcrip-
tion are driven primarily by the enzymes Nsp12 (RNA-dependent RNA polymerase), Nsp13, Nsp14 and
Nsp16. Adapted from “Model of Putative Coronavirus Replisome”, by BioRender.com (2024). Retrieved from
https://app.biorender.com/biorender-templates

divided into 16 non-structural proteins (Nsps) which occupy the first two thirds of the

genome and form the replication and transcription machinery. Located towards the

3’ end of the genome are the 4 structural proteins Spike (S), envelope (E), membrane

(M) and nucleocapsid (N), forming the viral particle and enabling attachment to the

target cell receptor. Finally, there are at least 7 additional ORFs spread between the

structural proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8 and ORF9b) (Fig.

2A). These accessory genes code for proteins which assist in viral replication and/or

suppress the immune response [34], [35]
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Replication

CoV entry into the cell marks the beginning of viral transcription and translation

and is tightly regulated in space and time. The translation of ORF1a and ORF1b

from viral genomic RNA leads to the generation of two large polypeptides: pp1a &

pp1b [36]. An interesting mechanism found in coronaviruses is a -1 programmed ri-

bosomal frameshift which occurs in a short spacer region between ORF1a and ORF1b,

making pp1ab in essence an extension of pp1a. Both are then further processed by

proteolytic cleavage by two cysteine proteases that are located within Nsp3 and Nsp5

to release Nsp1-11 (pp1a) and Nsp1-10 & 12-16 (pp1b). Nsp1 is one of the first pro-

teins to be produced and immediately targets the translation machinery to initiate a

host shutoff [37]. Nsp2-16 form the viral replication and transcription complex (RTC)

and carry out the main function of RNA synthesis, modification and proofreading

(Fig. 2B). Nsp2-11 fulfils a supporting role by modifying membrane structures, act-

ing as co-factors and facilitating immune evasion [38], [39]. The first step of viral

replication is the transcription of the positive sense RNA genome into full length,

negative sense copies by the Nsp12 RNA-dependent RNA polymerase (RdRp) (Fig.

3A). These copies in turn act as templates for the generation of new, full length,

positive sense RNA genomes. The accumulating positive sense genome copies are

used for the translation of additional Nsps, RTCs or are packaged into new viri-

ons [34].

Discontinuous transcription

Most viruses rely on the translation machinery of their host cell. Specifically, RNA

viruses have to adapt to the 5’ dependency of eukaryotic translation initiation, which

follows the dogma of one mRNA being translated into one protein. To express all pro-

teins encoded in its genome, SARS-CoV-2 produces sub-genomic RNAs (sgRNA) in

addition to the full length copies during negative strand synthesis (see Replication).

Reading from the 3’ end of the genomic RNA template, the RTC encounters tran-

scription regulatory body elements (TRS-B) found upstream of many ORFs (3B, top).
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RNA synthesis is interrupted at these elements and the RTC re-initiates at a leader

sequence (TRS-L) 5’-ACGAAC-3’ found roughly 70 nucleotides downstream of the

5’ start of the template (Fig. 3A). This process of ’discontinuous RNA synthesis’ [40]

leads to the generation of nine canonical sgRNAs of different lengths, which serve as

templates for positive sense sgRNA synthesis and subsequent viral protein transla-

tion of Spike, E, M, N, as well as ORF3a, ORF6, ORF7a and ORF8 (Fig. 3B, bottom).

While this process accounts for approximately 90 % of sgRNAs in SARS-CoV-2, some

sgRNAs are generated by TRS-L-independent and/or out of frame fusion resulting in

at least 41 additional sub-genomic templates for viral protein translation [41]. These

mechanisms greatly enhance the coding capacity of SARS-CoV-2 but do not exhaust

all options for the virus to express additional proteins [42], [43].

Non-canonical translation

Ribosomes scan triplets of nucleotides to insert the corresponding amino acid into a

growing chain (Fig. 4A). This results in three possible (overlapping) reading frames

within the canonical sequence of nucleotides. During the initiation of translation

in SARS-CoV-2, the ribosome subunit S40 binds near the 5’ end of an sgRNA and

begins scanning for a start codon (AUG). In some cases, however, ribosomes do not

initiate translation at the first AUG they encounter and continue scanning further

in the 3’ direction. This ‘leaky scanning’ allows initiation to occur at a downstream

AUG codons and can lead to the expression of N-terminally truncated isoforms of

the protein (Fig. 4B left). Moreover, initiation can also occur at an out of frame

AUG and allow expression of an unrelated protein with entirely different functions,

while conserving the overall genome size (Fig. 4B right). Many viruses have utilized

these additional reading frames to encode for accessory proteins. For example, the

genomic sequence of Influenza A virus PB1 encodes an accessory protein, PB1-F2, in

its +1 reading frame [44]. Similarly, Rotavirus gene segment 11 codes for Nsp5 and an

additional protein (Nsp6) of unknown function [45]. Interestingly, this mechanism of

nested coding sequences can also be found in coronaviruses. The genomic sequence

of the bovine coronavirus N protein for example encodes an additional protein, I, in

7



Figure 3: SARS-CoV-2 replication and discontinuous transcription
(A) The RdRp complex initiates transcription at the 3’ end of the positive-sense genome (dark blue). If the TRC skips
every transcription regulatory sequences body (TRS-B), full length (-)RNAs are generated (light blue) which serve
as templates for (+)genome synthesis.
(B) Upon reaching a (TRS-B), the RdRp complex may discontinue transcription and "jump" to the TRS Leader
sequence (TRS-L) located towards the 5’ end of the genome. Transcription is resumed on the new template, and the
leader sequence (red) is copied to complete the negative-strand sgRNA (light blue). The presence of different TRS-B
throughout the genome allows for the generation of nine sgRNA. The negative-strand RNAs serve as templates
for the synthesis of genome-length positive-strand RNAs or sgmRNAs (yellow). Adapted from “Discontinuous
Transcription”, by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates
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its +1 reading frame [46]. Not surprisingly, this pattern of overlapping genes is also

utilized by SARS-CoV-2 to encode additional accessory proteins in a single sgRNA

molecule. For example, ORF3b [47], ORF3c [43], ORF7b and ORF9b [42] have been

suggested to be expressed from bicistronic sgRNAs by means of leaky scanning.

Interestingly, some of these ORFs, including ORF7b and ORF9b, have already been

described and characterized in SARS-CoV where they appear to play an immune

modulatory or virion-associated role [48], [49].

1.3 ORF3c

The current knowledge on accessory proteins in SARS-CoV-2 is limited. Although

a plethora of studies has focused on the coronavirus genome, to this day there is

no consensus on the exact number of accessory proteins expressed by SARS-CoV-

2 [42], [43]. Moreover, cryptic open reading frames which overlap with classical

ORFs have received even less attention.

The ORF3a gene, for example, harbors additional overlapping reading frames, which

Figure 4: Non-canonical translation mechanisms in SARS-CoV-2
(A) To initiate translation, ribosomes scan the (viral) RNA template for the start codon AUG. Upon initiation, the
ribosome assembles a nascent amino acid chain correspondend to the nucleotide triplet code downstream of the
start codon.
(B) Ribosomes can fail to initiate translation at the first AUG they encounter and continue scanning the template for
an AUG triplet (leaky scanning). Initiation at a downstream AUG within the same frame leads to the synthesis of
an N-terminally truncated amino acid chain (left). Initiation at an out of frame AUG results in the synthesis of a
different amino acid chain of individual composition and length (right) Created with BioRender.com.
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may potentially code for small peptides (Fig. 5A). One example is the aforemen-

tioned ORF3b protein, which has been shown to act as an IFN inhibitor [47]. In

2020, ORF3c was identified independently by different groups as an accessory pro-

tein of SARS-CoV-2. While initially receiving different names (e.g. ORF3c [51], [42];

ORF3h [52]; 3a.iORF1 [42] and ORF3b [53]), a community consensus decided to des-

ignate the protein ORF3c, based on its homologue in SARS-CoV [54]. The sequence

for ORF3c is embedded in the +1 reading frame of the ORF3a sgRNA and is likely

the product of leaky scanning. In silico analyses have shown that the start codon of

ORF3c (AUG) contains an upstream A at the -3 position, resulting in a strong initi-

ation context, while the upstream AUG of ORF3a contains an intermediate context

initiation site (Fig. 5B) [55], [50]. Together, this allows a proportion of ribosomes

loaded onto ORF3a sgRNA to translate ORF3c by leaky scanning [51]. Interestingly,

although ORF3c is also present in SARS-CoV, no studies have been conducted to in-

vestigate its expression or function during infection. In silico analyses have predicted

the presence of a transmembrane domain within its C-terminal region and a potential

function as a viroporin [52]. The combination of conserved sequence and presence in

different Sarbecoviruses suggests not only the expression during infection but also a

Figure 5: Cryptic open reading frames in ORF3a

(A) Location of cryptic open reading frames within ORF3a. Empty triangles indicate internal ATG codons. Experi-
mentally confirmed translation initiation sites are highlighted by gray triangles [42].
(B) Initiation context of the ORF3c start codon and upstream ATG codons in ORF3a. Predictions were performed
using Predict TIS [50]. Created with BioRender.com.
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functional importance of ORF3c in the viral replication cycle. While accessory pro-

teins in general are not essential for viral replication, they do increase viral fitness.

At the center of this thesis stands the question whether or not ORF3c is a functional

protein expressed during viral infection.

1.4 Immune Response

The entry of the virus into the cell sets the stage for a battle over the translational

machinery, amino acids and host factors necessary for viral replication. For SARS-

CoV-2, winning ensures evolutionary success and means certain demise of the cell.

In response, cells have evolved a remarkable network of signaling cascades, receptors

and warning mechanisms to promote an antiviral state within and around them. The

effective spread of SARS-CoV-2 in and between hosts is therefore inadvertently tied

to the ability of the host immune system to detect and/or neutralize the virus.

Interferon signaling

Cells express different pattern recognition receptors (PRRs) to detect RNA species,

which are usually not found in the cytosol unless a virus is replicating. The viral

RNA acts as a pathogen-associated molecular pattern (PAMP) and a warning signal

to the cell [56]. Host RNAs, such as mRNA, are distinguished from these PAMPs

by specific modifications such as capping structures or methylation and therefore

usually do not lead to unwanted immune activation [57]. The activation of PRRs

induces signaling cascades that culminate in the production of, amongst others,

type-I interferons (IFN-I), a crucial first step in the innate immune response. Ini-

tial detection of SARS-CoV-2 replication is mediated by retinoic acid-inducible gene

(RIG)-like receptors, dominantly RIG-I and melanoma differentiation-associated gene

5 (MDA5) [58]. Although structurally similar, both receptors are activated by dif-

ferent RNA species. RIG-I is sensitive to the 5’ modifications of RNA molecules

and recognizes missing 2’-O-methylation, base pairing adjacent to the 5’ end and
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un-capped 5’-triphosphates [57]. The molecular mechanisms that lead to MDA5 ac-

tivation are less well understood, but include the secondary structure and length

of RNA. While RIG-I is activated by short RNA species (< 500 bp), MDA5 recog-

nizes longer dsRNA [59], [60], [61]. Once bound to their target RNA, both receptors

form homo-oligomers and undergo conformational changes to expose and multimer-

ize two N-terminal Caspase recruitment domains (CARD). These complexes subse-

quently interact with the mitochondrial antiviral-signaling protein (MAVS) through

direct CARD-CARD interactions. MAVS is an essential adapter protein and works

as a signal distributor and amplifier of the innate immune response. Upon activa-

tion, MAVS aggregates at the surface of mitochondria and forms protein filaments,

which in turn activate additional MAVS proteins [62]. Subsequently, MAVS activates

TANK-binding kinase 1 (TBK1) by phosphorylation. Lastly, phosphorylation of the

TBK1 target substrate interferon regulatory factor 3 (IRF3) leads to the formation of

homodimers and its nuclear translocation. IRF3 acts as a key transcription factor in

antiviral signaling and binds to promoter elements of antiviral genes, most impor-

tantly type I interferons and leads to their induction. Interferons are secreted by the

cell and act in an auto- and paracrine manner by binding to members of the IFNα re-

ceptor family [63]. The resulting activation of the Jak-STAT signaling pathway leads

to the induction of interferon-stimulated genes (ISGs) and translation of proteins that

suppress viral replication, improve sensing and signaling or prolong the antiviral

immune response [64]. While the main entry route of SARS-CoV-2 is mediated by

Spike-ACE2 receptor interaction, the virus can also be taken up via clathrin-mediated

endocytotis [65]. SARS-CoV-2 is capable of escaping the harsh environment of the

endosome by Spike activation through Cathepsin L and Cathepsin B. However, many

virions get degraded and their raw materials serve as ligands for endosomal PRRs

such as Toll-like receptor 3 (TLR3). TLR3 signaling also culminates in the activation

of IRF3 (via TBK1), and there is extensive complementation and cross-talk between

TLR and RIG-I/MDA5 signaling [32].

12



1.5 Immune evasion

The mechanisms that cells have evolved to detect, suppress and eradicate viruses

have forced the latter to adapt to ensure their replication and spread. Not surpris-

ingly, SARS-CoV-2 does not rely on one single strategy to avoid detection, and each

step of the viral replication cycle utilizes different viral proteins to safeguard these

processes. Proteomic analyses have identified a wide range of viral proteins involved

in the immune modulation of the host such as N, M, Nsp1, Nsp3, Nsp11, Nsp12,

Nsp13, Nsp14, Nsp15, ORF3, ORF6, ORF8, ORF7b and ORF9b [66], [67], [68]. The

mechanisms by which these proteins assist SARS-CoV-2 immune evasion include: in-

hibiting recognition, targeting PRR signaling and blocking nuclear translocation of

immunity-related transcription factors (Fig. 6, left). Together with the induction of

a host-translational shutoff and specific targeting of IFN signaling, these effects lead

to a delayed and reduced immune response [69]. Importantly, even short delays in

PAMP recognition at the early steps of infection can lead to significant advantages in

viral replication efficiency later on. Thus, many of the immune modulatory proteins

in SARS-CoV-2 target PRRs such as RIG-I, MDA5 and their downstream signaling

pathways. The following section will highlight some but not all viral proteins that

influence PAMP recognition and anti-viral signaling in the infected cell.

Avoiding recognition

Immediately after entry into the target cell, the coronaviral RNA needs to be modi-

fied with a cap structure to allow proper translation initiation. This process is facili-

tated by four sequential reactions involving Nsp12 [70], Nsp13 [71], Nsp14 [72] and

Nsp16 [73] as catalysts, as well as Nsp10 as a co-factor (Fig. 6, upper box) [74]. By

disguising viral RNA as host mRNA, this capping step also hides its presence from

intracellular sensors and prevents an early immune response. Subsequent continuous

viral RNA replication is marked by the accumulation of newly synthesized genomic

and sub-genomic RNAs. However, both of these products use negative-strand in-

termediates as templates, which allows for the formation of dsRNAs by sequence
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Figure 6: Immune evasion mechanisms of SARS-CoV-2
(Left) Viral replication leads to the generation of pathogen-associated molecular patterns which can be recognized
by pattern recognition receptors RIG-I and MDA5. Upon detection of double-stranded or uncapped RNA, these
receptors induce the aggregation and activation of mitochondrial antiviral signaling protein (MAVS). Subsequent
activation of TANK-binding kinase 1 (TBK1) leads to the phosphorylation (yellow) and dimerization of the interferon
regulatory factor 3 (IRF3). Translocation of IRF3 into the nucleus culminates in the induction of interferon-β (IFN-β).
Finally, IFN-β secretion acts in an auto- and paracrine manner to establish an antiviral state in the cell. Each step of
the signaling pathway is targeted by different SARS-CoV-2 proteins (red).
(top box) SARS-CoV-2 caps its single-stranded RNA genome to prevent PRR recognition. Nsp15 degrades (-)vRNA
to prevent formation of dsRNA intermediates.
(middle box) Nsp3, 4 and 6 assemble double membrane vesicles (DMV) to compartmentalise viral replication.
(lower box) SARS-CoV-2 ORF6 and M interfere with proteins of the nuclear import (ORF6 and M) and export (ORF6)
machinery to slow down the immune response.
Created with BioRender.com.

complementarity. These dsRNA species in turn are potent PAMPs for RIG-I and

MDA5. SARS-CoV-2 avoids accumulation of dsRNAs by virtue of Nsp15, which acts

as an endonuclease and degrades negative-strand RNAs (Fig. 6, upper box) [75]. In
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parallel, SARS-CoV-2 forms double membrane vesicles (DMVs) on the endoplasmatic

reticulum (ER), established mainly by Nsp3, 4 and 6 [76], [77]. These ‘replication or-

ganelles’ allow accumulation of RNA species that are important for viral replication

but would act as PAMPs for innate sensors within the cytosol (Fig. 6, middle box).

Inhibiting PRR signaling

Once replication is in full effect, detection of accumulating RNA species becomes

inevitable. As laid out earlier, recognition by PRRs and their downstream signaling

involves multiple proteins, many of which have been identified to be targeted by

SARS-CoV-2 (Fig. 6 right). For example, ORF9b has been shown to bind to RIG-I

to prevent its interaction with MAVS [78]. Similarly, Nsp3 has been suggested to

prevent ISG15-mediated activation of MDA5 [79]. As detection and antiviral sig-

naling cannot be fully prevented, downstream signaling factors are also targeted by

viral proteins. The MAVS protein acts as a central node for different PRR pathways

and is therefore a valuable target for viral interference. Not surprisingly, at least

ORF7b, ORF9b, Nsp5 and M have been shown to disrupt MAVS activity via various

mechanisms including its direct ubiquitination and proteasome-mediated degrada-

tion [80], [81], [82], [83]. TBK1 is a direct substrate of MAVS and another important

host factor targeted by SARS-CoV-2. Specifically, ORF9b, Nsp6 and Nsp13 directly

bind to TBK1 and prevent its activation while ORF7a and M have been shown to

reduce overall TBK1 protein levels, resulting in diminished signaling strength and

reduced IRF3 activation [84], [78], [85]. Lastly, SARS-CoV-2 Spike, Nsp3 and Nsp5

both target IRF3 directly by inducing its degradation [86], [87], [88].

