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Abstract

The COVID-19 pandemic has taken an unprecedented number of lives and brought
incredibly high social costs across the globe. The disease severity is associated with a
strong innate immune dysregulation characterised by low or inexistent levels of type I
and type III IFNs early in disease as well as an overall heightened inflammatory
response. Several proteins of SARS-CoV-2, the causative agents of COVID-19 have
been identified as important contributors to the immunopathology. These viral proteins
may interfere with innate immune functions of the host cell and thus enable immune
evasion of the virus. Most of the research on immune evasion of SARS-CoV-2 has been
centred on type I IFN rather than type III IFN responses, which are the family of IFNs
that are mainly produced by lung epithelial cells, the main target and replication site of
SARS-CoV-2. Moreover, these studies have been mostly performed on cell models that
are not as relevant in the context of SARS-CoV-2 infection. In this project, we focused
on studying the effects of SARS-CoV-2 proteins on the production of type III IFNs and
other inflammatory cytokines in lung epithelial cells. A549 human lung epithelial cells
transduced with plasmids for the SARS-CoV-2 proteins ORF3a, ORF6 and ORF9b under
a doxycycline-inducible promotor were used for this study. We analysed the production
of type III IFNs, pro-inflammatory cytokine IL-6 and chemokine IL-8 after stimulation
of the RIG-I/MDAS5 signalling pathway by poly(I:C) treatment. We found IL-6 to be
upregulated at the mRNA transcript level in cells expressing SARS-CoV-2 proteins. This
suggests a possible role of these SARS-CoV-2 proteins in the enhancement of the
inflammatory response in the organism that is linked to complications in the patients’
outcome. However, ORF3a, ORF6 and ORF9b induced no significant changes in the
production of type III IFNs, IL-6 and IL-8 at the protein level. As of today, the precise
functions of these and other SARS-CoV-2 proteins are yet to be completely unveiled.
Our study indicates that ORF3a, ORF6 and ORF9 do not significantly alter the outcome
of stimulation of the RIG-I/MDAS5 pathway in human epithelial cells. Further studies on
virus-host interactions with other SARS-CoV-2 proteins or in other model systems might
deepen our knowledge on the immunomodulatory functions of CoV-2 proteins and
contribute to develop therapeutical tools for the treatment of COVID-19 and other

similar outbreaks that could arise in the future.
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1. Introduction
1.1. COVID-19 and the Innate Immune System

In the past two decades, coronaviruses have been responsible for major zoonotic
outbreaks of highly lethal respiratory diseases in humans characterised by a
pronounced proinflammatory response!*. Namely, 2002 was the year that saw the
first severe acute respiratory syndrome (SARS) epidemic, which affected over
8,000 people in Asia and presented a mortality rate of around 10%?3. A decade
later, in 2012, another epidemic caused by the Middle East respiratory syndrome
coronavirus (MERS-CoV) emerged, involving more than 2,000 infections and 800
deaths and being still active to this day> ©. Today, yet another health crisis, the
infamous coronavirus disease 19 (COVID-19) pandemic, is being confronted at a
truly global scale. The COVID-19 pandemic is attributed to the latest form of
coronavirus, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
and after its emergence in late December 2019 it has been responsible for over
500 million confirmed cases with a cost of 6.2 million deaths worldwide (as of April
27, 2022)1 79,

As evidenced over the course of these past two years, COVID-19 has proven to be
a highly pathogenic disease in humans, threatening the lives of mainly the elder
population and those individuals afflicted by underlying medical conditions such as
cardiovascular disease, hypertension, obesity, diabetes, chronic respiratory
disease and cancer®!?, Individuals with these conditions are at higher risk of
severe COVID-19 due to systemic inflammation innate and adaptive immune
response disorder and tissue damages®. SARS-CoV-2 produces a wide spectrum of
diseases, predominantly infecting the respiratory tract and causing a broad array
of respiratory symptoms. In the majority of cases, COVID-19 patients are either
asymptomatic or experience mild to moderate airway symptoms consisting of sore
throat, cough, fever, anosmia and dyspnoea, recovering without the need of
special treatments. However, up to 10 to 15 % of patients (mainly those with the
aforementioned comorbidities) manifest severe pneumonia and some develop
hypoxia and acute respiratory distress syndrome (ARDS). The outcome of these
cases deeply depends on critical care facilities with mechanical ventilation, still
existing a high mortality risk. "Long-COVID” is also significantly recurrent among

patients, in which pneumonia causes long-lasting symptoms and morbidity® 3. In
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addition, other disorders observed in the progression of severe COVID-19 include
thrombocytic lung damage, disseminated intravascular coagulation, acute kidney

injury and multi-organ failure® ° 14-18,

Notably, severe COVID-19 and death have been associated with a dysregulated
innate immune response to SARS-CoV-2 infection, characterised by inappropriate
hyperinflammation with unbalanced production of C-reactive protein and lactate
dehydrogenase, low and delayed antiviral interferon-responses, overexuberant
release of pro-inflammatory cytokines, Ilymphopenia and infiltration of
mononuclear cells in infected tissues® 1821, All these hallmarks are part of a
systemic inflammatory state in the organism that worsens the outcome of those
patients afflicted by severe COVID-19.

1.1.1.General structure, tropism and life cycle of SARS-CoV-2

Coronaviruses are not only a threat for public health, but also for companion
animals, livestock and the economy in general, since they are able to infect other
mammals and avian species*. In humans, 10 to 35 % of upper respiratory tract
infections falling under the umbrella of common-cold are attributed to
coronaviruses?2. This branch of viruses was first discovered in the 1930s and is
classified in the family Coronaviridae and subfamily Orthocoronavirinae, which
comprises the four major genera Alphacoronavirus, Betacoronavirus,
Gammacoronavirus and Deltacoronavirus®. They present single-stranded positive-
sense RNAs ((+)ssRNAs), ranging from 26 kb to 32 kb, being the biggest known
viral RNA genome size, and feature spikes on their surfaces resembling the shape
of a crown'? 23, SARS-CoV-2 belongs to the genus betacoronavirus together with
SARS-CoV and MERS-CoV, which have roughly 80% and 50% homology to SARS-
CoV-2, respectively?3. Inside this genus, SARS-CoV and SARS-CoV-2 are placed in
the Sarbecovirus subgenus (B lineage) and infect host cells via the angiotensin-
converting enzyme 2 (ACE2), whereas MERS-CoV is identified within the
Merbecovirus subgenus (C lineage), infecting host cells via the dipeptidyl peptidase
(DPP4)%,

The genome of SARS-CoV-2 is 29.9 kb in length, features 14 open reading frames
(ORFs) and codes for 27 proteins, which can be classified into structural proteins,
non-structural proteins and accessory proteins!' 2. In detail, there are four

structural proteins coded in the genome that are crucial for the formation of
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virions: the spike (S), envelope (E), membrane (M) and nucleocapsid (N) proteins.
There are also 16 non-structural proteins (NSPs) coded in the genome, which
constitute the replication-transcription complex and ensure viral RNA replication °
12,23 Furthermore, it has been proposed that 7 interspersed open reading frames
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, and ORF9) code for accessory
proteins, which carry out modulatory functions to enhance virulence and contribute
to viral immune evasion strategies! °- 2326, The NSPs are coded by two large ORFs
(ORFla and ORF1b) that make up two-thirds of the SARS-CoV-2 genome and are
situated at its 5’ end, whereas the structural and accessory proteins are
transcribed from the 3’ end and make up for the remaining one-third of the

genome* (Figure 1).

Non-structural proteins Structural and accessory proteins

ORF

AT O o

Ribosomal frameshift

i
nsp :

1
ppla|l| 2 3 [4]|5]|6]7|8|9/10121

I 1
pplabl1|2| 3 (4/5(6|7|8/9(10/12 |13 [14(15|16

Figure 1. Configuration of the SARS-CoV-2 genome. The viral genome of SARS-CoV-2 features
a leader sequence (L) in its 5" end. Polyprotein 1a (ppla) and pplab are encoded in the open reading
frame 1a (ORFla) and ORF1b. Non-structural proteins Nspl-11 are encoded by ppla, whereas
nsp12-16 are encoded by pplab and expressed upon ribosomal frameshift at the junction of nsp11
and nspl12. Downstream, these genes are followed by the spike (S), the envelope (E), the membrane
(M) and the nucleoprotein (N) structural proteins coding genes, which present inserted in between
them the ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8 and ORF9b coding for accessory proteins.
Figure adapted from Wong et al., Nature Reviews Immunology, 2022 1.

The viral envelope of SARS-CoV-2 is composed of M, E and S proteins, the latter
determining the tropism and entry of the virus into the host cells. The reason why
SARS-CoV-2 is known to have higher transmissibility than its predecessor SARS-
CoV is based on the stronger affinity of its S protein receptor-binding domain (RBD)
for ACE 2, the virus entry receptor on host cells?”. ACE2 is predominantly
expressed on lung, liver, gastrointestinal tract and kidney cells (proteinatlas.org).

There is less than 75% shared nucleotide identity between the S protein of SARS-
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CoV-2 and SARS-CoV?? and these differences modify the structure of the RBD,
making it more or less successful in recognising and binding the target receptor as
well as initiating viral entry into the host cell. Additionally, the presence of the
transmembrane protease serine 2 (TMPRSS2) is also necessary to efficiently infect
the host cell, as it primes the S protein* 28, The other structural protein, the N
protein, creates complexes with the genomic RNA (gRNA) inside the viral particle
and has been demonstrated to enhance the infectivity of the S protein, contributing
to the spread of SARS-CoV-2%°,

SARS-CoV-2's primary means of transmission is via respiratory droplets or direct
contact with an infected individual!?® 23, The virus predominantly infects ciliated
epithelial cells in nasal mucosa and bronchus as well as type II alveolar
pneumocytes in lung alveoli, which express both ACE2 and TMPRSS230-33, Once the
coronavirus particles are bound to cellular attachment factors, the RBD in the S
protein establishes specific S interactions with the cellular receptor ACE2
promoting viral uptake by receptor-mediated endocytosis in most cases. This
process is followed by endosomal acidification, activating the S protein after
proteolytical cleavage by cathepsin B and cathepsin L. The activated S protein
enables the fusion of SARS-CoV-2 with the endosomal membrane and release of
the viral genome into the cytosol of the host cell? 31, From this moment on, the
transcription and replication cycles begin, being highly regulated in space and time.
First, ORFla and ORF1b are translated into ppla and pplab respectively. These
are two large polyproteins that produce sixteen NSPs after undergoing auto-
proteolytic cleavage by NSP3 (papain-like protease) and NSP5 (3C-like protease),
two viral cysteine proteases®*. NSPs are cleaved and released in order, starting with
NSP1, which recruits the host cell translation machinery. Subsequently, NSP2-16
creates the viral replicase/transcriptase complex (RTC), where NSP12 is the RNA-
dependent RNA polymerase (RdRP), having NSP7 and NSP8 as cofactors. The RTC
then generates new copies of gRNA and transcribes them into a nested set of sub-
genomic mRNAs that are eventually translated into the accessory proteins ORF3a,
ORF4, ORF6, ORF7a, ORF7b, ORF8, ORF9b and ORF10% 34, Interestingly, the
replication and transcription processes occur within a protective microenvironment
delimitated by small open double-membrane spherules, convoluted membranes
and characteristic perinuclear double-membrane vesicles, constituting viral

replication organelles* 35. The structural proteins are the last to be expressed and
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they are translated by ribosomes attached to the endoplasmic reticulum (ER),
translocating into the ER membranes and transiting via the ER-to-Golgi
compartment, where viral assembly around the N-encapsulated gRNA takes place
412 Finally, the newly produced virions are budded into the lumen of secretory
vesicular compartments and released from the host cell by exocytosis, budding or
cell death, after which they will continue to infect neighbouring cells, allowing

SARS-CoV-2 to disseminate throughout the organism 4 12.26, 31,36
1.1.2. Induction of innate immune responses against Coronaviruses

When viruses and bacteria establish contact with the host, the innate immune
system is the first line of defence that they encounter, initiating immunological
responses as soon as infection occurs. These first responses are then detected and
magnified by immune cells (e.g. dendritic cells, monocytes/macrophages,
neutrophils, cytotoxic T cells, helper T cells, B cells/plasma cells)?’. Upon
coronavirus infection, pattern recognition receptors (PRRs) recognise viral ssRNA,
dsRNA intermediaries and protein structures, which constitute pathogen-
associated molecular patterns (PAMPs). Further, PRRs will trigger the expression
of chemokines, pro-inflammatory cytokines and type I and III interferons (IFNs)38
40, Namely, it has been shown that numerous antiviral effectors are induced by IFN
responses in the infected host and neighbouring cells. As a result, all these
molecules foster the humoral and cell-mediated immune responses that are
essential in the fight against infections that cannot be contained by the initial
innate immune mechanisms. The adaptive immune response will eventually

establish long-term immune memory against the pathogen°.

PRRs are present in different subcellular locations. On the one hand, Toll-like
receptors (TLRs) are PRRs embedded in cell membranes and located in the
endosomal membranes (e.g. TLRs 3, 7, 8 and 9) or in the surface of the cell (e.g.
TLRs 1, 2, 4, 5 and 6)*43. In detail, endosomal TLRs sense the presence of
internalised viral nucleic acids and recruit Toll interleukin-1 (IL-1) receptor (TIR)-
domain-containing adapter-inducing interferon (TRIF) and Myeloid differentiation
primary response 88 (MyD88)43 44, However, there are exceptions as in the case
of dsDNA sensing TLR3, which only recruits TRIF and not MyD88. These are two
adapter proteins that bind the cytoplasmic section of the TLRs through homophilic
interactions with their TIR domains. Once recruited, they mediate the activation of

several transcription factors including interferon regulatory factors (IRFs),
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activator protein 1 (AP-1) and nuclear factor kappa-light-chain enhancer of
activated B cells (NF-kB)38 3° 43, Interestingly, it has been found that TLR2
recognises the E protein from SARS-CoV-2 on the surface of human bone marrow-
derived macrophages and human peripheral mononuclear cells (PBMCs)#. On the
other hand, apart from their location in the cell surface or endosomal membranes,
PRRs are also found in the cytosol, as is the case for NOD-like receptors (NLRs),
retinoic-acid inducible gene I (RIG-I)-like receptors (RLRs), AIM2-like receptors
and the cyclic guanosine monophosphate-adenosine monophosphate synthase
(cGAS). These PRRs can detect PAMPs, damage associated molecular patterns
(DAMPs) and viral material such as RNA and DNA in the cytosol*® 47, The RLR
family is comprised of 3 members: RIG-I, melanoma differentiation-associated
gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). All RLRs have
a carboxy-terminal domain and a DECH-box helicase domain that work in
consonance to bind and detect foreign RNA*®, In the context of SARS-CoV-2
infection, the RLR RIG-I and melanoma differentiation gene 5 (RIG-I/MDA-5) is

particularly important for the detection of dsSRNA%°->1,

1.2. The role of the RIG-I/MDA5 and NF-kB pathways in

infection

RIG-I/MDAS is the primary sensor of SARS-CoV-2 nucleic acids in human epithelial
cell lines and the main initiator of innate immune responses against the virus*-°2,
Its activation leads to the induction and production of chemokines, cytokines as
well as type I and type III IFNs. In depth, SARS-CoV-2 ssRNA and dsRNA
intermediaries are recognised by RIG-I/MDAS5, activating the cytosolic receptor
and enabling the interaction of its caspase activation recruitment domains (CARD)
with the adapter mitochondria antiviral signalling protein (MAVS)>3-3>, From this
point, there are two divergent signalling pathways. In one signalling pathway,
MAVS recruits TANK-binding kinase 1 (TBK1) and inhibitory-kB (IkB) kinase
epsilon (IKKg)*, two IKK-related kinases that activate IRF3 and IRF7 by
phosphorylation. Subsequently, activated IRF3 and 7 are translocated into the
nucleus, where they act as transcription factors to promote the expression of type
I and III IFN genes3% 3. 44,56, 57 (Figure 2). In a parallel signalling pathway, MAVS

activates AP-1 and NF-kB, the transcription factors responsible for the expression
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of chemokines such as chemokine ligand 8 (CXCL8) or IL-8 and inflammatory