Blocking nuclear translocation

Since SARS-CoV-2 replication takes place in the cytoplasm, the virus does not rely

on the nuclear import or export machinery of the cell. This makes the nuclear pore

complex (NPC) a vulnerable target (Fig. 6, lower Box). For example, ORF6 out-

competes cellular RNA for binding to nuclear translocation complexes and makes
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it inaccessible for host transcription factors [89], [90]. This disrupts cellular defence

mechanisms in two ways. First, cellular mRNAs are constrained to the nucleus and

cannot be translated to exert their antiviral functions. Second, transcription factors

such as IRF3 are limited in their access to the nucleus and cannot induce their target

ISGs. Similarly, ORF3b, M, Nsp5 and Nsp12 have been shown to suppress the IFN

response by retaining IRF3 in the cytoplasm, preventing its function as a transcrip-

tion factor [47], [91]. [92], [93].

Together, SARS-CoV-2 uses a wide range of its proteins to target different steps in

antiviral signaling. While accessory proteins play a central role in these evasion

mechanisms, not all of them have been functionally analysed yet.
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1.6 Scientific aims

SARS-CoV-2 has probably been studied in more detail than any other virus before.

While the joint efforts of the scientific community have led to a better understand-

ing of the virus and the development of novel vaccines, they also highlighted the

many aspects of the virus that are still unknown. For example, there is no consensus

on the viral proteome and the exact number of proteins and peptides expressed by

SARS-CoV-2. This is especially true for the 3’ end of the viral genome, which encodes

many of its accessory proteins. These are expressed from subgenomic mRNAs and

fulfil a supporting role in the viral replication cycle. SARS-CoV-2, like many other

viruses, enhances its coding capacity by making use of all three reading frames to

code for proteins. These nested sequences can be translated by non-canonical trans-

lation mechanisms such as leaky scanning and give rise to functional proteins. While

many of these ORFs are also found in closely related coronaviruses, their expres-

sion or function is often only predicted and seldom verified experimentally. This is

surprising, given that they have often been identified as important contributors to

immune evasion and frequently involve novel strategies and cellular targets. One

interesting example is ORF3c, which is predicted to be expressed by leaky scanning

from the sgRNA of ORF3a. Although its sequence can also be found in SARS-CoV,

the combined knowledge about the protein has been largely limited to in silico pre-

dictions.

The aim of this thesis was to verify the expression of ORF3c during viral infection.

Subsequently, the role of ORF3c as an immune modulator during the viral replication

cycle and its cellular targets were to be identified. Finally, the mechanisms, by which

ORF3c exerts its function was investigated and its contribution to viral fitness eval-

uated. In summary, this thesis aimed at getting better insights into the function and

mechanism of the enigmatic SARS-CoV-2 accessory protein ORF3c. The knowledge

gained here highlights the importance of overlapping reading frames as sources of

viral peptides and contributes to our understanding of the immune evasion mecha-

nisms employed by this virus.
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2 Material

2.1 Cell culture

2.1.1 Cell lines

Table 1: Cell lines

Cell line Description

HEK293T Human embryonic kidney (HEK) cell line isolated from a

female fetus (1973) transformed with the human adenovirus

type 5 and stably expressing the simian virus 40 large T

antigen (RRID:CVCL_0063; obtained from the ATCC

#CRL-3216)

CaLu-3 Human lung cancer cell line isolated from pleura effusion

from lung adenocarcinoma in a 25-year-old male

(RRID:CVCL_0609; obtained from ATCC #HTB-55)

CaCo-2 Immortalized human epithelia-like colorectal

adenocarcinoma cell line from a 72-year-old male

(RRID:CVCL_0025; obtained from ATCC #HTB-37)

VeroE6 Epithelia-like cell line isolated from African green monkey

(Cercopithecus aethiops) (RRID:CVCL_0574; obtained from

ATCC #CRL-1586)

VeroE6 TMPRSS2 Epithelia-like cell line isolated from African green monkey

(Cercopithecus aethiops), constitutively expressing the serine

protease TMPRSS2 under selection of geneticin

(RRID:CVCL_YQ49; kindly provided by K. Sato)
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RhiLu1 hACE2 Clonaly immortalized embryonal lung cell line from a

pregnant female Rhinolophus alcyone bat, stabily expressing

human ACE2 (RRID:CVCL_RX22; kindly provided by M.

Müller [94])

2.1.2 Bacteria strains

Table 2: Bacteria

Bacteria Strain Background

E. coli XL-2 Blue endA1 supE44 thi-1 hsdR17 recA1 gyrA96 relA1 lac

[F´proAB lacIqZ∆M15 Tn10 (Tetr) Amy Camr]

(Agilent Technologies)

2.1.3 Medium

Table 3: Media

Medium Composition

DMEM Dulbecco's Modified Eagle Medium High Glucose (Thermo

Fisher Scientific) containing 2 mM L-glutamine, 100 µg/ml

streptomycin, 100 U/ml penicillin and 10% (v/v) heat

inactivated fetal bovine serum (FBS)
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LB-medium Lysogeny broth (LB) medium containing 10 g/l

bacto-tryptone, 5 g/l bacto yeast extract, 10 g/l NaCl in

distilled water, supplemented with ampicillin (100 mg/l) or

kanamycin (50 mg/l)

LB-agar LB-medium containing 16 g/l bacto agar and ampicillin

(100 mg/l) or kanamycin (50 mg/l)

S.O.C.-medium Super optimal broth with catabolite repression containing

2% Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl,

10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose (Thermo

Fisher Scientific)

2.2 Oligonucleotides

Table 4: TaqMan qPCR Primer Probes

Target Species Dye Manufacturer (Cat #)

GAPDH Human VIC-MGB Thermo Fisher Scientific

(Hs02786624_g1)

IFNB1 Human FAM Thermo Fisher Scientific

(Hs01077958_s1)

20



Table 5: Sequencing primers

Name Sequence 5’ - 3’

pCG Seq. fwd GGAGACGCCATCCACGCTGTTTTGACCTCC

pCG Seq. rev (-IRES) CTGAAAACTTTGCCCCCTCCATATAACATGAATTT

TAC

pCG Seq. rev (+IRES) CATTGCCAAAAGACGGCAATATGGTGG

Gaus3 CMV fwd GGAGGTCTATATAAGCAG

pRen2 Luc fwd CCAAAAATGTTTATTGAATCGG

pCAGGS fwd GACGGCTGCCTTCG

Table 6: Mutagenesis primers

Name Sequence 5’ - 3’

ORF3c M1T fwd GAAATCAAGGACGCTACTCCTTC

ORF3c M1T rev GAAGGAGTAGCGTCCTTGATTTC

ORF3c Q5* fwd GCTACTCCTTTAGATTTTGTTCG

ORF3c Q5* rev CGAACAAAATCTAAAGGAGTAGC

ORF3a R6* fwd GGATTTGTTTATGTGAATCTTCAC

ORF3a R6* rev GTGAAGATTCACATAAACAAATCC

ORF3(any)-HA rev TTACGCGTTTAAGCGTAATCTGGAACATC

GTATGGGTACAAAGGCACGCTAGTAG

Wuhan Orf3 SDM Q57H fwd CTGTTTTTCATAGCGCTTCC

21



Wuhan Orf3 SDM Q57H rev GGAAGCGCTATGAAAAACAG

Wuhan Orf3c SDM Q57H rev TTACGCGTTTATGATTTTGGAAGCGCTATG

Wuhan Orf3c-HA SDM Q57H rev TTACGCGTTTAAGCGTAATCTGGAACATC

GTATGGGTATGATTTTGGAAGCGCTATG

Orf3c Q5* fwd CTCCTTTAGATTTTGTTCCGCGCTAC

Orf3c Q5* rev CGCGAACAAAATCTAAAGGAGTAGC

Tor2 SDM A9M L11Q fwd GATTTTGTTCATGCTACAGCAACG

Tor2 SDM A9M L11Q rev CGTTGCTGTAGCATGAACAAAATC

Tor2 XbaI V6I SDM fwd CTTCTAGAGCCACCATGCTACTCCTTCAG

GTATTGTTC

SL SDM P39Q S41- fwd TTTCAAAGCGCTTCAAAAATACCCATAC

GATGTTCCAGATT

SL SDM P39Q S41- rev CATCGTATGGGTATTTTTGAAGCGCTTTG

AAAAAC

SL XbaI fwd AATCTAGAGCCACCATGCTACTCCTTC

MAVS ∆CARD fwd HindIII TTAAGCTTGGCTGTGAGCTAGTTGATCTC

G

MAVS ∆CARD rev XbaI AATCTAGACTAGTGCAGACGCCGCCGGT

ACAG

ORF3c L2A L3A fwd AATCTAGAATGGCAGCCCTTCAGATTTTG

ORF3c L4A Q5A fwd AATCTAGAATGCTACTCGCTGCGATTTTG

TTCG

ORF3c I6A L7A fwd AATCTAGAATGCTACTCCTTCAGGCTGCG

TTCGC
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ORF3c F8A fwd AATCTAGAATGCTACTCCTTCAGATTTTG

GCCGCG

ORF3c L10A L11A fwd ATTTTGTTCGCGGCAGCGCAACGATAC

ORF3c L10A L11A rev TCGGTATCGTTGCGCTGCCGCGAACAA

ORF3c Q12A R13A fwd TTCGCGCTACTGGCAGCATACCGATAC

ORF3c Q12A R13A rev CTTGTATCGGTATGCTGCCAGTAGCGC

ORF3c Y14A R15A fwd CTACTGCAACGAGCCGCATACAAGCCT

ORF3c Y14A R15A rev GTGAGGCTTGTATGCGGCTCGTTGCAG

ORF3c Y16A K17A fwd CAACGATACCGAGCCGCGCCTCACTCC

ORF3c Y16A K17A rev AAGGGAGTGAGGCGCGGCTCGGTATCG

ORF3c P18A H19A fwd TACCGATACAAGGCTGCCTCCCTTTCG

ORF3c P18A H19A rev ATCCGAAAGGGAGGCAGCCTTGTATCG

ORF3c S20A L21A fwd TACAAGCCTCACGCCGCTTCGGATGGC

ORF3c S20A L21A rev TAAGCCATCCGAAGCGGCGTGAGGCTT

ORF3c S22A D23A fwd CCTCACTCCCTTGCGGCTGGCTTATTG

ORF3c S22A D23A rev CAACAATAAGCCAGCCGCAAGGGAGTG

ORF3c G24A L25A fwd TCCCTTTCGGATGCCGCATTGTTGGCG

ORF3c G24A L25A rev CAACGCCAACAATGCGGCATCCGAAAG

ORF3c L26A L27A fwd TCGGATGGCTTAGCGGCGGCGTTGCAC

ORF3c L26A L27A rev GAAGTGCAACGCCGCCGCTAAGCCATC

ORF3c L29A H30A fwd TTATTGTTGGCGGCGGCCTTCTTGCTG

ORF3c L29A H30A rev AAACAGCAAGAAGGCCGCCGCCAACAA
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ORF3c F31A L32A fwd TTGGCGTTGCACGCCGCGCTGTTTTTC

ORF3c F31A L32A rev TCTGAAAAACAGCGCGGCGTGCAACGC

ORF3c L33A F34A fwd TTGCACTTCTTGGCGGCTTTCAGAGCG

ORF3c L33A F34A rev AAGCGCTCTGAAAGCCGCCAAGAAGTG

ORF3c F35A R36A fwd TTCTTGCTGTTTGCCGCAGCGCTTCCA

ORF3c F35A R36A rev TTTTGGAAGCGCTGCGGCAAACAGCAA

ORF3c L38A P39A fwd TTTTTCAGAGCGGCTGCAAAATCATAC

ORF3c L38A P39A rev TGGGTATGATTTTGCAGCCGCTCTGAA

ORF3c K40A S41A fwd AGAGCGCTTCCAGCAGCATACCCATAC

ORF3c K40A S41A rev ATCGTATGGGTATGCTGCTGGAAGCGC

ORF3a fwd AATCTAGAGCCACCATGGATTTGTTTATG

AGAATCTTCAC

ORF3a rev TTACGCGTTTACAAAGGCACGCTAGTAG

ORF3c fwd AATCTAGAGCCACCATGCTACTCCTTCAG

ATTTTG

Orf3d fwd AATCTAGAGCCACCATGGCTTATTGTTGG

CG

Orf3d-2 fwd AATCTAGAGCCACCATGGCAACTAGCAC

TCTCC

ORF3b-fwd AATCTAGAGCCACCATGATGCCAACTATT

TTC

ORF3b-2 fwd AATCTAGAGCCACCATGGCACAACAAGT

CC
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ORF3b-3 fwd AATCTAGAGCCACCATGTTACCTTCTTCA

TCTAC

ORF3b-4 fwd AATCTAGAGCCACCATGATGAACCGACG

ACG

ORF3e fwd AATCTAGAGCCACCATGGGAATCTGGAG

TAAAAG

pRen2 Orf3d wt fwd AAGAATTCATGCTACTCCTTCAGATTTTG

pRen2 Orf3d wt rev AACTCGAGTTATGATTTTGGAAGCGCTC

pRen2 Orf3c* fwd AAGAATTCATGGCAACTAGCACTCTCC

mut3c-fwd CAATTGGAACTGTAACTTTGAAGCAAGG

TGAAATCAAGGACGCTACTCCTTCAGATT

TGAGGATGACGACGATAAGTAGGG

mut3c-rev GTATCGTTGCAGTAGCGCGAACAAAATC

TGAAGGAGTAGCGTCCTTGATTTCACCTT

GCTCAACCAATTAACCAATTCTGATTAG

Table 7: CPER fragments primers

Name Sequence 5’ - 3’

Linker/F1-F CTATATAAGCAGAGCTCGTTTAGTGAACCGTATTAAAGG

TTTATACCTTCCCAGGTAAC

F1/F2-R CAGATTCAACTTGCATGGCATTGTTAGTAGCCTTATTTAA

GGCTCCTGC
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F1/F2-F GCAGGAGCCTTAAATAAGGCTACTAACAATGCCATGCA

AGTTGAATCTG

F2/F3-R GGTAGGATTTTCCACTACTTCTTCAGAGACTGGTTTTAG

ATCTTCGCAGGC

F2/F3-F GCCTGCGAAGATCTAAAACCAGTCTCTGAAGAAGTAGT

GGAAAATCCTACC

F3/F4-R GGTGCACAGCGCAGCTTCTTCAAAAGTACTAAAGG

F3/F4-F CACCACTAATTCAACCTATTGGTGCTTTGGACATATCAG

CATCTATAGTAGCTGGTGG

F4/F5-R GTTTAAAAACGATTGTGCATCAGCTGACTG

F4/F5-F CACAGTCTGTACCGTCTGCGGTATGTGGAAAGGTTATGG

CTGTAGTTGTGATC

F5/F6-R GCGGTGTGTACATAGCCTCATAAAACTCAGGTTCCCAAT

ACCTTGAAGTG

F5/F6-F CACTTCAAGGTATTGGGAACCTGAGTTTTATGAGGCTAT

GTACACACCGC

F6/F7-R CATACAAACTGCCACCATCACAACCAGGCAAGTTAAGG

TTAGATAGCACTCTAG

F6/F7-F CTAGAGTGCTATCTAACCTTAACTTGCCTGGTTGTGATGG

TGGCAGTTTGTATG

F7/F8-R CTAGAGACTAGTGGCAATAAAACAAGAAAAACAAACA

TTGTTCGTTTAGTTGTTAAC

F7/F8-F GTTAACAACTAAACGAACAATGTTTGTTTTTCTTGTTTTA

TTGCCACTAGTCTCTAG
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F8/F9+10-R GCAGCAGGATCCACAAGAACAACAGCCCTTGAGACAA

CTACAGCAACTGG

F8/F9+10-F CCAGTTGCTGTAGTTGTCTCAAGGGCTGTTGTTCTTGTG

GATCCTGCTGC

F9+10/Linker-R GGAGATGCCATGCCGACCCTTTTTTTTTTTTTTTTTTTTTT

TTTGTCATTCTCCTAAG

F9+10/Linker-F CTTAGGAGAATGACAAAAAAAAAAAAAAAAAAAAAA

AAAGGGTCGGCATGGCATCTCC

Linker/F1-R GTTACCTGGGAAGGTATAAACCTTTAATACGGTTCACTA

AACGAGCTCTGCTTATATAG

2.3 Expression plasmids

Table 8: Expression plasmids

Vector Description

pCG_HIV-1 M NL4-3 nef 3*

(∆)IRES eGFP

Expression vector based on the human

cytomegalovirus (CMV) immediate early

promoter containing an ampR gene. Unique

XbaI and MluI restriction sites were used to

insert the open reading frame (ORF) of HIV-1

NL4-3 nef with premature stop codons. The

unique BamHI restriction site was used to

insert or remove (∆) an internal ribosome entry

site (IRES) and the sequence for green

fluoressent protein (GFP).

27



pCAGGS_IAV NS1 A/Puerto

Rico/8/34 (H1N1 PR8) N-3x-

HA-tag

kindly provided by Kei Sato [47]

IFN-β promoter firefly luciferase

reporter

kindly provided by Michael Gale Jr [95]

pTAL-Gaussia luciferase reporter kindly provided by Bernd Baumann

pNF-κB(3x) firefly luciferase re-

porter

kindly provided by Bernd Baumann

IFN-β promoter (∆NF-κB bind-

ing sites) firefly luciferase

reeporter

kindly provided by Frank Kirchhoff [96]

pcDNA5-fl-Ha-RIG-I kindly provided by Konstantin MJ Sparrer

pEF-Bos-RIG-I 1-211-flag kindly provided by Konstantin MJ Sparrer

pcDNA5-fl-Ha-MDA5 kindly provided by Konstantin MJ Sparrer

pCMV3-3xFLAG-TBK1 kindly provided by Konstantin MJ Sparrer

peYFP_IRES_NSP1 (NCDV) kindly provided by Michele Hardy [97]

peYFP_IRES_NSP1 (OSU) kindly provided by Michele Hardy [97]

p(N)FLAG-CMV2 MAVS kindly provided by Konstantin MJ Sparrer

pRen2 kindly provided by Peter D Burbelo [98]

pRen2-N kindly provided by Peter D Burbelo [98]

pBeloSCoV2-dORF6-YFP kindly provided by Prof. Armin Ensser

pBeloSCoV2-dORF6-YFP-ORF3c kindly provided by Prof. Armin Ensser

pEGFP-C1_IRF3 wt kindly provided by Prof. Takashi Irie
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pEGFP-C1_IRF3 5D kindly provided by Prof. Takashi Irie

DsRed2-Mito-7 kindly provided by Michael Davidson

pCAGGS-ynMAVS kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-ycMAVS kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-ynCARD kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-ycCARD kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-RIG-Iyn kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-ycRIG-I kindly provided by Prof. Adolfo G Sastre [99]

pCAGGS-ynRIG-I kindly provided by Prof. Adolfo G Sastre [99]

pCSII-sars-cov-2 F1 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F2 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F3 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F4 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F5 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F6 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F7 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F9F10 kindly provided by Prof. Takasuke Fukuhara

pCSII-sars-cov-2 F9-10-sfGFP kindly provided by Prof. Takasuke Fukuhara

pMW118-sars-cov2-CMV Linker kindly provided by Prof. Takasuke Fukuhara
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2.4 Kits

Table 9: Kits

Kit Manufacturer (Cat #)

Lipofectamine2000 Invitrogen (11668019)

TransIT-LT1 MirusBio (2300)

Restriction enzymes New England Biolabs

PrimeSTAR GXL DNA polymerase TaKaRa Bio (R050A)

TURBO DNase Thermo Fisher Scientific

(AM2238)

Q5 Site-Directed Mutagenesis Kit New England Biolabs

(E0554S)

Monarch® DNA Gel Extraction Kit New England Biolabs

(T1020L)

Luna Universal Probe qPCR Master Mix New England Biolabs

(M3004X)

DNA-free DNA Removal Kit Invitrogen (AM1906)

Phusion High-Fidelity DNA Polymerase Thermo Fisher Scientific

(F530L)

DNA Ligation Kit Ver.2.1 TaKaRa Bio (6022)

PrimeScript RT Reagent Kit TaKaRa Bio (RR037A)

Quik Change II XL Site Directed Mutagenesis Kit Agilent Technologies

(200523)
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Fix & Perm Kit 1000 (CE) Nordic-MUbio

(NMB-GAS-002-1-CE/IVD)

Wizard Plus Midipreps DNA Purification System Promega (A7640)

Luciferase Assay System Promega (E1501)

Wizard(R) Plus DNA Purification System Promega (A7640)

RNeasy Plus Mini Kit Qiagen (74136)

2.5 Buffer

Table 10: Buffers

Method Buffer Composition

Buffer A 50 mM Tris base, 100 mM NaCl, 5

mM MgCl2, 1 % Triton X-100 (pH 7.5)

LIPS Lysis Buffer 50 mM Tris base, 100 mM NaCl, 5

mM MgCl2, 1 % Triton X-100, 50 %

glycerol and protease inhibitors (pH

7.5)

FACS Buffer 1 % (v/v) FBS in PBS

Flow Cytometry
Clean Solution

BD BioscienceFlow Solution

Shutdown Solution
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Calcium-
phosphate
transfection

10x HBS 8.18 % NaCl (w/v), 5.94 % HEPES

(w/v) and 0.25 % Na2HPO2 (w/v) in

distilled water. For a 2x HBS prepa-

ration, the 10x stock solution was di-

luted with distilled water (final pH

7.12) and sterilized by filtration.

2 M CaCl2 2 M CaCl2 was prepared in distilled

water and sterilized by filtration.

Lysis Buffer 150 mM NaCl, 50 mM HEPES, 5 mM

EDTA, 0.1 % Nonidet P-40 (v/v), 0.5

mM Na3VO4, 0.5 mM NaF in dis-

tilled water (pH 7.5); add one cOm-

plete ULTRA protease inhibitor cock-

tail tablet per 10 ml buffer

Running Buffer 1x NuPAGE MES SDS Running

Buffer in distilled water

Western Blot Transfer Buffer 47.9 mM Tris base, 38.6 mM glycine,

1.3 mM SDS, 20 % methanol (v/v) in

distilled water (pH 8.3)

Blocking Buffer 5 % skimmed milk powder (w/v) in

PBS or 5 % BSA (w/v) in TBS-T

Staining Buffer 1 % skimmed milk powder (w/v) in

PBS or 1 % BSA (w/v) in TBS-T

Wash Buffer 0.2 % Tween 20 (v/v) in PBS or TBS

5x PBS 140 mM NaCl, 8.1 mM Na2HPO4, 2.7

mM KCL, 1.5 mM KH2PO4 in dis-

tilled water (pH 7)
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General 10x TBS 200 mM Tris base, 1500 mM NaCl in

distilled water (pH 7.6)

50x TAE 2 M Tris-HCl, 1 M acetic acid, 0.1 M

EDTA in distilled water (pH 8.3)

2.6 Antibodies

Table 11: Primary antibodies

Target Host Final concentration Manufacturer (Cat #)

HA rabbit 1 µg/ml Sigma (SAB4300603)

HA mouse 1 µg/ml Sigma (H3663)

Flag rabbit 1 µg/ml Sigma (SAB4301135)

Flag mouse 1 µg/ml Sigma (F1804)

IRF3 rabbit 1 µg/ml Cell Signaling (11904S)

pIRF3 (Ser386) rabbit 2 µg/ml Cell Signaling (37829)

RIG-I rabbit 1 µg/ml Cell Signaling (3743)

MDA5 rabbit 1 µg/ml Cell Signaling (5321)

MAVS rabbit 1 µg/ml Cell Signaling (3993)

TBK1 rabbit 1 µg/ml Cell Signaling (38066)

GAPDH rat 1 µg/ml Biolegend (607902)

SeV rabbit 2 µg/ml MBL (PD029)
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Table 12: Secondary antibodies

Target Host Conjugate Dilution Manufacturer (Cat #)

mouse goat 680RD 1:20.000 LI-COR (926-680-70)

rabbit goat 680RD 1:20.000 LI-COR (925-68071)

rat goat 680RD 1:20.000 LI-COR (926-68076)

mouse goat 800RD 1:20.000 LI-COR (926-32210)

rabbit goat 800RD 1:20.000 LI-COR (926-32211)

rat goat 800RD 1:20.000 LI-COR (926-32219)

mouse goat AF488 1:500 Invitrogen (A11001)

rabbit goat AF488 1:500 Invitrogen (A11008)

mouse goat AF555 1:500 Invitrogen (A21422)

rabbit goat AF555 1:500 Thermo Fisher (A-21428)

2.7 Reagents

Table 13: Reagents

Reagent Manufacturer

Agarose Sigma-Aldrich

Ampicillin Ratiopharm

Bacto agar BD Bioscience
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Bacto tryptone BD Bioscience

Bacto yeast extract BD Bioscience

BlueStar Plus Prestained Protein Marker Nippon Genetics Europe

Calcium chloride dihydrate (CaCl2 · 2H2O) Sigma-Aldrich

Coelenterazine PJK Biotech

Complete ULTRA protease inhibitor tablets,

Mini EDTA-free

Roche

Dimethyl sulfoxide (DMSO) Merck Chemicals GmbH

Di-sodium hydrogen phosphate

dihydrate (Na2HPO2 · 2H2O)

Merck Chemicals GmbH

Disodium phosphate (Na2HPO4) AppliChem GmbH

dNTPs Thermo Fisher Scientific

Doxycycline hyclate Sigma-Aldrich

Dulbecco’s phosphate-buffered saline (DPBS) Thermo Fisher Scientific

Ethanol PanReac AppliChem

Ethidium bromide AppliChem GmbH

Ethylendiaminetetraacetate (EDTA) Sigma-Aldrich

Fetal bovine serum (FBS) Thermo Fisher Scientific

HEPES-buffered saline Sigma-Aldrich

HPLC water Thermo Fisher Scientific

Isopropanol Pharma SAV

Kanamycin Thermo Fisher Scientific
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L-glutamine Pan-Biotech

Luciferase Assay System Promega

Luciferase Cell Culture Lysis 5x Reagent Promega

Methanol Merck Chemicals GmbH

M-PER Mammalian Protein Extraction Reagent Thermo Fisher Scientific

Nonidet P-40 (NP40) Thermo Fisher Scientific

NuPAGE MES SDS Running Buffer (20x) Thermo Fisher Scientific

Paraformaldehyde (PFA) Merck Chemicals GmbH

Penicillin-Streptomycin Pan-Biotech

Poly-L-Lysine Sigma-Aldrich

Potassium chloride (KCl) AppliChem GmbH

Potassium dihydrogen phosphate (KH2PO4) AppliChem GmbH

Protein Loading Buffer (4x) LI-COR

Restriction endonucleases New England BioLabs

RNase A Qiagen

Roti Load DNA (with glycerol) Carl Roth

S.O.C. medium Thermo Fisher Scientific

Sodium chloride (NaCl) Merck Chemicals GmbH

Sodium dodecyl sulfate (SDS) Carl Roth

Sodium fluoride (NaF) Sigma-Aldrich

Sodium orthovanadate (Na3VO4) Sigma-Aldrich
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Skimmed milk powder, blotting grade Sigma-Aldrich

IRDye® 800CW Streptavidin LI-COR

Tris-HCl Sigma-Aldrich

Tris base Sigma-Aldrich

Triton X-100 Sigma-Aldrich

Trypsin/EDTA Pan-Biotech

Tween-20 Sigma-Aldrich

1 Kb Plus DNA Ladder Thermo Fisher Scientific

β-mercaptoethanol Sigma-Aldrich

FBS Ultra Low Endotoxin, < 1 EU/ml, 500 ml Bio & Sell

2.8 Consumables

Table 14: Consumables

Product Manufacturer

Cell culture dish (6-, 12-, 24, 48-, 96-well) Sarstedt

Cell Culture Flasks (25, 75, 175 cm2) Cell Star

Cryo tubes Sarstedt

Falcon (15 & 50 ml) Cell Star

Filter tips (10 µl) Biozym

Filter tips (200 & 1000 µl) greiner BIO-ONE
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Reaction tubes (1.5 ml, 2 ml) greiner BIO-ONE

Reaction tubes (0.25 ml) Sarstedt AG & Co. KG

Serological pipettes (5 ml, 10 ml, 25 ml, 50 ml) Sarstedt AG & Co. KG

Le Sac autoclavable Sarstedt AG & Co. KG

LightCycler 480 Multiwell Plate 96, white Roche

LightCycler 480 Sealing Foil Roche

Nunc white polystyrene 96-well Microwell plates Thermo Fisher Scientific

NuPAGE Novex 4-12 % Bis-Tris Gels Thermo Fisher Scientific

Classic protect nitril gloves Abena

Whatman chromatography paper 2 mm CHR GE Healthcare

RNAse away MBP Molecular Bio

Products

Immobilon-FL Transfer Membrane Merck Millipore

Round Gel loading tips Santa Cruz Biotechnology

Inc.

Reagent reservoir Thermo Fisher Scientific
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2.9 Equipment

Table 15: Equipment

Product Type Manufacturer

Centrifuges 5417R, 5810R 5430R Eppendorf

Rotina 48R Hettich

Electrophoresis Cham-

ber

Mini-Sub GT cell Bio-Rad Laboratories

Flow Cytometer MACS Quant VYB Miltenyi Biotech

Gel Documentation

System

Intas GelDoc Intas

Water Bath WB27 Memmert

Incubator Heracell Heraceus instruments

CB_E6 BINDER™

Light Microscope Axiovert 200 Zeiss

Laminar Flow Hood HERAsafe Heraeus Instruments

UV Hood DNA/RNA UV-Cleaner

UVC/T-M-AR

Toepfer Labsystems

Western Blot imager Odyssey Fc LI-COR

Multimode Reader TriStar² S LB 942 Berthold Technologies

pH meter WTW Inolab pH level 2 VWR

Pipette P10L, P200L, P1000L, F20L Gilson

Pipetting aid pipetus® Hirschmann
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Multichannel Pipette Research Plus 10-100 µl,

30-300 µl

Eppendorf

Power supplies PowerPac 200, 300, Basic Bio-Rad Laboratories

LightCycler 480 II Roche

Scales GJ & 770 Kern

Semi-Dry Transfer Cell Trans-Blot® SD Bio-Rad Laboratories

Sonicater SONOPULS BANDELIN

Spectrophotometer NanoDrop 2000 Thermo Fisher Scien-

tific

ThermoMixer F1.5 Eppendorf

Thermal Cycler PTC-200 MJ Research

Tube Roller Mixer uniROLLER 6 easy LLG Labware

Vortexer REAX top & Vortex Genie 2 Heidolph

Western Blot Chamber Mini Gel Tank Invitrogen

Western Blot Chamber SureLock™ Tandem Invitrogen

2.10 Software

Table 16: Software

Software Provider

Benchling Benchling, Inc.

CorelDRAW 24.1.0.360 Corel Corporation 2022
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FloLogic 8.3 Inivai Technologies Pty. LTd.

Gel doc software v.0.2.14 Initas

GraphPad Prism 9.4.1 GraphPad Software

Image Studio Lite Ver. 5.2 LI-COR Biosciences GmbH

LATEX The LATEX Project

LightCycler 480 SW 1.5.1 Roche

Microsoft Office Professional Plus 2019 Microsoft Corporation

PEP-FOLD 3 RPBS [100]

TIS predictor Roos Laboratory [50]

TMHMM-2.0 DTU Health Tech [101]
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3 Methods

3.1 Eukaryotic cell culture and transfection

3.1.1 Cell lines

HEK293T, HEK293T C34, CaCo-2, VeroE6 and VeroE6/TMPRSS2 cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM) containing 2 mM L-glutamine,

100 mg/ml streptomycin, 100 U/ml penicillin and 10% (v/v) heat-inactivated fe-

tal bovine serum (FBS). Calu-3 cells were cultured in DMEM supplemented with

2 mM L-glutamine, 100 mg/ml streptomycin, 100 U/ml penicillin and 20% (v/v) FBS.

RhiLu1 hACE2 cells were cultured in DMEM supplemented with 2 mM L-glutamine,

100 mg/ml streptomycin, 100 U/ml penicillin and 10% (v/v) endotoxin-free FBS.

Cells were cultured in an Incubator at 37°C, 90% relative humidity and 5% CO2.

Upon confluence (80% for HEK293T, HEK293T C34, CaCo-2, RhiLu1 hACE2, VeroE6

and VeroE6/TMPRSS2 and 90% for Calu-3), cells were split 1:10. For this purpose,

the medium was removed, and the cells were washed with PBS. To detach cells, 2 ml

trypsin (0,05%) was added and the cells were incubated for 1-5 min at 37°C. The cells

were then resuspended in 8 ml medium, and either 1 ml of the cell suspension was

filled up with medium for further cultivation or the cell number was determined in

a Neubauer counting chamber for downstream experiments. Cell lines were tested

regularly for mycoplasma contamination.

3.1.2 Calcium phosphate transfection

HEK293T cells were transfected using a standard calcium phosphate method. For co-

immunoprecipitation, western blot, LIPS assay and flow cytometry, a 6-well format

was used. Cells were seeded at 3x105/ml in 2 ml supplemented DMEM one day prior

to transfection. To perform qPCR, 2.4x105 cells/ml in 500µl supplemented DMEM

were seeded in a 24-well format. Luciferase assays were performed in a 96-well for-

mat, seeding cells at 2x105/ml in 100 µl supplemented DMEM. Prior to transfection

in this format, wells were coated with poly-L-lysine at 37°C for 1 h and afterwards

washed twice with PBS. After 24 h, culture medium was replaced, and cells were
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transfected at confluence above 70%. Up to 5 µg DNA was mixed with 13 µl CaCl2

and filled up to 100 µl with HPLC water. One sample containing no DNA served as

a negative control (Mock). 100 µl 2x HEPES-buffered saline (HBS) was added drop-

wise to each sample and resuspended. Cells were transfected by adding a total of

10% culture volume of the transfection mix to each well. For co-immunoprecipitation

and luciferase assays, cells were transfected in technical triplicates. After incuba-

tion for 6 h, the medium was replaced with fresh supplemented DMEM. Cells were

processed after an additional 24 h incubation period for downstream analysis.

3.2 Virological methods

3.2.1 Virus stock production

To generate virus stocks, VeroE6/TMPRSS2 cells were seeded at 5x105/ml in 10 ml

complete medium in a T75 flask one day prior to infection. After 24 h, the cells

were infected with 10 µl virus stock added to the cells without replacing the medium

and incubated for 1 h at 37°C. Next, the medium was changed to supplemented

medium containing 2% FBS (infection medium), and the cells were incubated for an

additional 24 h. After two days, cells showed a clear cytopathic effect (CPE), and

virus containing supernatants were harvested and centrifuged at 5942 g for 4 min to

remove any cell debris. Virus titers were determined by TCID50, and aliquots were

stored at -80°C.

3.2.2 Tissue culture infectious dose 50 (TCID50)

To determine the infectivity of virus stocks, the TCID50/ml method was used.

VeroE6/TMPRSS2 cells were seeded at 1x105/ml in 100 µl supplemented DMEM into

a 96-well plate one day prior to infection (titration plate). On the next day, a dilution

series of the virus stock was set up in a separate 96-well plate in sextuplicates ranging

from 10−1 to 10−7 (dilution plate). Then, 10 µl of the dilutions were transferred to

the infection plate yielding a final dilution series of 10−2 to 10−8. The last row of

the plate was left without virus and served as a negative control. The plate was then

43



incubated at 37°C for 5 days. The cells were checked under a microscope for CPE

and the TCID50/ml was calculated using the Reed–Muench method [102].