cytokines such as IL-1, IL-6 and tumour necrosis factor alpha (TNF-aq)3° 568,

Of note, one of the most predominant inducers of RIG-I/MDA5 together
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Figure 2. RIG-I/MDA5 signalling pathway.
Immunostimulatory RNA activates RIG-I and MDAS5,
prompting their interaction with MAVS, which is
anchored in the surface of mitochondria,
peroxisomes or mitochondrial associated
membranes (MAMs). MAVS then transmits the
signal to TBK1 and IKKe, which in turn activate IRF3
and IRF7. These transcription factors, together with
MAVS-activated NF-«kB, induce the expression of
IFNs and other antiviral genes. Figure obtained
from Rehwinkel et al., Nature Reviews Immunology,
2020 4,
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As mentioned before, the main
transcription factors responsible
for  proinflammatory  cytokine
expression are IRF3/7 and NF-kB.
The latter one initiates numerous
signalling cascades that are
collectively known as the NF-kB
pathway. NF-kB comprises a family

of transcription factors: NF-kB1



(p50 and its precursor p105), NF-kB2 (p52 and its precursor p100), Reina (p65),
RelB and c-Rel homo/heterodimers with ReIA or RelB. Notably, not only is the NF-
kKB pathway triggered by PRRs as it has been previously mentioned, but also by
the TNF receptor (TNFR) superfamily, the T-cell and B-cell receptors and ligands
of several cytokine receptors. All these receptors respond to a broad range of
stimuli such as infectious agents, microbial components, mitogens, growth factors
and cytokines, leading to the activation of the multi-subunit IKK complex. The IKK
complex then phosphorylates IkBa inducing its proteasomal-mediated
degradation. Since IkBs forms a complex with NF-kB blocking its function and
ensuring its retention in the cytoplasm, once IkBa is degraded the NF-kB:IkB
complex is disrupted and NF-kB is translocated into the nucleus, where it will
induce pro-inflammatory cytokine, chemokine and IFN gene expression® ©°,
Namely, IL-6, IL-8, IFN-A1 and IFN- A3 are some of the most relevant cytokines
in the innate immune response against SARS-CoV-2. These cytokines will be
described in detail in section 1.3. Interestingly, some pro-inflammatory cytokines
like TNF-a have an autocrine effect on the same cell, further stimulating the NF-
kB signalling pathway via TNF receptors in a positive feed-forward loop®®. The role
of NF-kB in the context of an infection is crucial, as evidenced by its regulatory
actions on important cellular behaviours including cell growth, inflammatory
responses and apoptosis®. Indeed, some viruses such as hepatitis B virus, hepatitis
C virus and human immunodeficiency virus (HIV-1) have developed immune
evasive strategies that interfere with the NF-kB pathway, since it is an integral
part of host cell’s defence mechanisms against viral infection.®’. Moreover,
regarding SARS-CoV-2, it has been proven that NSP5 is capable of SUMOylating
MAVS rendering it more stable and triggering an overall increase in the activation
of NF-kB®8. However, many of the underlying mechanisms that allow SARS-CoV-2

to modulate NF-kB functions have not yet been elucidated.

1.3. Cytokines and IFN responses

Proinflammatory cytokines are important molecules that mobilise host defence.
However, they can also be detrimental, as they sometimes drive pathologic
inflammation. This is explained by the nature of the inflammatory response, which

can have an antiviral effect by restricting viral replication and infection or a proviral
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effect by helping the release of virions from the host cell facilitating viral
dissemination® %°, Recognition of viral structures by PRRs results in the production
of cytokines. RIG-I/MDAS5 induces the expression of IL-1, IL-6, TNF-a and IL-8 via
NF-kB and IRF3 and 7, whereas it induces the expression of type I and type III
IFNs via IRF3 and 7°* 7°. This cocktail of cytokines is responsible for the
development of an antiviral state in the organism. In response, viruses have
developed strategies to evade the host cell’s inflammatory response. In this
project, we focus on the study of IL-8, IL-6 and type III IFNs production because
of their crucial role and predominance in the context of SARS-CoV-2 infection in

the lung, as reported by numerous studies?® 18 7173,

IL-8, also known as CXCLS, is a critical inflammatory mediator induced by RIG-
I/MDAS via the NF-kB pathway that has been studied extensively. This chemokine
has been found in elevated concentrations in serum samples from severe COVID-
19 patients!® 1°. The primary function of IL-8 and other chemokines such as CXCL2
is the chemoattraction of neutrophils, being mainly expressed in macrophages®
74,75 Additionally, IL-8 also plays a key role in the chemotactic migration and
activation of lymphocytes, monocytes, eosinophils and basophils at sites of
inflammation’®, and it behaves as an angiogenic factor in human microvascular
endothelial cells’”’. When IL-8 binds to the neutrophiles CXC receptor 1 or 2
(CXCR1/2), several intracellular signalling cascades are initiated, of which the most
significant is the mitogen-activated protein kinase (MAPK) signalling pathway. This
cascade enables the release of effector molecules (lisozymes, defensins,
antimicrobial proteins, etc.) by degranulation and promotes cell survival,

proliferation and inflammation”4.

IL-6 is a pleiotropic cytokine that is also induced by RIG-I/MDA5 via the NF-kB
pathway and is expressed by immune and non-immune cells including fibroblasts,
endothelial cells, mononuclear phagocytes, T-cells, B-cells and bone marrow cells
8, Similarly to IL-8, elevated concentrations of IL-6 have been detected in serum
samples from severe COVID-19 patients. IL-6 plays a critical role in the final
maturation of B-cells into plasma cells, the activation of T-cells as well as the
differentiation and regulation of T regulatory cells (Treg) and T helper 2 (Th2)
cells” 8%, Consequently, IL-6 is essential in the development of adaptive immunity.
Furthermore, it stimulates the secretion of acute phase proteins in the liver®'. Upon

binding the IL-6 receptor (IL-6R), IL-6 initiates the Janus kinase signal transducers
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and activators of transcription (JAK-STAT) signalling pathway, which prompts the
translocation of STAT3 to the nucleus. STAT3 then promotes cytokine, growth
factor and angiogenic factor gene expression, creating feed-forward loops by
further activating the JAK-STAT pathway’# 82 83, All these molecules contribute to
cytotoxic responses that are vital for the elimination of intracellular pathogens=°.

Thus, both IL-8 and IL-6 constitute central pieces of the innate immune system.

IFNs are another group of antiviral cytokines that have a critical role in the fight
against viral infections. IFNs are imperative to virus containment and elimination.
Type I and type III IFNs are key members of the IFN family in antiviral immune
responses and can signal in an autocrine or paracrine way?*®. Type I IFNs are
relevant to the induction and regulation of systemic responses defined by
inflammatory features, whereas the role of type III IFN is pivotal to the protection
against viral infections in epithelial barriers® 8>, Type I and III IFNs are secreted
early upon viral infection following the activation of NF-kB and IRFs via the RIG-
I/MDA5 pathway. Immune cells such as plasmacytoid dendritic cells and
macrophages are the most important type I IFN inducers, whereas epithelial cells
are one of the main cell types to produce type 11184 8687 Since the principal target
of SARS-CoV-2 are lung epithelial cells, studying type III IFN responses in these
cells is of great interest. Moreover, type III IFN production may be an essential
defence pathway for lung epithelial cells in order to signal that they are infected
and attract other cells to the site of infection. In humans, the type I IFN family
consists of 13 proteins: The type I IFN-a subtypes as well as IFN-$, IFN-g, IFN-k
and IFN-w. The type III IFN includes subtypes, IFN-A1 (IL-29), IFN-A2 (IL-28A),
IFN-A3 (IL-28B), and IFN-A4. Interestingly, IFN-A1, -A2 and -A3 have distinct
promoters, further illustrating the intricacy of type III IFN transcriptional
regulation®®. Furthermore, it has been demonstrated that the subcellular
localization of MAVS determines the type of IFNs produced by the cell upon PRR
stimulation. Specifically, mitochondria-located MAVS favours type I 1IFN
production, while peroxisome-located MAVS encourages type III IFN production8-
°1, Notwithstanding, the differential expression of type I and type III IFNs across
different cell types remains to be fully characterised. IFNs promote the expression
of hundreds of interferon-stimulated genes (ISGs) and other antiviral effectors
(e.g. Mx1, OAS, IFIT1, Protein kinase R), which inhibit viral entry, replication,

translation and release! %°. In the infected host cell and neighbouring cells, they
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induce signalling pathways in an overlapping manner sharing a number of
functions through the expression of a wide range of antiviral effector proteins that
constrain viral replication and encourage viral clearance®?. All these findings shed
light on the distinct functions that both types of IFN carry out against viral

infections.

The signalling pathway that is activated in response to IFNs is the JAK-STAT
signalling pathway. Type I IFN signals via its heterodimeric IFN-a/B receptor
(IFNAR1/IFNAR2), whereas type III IFN signals via its IFN-lambda receptor IFNLR,
which is comprised by subunits IFNLR1 and IL10Rb&*. Theoretically, all cell types
are able to detect and respond to the presence of type I IFN, given that
IFNAR1/IFNAR2 is ubiquitously expressed. In contrast, IFNLR is primarily
expressed in epithelial cells of the respiratory, gastrointestinal and female
reproductive tract as well as in some immune cells to a certain extent (e.g.
neutrophils)®* 8, Both type I and type III IFNs activate JAK1 and tyrosine kinase
2 (TYK2) promoting downstream phosphorylation of STAT1 and STAT2, which
recruit IRF9 leading to the assembly of interferon-stimulated gene factor 3
(ISGF3), a transcription factor complex that translocates to the nucleus?®3 °4. In the
nucleus, ISGF3 binds IFN-stimulated response elements (ISREs) in order to
activate the expression of ISGs and induce antiviral responses®* (Figure 3). All in
all, more extensive research has been conducted on the induction of type I IFNs
and their effector responses than on type III IFNs. Consequently, further studies
on type III IFNs ought to be performed in order to have a more holistic view of

their immunological actions.

Patients and animal models infected with SARS-CoV, MERS-CoV or SARS-CoV-2
present pathologically heightened inflammatory responses with elevated levels of
cytokines!. Namely, serum analysis of COVID-19 patients has allowed the
extensive characterisation of chemokines such as IL-8, proinflammatory cytokines
such as IL-1f and IL-6 and TNF-a, which are overabundant throughout the course
of the disease! 8. This set of inflammatory mediators have been correlated with
disease severity!® 7173, Lung epithelial cells would be the first ones to overexpress
these signalling molecules in order to recruit myeloid cells to the site of viral
infection, since they constitute the primary site of infection’*. Therefore, lung
epithelial cell models such as Calu-3 and A549 cell lines would be adequate for the
study of SARS-CoV-2 infection in the lung.
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1.4. Dysregulation of Innate Immunity in (severe) COVID-19

The current pandemic has stressed the importance of the immune system in the
fight against COVID-19, illustrating how different individuals may produce differing
immunological responses to SARS-CoV-2 infection. Numerous studies have
suggested that the main cause of COVID-19 outcomes is not only a marked
dysregulation of the host immune response, but also an active viral interference
with the immune system?°. This conditions the patients to have a higher propensity
to ARDS and death (i.e. severe cases of coronavirus infection) instead of the
symptoms of a mild common cold. Weakened and delayed innate immune and
inflammatory responses early during SARS-CoV-2 infection are major
determinants of severe COVID-19 cases, in which exhibit deterioration of the
patients’ condition from day 7-82°. This results in the development of
hyperinflammation with an excessive production of inflammatory cytokines and an
impaired induction of IFN responses. These pathological features that constitute
major drivers for the most critical outcomes. Additionally, several viral proteins
have been identified as deregulators of innate immunity, being inducers of
inflammasome activation and contributing to the impairment of IFN induction and
signalling'' °¢. Overall, for new therapeutic alternatives to be designed rationally,
the mechanisms behind the dysregulation of the innate immune system as well as
the evasion strategies of SARS-CoV-2 and its interaction with host defence

responses need to be understood more in depth.
1.4.1. Immunological features of severe COVID-19

Severe COVID-19 and death have been associated with a dysregulated innate
immune response to SARS-CoV-2 infection. This aberrant innate immunity is
characterised by an and TNF-a among others. On the other hand, type I and type
ITI IFNs responses were found to be impaired early in the disease course,
correlating with the development of severe COVID-19 and propensity to fatal
outcome®’. Severe COVID-19 cases also exhibit an unbalanced production of C-
reactive protein, ferritin and D-dimers (serum markers of excessive inflammation)
as well as lactate dehydrogenase (cell death indicator). In addition, low and
delayed antiviral interferon-responses, overexuberant serum levels of pro-
inflammatory cytokines and chemokines, lymphopenia and infiltration of

mononuclear cells in infected tissues have also been reported?® ° 18-21. 24, 72, 97-103,
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Moreover, the patients’ exacerbated state of inflammation and antiviral immune
response dysregulation was further heightened by the viral interference with
modulators of the complement and coagulation systems, prompting clot formation
(thrombosis), vascular leakage and intravascular coagulation® 195, Interestingly,
the primary contributors to the immunopathology of fatal COVID-19 and its clinical
manifestations are not only epithelial cells at the primary site of infection (mainly
lung), but also in the liver, gastrointestinal tract or even central nervous system,

as well as infected endothelial cellst0® 107,

Focusing on the dysregulation of innate immune responses, infected lung epithelial
cells have been found to be the first responders to SARS-CoV-2 infection, as they
trigger inflammatory responses by producing the earliest waves of chemokines and
cytokines’# 7. 108, 109 " gpecifically, patients afflicted by severe COVID-19 exhibit
elevated serum levels of circulating IL-8/CXCL8, CCL2 and CCL8%® 19 97,98 ~which
remain present in the organism beyond viral clearance. CCL2 and CCL8 are
recruiters of monocyte-derived macrophages which are found in high numbers in
lungs of severe patients!!?, whereas CXCL2 and CXCL8 (IL-8) are neutrophile
recruiters!®. An excessive recruitment of neutrophils to the site of infection in
response to elevated chemokine secretion entails a higher risk of collateral damage

worsening the patient’s outcome.

Although a precise signature of inflammatory markers that could serve as a
diagnostic tool for poor COVID-19 prognosis does not exist due to patient-to-
patient variability, raised levels IL-6 and TNF-a have been identified as a common
occurrencet® 19 97,101, 111 - Together with the aforementioned chemokines, these
cytokines are induced via inflammatory pathways such as the NF-kB pathway as a
result of the hyperinflammatory response to SARS-CoV-21°°, Secreted IL-6 and
TNF represent a proinflammatory complex that reduces monocyte maturation and
prompts a cytokine storm with deleterious pulmonary and systemic implications
112-116 - Among the pulmonary effects triggered by IL-6 we can emphasize the
weakening of the pulmonary epithelium via vascular endothelial cadherin
internalisation. This is due to IL-6’s contribution to the rise in vascular endothelial
growth factor production and entails the accumulation of alveolar and interstitial
fluid compromising gas exchange!# 117 118 A|| these events can be exceptionally
damaging to the lungs, as they disrupt pulmonary surfactant and cause the

infected alveolar epithelium to lose resorptive activity. Ultimately, this leads to an
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overall increase in alveolar surface tension followed by its collapse as a
consequence of an intensified proinflammatory cytokine release, further
aggravating lung injury!# 119 120 '1n parallel, the systemic effects derived from the
cytokine storm induced by SARS-CoV-2 have been grouped in what has been
termed as “viral sepsis syndrome”. This syndrome includes hypotension,
myocardial injury and shock, which result from the multiorgan failure common in
severe COVID-19 patients!?!, Strikingly, it has been observed that COVID-19
severity and mortality are closely connected to elevated levels of circulating IL-6
and TNF-a. This, together with the expression of cellular markers associated with
the activation of proinflammatory monocytes, constitutes a putative diagnostic
marker to predict the prognosis of SARS-CoV-2 infected patients®” 1%°, Indeed,
circulating levels of IL-6 as well as C-reactive protein (CRP) have been found to be

highly predictive of the requirement for invasive mechanical ventilation?2,

Another noteworthy and characteristic feature parallel to the COVID-19
inflammatory signature is the temporally dysregulation of type I and type III
interferon responses, which has been proven to be detrimental to all parts of the
immune response to infection. Patients that experience mild or moderate COVID-
19 develop normal early type I and type III IFN responses to SARS-CoV-2 infection
that decrease with viral clearance and recovery from the disease!. In a study that
compared blood plasma IFN levels relative to healthy controls, all COVID-19
patients were found to have a high presence of IFN-a, whereas only severe cases
showed an increase in type III IFN levels! 7% 198 This signals the importance of
type III IFN dysregulation in the immunopathology of COVID-19. Furthermore, it
has been observed in numerous cases that elevated levels of these IFNs and robust
early expression of ISG in patients infected with SARS-CoV-2 were hallmarks of
disease severity, correlating with duration of hospitalisation and mortality?! 71/ 108,
Interestingly, there is evidence that the cGAS-STING pathway is implicated in
driving excessive type I IFN responses in late-stage COVID!?3, Conversely, these
findings have been contradicted by other studies that reported delayed or
insufficient IFN responses in severe COVID-19 cases! 198 124 This lack of effective
type I and type III IFN induction together with the robust production of chemokines
and inflammation mediators allows SARS-CoV-2 to replicate to higher titres,