3.2.3 Replication kinetics

For replication kinetics of BAC-derived SARS-CoV-2 ∆ORF6-YFP and SARS-CoV-2

∆ORF6-YFP ∆ORF3c, CaCo-2 cells (1x105/ml), CaLu-3 cells (2x105/ml) or RhiLu1

hACE2 cells (5x105/ml) were seeded in 100 µl supplemented DMEM into a 96-well

plate one day prior to infection. Cells were infected in triplicates at an MOI of 0.1

(CaCo-2 & CaLu-3) or 0.001 & 0.1 (RhiLu1 hACE2) for 1 h at 37°C. After exchang-

ing the medium with fresh culture medium, the plates were placed in an Incucyte

plate reader. Plates were incubated for up to four days, and four images per well

were taken every 4 h. The ‘Basic Analysis Mode’ was used to quantify virus growth

as green area normalized to phase area. Supernatants and cells were harvested at

72 h post infection to determine cytokine levels by Cytokine Array and RT-qPCR,

respectively.

3.3 Molecular biology techniques

3.3.1 Luciferase reporter assay

Reporter constructs expressing firefly luciferase under the control of the interferon-β

promoter, a mutant thereof lacking all NF-κB binding sites (IFN-β ∆NF-κB) and an

NF-κB promoter (5x NF-κB binding sites) were used to examine the effect of ORF3c

variants on different steps of the interferon signaling cascade. HEK293T cells were

transfected in triplicates with a combination of: (1) firefly luciferase reporter construct

(100 ng), (2) a pTAL-Gaussia luciferase expression construct for normalization (5 ng),

(3) individual constructs expressing RIG-I-CARD-Flag , Flag-HA-MDA5, Flag-MAVS

or IRF3 5D serving as a stimulus of the interferon pathway (5 ng), as well as (4) in-

creasing amounts of different ORF3c-HA expression constructs (12.5 - 100 ng). DNA

amounts were adjusted across all conditions by addition of an empty vector control

(pCG_HIV-1 M NL4-3 nef stop ∆IRES-eGFP) to a total of 210 ng/well. One day post
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transfection, 40 µl cell culture supernatant containing secreted Gaussia luciferase was

transferred into a Nunc white polystyrene 96-well microwell plate. Luciferase activ-

ity was measured after addition of 50 µl coelenterazine (PJK Biotech) to each well on

a TriStar² S LB 942 Multimode Reader (Berthold Technologies) for 0.1 s and a read

height of 1 mm. Since the Gaussia luciferase gene is under the control of a minimal

promoter, which is not responsive to any of the stimuli, its expression can be used for

normalization. The cells were lysed in 40 µl 1x Luciferase Cell Culture Lysis Reagent

(Promega) for 5 min at room temperature under constant shaking. Subsequently,

30 µl of the cell lysate was transferred to a Nunc white polystyrene 96-well microwell

plate, 50 µl Luciferase Assay System (Promega) was added, and firefly luciferase

signal was measured with the same settings as for Gaussia luciferase activity. For

data analysis, the firefly luciferase signal was normalized to the respective Gaussia

luciferase control of the same well.

3.3.2 Flow Cytometry

HEK293T cells were transfected with increasing amounts of an expression plasmid

for ORF3c-HA co-expressing eGFP via an IRES to determine the effect on endogenous

IRF3 levels. Transfection with expression plasmids for NSP1 from the rotaviruses

NCDV (reduces IRF3 expression) or OSU (inactive against IRF3) (both co-expressing

YFP) served as positive and negative controls, respectively [97]. To quantify IRF3

protein levels, cells were permeabilized using the FIX & PERM kit (Nordic-MUbio)

according to the manufacturer’s instructions. In detail, one day post transfection,

cells were transferred into FACS tubes and washed once with 1 ml FACS buffer.

The cells were then fixed in 50 µl solution A for 1 h at 4°C. Afterwards, cells were

washed again with 1 ml FACS buffer and incubated for another hour in 50 µl per-

meabilization solution B containing the primary antibody against endogenous IRF3

(Cell Signaling, Cat# 11904S). The cells were washed once again in 1 ml FACS buffer

followed by staining with a secondary AlexaFluor 555 antibody (Invitrogen, Cat# A-

21422) in 50 µl FACS buffer for an additional hour. Finally, samples were washed

in 1 ml and resuspended in 120 µl FACS buffer before measurement on a MACS

Quant VYB (Miltenyi Biotec). Data analysis was performed using FlowLogic V.8
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(Inivai). The isotype control signal was subtracted from all samples as unspecific

background. Afterwards, the mean fluorescence intensity (MFI) of GFP positive cells

was normalized to the MFI of GFP negative cells for each sample. Relative protein

expression compared to mock-transfected cells or cells transfected with ORF3c was

calculated to monitor changes in IRF3 expression.

3.3.3 Bimolecular fluorescence complementation (BiFC) Assay

To study the effect of ORF3c on the interaction between RIG-I and MAVS, a BiFC

assay was performed essentially as previously described [99]. In brief, HEK293T cells

were transfected with a combination of expression plasmids encoding YFP amino

acids 1 to 154 (yn) or 155 to the C-terminus (yc) conjugated to the N-terminus of

MAVS or RIG-I, respectively. Cells were additionally transfected with an expression

plasmid encoding different variants of ORF3c-HA or an empty vector control, as well

as an expression plasmid encoding BFP as transfection control (overall ratio: 2:2:1:0.5,

respectively). After 24 h, cells were fixed using the Fix & Perm Kit 1000 (Nordic-

MUbio) according to the manufacturer’s instructions as described in the section Flow

Cytometry. Cells transfected with yc-RIG-I or yn-MAVS only served as controls for

background fluorescence and protein : protein interaction was determined as the MFI

of YFP in BFP positive cells.

3.3.4 Immunofluorescence microscopy

Confocal immunofluorescence microscopy was used to determine (1) the subcellu-

lar localization of ORF3c and ORF3c R36I, (2) the localization of ORF3c in reference

to mitochondria, as well as (3) the effect of ORF3c on the intracellular localization

of IRF3 during infection. HEK293T cells were seeded at 6x105/ml in 500 µl on

13 mm diameter glass coverslips coated with poly-L-lysine (Sigma-Aldrich) in 24-

well plates. On the following day, cells were transfected with an expression plasmid

for ORF3c-HA or ORF3c-HA R36I, a mitochondria-targeted red fluorescent protein

(DsRed2-Mito-7) or an empty vector control (500 ng total) using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions. One day post transfection,

cells were washed once in PBS and fixed in 4% paraformaldehyde (PFA) for 20 min
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at RT. To permeabilize cellular membranes, cells were incubated in PBS containing

0.5% Triton-X100 for 30 min and then washed three times in PBS. A subsequent incu-

bation step with PBS supplemented with 5% BSA + 0.1% Tween-20 for 30 min served

to block non-specific antibody binding and was followed by another washing step

in PBS. The primary antibody staining against the HA-tag of ORF3c (Sigma-Aldrich,

Cat# H3663) and IRF3 (Cell Signaling) was performed in PBS containing 0.1% BSA

at 4°C for 2 h. After three washing steps with PBS containing 0.1% Tween-20, the

secondary staining was performed in PBS using an AF488- (Invitrogen) or AF555-

conjugated antibody (Thermo Fisher) against mouse (HA) and rabbit (IRF3) IgG,

respectively. Nuclei were stained in parallel using 4’,6-Diamidine-2’-phenylindole

(DAPI; Thermo Fisher Scientific) for 2 h at 4°C. Finally, cells were washed three times

in PBS containing 0.1% Tween-20 and mounted on an microscope slide using 10 µl

Mowiol mounting medium. The samples were then left at 4°C overnight to allow

hardening. Confocal microscopy was performed using an LSM710 (Carl Zeiss). The

weighted colocalization coefficient of IRF3 with DAPI was determined as a marker

for IRF3 translocation into the nucleus.

3.3.5 LIPS assay

A luciferase immunoprecipitation system (LIPS) assay was performed to check for

the presence of antibodies against ORF3c and nucleocapsid (N) in sera from SARS-

CoV-2 infected or convalescent patients. The assay allows for the quantification of

antibodies by measuring luminescence emitted by the reporter enzyme Renilla lu-

ciferase (RLuc) fused to an antigen, here SARS-CoV-2 N or ORF3c, expressed by

the pRen2 vector in mammalian cells. Sequences for N and ORF3c were inserted

into pRen2 by standard cloning techniques using unique EcoRI and XhoI restric-

tion sites downstream of Ruc. Generation of Ruc-N- and Ruc-ORF3c-containing

cell lysates, as well as antibody screening of patient sera was performed accord-

ing to the protocol of Burbelo et al. [98], with the following modifications: To gen-

erate lysates, HEK293T cells were transfected with individual constructs (pRen2,

pRen2-N or pRen2-ORF3c). After one day, cells were washed once with PBS, pooled

and harvested in 700 µl lysis buffer. The lysate was then sonicated for 3x5 s at
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35% intensity (BANDELIN SONOPULS) and cleared from debris by centrifugation

at 20817 g for 4 min at 4°C. Afterwards, the supernatant was transferred into a fresh

1.5 ml tube. Finally, 1 µl supernatant was diluted with 9 µl PBS in a 96-well nunc

plate and 100µl 1x coelenterazine (PJK Biotech) was added to the mix followed by

immediate measurement on a TriStar² S LB 942 Multimode Reader (Berthold Tech-

nologies) with an integration time of 0.1 s and a read height of 1 mm. The lysates

were then stored in 50 µl aliquots at a concentration of 106 RLU/50 µl at -80°C. To

prevent repeated freeze-thawing cycles of the serum samples, a master plate was

prepared. For each sample, 90 µl Buffer A were added to a 96-well U-bottom plate

and mixed with 10 µl serum on a shaker at 4°C for 2 h. The plate was sealed with

Parafilm and stored for up to 1 month at 4°C. To test serum samples, 40 µl Buffer

A were mixed with 10 µl of a serum samples from the master plate and 50 µl crude

Renilla lysate (1x107 RLU/50 µl) in a 96-well U-bottom plate and incubated for 1 hour

at room temperature. The mix was subsequently added to fresh 1.5 ml tubes contain-

ing 5 µl of a 30% A/G Magnetic Beads in PBS suspension and incubated on a shaker

(400 rpm) for another hour. Samples were then placed on a magnetic rack, and the

supernatant was removed after 1 min incubation. Magnetic beads were washed twice

with 150 µl Buffer A followed by two washes with 150 µl PBS. Finally, samples were

transferred into a 96-well opaque Nunc-plate (VWR), and 50 µl coelenterazine (PJK

Biotech) was added to each condition. The samples were measured immediately on a

TriStar² S LB 942 Multimode Reader (Berthold Technologies) with an integration time

of 0.1 s and a read height of 1 mm.

3.3.6 RNA Isolation

RNA from cells was isolated using the RNeasy Plus Mini Kit (Qiagen) according to

the manufacturer’s instructions. Cells were harvested and pooled in 1.5 ml Eppen-

dorf tubes and spun down at 500 g for 5 min. The cell pellet was then washed with

ice-cold PBS, resuspended in 350 µl lysis buffer and incubated for 5 min. Afterwards,

250 µl of 96-100% ethanol was added and the lysate was transferred to an RNeasy

Mini spin column and centrifuged at 8,000 g for 15 s at room temperature. The flow-

through was discarded, and 700 µl buffer RLT was added to the column followed
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by centrifugation at 8000 g for 15 s at room temperature. The RNA-containing flow-

through was mixed with 500 µl 70% ethanol and transferred to an RNeasy MinElute

spin column and centrifuged again at 8,000 g for 15 s. Finally, the flow-through was

discarded and the column was centrifuged at 14,000 g for 2 min to dry the mem-

brane. The RNA was eluted with 50 µl RNase-free water, and the concentration

and purity were determined by NanoDrop (Thermo Fisher). Isolated RNA was used

immediately for downstream processing or stored at -80°C.

3.3.7 gDNA digestion

To remove remnants of genomic DNA (gDNA) from isolated RNA, gDNA digestion

was performed using the DNA-free DNA Removal Kit (Thermo Fisher Scientific)

according to the manufacturer’s instructions. Briefly, 10 µl isolated RNA was mixed

with 5 µl 10x DNase I Buffer, 1 µl DNase I enzyme and filled up to a total volume

of 50 µl with RNase free water. Reactions were incubated at 37°C for 30 min in a

PCR cycler. Afterwards, 5 µl DNase inactivating reagent was added to each sample

and incubated at room temperature for 2 min. Finally, samples were centrifuged

at 10,000 g for 2 min to pellet the DNase inactivating reagent, and RNA containing

supernatants were transferred to fresh tubes. RNA concentrations were determined

by NanoDrop. Purified RNA was used immediately for downstream processing or

stored at -80°C.

3.3.8 cDNA synthesis

To obtain equal amounts of cDNA from each sample after cDNA synthesis, RNA

concentrations of all input samples were adjusted to the sample with the lowest con-

centration. RNA was then reverse transcribed into cDNA using the PrimeScript RT

Reagent Kit (Thermo Fisher Scientific). Equal concentrations of 13 µl RNA were

mixed with 4 µl 5x Prime Script Buffer, 1 µl 50 mM oligo dT primer, 1 µl random

hexamers and 1 µl Prime Script reverse transcriptase (RT) enzyme mix. Reactions

were incubated at 37°C for 20 min on a Thermal cycler (Thermo Fisher Scientific).

The RT enzyme was inactivated by a final heating step at 85°C for 1 min. cDNA was

either stored at -20°C or used immediately for quantitative PCR (qPCR).
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3.3.9 qPCR

To investigate the effect of ORF3c on IFNB1 mRNA transcript levels, qPCR was

performed using the Luna Universal Primer Probe Mix (Thermo Fisher Scientific).

Primer probe sets were directed against GAPDH and IFNB1 (Thermo Fisher Scien-

tific). GAPDH served as housekeeping gene for normalization, and all measurements

were performed in technical duplicates. IFNB1 and GAPDH were run in duplex

reactions. For this, an 18 µl master mix, 1 µl FAM-MGB labelled IFNB1, 1 µl VIC-

TAMRA labelled GAPDH primer probe, 10 µl Luna Universal Primer Probe Master

Mix (Thermo Fisher Scientific) and 6 ml RNase free water was prepared in a Light-

Cycler 480 Multiwell Plate 96. Then, cDNA was added to the respective wells, and

the reactions were simultaneously mixed by centrifugation. The plate was sealed and

qPCR was performed using the following protocol: An initial denaturation at 95°C

for 60 s followed by denaturation at 95°C for 15 s and extension at 60°C for 30 s

including the plate read. Denaturation and extension steps were performed for 40

to 45 cycles. For data analysis, IFNB1 transcripts were quantified using the ∆∆Ct

method and normalized to the housekeeping gene. The mean of technical duplicates

was compared as copies per µl or percent of mRNA.

3.3.10 Western Blot

To analyse cellular and viral protein levels, cells were harvested and prepared for

western blot analysis. Cells were washed once with cold PBS, pooled in a 1.5 ml

tube and subsequently lysed in 500 µl western blot lysis buffer containing protease

and phosphatase inhibitors. The cells were placed on ice for 20 min before centrifu-

gation at 20,800 g at 4°C for 20 min to remove cell debris. The protein-containing

supernatants were then transferred to fresh 1.5 ml tubes without disruption of the

pellet. Next, the lysates were mixed with 22.5% 4x Protein Sample Loading Buffer

and 2.5% β-mercaptoethanol and incubated at 95°C for 5 min. The lysates were ei-

ther immediately used for sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis (SDS-PAGE) or stored at -20°C. For SDS-PAGE, proteins were separated using

4-12% Nu-PAGE Novex Bis-Tris Gels and NuPAGE MES SDS Running Buffer. The
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gels were run in XCell SureLock or XCell4 SureLock western blot chambers at 90 V

for approximately 1 h and the BlueStar Plus Prestained Protein Marker was used as

a size reference. Proteins were then blotted onto an Immobilon-FL Transfer Mem-

brane using a Semi-Dry Transfer Cell at constant amperage for 2 h. Membranes were

blocked with 5% milk powder in PBS-T for 1 h at room temperature. To stain cel-

lular and viral proteins, antibodies directed against GAPDH (BioLegend), HA-tag

(Abcam), Flag-tag, and SeV were used. Membranes were incubated with primary

antibodies for 1 h at room temperature or overnight at 4°C. Infrared Dye labelled

secondary antibodies were then added for 30 min at room temperature. Antibodies

were diluted in PBS-T with 1% milk and 0.01% sodium azide. To ensure even block-

ing, washing and staining, membranes were gently rocked on a Roll- or Rock-shaker

during all steps. After each antibody incubation or before detection, three sequential

washing steps of the membrane were carried out using PBS containing 0.2% Tween

20 (PBS-T). To detect phosphorylated proteins, all washing steps and stainings were

performed using Tris-buffered saline containing 0.2% Tween 20 (TBS-T) and BSA in-

stead of PBS-T and milk powder. Proteins were finally detected using an infrared

LI-COR Odyssey Imager, and band intensities were quantified using Image Studio

Lite Version 5.2.

3.3.11 Co-immunoprecipitation

To investigate possible interactions between ORF3c or mutants thereof and proteins

of the interferon signaling pathway, co-immunoprecipitation with subsequent analy-

sis by western blotting was performed. Briefly, HEK293T cells were seeded in 6-well

plates and co-transfected with expression plasmids for HA-tagged ORF3c and Flag-

tagged RIG-I, MDA5, MAVS or TBK1 (ratio 4:1; 5 µg/well). One day post transfec-

tion, cells were lysed in 300 µl western blot lysis buffer and cleared by centrifugation

as described above. 45 µl of the lysates was used for whole-cell lysate analysis, while

the remainder was used for co-immunoprecipitation. A pre-clearing step was per-

formed to remove unspecifically binding compounds. Protein A/G Magnetic beads

(Pierce) were washed three times with 200 µl NP40 wash buffer and added to the

lysates. After incubation for 1 h at 4°C, the samples were placed on a magnetic
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rack. Following a 1 min incubation, the supernatants were transferred into fresh

1.5 ml Eppendorf tubes. To precipitate protein complexes, the lysates were incubated

first with an anti-Flag antibody (1.5 µg/sample) for 1 h at 4°C followed by addition

of 15 µl washed Protein A/G Magnetic Beads for one additional hour at 4°C. The

samples were placed on a magnetic rack and the supernatant was discarded after a

1 min incubation. The beads were then washed two times with NP40 wash buffer and

once with HPLC water before incubation in 80 µl 1 x Protein Sample Loading Buffer

containing 10% β-mercaptoethanol at 95°C for 10 min to recover bound proteins.