further exacerbating the inflammatory responsel® 1%, Remarkably, this decrease
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in IFN response did not entail a downregulation of ISGs, since MX1 and OAS1 were

found to be highly expressed in critically ill patients!®®,

Taken together, this data illustrates the differences in the IFN response among
COVID-19 patient populations. Remarkably, a couple of mechanisms that explain
the decrease of the IFN response is the presence of serum autoantibodies against
type I IFN or the incidence of genetic defects in IFN signalling pathways in some
patients with poor COVID-19 prognosis. Notwithstanding, additional research
should be conducted in order to fully decipher the reasons for this interpatient
variability'. All these findings support the pathological role of IFN responses in
the context of SARS-CoV-2 infection, which remains elusive and is yet to be

completely defined.
1.4.2. Immunomodulatory features of SARS-CoV-2 proteins

Pathogens have evolved to interfere with host defence mechanisms. Many of them
encode specific proteins that participate in immune evasion strategies. It has been
demonstrated that viral proteins carry out immunomodulatory actions during
different steps of their life cycle (from viral uptake to replication, budding, etc.)!?>.
Some of the most common immunomodulatory mechanisms of viruses consist in
hindering the PRR signalling pathways, as is the case for SARS-CoV, MERS-CoV
and SARS-CoV-21%6, These mechanisms include the evasion of PRRs recognition of
viral RNA, inhibition of PRRs-mediated signalling cascades, viral proteases-
mediated cleavage, modulation of ubiquitination and deubiquitination and host
translation shutoff'?”. However, some immune evasion strategies of SARS-CoV-2
have not been completely unveiled. One of the best ways to decipher the immune
evasive and dysregulation strategies of SARS-CoV-2 is through the study of its
proteins. Proteomics has benefited the discovery of host interaction partners of
SARS-CoV-2 proteins as well as their sub-localisation in infected cells by providing
protein interaction maps'?® 12°, Also, a number of studies have identified the
possible antagonistic effects of some of these viral proteins that contribute to the
progression of COVID-19!2% 130 Specifically, some overexpression and in vitro
screening studies, although inconsistent, have suggested that at least N, M, NSP1,
NSP3, NSP11, NSP12, NSP13, NSP14, NSP15, ORF3, ORF6, ORF8, ORF9b and
ORF10 viral proteins could interfere in innate immune responses such as IFN
induction?4-26 131, This was verified by a combination of functional and proteomics-

based interaction studies in human embryonic kidney (HEK) 293T cells that
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highlighted the ability of SARS-CoV-2 proteins ORF3a, ORF6 and ORF9 to exert
IFN-antagonistic effects?* 2> 13!, Furthermore, these latter studies proposed that
NSP1, NSP5, NSP13, NSP14 and NSP15 contribute to the hyperinflammatory
response characteristic of severe COVID-19 cases?® 128 129, 131-133 ' nterestingly,
some SARS-CoV-2 proteins interfere with PRR detection pathways such as the RIG-
I/MDAS5 pathway, which is crucial in the detection and response to SARS-CoV-2
infection?’. All these findings help illustrate how valuable the understanding SARS-
CoV-2 protein immunomodulatory functions is in the fight against COVID-19. Many
knowledge gaps in the immune evasion mechanisms of SARS-CoV-2 are yet to be
filled, since many studies have been conducted in not so relevant cell models like
HEK293T cells. Moreover, the interference of individual SARS-CoV-2 proteins on
the host cell immune pathways in relevant cell models ought to be investigated in
more detail. A humber SARS-CoV-2 proteins including ORF3a, ORF6 and ORF9b
have been deemed as promising for their potential immunomodulatory effects and

are candidates that might be worth a closer look in future research.

1.4.2.1. SARS-CoV-2 ORF3a features

SARS-CoV-2 viroporin ORF3a shares 85.1% similarity and displays immune
evasive functions comparable to its predecessor SARS-CoV ORF3a!3!, Several key
roles as an innate immune deregulator have been proposed for SARS-CoV-2
ORF3a. One of the most characteristic features of SARS-CoV-2 ORF3a that have
been observed is its ability to activate the NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3) inflammasome, the most promiscuous of known
inflammasomes?: 2 9 134 135 Following NLRP3 activation, caspase 1 is activated
allowing for the cleavage of IL-1B and IL-18 into their active forms. Activated
NLRP3 also initiates pyroptosis, an extremely inflammatory type of cell death?'3®.
NLRP3 activation is triggered by the formation of a K* channel by ORF3a, since it
is an ion channel-inducing viroporin. This K* channel creates a K* efflux in the host
cell that encourages the interaction between NLRP3 and the NIMA-related kinase
NEK7, which leads to the recruitment of the apoptosis-associated speck-like
protein containing a CARD (ASC) and pro-caspase 1'35. This completes the NLRP3
inflammasome activation, which induces the production of IL-1B, a highly

inflammatory cytokine.
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As previously mentioned, it has been proven that SARS-CoV-2 ORF3a prevents the
induction of type I and type III IFNs by inhibiting the expression of IRF3 and NF-
kB, as shown in luciferase reporter assays. Moreover, ORF3a has demonstrated to
hinder the secretion of IFN-B and the transcription of ISGs by avoiding the binding
of ISGF3 to its promoter site ISRE!3’. Given the high conservation with SARS-CoV
ORF3a, alternative supplementary layers of IFN antagonization by SARS-CoV-2
ORF3a might include the following: upregulation of IFNAR1 ubiquitination followed
by lysosomal-mediated degradation, suppression of STAT1 phosphorylation
(Figure 3) and the inducement of fibrinogen secretion, which predisposes the
patients to systemic inflammation and even thrombosis? 138-141, | ast, SARS-CoV-2
ORF3a has been found to mainly localised at late endosomes, where it hampers
the fusion of lysosomes and autophagosomes, blocking autophagy!3’ 142,

Nonetheless, all these mechanisms need to be further verified and characterised.

1.4.2.2. SARS-CoV-2 ORF6 features

Even though various studies have indicated that SARS-CoV-2 ORF6 is a potent
type I IFN antagonist?4-26: 113,128, 129,131, 143, 144 it has also been reported to be less
effective than its relative SARS-CoV ORF6 in the inhibition of the innate immune
response?8, This loss in immune evasion efficacy could be compensated by other
SARS-CoV-2 specific proteins that might amplify the effects of SARS-CoV-2
ORF6130%, SARS-CoV-2 ORF6 is best known for its antagonistic effects against the
induction and downstream actions of IFN via the impairment of transcription factor
trafficking across the cell’s nuclear membrane (Figure 3). These effects are
targeted against transcription factors such as IRF3, ISGF3, which are crucial for
the correct development of the IFN immune response?® 113,130,131 Tn detail, it has
been proposed that ORF6 interacts directly with nuclear import complexes
nucleoporin 98 - ribonucleic acid export 1 (NUP98-RAE1) and NUP96-RAE1l. By
binding NUP98-RAE1, ORF6 is able to hijack the nuclear pore complex, blocking
the translocation of STAT1 from the cytosol to the nucleus of the cell* 113130, In
this manner, the type I IFN signalling cascade is effectively interrupted!!3.
Furthermore, luciferase reporter assays have shown that the expression of IFN-
in HEK293T cells is downregulated by SARS-CoV-2 ORF6. This downregulation is
hypothesised to occur via ORF6 proximity interaction with MAVS, as some

proteomics studies have revealed!?.
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1.4.2.3. SARS-CoV-2 ORF9b features

As in the case of SARS-CoV-2 ORF6, SARS-CoV-2 ORF9b has also been found to
prevent the induction of IFN by limiting the RIG-I/MDA5-MAVS-IRF3 axis!?® 143, In
detail, the primary means of interference of SARS-CoV-2 ORF9b with the innate
immune response of the host cell is via its interaction with translocase of outer
membrane 70 (TOM70), as verified by co-immunoprecipitation assays!3°. TOM70
is @ mitochondrial import receptor subunit that mediates the activation of IRF3.
This mediation occurs upon SARS-CoV-2 infection by the interaction of TOM70 with
MAVS, which is responsible for the recruitment of TBK1/IRF3 to the mitochondria
and the subsequent phosphorylation of IRF3'%>, The co-localisation of ORF9b and
TOM70 at the mitochondria has been demonstrated by confocal microscopy!43.
Thus, by interacting with TOM70, SARS-CoV-2 ORF9b hinders IRF3 activation and
suppresses type I and type III IFN expression (Figure 3).
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Figure 3. Outline of SARS-CoV-2 ORF3a, ORF6 and ORF9b antagonistic functions on type I
and III IFN production and signalling pathways. Dashed arrows indicate hypothetical
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Additionally, ORF9b has also been linked to the inhibition of the cGAS - stimulator
of Interferon Genes (cGAS-STING) signalling pathway (a cytosolic DNA sensor), as
evidenced by recent mechanistic analysis using co-immunoprecipitation3°,
Moreover, luciferase reporter assays have also shown that SARS-CoV-2 ORF9b
downregulates the expression of IFN-B in HEK293T cells'* 14> further

exemplifying its IFN antagonistic effects.

Therefore, SARS-CoV-2 ORF3a, ORF6 and ORF9b are most known for impairing
IFN responses in the infected host cell by interfering with both the RIG-I/MDA5-
MAVS-IRF3 axis and the IFN signalling cascade. Notwithstanding, most of their
roles are still being debated and are yet to be elucidated in depth. Although a
number of these studies have been conducted on lung epithelial cell lines and
immune cells, most of them have used less relevant cell lines such as HEK293T,
HelLa and Huh7 cells and have focused on type I IFN responses, which are not as
specific to epithelial cells as type III IFN responses. There is a need for more
comprehensive research on better epithelial cell models such as A549 and Calu-3
cells to better reproduce the immune responses upon SARS-CoV-2 infection and
study the immunomodulatory effects of ORF3a, ORF6 and ORF9b proteins.
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2. Aims and Objectives

The overall aim of this Master Thesis Project is to contribute to the understanding
of the interactions between the host cell and SARS-CoV-2 proteins and how these
proteins can modulate inflammatory immune responses and contribute to COVID-
19 pathology, helping to identify possible therapeutic targets in the long term. For
this, the immunomodulatory effects of SARS-CoV-2 proteins on inflammatory
signaling from the antiviral RIG-I/MDA5 pathway should be studied in human lung

epithelial cells.

As it has previously been described, lung epithelial cells are the first target of
SARS-CoV-2 and constitute the gateway that allows the entrance of the virus into
the organism. Since the lungs also represent the main replication site for SARS-
CoV-2, there is great interest in establishing reliable lung epithelial cell models to
discover the mechanisms of SARS-CoV-2 infection and devise strategies that can
improve the treatment for COVID-19. In this project, we are particularly interested
in cytosolic sensors of viral nucleic acid structures, in particular RIG-I/MDAG.
Hence, utilising previously developed A549 human lung epithelial cell lines that are
able to express SARS-CoV-2 ORF3a, ORF6 and ORF9b proteins upon incubation
with doxycycline, we intend to study the possible interference of these proteins
with the host cell innate immune pathways that lead to the initiation of pro-
inflammatory cytokine responses via RIG-I/MDAS5 stimulation. While extensive
research on SARS-CoV-2 biology and COVID-19 immunopathology has been
conducted in the past two years, most of these studies have been performed on
cell types that are inadequate at mimicking the responses of lung epithelial cells
to infection. Furthermore, the immunomodulation of type III IFNs by SARS-CoV-2
proteins has not yet been explored in much detail, even though these IFNs are
known for playing a critical role in the protection lung epithelial cells from viral

infections.
The specific objectives derived from the main aim of this project are the following:

e Perform dose-response/titration experiments at different timepoints in A549
wild-type cells in order to refine and establish optimised protocols for RIG-
I/MDAS stimulation in human lung epithelial cells.

e Assess doxycycline-induced expression of the SARS-CoV-2 proteins in A549

cells transduced with plasmids for ORF3a, ORF6 and ORF9b expression.
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Use the optimized stimulation protocols to assess the effects of SARS-CoV-
2 proteins ORF3a, ORF6 and ORF9b on RIG-I/MDA5 pathway-induced
cytokine production in human lung epithelial cells. Effects on RIG-I/MDA5-
mediated gene and protein expression on the production of chemokines,
pro-inflammatory cytokines and type III IFN production as well as on cell
death should be studied.
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3. Materials and Methods

3.1. Cell culture
3.1.1. Cell lines and culture conditions
In this study, human lung epithelial A549 cells (CCL-185) were obtained from the
American Type Culture Collection (ATCC) through Professor Denis Kainov'lab at
IKOM/NTNU. A549 cells originate from the tumoral lung tissue of a 58-year-old
Caucasian male with non-small cell lung carcinoma. In order to study the
antagonistic functions of SARS-CoV-2 against innate immune responses, these
A549 cells were modified in a previous master thesis project®® by lentiviral vector
transduction of pLVX-TetOne-Puro plasmids (ceded by Nevan Krogan’s laboratory)
that conditionally express the SARS-CoV-2 proteins ORF3a, ORF6 and ORF9b upon
incubation with tetracyclines. All SARS-CoV-2 viral proteins featured a Strep-II tag
on them (transgenes) to be easily identified in western blot assays. Importantly,
the viral proteins coding genes expression was controlled by a tetracycline-
inducible expression system comprising both Tet-On and Tet-Off Systems, where
the transgenes were only expressed in the presence of tetracyclines such as
doxycycline. A549 cells were grown in Dulbecco’s modified eagle medium (DMEM)
(12-604F; BioNordika) supplemented with 10% heat inactivated foetal bovine
serum (FBS) (10270; Life Technologies), 2 mM L-glutamine (G7513; Sigma
Aldrich) and an additional antibiotic combination of 100 U penicillin and 0.1 mg/mL
streptomycin (P0781; Sigma Aldrich) only when maintaining the cells, not when
performing experiments on them. This cell culture media recipe will be termed as
complete culture media or CCM for the rest of the thesis. All cell lines were

assessed free of mycoplasma contamination by Anne Marstad (CEMIR/NTNU).

3.1.2. General cell culture procedures

Cryopreservation of cells

Cells reaching 70-80% confluency were detached and pelleted by centrifugation at
1200 rpm for 5 minutes before being carefully resuspended in freezing medium
and added to pre-labelled cryovials. Freezing media contains DMEM supplemented
with 20% FBS and 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich). The cells were

frozen using a freezing container (Nalgene® Mr. Frosty) filled with isopropyl
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alcohol allowing a crucial cooling rate of 1°C/min. The cells were then disposed at

-80°C for short term storage or in liquid nitrogen for long term storage.

Thawing of cells

The cell vial was rapidly thawed in a 37°C water bath. 70% ethanol was used to
decontaminate the vial and the cell suspension was added to 9 mL of prewarmed
complete culture media into a 15 mL centrifuge tube. The cell suspension was
centrifuged at 1200 rpm for 5 minutes at room temperature (RT). The cells were

resuspended and seeded in 12 ml of CCM in a T75 flask.

Passaging cells

Adherent A549 cells were inspected regularly in the light microscope and grown
until 70-80% confluency. A549 were passaged every 2-3 days at a ratio of 1:4 -
1:8. Cell media was changed every 2-3 days and the frequency of sub-culturing
was adapted over time. In order to passage adherent cells from a T75 flask, CCM
was discarded and 5 mL pre-warmed Dulbecco’s Phosphate Buffered Saline (DPBS,
D8537; Sigma Aldrich) were added to the flask to wash the cells. Subsequently, 1
mL of 0.25% Trypsin/EDTA (LonzaTM) was added to detach the cells from the flask
surface. Cells were incubated until complete detachment was visible at the
microscope. To stop the trypsinization process, 5 mL of pre-warmed CCM was
added, and the cell suspension transferred into a 15-mL centrifuge tube. The cells
were pelleted by centrifugation at 1200 rpm for 5 minutes at room temperature
and resuspended in 5 ml of CCM. Depending on the split ratio, the appropriate
volume of cell suspension was added to a new cell culture flask. Lastly, fresh pre-

warmed supplemented DMEM was added until up to 12 ml.