Finally, samples were placed on a magnetic rack for 1 min to remove the beads and

the supernatant was transferred to a fresh 1.5 ml Eppendorf tube. Lysates were stored

at -20°C or immediately analyzed by western blotting.

3.3.12 Cytokine Array

To detect cytokines in the supernatants of virus-infected cells, the Human Cytokine

Array C5 and C16 kits (RayBiotech) were used with adjustments to the manufac-

turer’s protocol. Specifically, instead of the provided streptavidin-conjugated HRP, a

streptavidin-human IRDye 800CW (LI-COR) in PBS-T was used to incubate the mem-

branes for 30 min at room temperature. After a final washing step, cytokines were

detected using an infrared LI-COR Odyssey Imager as described in Western Blot.

3.4 Cloning

3.4.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed using the Phusion High-Fidelity

DNA Polymerase (Thermo Fisher Scientific), KOD One (Sigma) or PrimeSTAR GXL

DNA polymerase (TaKaRa Bio/ Cat#R050A) according to the manufacturers’ instruc-

tions. To generate different ORF3 fragments, cDNA generated from SARS-CoV-2

RNA was used as a template to initially amplify a full length ORF3a fragment. This

product served as a template for all subsequent PCR reactions to amplify embedded

ORFs. To generate mutants of ORF3c, overlap-extension PCR was performed using
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primers listed in table 6.

3.4.2 Restriction digestion

DNA restriction was performed using high-fidelity (HF) restriction enzymes (New

England Biolabs) according to the manufacturer’s protocol. Approximately 1 µg

plasmid DNA was used for analytical plasmid restriction digestion and cloning pro-

cedures. Briefly, plasmid DNA was mixed with 2 µl 10x CutSmart buffer (NEB), 1 µl

of the appropriate restriction enzyme and HPLC water in a total of 20 µl. Digestions

were incubated at 37°C for 2 h on a Thermal cycler (Thermo Fisher Scientific) before

further processing.

3.4.3 Gel electrophoresis and DNA purification

Agarose gels were prepared by dissolving 1% agarose (Sigma-Aldrich) in boiling

TAE buffer under regular swirling. Ethidium bromide (0.2 µg/ml) was added to

the solution to allow visualization of DNA under UV light. The gel was cast in

a mold including a comb and left to harden. DNA samples were mixed with 6x

loading dye (NEB) to a final concentration of 1x and loaded onto the gel. Fragments

were separated in 1xTAE buffer at 90 V for approximately 45 min. DNA bands

were visualized using a UV screen and if needed for further cloning procedures cut

out with a scalpel and purified using the Monarch DNA Gel Extraction Kit (NEB)

according to the manufacturer’s instructions.

3.4.4 Ligation

To ligate digested and purified inserts into vectors, the DNA Ligation Kit Ver. 2.1

(TaKaRa Bio) was used according to the manufacturer’s instructions. Typically,

0.5 µl vector were mixed with 2 µl insert (Ratio 1:4) and added to 2.5 µl Sol I. Ligations

were incubated at 16°C for 1 h or overnight.

53



3.4.5 Transformation

The E. coli XL-2 blue strain was kept frozen at -80°C and was slowly thawed on ice

for transformation. For each sample, 10 µl E. coli were placed in a 1.5 ml Eppendorf

tube and gently mixed with either 5 µl ligation product or 1 µl plasmid DNA. After

incubation on ice for 20 min, a heat shock was performed at 42°C for 30 sec followed

by another 2 min incubation on ice. Then, 200 µl S.O.C. medium was added, and the

transformed bacteria were incubated at 37°C for 1 h on a rotary shaker at 400 rpm.

Finally, bacteria were plated on agar plates containing either ampicillin (100 mg/ml)

or kanamycin (50 mg/ml) for resistance selection and incubated at 37°C overnight.

3.4.6 Mini & Midi preparation

In order to obtain plasmid DNA for cloning and sequencing, individual colonies

were selected from agar plates and cultivated in 5 ml of LB medium containing ei-

ther 100 mg/l of ampicillin or 50 mg/l of kanamycin. The bacterial cultures were

incubated overnight with continuous shaking at 37°C. Subsequently, DNA extraction

was performed using Qiagen’s Mini DNA Preparation Buffers, following the instruc-

tions provided by the manufacturer. Concentration and purity of the isolated DNA

were determined by NanoDrop.

To isolate plasmid DNA for transfection of eukaryotic cells, single colonies were

picked from agar plates and grown in 150 ml LB medium supplemented with ampi-

cillin (100 mg/l) or kanamycin (50 mg/l) as described for the Mini preparation. DNA

was purified using the Wizard Plus Midiprep DNA Purification System (Promega)

according to the manufacturer’s instructions. Concentration and purity of the iso-

lated DNA were determined by NanoDrop.

3.4.7 Sequencing

Plasmid DNA was sent for sequencing to Microsynth SeqLab GmbH (Göttingen).

Sequencing reactions were prepared according to the service provider’s instructions.
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3.4.8 Generation and recovery of a recombinant SARS-CoV-2 ORF3 mutant

Stop mutations within ORF3c were introduced into the bacmid pBSCoV2-∆ORF6-YFP

harboring the SARS-CoV-2 backbone [103] using 2-step Red Recombination [104].

For this purpose, the KanS cassette was amplified from pEP-KanS with the primers

listed in table 6. Integrity of the obtained bacterial artificial chromosomes (BAC) and

presence of desired stop mutations were confirmed by restriction digestion and next

generation sequencing. Recombinant SARS-CoV-2 viruses expressing eYFP instead

of the viral ORF6 protein and containing mutations within ORF3c were recovered by

transfection of HEK293T cells overexpressing the viral N protein, ACE2 receptor, and

T7 RNA polymerase with BACs as described previously [103]. The obtained reporter

viruses were further passaged on CaCo-2 cells and viral titers were determined by

endpoint titration (see 3.2.2).

3.4.9 CPER cloning

To generate recombinant SARS-CoV-2 by circular polymerase extension reaction

(CPER) [105] nine DNA fragments comprising parts of SARS-CoV-2 (WK-521,

PANGO lineage A; GISAID ID: EPI ISL 408667) [106] were generated by PCR

using PrimeSTAR GXL DNA polymerase (TAKARA, Cat# R050A). A linker frag-

ment comprising hepatitis delta virus ribozyme, the bovine growth hormone poly-A

signal and the cytomegalovirus promoter was also prepared by PCR. The ten ob-

tained DNA fragments were mixed and used for CPER. ORF3c mutations were in-

serted in fragment 9/10 by site-directed overlap extension PCR with the primers

listed in table 7. To produce recombinant SARS-CoV-2, Tetracycline-inducible ACE2

and TMPRSS-expressing IFNAR1-deficient HEK293 cells (table 1) were transfected

with the CPER products using TransIT-LT1 (MirusBio) according to the manufac-

turer’s protocol. One day post transfection, the culture medium was replaced with

supplemented DMEM containing 2% FBS and doxycycline (1 µg/ml). 7 days post

transfection, the culture medium was harvested, centrifuged and the supernatants

were collected as the seed virus. To remove the CPER products (i.e., any SARS-CoV-2

DNA), 1 ml of the seed virus was treated with 2 µl TURBO DNase (Thermo Fisher
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Scientific) and incubated at 37°C for 1 h. Complete removal of the CPER products

(i.e., SARS-CoV-2-related DNA) from the seed virus was verified by PCR. To prepare

virus stocks for infection, VeroE6/TMPRSS2 cells (5x105/ml in 10 ml in a T-75 flask)

were infected with 20-50 µl of the seed virus. 1 h post infection, the culture medium

was replaced with supplemented DMEM containing 2% FBS. Two to four days post

infection, the culture medium was harvested and centrifuged, and the supernatants

were collected. Viral titers were determined by TCID50. To verify the sequence of

chimeric recombinant SARS-CoV-2, viral RNA was extracted from the virus stocks

using the QIAamp viral RNA mini kit (Qiagen) and viral genomes were sequenced

as described before [107].

3.5 Statistical analysis

Statistical analyses were performed using GraphPad PRISM 9.4.1. For statistical test-

ing between two means, p values were calculated using paired or unpaired Student’s

t test. For comparison within one group, we used one-way analysis of variation

(ANOVA) with Dunnett’s multiple comparison test, and for comparison between

two or more groups, we used two-way ANOVA with Sidak’s multiple comparison

test. Significant differences are indicated as: ∗ p ≤ 0.05; ∗∗ p ≤ 0.01; ∗ ∗ ∗ p ≤ 0.001

and ∗ ∗ ∗∗ p ≤ 0.0001.
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4 Results

4.1 ORF3c is expressed in infected cells and suppresses interferon-β pro-

moter activity

The genomic sequence covering SARS-CoV-2 ORF3a harbours additional start and

stop codons across all reading-frames, thereby potentially encoding multiple pep-

tides with unique functions. Previous studies predicted the expression of some of

these cryptic ORFs by means of leaky scanning or ribosomal shunting [108], [50].

These in silico predictions are in agreement with ribosome profiling and HLA-II im-

munopeptidome studies suggesting the translation of ORF3c and ORF3d-2 in infected

cells [42], [109]. To investigate the potential synthesis and activity of cryptic ORFs in

ORF3a, I first tested whether they encode stable and detectable peptides. To achieve

this, we cloned different cryptic ORF3 sequences into expression plasmids. Since

there is no commercially available antibody against any of the peptides, we modified

the sequences to additionally express a C-terminal HA-tag. Of the designed con-

structs, ORF3a, ORF3c, ORF3d and ORF3d-2 were readily detectable at both concen-

trations tested. In contrast, ORF3b and ORF3e showed only low levels of expression,

and ORF3b-2, b-3 and b-4 were not detectable at all (Fig. 7A).

Since many SARS-CoV-2 ORFs have already been identified to exert immunomod-

ulatory functions, I tested if any of the cryptic ORF3 peptides are also capable of

suppressing the immune response. Using a luciferase reporter system, I identified

ORF3c as a strong suppressor of the human IFN-β promoter under stimulation with

a constitutively active mutant of the RIG-I receptor (Fig. 7B). To confirm that sup-

pression of the IFN-β promoter also results in a decrease of IFN-β expression during

viral infection, I infected ORF3c transfected HEK293T cells with increasing amounts

of Sendai virus, a known inducer of the interferon response [110]. Subsequent qPCR

analysis revealed that IFNB1 mRNA levels were increased dose-dependently in SeV

exposed cells. Importantly, however, IFNB1 transcription was significantly reduced in

ORF3c expressing cells (Fig. 7C). Together these results hint to ORF3c as a potential

novel interferon antagonist.

To investigate whether ORF3c is also expressed during natural infection, I used cir-
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Figure 7: Expression of cryptic ORFs by SARS-CoV-2 and suppression of

interferon promoter activity by ORF3c
(A) Western blot analysis of HEK293T cells transfected with two different concentrations of expression plasmids
for the indicated ORF3 proteins and peptides. After 24 h, ORF3a to ORF3e were detected via C-terminal HA-tag.
GAPDH served as loading control. Data are representative of two biological replicates (n = 2).
(B) HEK293T cells were co-transfected with the indicated ORF3 expression plasmids, a reporter plasmid expressing
firefly luciferase under the control of the IFNB1 promoter and a construct expressing Gaussia luciferase under the
control of a minimal promoter. To induce immune signaling, half of the samples were additionally co-transfected
with an expression plasmid for the CARD domain of RIG-I. One day post transfection, firefly luciferase activity
was determined and normalized to Gaussia luciferase activity. Data are shown as mean and s.d. of three biological
replicates (n = 3) and were analyzed by two-way ANOVA with Sidak’s multiple comparison test.
(C) HEK293T cells were transfected with an expression plasmid for SARS-CoV-2 ORF3c or an empty vector control.
24 h post transfection, cells were infected with increasing amounts of Sendai virus (SeV) for an additional 8 h. Cells
were lysed to perform either RNA extraction and subsequent qPCR for IFN-β (left panel) or Western blot analysis
(right panel). Data are shown as mean and s.d. of three biological replicates (n = 3) and were analyzed by two-way
ANOVA with Sidak’s multiple comparison test.
(D) CaCo-2 cells were infected with SARS-CoV-2 wt or SARS-CoV-2 encoding HA-tagged ORF3c at an MOI of 2.
24 and 48 h post infection, cells were harvested for Western blot analysis. ORF3c expression was detected via
the HA-tag. SARS-CoV-2 Nucleocapsid and GAPDH served as controls. Data are representative of two biological
replicates (n = 2).
(E) HEK293T cells were transfected with expression plasmids for a viral protein of interest fused to Renilla luciferase.
Subsequently, transfected cells were lysed and incubated with serum samples and magnetic beads. Antibodies
against viral proteins of interest cross-linked the luciferase-containing proteins with beads and allowed magnet-
assisted pull-down of both beads and luciferase activity (left). LIPS-mediated quantification of antibodies against
SARS-CoV-2 N (left panel, n = 10) and ORF3c (right panel, n = 20) in sera from SARS-CoV-2 naïve (neg.) and
convalescent (pos.) sera (RLU, relative light units) (right) is shown. Each dot represents one independent serum
sample. Data are shown as mean ±SEM. Differences in antibody levels between SARS-CoV-2 naïve and convalescent
sera were determined by unpaired, one-tailed student’s t-test.
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cular polymerase extension reaction to generate a SARS-CoV-2 variant expressing a

C-terminally HA-tagged ORF3c. Although insertion of the respective nucleotides led

to an artificial extension of the other reading frames as well, the rescued virus grew

to high titers, similar to the wild-type virus. Western blot analysis of CaCo-2 cells

infected with a wild-type or ORF3c-HA encoding virus revealed stable expression of

the tagged ORF3c protein after one and two days of infection (Fig. 7D). These data

demonstrate the expression of ORF3c in a natural infection setting.

A previous study was able to provide evidence of an antibody response against

ORF3d-2, another cryptic peptide encoded in ORF3a [111]. To investigate if a simi-

lar humoral immune response is mounted against ORF3c, I tested sera of previously

SARS-CoV-2 infected individuals for the presence of ORF3c-specific antibodies in an

adapted luciferase immunoprecipitation system (LIPS) assay (see 3.3.5) (Fig. 7E, left).

While I was able to detect robust antibody levels against SARS-CoV-2 N, I did not

observe a specific response against ORF3c (Fig. 7E, right). Together, these results

show that SARS-CoV-2 ORF3c is a stable peptide, capable of suppressing IFN-β in-

duction, albeit not eliciting an antibody response. Furthermore, to the best of my

knowledge, these experiments show for the first time that ORF3c is expressed during

SARS-CoV-2 infection.

4.2 The interferon-suppressing effect of ORF3c is conserved across

Sarbecoviruses

The persistence of a coding sequence, as well as sequence similarities across or

within virus families can be an indicator for functional conservation of proteins. We

performed in silico analyses to compare the sequences of ORF3c between different

coronavirus families and genera. While ORF3c appears to be conserved within the

subgenus of Sarbecoviruses, it is completely absent from phylogenetically distant

coronavirus families (Fig. 8A). Interestingly, within Sarbecoviruses, we found only

little changes in amino acids (aa) across viruses infecting different species. The most

prominent mutation is the absence of the C-terminal 41st aa (Ser) in the SARS-CoV

cluster and some viruses of the SARS-CoV-2 clade (Fig. 8B). These data indicate that

ORF3c has evolved after the divergence of Sarbeco- and Hibecoviruses.
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Figure 8: Sequence and activity conservation of ORF3c across Sarbecoviruses
(A) Cartoon illustrating the ORF3 locus of randomly selected members of the Sarbeco-, Hibeco- and Nobecovirus
subgenera. Open reading frames with a length of at least 30 nucleotides are indicated as rectangles. ORF3c is
highlighted in dark red.
(B) Alignment of ORF3c amino acid sequences of the indicated viral isolates. Members of the SARS-CoV-2 cluster
are shown on top, members of the SARS-CoV cluster at the bottom. For the underlined ORF3c sequences, expression
plasmids were generated and analyzed for their ability to inhibit IFNB1 promoter activation in (C).
(C) HEK293T cells were co-transfected with increasing amounts of the indicated ORF3c expression plasmids, a
reporter plasmid expressing firefly luciferase under the control of the IFNB1 promoter and a construct expressing
Gaussia luciferase under the control of a minimal promoter. An expression plasmid for Influenza A virus non-
structural protein 1 (NS1, gray) served as positive control. Immune signaling was induced by co-transfecting with
an expression plasmid for the CARD domain of RIG-I. One day post transfection, firefly luciferase activity was
determined and normalized to Gaussia luciferase activity (top panel). Data are shown as mean and s.d. of three
biological replicates (n = 3), and were analyzed by two-way ANOVA with Sidak’s multiple comparison test. ORF3c
expression was monitored by Western blotting (bottom panel).
(D) HEK293T cells were co-transfected with expression plasmids and analyzed essentially as described in (C). The
respective alanine mutations are indicated in the alignment on the left. Data are shown as mean and s.d. of two or
four biological replicates (n = 2 or 4) and were analyzed by one-way ANOVA with Dunnett’s multiple comparison
test.