Assessment of cell number and viability

Before seeding for an experiment, cell humber and viability were assessed using
Trypan blue exclusion test. The test stains the cells with trypan blue dye allowing
to distinguish those who are viable from those who are dead, since the trypan blue
dye only permeates and enters dead cells, whose membrane is disrupted. As
indicated by the manufacturer, 10 pl of filtered trypan blue were mixed with 10 pl
of cell suspension and 10 pl of the resulting mixture were pipetted onto EVE™ cell

counting slides (Cat# EVS-050, NanoEntek America, Inc.) and cell humber and
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viability were assessed with the EVE™ Automated Cell Counter (Cat#EVE-MC,

NanoEntek America, Inc.).

3.2. RIG-I/MDAS5 stimulation assays

A549 cells were seeded in a 6-, 24- or 96-well-plate at a concentration of 0.04 x
10° cells/ml (2 mL per well in 6-well-plates, 500 uL per well in 24-well-plates and
100 uL per well in 96-well-plates) and incubated for 24 hours prior to stimulation.
Media containing doxycycline (0.5 pg/ml, #D3072; Sigma-Aldrich) was used in
order to induce viral protein expression in cell lines A549 ORF3a, ORF6 and ORF9b.
Subsequently, the cells were incubated for 24 hours. For RIG-I/MDA5 stimulation,
different concentrations of polyinosinic:polycytidylic acid (poly(I1:C), #VPIC-42-01;
Invivogen) (0,25 - 10 pg/ml) were delivered to the cytosol of cells using the
transfection reagent Lipofectamine RNAIMAX (#13778-075; Invitrogen). As a
control, cells were also treated with poly(I:C) alone and RNAIMAX alone.
Presumably, when poly(1:C) is transfected alone, it interacts with the TLR3
receptors on the cell surface, resulting in endosomal uptake and TLR3 stimulation.
However, when poly(1:C) treatment is supplemented with RNAIMAX, this reagent
allows the delivery of poly(I:C) to the cytosol, where itn interacts with and
stimulates RIG-I/MDAS5. In detail, poly(I:C) was incubated in twice the volume of
Lipofectamine RNAIMAX for 10 to 15 minutes and then added to the cells. Cells
were incubated for 24 to 48 hours at 37°C before the supernatants and cell lysates

were harvested for downstream analysis and stored at -20°C.

3.3. Western Blot Analysis
3.3.1.Basic principle

Western blot analysis is a commonly used technique to detect and analyse proteins
from cell lysates. Cells are lysed using a lysis buffer containing proteinase inhibitor
before cell lysates are subjected to gel electrophoresis, e.g. sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Prior to gel
electrophoresis, sample preparation is completed by adding Dithiothreitol (DTT), a
redox reagent that breaks down protein disulphide bonds, and Lithium Dodecyl
Sulfate (LDS), a loading buffer that contains tracking dyes and prepares the

proteins for denaturation. Then, the mixture is heated at 85°C for 10 minutes,
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which results in denatured polypeptides, which allows for their separation in the
acrylamide gel by means of an electric current. Importantly, the concentration of
acrylamide in the gel and its gradient is crucial to determine the resolution of the
gel electrophoresis: proteins with high molecular weight require a lower acrylamide
concentration whereas proteins with low molecular weight require a higher
acrylamide concentration to be separated and distinguished. After migration,
polypeptides are transferred from the gel on to a nitrocellulose (NC) or
polyvinylidene difluoride (PVDF) membrane by electroblotting in order to enable
their immunodetection. Electroblotting employs an electric current to move the
negatively charged proteins towards a positively charged anode where the
membrane is placed. Afterwards, to visualise and analyse the proteins of interest,
the membrane is incubated with a blocking solution, to cover unspecific binding
sites in the membrane, followed by a primary antibody, which recognises the
protein of interest and binds to it with high specificity. This is followed by an
incubation with a secondary antibody, which binds the (often unlabelled) primary
antibody and enhances the readout signal. The secondary is conjugated to an
enzyme that emits a fluorescent or chemical signal upon the addition of a substrate
that allows protein of interest to be detected. The primary antibody can be
polyclonal or monoclonal and is produced in a different type of animal than the
secondary antibody, which is chosen depending on the species of animal in which
the primary antibody was raised. In this study, the target protein was detected by
chemiluminescence resulting from the oxidation of the substrate luminol by a
horseradish peroxidase (HRP) conjugated to the secondary antibody. Oxidized
luminol emits light at a maximum wavelength of 431 nm and is detected in an

imaging system.
3.3.2.Standard procedure

Firstly, A549 cells stimulated for 24 hours with poly(I:C) (section 3.2.) in 6-well-
plates were washed with pre-warmed PBS before being lysed by adding
Radioimmunoprecipitation Assay (RIPA) lysis buffer (Supplementary Table 1)
supplemented with protease inhibitors, incubated under agitation for 15 min at
4°C and scraped. The cell lysates were collected into prelabelled 1.5 ml tubes,
centrifugated for 20 min at 10000 rpm and 4°C and either used directly or stored
at -20°C. The centrifugation step is necessary to separate the protein-containing

supernatant from the cell debris pellet. The samples were then prepared for SDS-
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PAGE by adding 7.5 uL NUPAGE® LDS Sample Buffer (4X) (#NP0007; Invitrogen)
mixed with 0.1 M dithiothreitol (DTT) (1:100) (#R0861; Thermo Scientific) to 30
ML of each sample and heating at 85°C for 10 minutes. After the incubation, the
samples were briefly centrifuged to gather all the condensed solution in the bottom
of the tubes and 25 pL of each of them was loaded into a well of NUPAGE® 4-12%
Bis-Tris Gel (#WG1402BOX; Invitrogen) in 1X NUPAGE® MES SDS Running buffer
(#NP0002; Invitrogen). 5 pL of SeeBlue™ Plus2 Pre-stained Protein Standard
(#LC5925; Invitrogen) and 0.5 pL of the MagicMarkTM XP Western Blot Protein
Standard (#LC5602; Invitrogen) were loaded as well to monitor protein migration
and determine the size of the proteins after visualization of the blotted membrane,
respectively. The electrophoresis was run for 30 minutes at 100 V followed by 90
minutes at 150 V, being monitored occasionally. iBlot® 2 NC Regular Stacks
(#1B23001; Invitrogen) were employed to transfer the proteins from the gel to a
nitrocellulose membrane. The protein transfer was carried out in the iBlot® 2 Gel
Transfer Device (#1B21001; Invitrogen) for 9 minutes at 20 V and the membrane
followed several steps of washing and incubation as detailed further, all under
agitation at 65 rpm and at room temperature except if mentioned differently. A
wash consists in incubating the membrane 3 times for 5 min in tris-buffered saline
with tween 20 (TBS-T) (0.05 M Tris-HCI pH 7,5, 0.15M NacCl, 0.1% Tween-20) or
TBS-T/5% BSA if the next step contains BSA. After a first wash in TBS-T, the
membrane was incubated for 1 hour in TBS-T/5% BSA at RT to block unspecific
binding sites and prevent a misleading readout, followed by the incubation with
the primary mouse Anti-Strep-II antibody (#NBP2-43735, Novus Bio; dilution
1:5000 in TBS-T/5% BSA) overnight at 4°C. After wash, the secondary goat-anti-
mouse Ig/HRP antibody (#P047, Dako Denmark A/S; dilution 1:5000 in TBS-T/5%
BSA) was added to the membrane and incubated for 1 hour. After wash, the
membrane was covered with 4 mL of SuperSignal West Femto Chemiluminescent
Substrate (#35096; Thermo Fisher Scientific) for 2-3 minutes, sandwiched in
between two transparent plastic films and visualized with the chemiluminescent
channel of the Odyssey® Fc Imaging System (LI-COR Biosciences) and the Image
Studio V5.2 software at an exposure time of 30 sec to 2 min. In order to assess
the GAPDH loading control, the membrane was stripped by adding a mild stripping
buffer (1.5% glycine/1% Tween/0.1% SDS, pH 2.2) to the membrane for 10
minutes after a wash in TBS-T. This step allows the incubation with antibodies

against other proteins (e.g. GAPDH). After stripping, the membrane was washed
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three times in TBS-T for 5 minutes before incubation for 1 hour in TBS-T/5% BSA
at RT. Then, the membrane was incubated with mouse anti-GAPDH antibody
(#2118, Abcam; dilution 1:5000 in 10 mL TBS-T/5% BSA) under agitation for 1
hour at 4°C. The subsequent steps and visualisation of GAPDH were as described
above, using the same type of secondary antibody (goat-anti-mouse Ig/HRP
antibody, 1:5000).