Next, we wanted to test if the function of ORF3c is also conserved within the Sarbe-

covirus subgenus. We therefore selected four different ORF3c orthologues covering

the two main clusters (SARS-CoV & SARS-CoV-2), as well as different host species

(i.e. humans and bats) and performed luciferase reporter assays, using increasing

amounts of ORF3c expression plasmids. We observed a strong immunosuppres-

sive effect already at low concentrations of Wuhan-Hu1 ORF3c and its orthologue

in ZXC21. With increasing amounts however, all tested variants of ORF3c had an
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equally strong suppressive effect on IFN-β promoter activity (Fig. 8C). Interestingly,

Wuhan-Hu1 ORF3c protein was already detectable at low plasmid concentrations,

while ZXC21 was only detectable at the highest concentration. Conversely, neither

BANAL20-52 nor Tor2 ORF3c were detectable at any of the concentrations tested

(Fig. 8C lower panel). This suggests that the activity of ORF3c orthologues is con-

served within the Sarbecovirus subgenus, but does not necessarily correlate with

their expression/detection levels. Given the high similarity in amino acid sequences

between the different ORF3c orthologues, I investigated if a conserved amino acid

motif is essential for its immunosuppressive activity. To achieve this, I performed an

alanine scan, in which pairs of amino acids were exchanged for double alanines. The

IFNB1 reporter assay revealed that almost all variants tested retained their suppres-

sive activity compared to wild-type ORF3c. Notably, however, the double mutants

L2A/L3A and I6A/L7A showed significantly less suppressive capacity compared to

the wild-type (Fig. 8D). The N-terminus of ORF3c therefore plays a central role in its

ability to inhibit IFN-β induction.

4.3 ORF3c disrupts activation and nuclear translocation of IRF3

The transcription factor IRF3 is central to the induction of interferon-β in response to

viral infection. One potential mechanism underlying the immunosuppressive activity

of ORF3c could therefore lie in its ability to reduce overall IRF3 protein levels within

the cell, leading to reduced IRF3-mediated gene expression. To test this, I transfected

HEK293T cells with an ORF3c expression plasmid and measured endogenous IRF3

levels by flow cytometry. While the Non-structural protein 1 (NSP1) of Nebraska Calf

Diarrhea Virus (NCDV), a known IRF3-degrading viral protein, was able to signifi-

cantly reduce IRF3 levels, I did not observe any significant effect in the presence of

any of the ORF3c concentrations tested (Fig. 9A), suggesting that ORF3c does not

alter overall IRF3 protein levels. The phosphorylation of IRF3 is an essential prereq-

uisite for its activation, irrespective of its expression levels. I therefore wanted to test

the effect of ORF3c on IRF3 phosphorylation. Sendai virus stimulation of HEK293T

cells transfected with an empty vector allowed immediate detection of phosphory-

lated IRF3 (Fig. 9B). In contrast, phosphorylation was significantly reduced in cells
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transfected with ORF3c. Notably, this shift in activation was not the result of reduced

total IRF3 levels, as previously also observed by flow cytometry (Fig. 9A).

Once activated, IRF3 forms homo-dimers and translocates into the nucleus to act as

a transcription factor. We hypothesized that reduced IRF3 activation also leads to

its reduced nuclear import in the presence of ORF3c. Using an HA-tagged ORF3c, I

was able to detect its presence exclusively in the cytoplasm. Moreover, upon infec-

tion with SeV, I observed a reduced translocation of IRF3 into the nucleus in ORF3c

transfected cells compared to cells transfected with empty vector control (Fig. 9C).

Together, these results show that ORF3c suppresses interferon signaling within the

cytoplasm and leads to reduced IRF3 phosphorylation.

4.4 ORF3c inhibits MDA5- and RIG-I mediated signaling

To identify potential cellular target(s) of ORF3c, I analysed different steps of the anti-

viral signaling cascade (Fig. 10A). The IFN-β promoter harbours binding sites not

only for IRF3, but also NF-κB. We therefore took advantage of a reporter construct

depleted of these sites to monitor the effect of ORF3c independently of NF-κB medi-

ated activation. As expected, the induction of this modified construct was reduced

compared to the wild-type promoter (Fig. 10B, right). Moreover, ORF3c was still able

to suppress the activation in a dose-dependent manner (Fig. 10B, left). This indicates

that ORF3c does not target NF-κB activation selectively but might be active at an

earlier step within the RIG-I/MDA5 sensing pathway. I then activated the sensing

cascade at different steps via over-expressing MDA5, MAVS or a constitutively ac-

tive mutant of IRF3. While IFNB1 promoter induction through MDA5 and RIG-I was

suppressed to a similar extent by ORF3c, I did not observe any reduction in promoter

activity after stimulation with MAVS or a constitutively active IRF3 (Fig. 10C). To-

gether, these data suggest that SARS-CoV-2 ORF3c targets IFN signaling at the level

of or upstream of MAVS.
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Figure 9: ORF3c suppresses phosphorylation and nuclear translocation of IRF3
(A) HEK293T cells were transfected with increasing amounts of expression plasmids for Wuhan Hu-1 ORF3c co-
expressing eGFP via an IRES. Transfection with expression plasmids for NSP1 from the rotaviruses NCDV (reduces
IRF3 expression) or OSU (inactive against IRF3) (both co-expressing YFP) served as controls. One day post trans-
fection, cells were fixed, permeabilized and stained against IRF3 (AF555) before flow cytometric analysis. Num-
bers in gates indicate MFI of IRF3-AF555 (left). Levels of IRF3 expression are shown as MFI of AF555 in GFP
positive over GFP negative cells. Data are shown as bars (min to max) with median of three biological replicates
(n = 3) and were analyzed by one-way ANOVA with Dunnett’s multiple comparison test.
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Figure 9 continued:
(B) HEK293T cells were transfected with either Wuhan Hu-1 ORF3c or an empty vector control and stimulated with
SeV 6 h.p.t. Cells were harvested at the indicated time points, and (phosphorylated) IRF3 was analyzed by western
blotting. Data are representative of three biological replicates (n = 3).
(C) Representative images of HEK293T cells transfected with expression plasmids for Wuhan Hu-1 ORF3c or an
empty vector control. One day post transfection, cells were treated with SeV for 6 h and subsequently stained for
ORF3c (anti-HA, green), IRF3 (endogenous, red) and nuclei (DAPI, blue) (scale bar = 20 µm). Weighted colocalization
coefficient of IRF3 with DAPI was determined as a marker for IRF3 translocation into the nucleus (n = 28-32 cells
were analyzed per condition). Data are shown as individual cells with the median and quartiles indicated as dotted
lines (right panels).

Figure 10: ORF3c inhibits innate sensing by targeting MAVS
(A) Cartoon illustrating IRF3- and NF-κB-mediated activation of the IFNB1 promoter upon RIG-I- or MDA5-
mediated sensing.
(B) HEK293T cells were co-transfected with increasing amounts of an expression plasmid for SARS-CoV-2 ORF3c, a
construct expressing Gaussia luciferase under the control of a minimal promoter and a reporter plasmid expressing
firefly luciferase under the control of the IFNB1 promoter (left panel) or a mutant thereof lacking the NF-κB binding
site (right panel). Immune signaling was induced by co-transfecting an expression plasmid for the CARD domain
of RIG-I. One day post transfection, firefly luciferase activity was determined and normalized to Gaussia luciferase
activity. Data are shown as mean and s.d. of three biological replicates (n = 3) and were analyzed by one-way
ANOVA with Dunnett’s multiple comparison test.
(C) HEK293T cells were transfected and analyzed essentially as described in (B). Immune signaling was induced by
co-transfecting expression plasmids for MDA5 (left panel), MAVS (central panel) or a constitutively active mutant of
IRF3 (right panel).
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4.5 ORF3c interacts with MAVS and induces its C-terminal cleavage

While the interaction partners of MAVS, namely RIG-I, MDA5 and TBK1, can be

found throughout the cytoplasm, MAVS is predominantly localized at the mitochon-

drial membrane [99] [112] [113]. During viral infection, mitochondria are a key com-

partment through which antiviral signaling is transmitted, and I hypothesized that

ORF3c localizes to the mitochondria to interfere directly with antiviral signaling.

To test this, I performed confocal microscopy using a fluorescent protein targeted to

the mitochondrial membrane (dsRedMito). Simultaneous labeling of overexpressed

ORF3c via its HA-tag showed colocalization of both signals (Fig. 11A, upper row).

Furthermore, infection with Sendai virus did not change the subcellular localization

of ORF3c (Fig. 11A, lower row). These results suggest that ORF3c is located at the

mitochondrial membrane during viral infection. We therefore tested if ORF3c di-

rectly interacts with MAVS and/or one of its signaling partners. Using Co-IP, we

observed a weak interaction between MAVS and ORF3c. In contrast, we did not find

any evidence for an interaction of ORF3c with RIG-I, MDA5 or TBK1 (Fig. 11B). This

suggests that ORF3c interferes with antiviral signaling by directly binding to MAVS.

Since activation of MAVS is triggered by interaction between the CARD domains of

both MAVS and RIG-I or MDA5, we hypothesized that ORF3c binding sterically pre-

vents this interaction. I therefore repeated the Co-IP experiment (Fig. 11B) with a

mutant of MAVS lacking the N-terminal CARD domain. Contrary to our expecta-

tions, ORF3c also co-precipitated with this deletion mutant of MAVS, suggesting that

the interaction takes place closer to the C-terminus of MAVS (Fig. 11C).

Next, I tested if the interaction between ORF3c and MAVS is conserved across the dif-

ferent orthologues of ORF3c characterized in Fig. 8C and D. In line with our previous

results (Fig. 8C, lower panel), we detected only low levels of the different ORF3c or-

thologues in the input compared to ORF3c from Wuhan-Hu1. Additionally, we also

tested the ORF3c alanine mutants L2A/L3A and I6A/L7A due to their reduced im-

munosuppressive activity (Fig. 8D). Notably, both alanine variants were detectable

at levels equal to those of Wuhan-Hu1 ORF3c in the input. Following coimmuno-

precipitation however, we only observed an interaction between MAVS and ORF3c
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Figure 11: ORF3c binds to MAVS and suppresses RIG-I:MAVS interaction
(A) Representative images of HEK293T cells transfected with the expression plasmid dsRedMito coding for a mito-
chondrial marker, as well as expression plasmids for Wuhan Hu-1 ORF3c or an empty vector control. One day post
transfection, cells were infected with SeV for 6 h and subsequently stained for ORF3c (anti-HA, green) and nuclei
(DAPI, blue) (scale bar = 20 µm). Data are representative of two biological replicates (n = 2).
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Figure 11 continued:
(B-C) HEK293T cells were co-transfected with expression plasmids for (B) Flag-tagged RIG-I, MDA5, MAVS, TBK1,
(C) MAVS or a mutant thereof lacking its CARD domain (MAVS∆CARD) and an expression plasmid for HA-tagged
SARS-CoV-2 ORF3c. One day post transfection, cells were lysed. Cell lysates were analyzed by Western blotting,
either directly (“input”) or upon pull-down using a Flag-specific antibody (“IP”). Data are representative of three
biological replicates (n = 3).
(D) HEK293T cells were co-transfected with expression plasmids for Flag-tagged MAVS and expression plasmids
for the indicated HA-tagged SARS-CoV-2 ORF3c variants. One day post transfection, cells were lysed and lysates
were analyzed by Western blotting, either directly (“Input”) or upon pull-down using a Flag-specific antibody (“IP”).
Data are representative of two biological replicates (n = 2) and were analyzed byone-way ANOVA with Dunnett’s
multiple comparison test.
(E) HEK293T cells were transfected with plasmids expressing BFP, ORF3c, the C-terminal part of YFP fused to RIG-I
and/or the N-terminal part of YFP fused to MAVS. After 24 h, cells were fixed, and YFP fluorescence was detected
by flow cytometry as a reporter for MAVS:RIG-I interaction. Data are shown as mean and s.d. of three biological
replicates (n = 3) and were analyzed by one-way ANOVA with Dunnett’s multiple-comparison test.
(F) HEK293T cells were transfected with increasing amounts of an expression plasmid for SARS-CoV-2 ORF3c.
One day post transfection, cells were lysed for Western blotting. ORF3c was detected via its HA-tag, and MAVS
was detected with antiserum specific for the C-terminal part of MAVS. GAPDH served as loading control. Data
are representative of three biological replicates (n = 3). MAVS bands were quantified, and the ratio of the 9 kDa
fragment to total MAVS was calculated. Data are presented as mean (±SEM) of three independent experiments
(n = 3) and were analyzed by one-way ANOVA with Dunnett’s multiple comparison test.

from Wuhan-Hu1 (Fig. 11D). While we cannot exclude the interaction between MAVS

and different ORF3c orthologues due to their low expression, the lack of interaction

observed for the two alanine variants suggests that the N-terminus of ORF3c is im-

portant for direct binding to MAVS.

Even though ORF3c does not appear to directly interact with the CARD domain

of MAVS, its association might still interfere with the interaction of MAVS with its

upstream receptors RIG-I and MDA5. Given the similarities in sequence and IFN-

suppressing activity, I tested whether the different orthologues of ORF3c are able to

interfere with RIG-I : MAVS interaction. Using flow cytometry, I was able to detect

ORF3c from Wuhan-Hu1, BANAL20-52 and ZXC21, but not Tor2. As this is in line

with previous western blot results of Tor2 expression (Fig. 8C, lower panel, 10C),

I went on to test ORF3c of Wuhan-Hu1, BANAL20-52 and ZXC21 in a BiFC-based

interaction assay [99]. Here, a strong interaction signal was detectable when a mod-

ified RIG-I receptor carrying one half of the yellow fluorescent protein (YFP) was

co-transfected with a modified MAVS protein tagged with the complementary half

of YFP (Fig. 11E). More importantly, this signal was significantly diminished in the

presence of ORF3c from Wuhan-Hu1, BANAL20-52 and ZXC21, further confirming

its conserved immunosuppressive effect. I hypothesized that in addition to sterical

interference overall MAVS stability might be compromised in the presence of ORF3c.

Indeed, western blot analysis revealed the emergence of a 9 kDa fragment from the

C-terminus of MAVS in ORF3c transfected cells (Fig. 11F). Together, these data show
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that SARS-CoV-2 ORF3c directly interacts with MAVS and induces its C-terminal

cleavage.

4.6 A naturally occurring R36I variant does not affect ORF3c activity

Throughout the COVID-19 pandemic, new SARS-CoV-2 variants emerged carrying

defining mutations across their genome. Monitoring these novel variants, we identi-

fied a notable mutation (G25563T) within the ORF3a gene of the beta, eta, iota and

mu strain, causing the non-synonymous mutation Q57H (Fig. 12A). More impor-

tantly, this polymorphism also introduces a non-synonymous mutation (R36I) in the

predicted trans-membrane domain of ORF3c.

We hypothesized that this change might affect ORF3c structure and potentially func-

tion. Indeed, in silico analysies predicted that R36I might alter the 3D structure of

ORF3c (Fig. 12B) and potentially stabilize its hypothetical trans-membrane domain

(Fig. 11C). These data suggest differences in subcellular localization, as well as an

altered function of ORF3c in infection with these variants. To test this, we performed

confocal microscopy comparing wild-type ORF3c with a variant carrying the R36I

mutation. Both peptides were readily detectable within the cytoplasm of transfected

cells, and there was no obvious difference in subcellular between wild-type and R36I

ORF3c (Fig. 12D). In line with these results, both variants were equally effective in

suppressing IFN-β promoter induction (Fig. 12E). Together, this suggests that the

R36I polymorphism does not alter the cellular localization of ORF3c or its ability to

suppress the IFN response.

4.7 ORF3c is dispensable for SARS-CoV-2 replication

We had previously investigated the activity and mechanism of ORF3c in isolation

using overexpression. Next, we wanted to investigate whether ORF3c suppresses the

immune response during SARS-CoV-2 infection. Using circular polymerase exten-

sion reaction (CPER), we, together with our collaborators at the University of Tokyo,

generated a SARS-CoV-2 variant harbouring a non-synonymous mutation in the start
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Figure 12: Characterization of a naturally occurring variant of SARS-CoV-2 ORF3c
(A) Cartoon illustrating non-synonymous changes in ORF3a, c and d as a result of the naturally occurring polymor-
phism G25563T.
(B) Secondary structure of Wuhan Hu-1 ORF3c (red) and the respective R36I variant thereof (blue) as predicted
using PEP-FOLD3.
(C) The presence of transmembrane domains in Wuhan Hu-1 ORF3c (left panel) and the respective R36I variant
thereof (right panel) was predicted using TMHMM - 2.0.
(D) Representative images of HEK293T cells transfected with expression plasmids for Wuhan Hu-1 ORF3c or ORF3c
R36I. One day post transfection, cells were stained for ORF3c (anti-HA, green) and nuclei (DAPI, blue) (scale bar =
20 µm).
(E) HEK293T cells were co-transfected with increasing amounts of the indicated ORF3c expression plasmids, a re-
porter plasmid expressing firefly luciferase under the control of the IFNB1 promoter and a construct expressing
Gaussia luciferase under the control of a minimal promoter. Immune signaling was induced by co-transfecting an
expression plasmid for the CARD domain of RIG-I. One day post transfection, firefly luciferase activity was deter-
mined and normalized to Gaussia luciferase activity. Data are shown as mean and s.d. of three biological replicates
(n = 3) and were analyzed by two-way ANOVA with Sidak’s multiple comparison test.
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codon of ORF3c (M1T), while leaving the sequence of ORF3a unchanged (D22D) (Fig.

13A, left). After viral rescue and sequence validation, we infected CaCo-2 and CaLu-3

cells at an MOI of 0.1. Quantification of viral RNA by qPCR revealed similar replica-

tion kinetics of both viruses in either cell lines (Fig. 13A, right).

After viral rescue and sequence validation, we infected CaCo-2 and CaLu-3 cells

at an MOI of 0.1. Quantification of viral RNA by qPCR revealed similar replica-

tion kinetics of both viruses in either cell lines (Fig. 13A, right). Since this mu-

tation has not been observed in naturally circulating strains, we also generated a

SARS-CoV-2 mutant carrying the above-mentioned naturally occurring stop mu-

tant in ORF3c (Q5*) (Fig. 13B, left). As this mutation also causes a synonymous

mutation in ORF3a (S26L), we additionally introduced an early stop codon in this

frame (R6*) to exclude potential confounding effects by ORF3a. We observed an

Figure 13: Disruption of ORF3c does not affect SARS-CoV-2 replication in CaCo-2

and CaLu-3 cells
(A) CPER was used to disrupt the start codon of ORF3c (M1T) in SARS-CoV-2 without affecting the amino acid
sequence of ORF3a (left panel). CaCo-2 and CaLu-3 cells were infected with ORF3c wild-type (red) or ORF3c-
mutated (blue) SARS-CoV-2 at an MOI of 0.1. Viral replication was monitored over 72 h by determining viral RNA
copies in the culture supernatants (right panels). Data are shown as mean and s.d. of four (n = 4, CaCo-2) or eight
(n = 8, CaLu-3) biological replicates.
(B) CPER was used to introduce a premature stop codon in ORF3c (Q5stop). To avoid any bias by simultaneously
changing the protein sequence of ORF3a (S26L), a premature stop codon was also inserted in ORF3a (R6*) (left
panel). Viral replication (right panels) was monitored in CaCo-2 and CaLu-3 cells as described in (A). Data are
shown as mean and s.d. of eight (n = 8) biological replicates.
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overall reduction in replicative fitness of both viruses compared to wt SARS-CoV-2

in CaCo-2, but not in CaLu-3 cells. Importantly, however, confirming our in silico

analysis of the ORF3c Q5* mutant, we did not observe any replication disadvantage

of a SARS-CoV-2 mutant carrying the ORF3c stop mutation over the wild-type in

either cell line (Fig. 13B, right). Together, these replication kinetics demonstrate that

ORF3c is dispensable for efficient viral replication in vitro.

ORF3c is not the only protein employed by SARS-CoV-2 to suppress the immune

response [69], [114], [115]. While its activity might appear strong in isolation, other

antagonists such as ORF6 or Nsp12 could mask its effect during infection. Using bac-

terial artificial chromosome (BAC) cloning, Dr. A. Herrmann (Universität Erlangen-

Nürnberg) generated a SARS-CoV-2 variant encoding YFP in place of ORF6 (∆ORF6-

YFP). This reporter virus allowed us to investigate the contribution of ORF3c to viral

replication in the absence of another potent IFN antagonist. Furthermore, the ex-

pression of YFP enabled us to closely monitor virus spread by live cell imaging. A

second variant was generated additionally carrying the previously mentioned M1T

mutation to ablate ORF3c expression (Fig. 14A, left). Unexpectedly, there was no

observable difference in replication between both variants, in either infected CaCo-2

or CaLu-3 cells (Fig. 14B, C). I hypothesized that other viral proteins compensate

the effect of both ORF6 and ORF3c to suppress the immune response. To test this,

I used the supernatants of infected CaLu-3 cells to perform a cytokine array. I did

not observe differences in expression levels of IFN-β or any other of the 40 cytokines

tested (Fig. 14C). Together, these results further support that ORF3c is not essential

for viral replication in vitro.

Previous studies have suggested that some ORFs might be more relevant for virus

replication in cells from the actual animal reservoir rather than in human cell cul-

ture [116]. Since bats of the genus Rhinolophus are considered the natural reservoir of

SARS-related coronaviruses, I decided to test viral replication in a related cell culture

model [117], [116], [118]. I therefore repeated the replication experiment in an immor-

talized cell line derived from Rhinolophus alcyone bats, using the YFP reporter virus

(Fig. 15A). In agreement with my previous results, I did not observe any differences
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Figure 14: Depletion of ORF6 does not unmask an effect of ORF3c on

SARS-CoV-2 replication or IFN-β secretion in vitro

(A) A SARS-CoV-2 BAC clone harbouring a disrupted ORF3c (M1T) and expressing YFP instead of ORF6 was
generated (left panel). CaCo-2 and CaLu-3 cells were infected with SARS-CoV-2 ∆ORF6-YFP (red) or SARS-CoV-2
∆ORF6-YFP ∆ORF3c (blue) at an MOI of 0.1.
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Figure 14 continued:
(B) Representative live cell images of replication kinetics as described in (A). Images show continuous virus spread
(green) over the indicated time points from one randomly chosen well. Data are shown as mean and s.d. of three
(n =3) biological replicates.
(C) 96 h post infection, supernatants of one of the CaLu-3 experiments shown in Fig. 14B were harvested and
cytokine amounts were quantified using a membrane-based array. This approach enables a semi-quantitative analysis
of cytokine release. The signal intensity of each dot indicates the amount of a specific cytokine in the culture
supernatant (in duplicates). Positive and negative controls are highlighted in green and blue, respectively. IFN-β is
highlighted in red. Data are representative of two biological replicates (n = 2).

in replication (Fig. 15B) or viral spread between the wild-type or ORF3c-deficient

virus at both MOIs tested (Fig. 15C).

4.8 Some SARS-CoV-2 variants revert naturally occuring stop codons in

ORF3c

In order to gain deeper insights into ORF3c in the context of viral transmission, our

collaborators J. Ito & A. Strange (The University of Tokyo) conducted a comprehen-

sive analysis of the GISAID SARS-CoV-2 sequence database [119].

We set an arbitrary threshold for PANGO (sub)lineages that contained a premature

stop codon in the ORF3c gene in a minimum of 20% of the sampled isolates. Two mu-

tations that meet these requirements were selected for further analysis. The first mu-

tation (C25469T) results in an S26L mutation in ORF3a and leads to the emergence of

a premature stop codon (Q5*) in ORF3c (Fig. 16A). This particular mutation is present

in approximately 44% of B.1.617 isolates and is nearly ubiquitous in sequences be-

longing to the B.1.617.1 (delta) and B.1.617.2 (kappa) sublineages (Fig. 16B). The

second mutation (del25498-25530) causes an in-frame deletion within ORF3a and is

detected in approximately 80% of all B.1.630 isolates. This deletion leads to the re-

moval of the initiation codon for ORF3d and introduces a premature stop codon

(Y14*) in ORF3c (Fig. 16A, B).

The prevalence of premature stop codons in ORF3c within a significant portion of

both B.1.617 and B.1.630 lineages suggests that ORF3c is not essential for effec-

tive viral replication in vivo or could potentially be compensated for by alterations

elsewhere in the genome. Notably, however, the analysis of GISAID SARS-CoV-2

sequences also revealed that a subset (~3%) of B.1.617.2 viruses had acquired an
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Figure 15: Disruption of ORF3c does not affect SARS-CoV-2 infection and/or

replication in a bat cell line
(A) Rhinolophus alcyone lung cells stably expressing human ACE2 cells were infected with SARS-CoV-2 ∆ORF6-YFP
(red) or SARS-CoV-2 ∆ORF6-YFP ∆ORF3c (blue) at an MOI of 0.1 (left panel) or 0.001 (right panel). Cells were
placed in a live cell imaging device and the area of YFP positive cells over the total area of cells was quantified every
4 h for 72 h. Data are shown as mean and s.d. of two (n = 2, MOI 0.001) to three (n = 3, MOI 0.1) biological replicates.
(B) Representative live cell images of replication kinetics as described in (A). Images show continuous virus spread
(green) over the indicated time points from one randomly chosen well. Data are shown as mean and s.d. of three
(n =3) biological replicates.

additional point mutation that reverted the stop codon at position 5 to a tyrosine

(*5Y), thereby reconstituting ORF3c at a later time point.
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Figure 16: Naturally occurring stop codons in ORF3c

(A) Mutations introducing premature stop codons in ORF3c that can be found in at least 20% of the samples of at
least one PANGO (sub)lineage.
(B) Frequency of the mutations shown in (A) in the PANGO (sub)lineages B.1.617.1 (delta), B.1.617.2 (kappa), B.1.617
and B.1.630.

In summary, ORF3c is an efficient suppressor of the interferon response and acts by

binding to MAVS and promoting its degradation. While being conserved within the

Sarbecovirus subgenus, ORF3c is not essential for SARS-CoV-2 replication in vitro.

75



5 Discussion

ORF3c is an accessory protein found in differnet Sarbecoviruses and encoded in the

+1 reading frame of the ORF3a gene. It was first identified as a peptide in SARS-CoV,

with which it shares a high degree of sequence homology. In silico analyses suggested

that ORF3c is likely expressed by leaky scanning due to the strong initiation context

of its ATG start codon compared to ATGs found upstream in ORF3a [55], [51]. Ad-

ditionally, different predictive studies using ribosomal profiling [42], RNA sequenc-

ing [120] and comparative genomics [43] have concluded that ORF3c is likely ex-

pressed during SARS-CoV-2 infection. However, little was known about the function

of ORF3c. While ORF3c has been proposed to act as a viroporin, its presence in in-

fected cells and contribution to efficient viral replication have remained unclear [52].

A major challenge in the characterization of ORF3c is the lack of a commercially avail-

able antibody. During the course of this study, we and others were unable to generate

an antibody against ORF3c [121]. This might be due to low immunogenicity of the

peptide, also evident by the lack of detectable antibodies in our LIPS assay. However,

a recent study investigating the HLA-II immunopeptidome of SARS-CoV-2 found ev-

idence for the expression of at least one ORF3c-derived peptide (ALHFLLFFRALPKS)

in infected humans, supporting its expression and immungenicity [109]. To confirm

the expression of ORF3c during SARS-CoV-2 infection, I used CPER cloning to gen-

erate a SARS-CoV-2 variant harboring an HA-tagged ORF3c. Since the modification

of ORF3c inadvertently changes the genomic sequence of ORF3a, I employed two

different cloning strategies: First, I replaced the nucleotide sequence downstream of

ORF3c with the HA-tag sequence. I was subsequently unable to rescue viable virus

carrying this modification. It is tempting to speculate that replacement of ten amino

acids in ORF3a is deleterious for SARS-CoV-2. However, the role of ORF3a in the vi-

ral replication cycle appears to be largely supportive in nature by promoting release

or vesicle formation [122]. Furthermore, deletion of ORF3a still allows for infection

and viral replication in both cell culture (Fig. 13B) and transgenic mice [123]. In a

parallel approach, I therefore added the nucleotide sequence of the HA-tag down-
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stream of ORF3c. This resulted in the addition of ten amino acids in ORF3a and

yielded replication-competent SARS-CoV-2. Most importantly, subsequent infection

of CaCo-2 cells allowed detection of ORF3c by western blot. To the best of my

knowledge, this is the first time expression of the accessory protein ORF3c has been

shown during SARS-CoV-2 infection.

After confirming the presence of ORF3c in SARS-CoV-2 infected cells, I investigated

its role in the viral replication cycle. Many of the accessory proteins of SARS-CoV-2,

including ORF6, ORF7b and ORF9b, have been shown to suppress antiviral signal-

ing [89], [48], [49]. Interestingly, ORF3b, another peptide also encoded in ORF3a, had

previously been identified as a potent IFN antagonist [47]. Therefore, I initially hy-

pothesized that other cryptic ORFs encoded in ORF3a might show similar immune

evasion activities. I subsequently tested an array of ORF3 proteins (ORF3c, ORF3d,

ORF3d-2, ORF3b, ORF3b-2, ORF3e, ORF3b-3 & ORF3b-4) for their ability to sup-

press an IFNB1 promoter luciferase construct and found that only ORF3c is able to

interfere with its activation when stimulated with the CARD domain of RIG-I (Fig.

7B). The immunosuppressive effect of ORF3c was also observed when monitoring

the levels of IFNB1 mRNA in cells overexpressing ORF3c in the presence or absence

of SeV, a known inducer of RIG-I signaling [124]. Interestingly, some of these ORFs

were only weakly (ORF3b and ORF3e) or not at all detectable (ORF3b-2, ORF3b-3,

ORF3b-4) by western blot (Fig. 7A). It is tempting to assume that these ORFs did

not inhibit IFNB1 promoter activation due to their low levels of expression. However,

both ORF3d and ORF3d-2 also did not inhibit IFNB1 promoter activation despite

being readily detectable by western blot, indicating that only ORF3c is able to sup-

press the IFN response. As mentioned earlier, ORF3b had previously been identified

as an IFN-antagonist [47]. Contrary to my findings, the authors observed strong

suppression of an IFNB1 promoter, as well as high detectable ORF3b protein levels.

Although the experimental setup was similar, this discrepancy could be the result of

codon-optimization and a different plasmid system used to express ORF3b. Never-

theless, the results of these assays need to be interpreted carefully as they rely on

experimental overexpression of ORF3 peptides and therefore might not reflect the
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physiological levels during viral infection. A complementary approach could be the

generation of a stably transduced or inducible cell line to mimic the levels observed

in infected cells.

The identification of ORF3c as a suppressor of the IFNB1 promoter raised the ques-

tion of the underlying molecular mechanism. I hypothesized that stimulation of the

signaling pathway at different steps and in the presence of ORF3c can reveal its cellu-

lar target. Using overexpression of either RIG-I or MDA5 as a stimulus of the IFNB1

promoter, I found efficient suppression by ORF3c in both conditions (Fig. 10D left, E

left). Interestingly, recent studies have suggested that MDA5, rather than RIG-I, is the

main driver of the IFN response during SARS-CoV-2 infection [125], [126]. However,

since I observed efficient suppression using either stimulus, it is likely that the effect

of ORF3c is independent of the PPR and that its target is found further downstream

in the sensing cascade. In line with this, the antagonistic effect of ORF3c was ab-

sent when I overexpressed MAVS or a constitutively active mutant of IRF3 to activate

the IFNB1 promoter (Fig. 10C middle, right). This further indicated that the target of

ORF3c is found upstream of, or at the level of MAVS. Indeed, when performing coim-

munoprecipitation experiments, I found ORF3c to precipitate solely with MAVS, but

not other components of the antiviral signaling pathway, specifically RIG-I, MDA5

and TBK1 (Fig. 11B).

Activation of MAVS by RIG-I and MDA5 is mediated through direct CARD : CARD

interaction [56], [127]. I initially hypothesized that binding of ORF3c to the CARD

domain of MAVS sterically obstructs its interaction with RIG-I. However, when per-

forming coimmunoprecipitation assays of ORF3c with a MAVS mutant lacking its

CARD domain, I was still able to precipitate ORF3c (Fig. 11C). While the CARD

domain of MAVS is essential to induce IFN-β signaling, ORF3c might still interfere

with its adaptor function by binding elsewhere on MAVS [113]. Therefore, further

mutational analyses of MAVS should be performed to identify domains necessary for

ORF3c : MAVS interaction.
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Acting as a signal hub in antiviral signaling, MAVS is often targeted by proteins from

different viruses. For example, avian Influenza A virus utilizes its PB1-F2 protein to

prevent MAVS aggregation at the mitochondrial membrane [128]. Furthermore, hu-

man herpesvirus 6B, Zika virus and hepatitis C virus target MAVS for degradation

by polyubiquitination [129], [130], [131]. At the time of writing this thesis, another

study characterizing ORF3c had been published [121]. In line with my results, the

authors identified MAVS as the target of ORF3c to disrupt IFN signaling by induc-

ing MAVS degradation. Additionally, they suggest that this activity is mediated by

the host cell protease PGAM5, which has been described to regulate the antiviral

response [132], [133]. This three-way interaction can then lead to caspase activa-

tion and MAVS degradation by an unknown mechanism. Intriguingly, I observed

the emergence of an approximately 9 kDa C-terminal fragment of MAVS in ORF3c

overexpressing cells (Fig. 11F). This supports previous findings that ORF3c exerts

its immunosuppressive function by inducing the proteolytic cleavage of MAVS. Ad-

ditionally, this mode of action is not unique to ORF3c or coronaviruses in general.

For example, encephalomyocarditis virus, Hepatovirus 3ABC, Coxsackievirus B3 and

Rhinovirus C all express proteases directly cleaving MAVS [134], [135], [136]. The C-

terminus of MAVS contains the transmembrane domain responsible for anchoring

the protein in the outer mitochondrial membrane. Additionally, truncation of the

C-terminal part of MAVS has been shown to result in its dissociation from mitochon-

dria and becoming a soluble, cytosolic protein [113]. The same study also shows that

ablation of the TM-domain alone is detrimental for MAVS ability to induce IFNB1

promoter activation [113]. It is tempting to speculate that ORF3c-induced MAVS

degradation leads to its dissociation from mitochondria. Importantly, confocal mi-

croscopy conducted in the study here does not exclude this possibility as I show

colocalization of ORF3c with mitochondria overall and not MAVS directly. Future

experiments could investigate the subcellular localization of MAVS in the presence

of ORF3c by confocal microscopy to confirm its N-terminus dissociating from mito-

chondria.
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In line with its central role in immune signaling, MAVS is also a known inducer

of NF-κB signaling by activating IKKε [137]. Intriguingly, although NF-κB induces

pro-inflammatory immune responses and antiviral gene expression, it remains ac-

tive during SARS-CoV-2 replication [138], [139]. In line with this, ORF8 and Nsp12

have even been shown to support the induction of NF-κB signaling and drive a pro-

inflammatory state [140], [141]. Although this outcome seems counterproductive for

the virus, it has been suggested that at least some transcriptional targets of NF-κB

are essential for virus replication [138]. When performing luciferase assays with an

IFNB1 promoter lacking all NF-κB binding sites, I observed reduced overall induc-

tion, confirming that NF-κB contributes to IFN-β induction (Fig. 10B, right pannel).

Similarily, SeV can also induce TLR3 signaling, which in turn activates IRF3 and

NF-κB via TRIF and TRAF6 respectively [142]. A previous study found no inhibi-

tion of TRIF-mediated IRF3 activation in the presence of SARS-CoV-2 ORF3c [121].

Since this pathway is independent of MAVS, it would be interesting to see whether

or not NF-κB-mediated signaling is maintained through this route. It is tempting to

speculate that ORF3c targets IRF3-mediated induction of IFN-β selectively to retain

beneficial NF-κB signaling. To confirm this hypothesis, future studies could analyse

the presence and abundance of NF-κB-driven transcripts in ORF3c-transfected cells.

The identification of ORF3c as a potential immune evasion factor raised the ques-

tion whether or not its function is conserved in other coronaviruses or unique to

SARS-CoV-2. We found a high degree of sequence homology of ORF3c orthologues

within the Sarbecovirus subgenus which suggests conservation of functionality or

evolutionary pressure exerted from overlapping ORFs. This is in line with a previ-

ous study where the authors compared whole genome sequences of 44 Sarbecovirus

strains and found both a strong coding signature and functional conservation of

ORF3c [43]. Indeed, orthologues of ORF3c from different Sarbecoviruses are all ef-

fective suppressors of the IFNB1 promoter construct (Fig. 8C). Of note, ORF3c of

SARS-CoV-2 Wuhan-Hu-1 and a closely related orthologue in bats (ZXC21) showed

relatively high protein levels and IFN-antagonistic activity in transient transfection

assays, even at low amounts of ORF3c, compared to orthologues from BANAL20-52
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and Tor2. In contrast, protein levels of ORF3c orthologues from SARS-CoV Tor2 and

SARS-CoV-2 bat-like BANAL20-52 were lower overall (Fig. 8C). Reduced activity and

lower protein levels distinguishing less active BANAL20-52 ORF3c from Wuhan-Hu-

1 ORF3c could be attributed to a single amino acid change (L11P) (Fig. 8B) [27].

While L11 is largely conserved in the SARS-CoV-2 cluster, most of the viruses in the

SARS-CoV cluster harbor a glutamine at this position. Thus, a leucine at position 11

might contribute to the suppressive function of ORF3c. An alanine screen revealed

that ORF3c function is highly resilient to changes at almost all positions. However,

mutation of positions 2 and 3 (L2A/L3A) or 6 and 7 (I6A/L7A) resulted in decreased

IFN-suppressive activity and loss of precipitation with MAVS (Fig. 8D, Fig. 11D),

without affecting protein levles. Interestingly, these positions are highly conserved

across different Sarbecovirus clusters and viral isolates from different host species.

It is therefore possible that the ability to bind MAVS is a prerequisite for ORF3c to

exert its function. To confirm this hypothesis, additional co-immunoprecipitation

assays should be performed to see whether or not the remaining, IFN suppressive

ORF3c mutants have retained their ability to co-precipitate with MAVS.

Intriguingly, ORF3c is not the only protein in SARS-CoV-2 that interferes with MAVS

signaling. For example, a recent report found that in SARS-CoV-2-infected cells,

ORF9b localizes to mitochondria and suppresses the antiviral IFN-I response by as-

sociation with TOM70 [143], [84]. TOM70 is a known interaction partner of MAVS

and can induce an IFN response by interacting with Hsp90, which results in the re-

cruitment of TBK1 and IRF3. It has been suggested that ORF9b competes with Hsp90

for TOM70 binding on the outer mitochondrial membrane to dampen the IFN re-

sponse [143]. Interestingly, this effect had already been described for ORF9b in SARS-

CoV [144]. However, the authors also find interaction between ORF9b and a variant

of TOM70 lacking a crucial domain for chaperon binding. Thus, the mechanism of

ORF9b interference with regards to TOM70 binding remains unknown. A third ap-

proach to target MAVS-mediated signaling has been described for ORF10 [145]. This

accessory protein is uniquely expressed by SARS-CoV-2 and induces MAVS degra-

dation. Intriguingly, ORF10 also localizes to the mitochondrial membrane where it
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induces mitophagy and prevents MAVS aggregation [145]. The similarities in sub-

cellular localization between ORF9b, ORF10 and ORF3c suggests that Sarbecoviruses

have evolved cooperative strategies between their accessory proteins to target mito-

chondria within the immune signaling pathway. This overlap might act as a fail-safe

for efficient IFN suppression in the event of one of the ORFs becoming less or non-

effective. At the same time, it underlines the pressure that is exerted by the IFN

pathway on virus evolution.

Although the main route of infection of SARS-CoV-2 is via the respiratory tract, viral

antigens have been found in gastric, rectal, and duodenal mucosa samples, suggest-

ing the gastro-intestinal system as a potential route of transmission [146], [147]. The

choice of an appropriate in vitro model is therefore essential to understand SARS-

CoV-2 infection biology and growth kinetics. We initially decided to use two differ-

ent cell lines in parallel for infection experiments. CaCo-2 cells are an established

cell line and derived from a colorectal adenocarcinoma and show characteristics of

small intestine enterocytes. Additionally, we used CaLu-3 cells, which are derived

from a lung adenocarcinoma [148]. Notably, proteomic analysis identified 177 pro-

teins in CaCo-2 and over 6000 in CaLu-3 cells which were differently expressed upon

SARS-CoV-2 infection [149]. Interestingly, I did not observe any differences in viral

replication between a wild-type or ORF3c deficient virus in either cell line (Fig. 13A).

Since SARS-CoV-2 has only recently been introduced into the human population,

I hypothesized that the function of ORF3c may be more relevant for replication in

cells from the actual animal reservoir. Bats of the genus Rhinolophus are considered

the bona fide animal reservoir for SARS-CoV-2-like viruses [27]. To reveal potential

species-specific differences, we performed additional virus growth kinetic experi-

ments in a lung cell line derived from Rhinolophus bats. In line with our observations

in both human-derived cell lines, we did not observe any difference in SARS-CoV-2

replication in the presence or absence of ORF3c (Fig. 15). Culture models that more

closely resemble the target tissue of SARS-CoV-2, such as nasal epithelial cells, pri-

mary human tracheal airway epithelial cells and human small airway epithelial cells

should be considered to reveal even subtle effects of ORF3c. While these cells have a
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limited lifetime and are more difficult to handle compared to immortalized cell lines,

they retain their geno- and phenotypic characteristics and more closely resemble the

site of natural infection and replication [150], [151]. Ultimately, an animal model can

be considered the gold standard to investigate the pathogenicity and role of acces-

sory proteins during SARS-CoV-2 infection. For example, both syrian gold hamsters,

and humanised transgenic mice expressing hACE2, have already been used to in-

vestigate the role of the IFN-antagonists ORF6 and ORF7b [89], [123], [152]. While

both models do not represent the natural host of SARS-CoV-2, they can potentially

reveal ORF3c-dependent differences in viral pathogenicity which are not observable

in tissue culture.

Deciphering the role of ORF3c is not only dependent on the host cell context, but

also other viral proteins as well. ORF6 for example is a potent interferon antagonist

and as such potentially able to mask the the immune regulatory activity of ORF3c

during SARS-CoV-2 infection. However, using a SARS-CoV-2 mutant lacking both

ORF3c and ORF6, we observed no difference in viral replication compared to a virus

deficient only in ORF6 (Fig 8A). In line with this, we did not observe a difference in

IFN-β mRNA levels produced by CaLu-3 cells infected with either virus. As a con-

sequence of the overlapping activity of many different accessory genes, it is possible

that yet another viral protein with anti-IFN activity (e.g. ORF7b) compensates for the

activity of ORF6 and OR3c [153]. A simple approach could be the extension of the

already performed replication kinetics with SARS-CoV-2 mutants deficient in other

known IFN-antagonists such as ORF7b and ORF9b. Similarily, the cytokine profile of

uninfected cells could be determined and compared to the ORF6 and ORF3c-deficient

virus to see whether or not these viruses were still able to suppress IFN induction.
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A parallel approach to the experimental investigation of ORF3c in cell culture or ani-

mal models is available through the unprecedented level of genome sequencing. Over

the course of the pandemic many transmissible SARS-CoV-2 variants have emerged in

humans, harboring truncations or deletions in their accessory genes. The persistence

and spread of these variants can yield useful information about the accessory proteins

affected. For example, a variant that emerged in early 2020 carried a 382-nucleotide

deletion (∆382) in its ORF7 gene, resulting in its truncation and the deletion of the

ORF8 transcription start site. Patients infected with this variant showed weaker signs

of inflammation and less severe disease outcome [154]. Similarly, truncations of ORF6

have been found in approximately 0.2% of all pandemic variants and result in signif-

icantly reduced anti-IFN activity [155], [156]. Interestingly, another cryptic peptide

encoded within ORF3a, ORF3b, is heavily truncated in SARS-CoV-2 through the in-

troduction of multiple stop codons. A report of two patients infected with a variant

carrying a mutation that leads to the extension of the sequence by reversion of the first

premature stop codon revealed an enhanced anti-IFN-I activity of ORF3b in vitro [47].

Similarly, mutations affecting the sequence of ORF3c have occurred throughout the

pandemic. Most notable here was the emergence of the B.1.617.2 (Delta) VOC, which

rapidly spread even in the absence of a functional ORF3c. Here, a mutation of po-

sition C25469T lead to the introduction of an early stop codon (Q5*) in ORF3c [157].

Moreover, we found that more than 80% of the sequenced genomes of B.1.617.1

(Kappa), Delta, and B.1.630 harbor premature stop codons at positions 5 (Q5*) and

14 (Y14*), respectively. Introduction of the Q5* mutation in ORF3c simultaneously

results in an S26L change in ORF3a, and I hypothesized that either mutation cov-

ers a fitness advantage to the virus. However, deletion of ORF3c while maintain-

ing or simultaneously deleting ORF3a did not affect virus replication in vitro (Fig.

13). Following Occam’s razor, it was initially tempting to speculate that changes in

ORF3c have been a side effect of other, more advantageous mutations elsewhere in

the genome. However, over the course of the pandemic, it became evident that the

Q5* mutation was only present in the Kappa, Delta and B.1.630 variants and has

disappeared entirely since then. Moreover, even within Delta viruses, a subfraction
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reverted their ORF3c stop codon at position 5 to a tyrosine (*5Y), thereby reverting

to a full-length sequence. This reversion can be indicative of an overall beneficial

contribution of ORF3c to viral fitness in vivo. A question we did not answer here

is whether or not full length ORF3c, as found in SARS-CoV-2 Wuhan-Hu-1, would

benefit viral replication of Delta. Since a reversion of the Q5* mutation is not possible

without changing position 26L, an alternative approach could be the infection of a

stably transduced, ORF3c expressing cell line with a SARS-CoV-2 variant harboring

the M1T mutation. In line with this, IFNB1 promtoer assays could be used to iden-

tify differences between ORF3c from Wuhan-Hu-1 and the *5Y revertant sporadically

found in Delta.

Another interesting mutation found in SARS-CoV-2 (G25563T) showcases a rare event,

in which a single nucleotide change causes non-synonymous amino acid changes in

three overlapping ORFs. Besides ORF3a (Q57H) and ORF3c (R36I), this mutation

also affects ORF3d (E14*), another potential IFN antagonist and potential immuno-

gen [158], [111]. Interestingly, the Q57H mutation had previously been identified as

a main characteristic of a wave of infections in Hong Kong in November 2020 [159].

While the authors acknowledge the effect of the mutation on ORF3d, their analysis

did not incude possible effects on ORF3c. When we performed replication kinetics

with a SARS-CoV-2 variant deficient in ORF3c and carrying the R36I mutation, we

did not observe a difference compared to a virus expressing ORF3c. However, we

did not exclude the effect of a truncated ORF3d in this assay. It would therefore be

interesting to compare the replication efficiency of different viruses which express

only one of the three sequences affected by G25563T.

When characterizing overlapping ORFs, close attention must also be paid to leaky

scanning in the context of overexpression plasmids. In the case of ORF3a for exam-

ple, previous studies might have inadvertently included ORF3c in their experimental

setups as a byproduct of plasmid-based transfections. Similarly, earlier studies on

ORF3a in SARS-CoV should be re-evaluated for the potential confounding effect of

ORF3c in experiments where its expression might have been possible via leaky scan-

ning.
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Figure 17: SARS-CoV-2 ORF3c is expressed during infection and acts as an

immune evasion factor
SARS-CoV-2 ORF3c is a 41-amino-acid peptide encoded in an alternative reading frame of the viral ORF3a gene.
Within the cell, ORF3c localizes to mitochondria, where it directly binds to the antiviral signaling protein MAVS. This
interaction leads to MAVS degradation and reduced IFN-β induction. Although conserved among Sarbecoviruses,
ORF3c is dispensable for virus replication in vitro and in vivo.

In summary, the results I present here show for the first time that ORF3c is expressed

during SARS-CoV-2 infection. ORF3c is yet another member in a growing list of

proteins encoded within an alternate reading frame and expressed by non-canonical

translation. Acting as an immune evasion factor, I could demonstrate that it targets

the antiviral signaling protein MAVS and induces its degradation, leading to a reduc-

tion in IFN-β expression. Furthermore, both the activity and sequence of ORF3c are

highly conserved within the Sarbecovirus subgenus. While ORF3c appears to be dis-

pensable for viral replication in vitro, its contribution to viral fitness and adaptation

in the bat or human host remains the subject of future studies. Together, these results

provide insight into a new immune evasion mechanism of SARS-CoV-2. Further-

more, they highlight the coding potential of alternative reading frames, emphasizing

the need to consider this aspect in future analyses of the co-evolution of viral genes

specifically with other viral genes and/or host restriction factors.
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6 Summary

The respiratory virus SARS-CoV-2 is the causative agent for the COVID-19 pandemic.

Transmitted by airborne droplets, once the virus reaches and infects its target cells

in the respiratory tract, a battle for the cells’ resources ensues. Failure to prevent or

contain viral replication allows the virus to mutate and spread further. Nonetheless,

throughout evolution, both virus and cell have developed mechanisms in response to

each other to guarantee their individual persistence.

Coronaviruses use an intricate way to encode multiple proteins within a single RNA

molecule. During translation initiation, ribosomes may not recognise the first start

codon they encounter and do so at an additional start further downstream (leaky

scanning). In the viral ORF3a gene, this mechanism can lead to the expression of

ORF3c from an alternative reading frame. Both, ORF3a and ORF3c, are accessory

viral proteins, which often function as antagonists of the viral defense mechanisms

of the host. Specifically, cells can recognise the presence of non-self molecules, such

as viral RNA, by means of pattern recognition receptors. Once activated, these re-

ceptors induce a signaling cascade which culminates in the induction of interferons

and promote an antiviral state. Many proteins ins SARS-CoV-2 have been identified

to interfere with the cellulars immune response, oftentimes helping to avoid recogni-

tion of viral components or by directly targeting and disrupting antiviral signaling.

Although ORF3c had previously been described in SARS-CoV, its expression and

function have remained unknown.

To characterize ORF3c, I generated a SARS-CoV-2 variant expressing a tagged ORF3c

and was subsequently able to prove its expression during infection in vitro. Further-

more, ORF3c was the only accessory protein encoded in ORF3a capable of efficiently

suppressing activity of the IFN-β promoter, hinting at its possible function. Further

analysis showed that ORF3c directly interacts with the mitochondrial antiviral sig-

naling protein (MAVS) and leads to its degradation. In silico analysis showed that the

sequence of ORF3c is highly conserved across sarbecoviruses, which was reflected

in the ability of different orthologs to also efficiently suppress IFN-β induction. De-

tailed analysis of naturally occurring mutations in ORF3c revealed that efficient viral
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replication is maintained in the absence of ORF3c. These observation could be con-

firmed in two human and a bat-derived cell line.

Together, I here identified ORF3c as an IFN antagonist of SARS-CoV-2 and other sar-

becoviruses. While ORF3c appears to be dispensable for efficient replication in vitro

and in vivo, its high degree of conservation might be indicative of an important role

in SARS-CoV-2 natural host as well as during co-evolution with other viral genes.
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Zusammenfassung

SARS-CoV-2 ist der Erreger der COVID-19-Pandemie und wird durch Tröpfchen in

der Luft übertragen. Sobald es seine Zielzellen in den Atemwegen erreicht und in-

fiziert hat, beginnt ein Kampf um die Ressourcen der Zelle. Gelingt es der Zelle

nicht, die Virusvermehrung zu verhindern oder einzudämmen, kann das Virus mu-

tieren und sich weiter ausbreiten. Im Laufe der Evolution haben sowohl das Virus

als auch die Zelle Mechanismen entwickelt um ihr Fortbestehen zu gewährleisten.

Coronaviren kodieren auf komplexe Weise mehrere Proteine in einem einzigen RNA-

Molekül. Während der Initiierung der Translation erkennen Ribosomen teilweise

nicht das erste Startcodon und beginnen die Proteinsynthese erst bei einem folgen-

den (Leaky Scanning). Im Falle des viralen Gens ORF3a kann dieser Mechanismus

zur Expression von ORF3c in einem alternativen Leserahmen führen. Sowohl ORF3a

als auch ORF3c sind akzessorische, virale Proteine, die häufig virale Abwehrmech-

anismen der Zelle antagonisieren. Insbesondere können Zellen das Vorhandensein

fremder Moleküle, wie z. B. viraler RNA, mit Hilfe von speziellen Rezeptoren erken-

nen. Sobald diese Rezeptoren aktiviert sind, lösen sie eine Signalkaskade aus, die

zur Induktion von Interferonen führt und einen antiviralen Zustand induzieren. Viele

Proteine in SARS-CoV-2 sind in der Lage die Erkennung viraler Komponenten zu ver-

hindern oder direkt die antivirale Signalübertragung zu stören. Obwohl ORF3c bere-

its bei SARS-CoV beschrieben wurde, waren seine Expression und Funktion bisher

unbekannt.

Um ORF3c zu charakterisieren habe ich eine SARS-CoV-2-Variante generiert, die ein

markiertes ORF3c exprimiert, und konnte anschließend dessen Expression während

der Infektion in vitro nachweisen. Darüber hinaus war ORF3c das einzige akzes-

sorische Protein kodiert in ORF3a welches in der Lage war die Aktivität des IFN-β-

Promotors effizient zu unterdrücken. Weitere Analysen zeigten, dass ORF3c direkt

mit dem mitochondrialen antiviralen Signalprotein MAVS interagiert und dessen Ab-

bau induziert. In-silico-Analysen zeigten, dass die Sequenz von ORF3c bei allen Sar-

becoviren hoch konserviert ist. Dies spiegelte sich in der Fähigkeit verschiedener

ORF3c-Orthologe wieder, die IFN-β-Induktion effizient zu unterdrücken. Eine de-
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taillierte Analyse natürlich vorkommender Mutationen in ORF3c ergab, dass eine

effiziente virale Replikation in Abwesenheit von ORF3c aufrechterhalten wird. Diese

Beobachtung konnte in zwei menschlichen und einer von Fledermäusen stammenden

Zelllinie bestätigt werden.

Zusammenfassend konnte ich ORF3c als IFN-Antagonist von SARS-CoV-2 und an-

deren Sarbecoviren identifizieren. Obwohl ORF3c für eine effiziente Replikation in

vitro und in vivo entbehrlich zu sein scheint, könnte sein hoher Erhaltungsgrad auf

eine wichtige Rolle in SARS-CoV-2 im natürlichen Wirt, sowie während der Ko-

evolution mit anderen viralen Genen hinweisen.
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