3.4. Enzyme-linked Immunosorbent Assay (ELISA)
3.4.1.Basic principle

Enzyme-Linked ImmunoSorbent Assay (ELISA) is based on highly specific
interactions between antigens and antibodies to detect and quantify the
concentration of peptides, proteins, hormones, or antibodies in a solution. In
particular, sandwich ELISA features capture and detection antibodies, both binding
specifically to different epitopes of the antigen of interest. In detail, a microtiter
plastic plate is first coated with the capture antibody specific to the protein of
interest and then incubated in BSA in order to block non-specific binding sites on
the plate surface. After a washing step, the sample (for example cell culture
supernatant, serum or plasma) is added to the assay plate and the antigen of
interest contained in the sample is bound by the capture antibody, immobilising it
on the plate surface. Next, the wells are thoroughly washed to ensure all unspecific
antigens are removed prior to the addition of the detection antibody, which
specifically binds a different epitope of the antigen. Importantly, the detection
antibody is either directly conjugated to an enzyme or to biotin, a water-soluble B
complex vitamin that specifically binds to streptavidin, a bacterial protein. In this
case, the addition of a streptavidin-conjugated enzyme such as horseradish
peroxidase (HRP) allows for the binding of this enzyme to the detection antibody.
Further, an HRP substrate such as tetramethylbenzidine (TMB) or 2,2'-azino-di-[3-
ethylbenzthiazoline-6-sulfonic acid] (ABTS), is added to the plate and its
oxidization by HRP results in a change of colour proportional to the number of
antigens present in the well. Finally, ELISA stop solution (H.SO4) is added to halt
the enzymatic reaction turning the solution colour from blue to yellow. Absorbance
is immediately measured in a microplate spectrometer reader (BioRad). The
concentration of antigen can eventually be determined by means of a standard

curve.
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3.4.2.Standard procedure

A549 cells were stimulated for 24 or 48 hours with poly(I:C) in 24-well-plates
(section 3.2.). Cytokine analysis by ELISA was performed from the cell culture
supernatants diluted 1:2 using DuoSet antibody sets for IL-6 (#DY206; R&D), IL-
8 (#DY208; R&D) and IFN-A1/3 (IL-29/IL-28B) (#DY1598B; R&D). The standard
procedure was followed based on the description from the manufacturer. The assay
was performed with half the volumes suggested by R&D Systems in 96-well half-
area plates (#3690, Corning®). In-house experiments have previously shown that
this set-up produces the same signal strength. The ELISA plate is always sealed
with an adherent plastic film before incubation time to avoid contaminating the
plate. The volumes of reagents of this protocol are given for a well of a half-well
96-well-plate. In depth, the plate was coated with 50 pL of the capture antibody
solution (diluted in PBS as specified by the manufacturer) by an overnight
incubation at RT. Subsequently, the plate was washed thrice with 150 uL of wash
buffer (PBS/0.1% Tween-20) employing the automated Tecan plate washer. Then,
150 pL of blocking buffer (PBS/1% BSA, termed “reagent diluent” by the
manufacturer) were added to block unspecific binding sites, incubating for 2 hours
at room temperature. After blocking, the ELISA plate was washed again thrice as
explained above. In a separate replica plate, a 2-fold serial dilution of standards
in reagent diluent was prepared for each cytokine standard, starting with the
highest concentration as recommended by the manufacturer. In addition, cell
culture supernatant samples were diluted 1:2 in reagent diluent on the replica
plate (30 pl sample + 30 pl reagent diluent, suitable dilution that was determined
in preliminary assays). Using a multichannel pipette, 50 pL of standards and
samples dilutions were transferred to the ELISA plate and left incubating overnight
at RT. Afterwards, the plate was washed thrice again and 50 pL of the detection
antibody (diluted in reagent diluent as specified by the manufacturer) were added

to the samples to incubate the plate for 2 hours at RT.

Next, the plate was washed thrice once more and each well was incubated with 50
ML of Streptavidin-HRP conjugate (40-fold dilution in reagent diluent) for 20
minutes in the dark at room temperature. After washing the plate five times, 50
ML of TMB substrate solution (1+1 dilution of Reagents A and B, #421101,
BioLegend) was added and incubated for 20 minutes in the dark at room

temperature. The reaction was stopped by adding 25 pL Stop Solution (1N H2S0a4).
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Lastly, absorbance was measured using a microplate spectrometer reader
(BioRad) with parameters set to 450 nanometres (nm) with 570 nm of wavelength

correction.

Cytokine concentration was automatically calculated based on the standard curve
after subtraction of the background given by the blank sample. The standard curve
was generated using BestCurfit software. The experiment was performed in
technical duplicates and the data was analysed and visualized in GraphPad Prism

Software Version 8.2.0.

3.5. RNA extraction, Reverse Transcription (RT) and
quantitative Polymerase Chain Reaction (qPCR) analysis

of mMRNA levels using TagMan technology/assays

3.5.1.Basic principle

RT-gPCR is a technique for nucleic acid molecule quantification in biological and
environmental samples in real time. It requires extracting RNA from cell lysates
before it can be reverse transcribed to cDNA, which is then used for gPCR, where

specific genes targets are amplified using fluorescence as reporting system.

First, RNA is extracted by obtaining cell lysates, binding the RNA to a solid phase
of silica under certain pH and ionic conditions, washing non-RNA molecules in a
series of centrifugation cycles and eluting the purified RNA in an aqueous solution.
Importantly, DNase treatment with deoxyribonuclease I is used along the process
to degrade genomic DNA present in the samples that could result in false positive
signals in the RT-PCR readout. Next, purified RNA is reverse transcribed to cDNA
in a thermal cycler, producing as much quantity of cDNA as there was originally
RNA. This is to create a stable template on which qPCR can be performed, since
RNA is very susceptible to temperature changes. Afterwards, gPCR is performed
for specific targets in the cDNA template as well as for a housekeeping or reference
gene that is ideally carefully chosen to have the same expression levels in all the
samples regardless of their treatment conditions. Either TagMan® hydrolysis
oligonucleotide probes or SYBR Green I dye predesigned by the provider can be

used in this method, following the general qPCR chemistry assays.
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The TagMan principle relies on the Thermus aquaticus (Tag) DNA polymerase with
5’ endonuclease activity that cleaves an oligonucleotide probe (Tagman probe)
bound to a region in the target gene that lies in between the forward and revers
PCR primers. This Tagman probe contains a fluorophore and a quencher in its 5’
and 3’ end, respectively. When the TagDNA polymerase cleaves the fluorophore at
the 5’ end, it is released from the quencher’s proximity and emits a fluorescent
signal that can be measured and is proportional to the number of amplified target
molecules in each PCR cycle. Importantly, the forward and reverse PCR primers as

well as the Tagman probe confer three levels of specificity in the gPCR.

The target cDNA amplification reaction is plotted showing 3 phases: the baseline,
the exponential phase and the plateau. In the plot, the x-axis represents the
number of PCR cycles, whereas the y-axis represents the increment of
fluorescence, whose changes are not detectable and remain at background levels
until enough amplified product is accumulated. Entering the exponential phase,
the PCR product amount doubles with each cycle but, as reagents are consumed,
the reaction course is limited and slows until entering the plateau phase (Figure
4). The fluorescence threshold is set the same for all samples to the exponential
phase above the background signal and before the plateau, and will give the cycle
threshold (CT) value for each sample. This allows to relatively quantify the original
amount of the target of interest mMRNA that was present in the sample knowing
the exponential function that describes the reaction progress. Lower Cr values
indicate a larger amount of target in the sample, as fewer amplification cycles are
needed to accumulate enough reaction product to provide an above-background
fluorescence signal. Inversely, higher Cr values indicate a smaller amount of target
in the sample, as more amplification cycles are needed to detect an above-

background fluorescence signal.

In order to perform the relative quantification (RQ) of the target cDNA correctly,
the 222¢ method is used, which includes two normalisation steps. A first
normalisation step allows to control for technical variations in the input of the
template correcting the data by normalisation to a housekeeping gene, which is
constitutively expressed in the studied system. A second normalisation step
compares the expression of the target genes in the test samples to the expression
of the same genes in the control samples. This allows to relatively quantify the

amount of target cDNA in the samples.
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Figure 4. Amplification plot of a qPCR experiment. ARn indicates the fluorescence normalization
between the reporter dye signal and the background signal (Applied Biosystems™ ROX™ Dye). Figure
generated by StepOnePlus Real-Time PCR System software.

3.5.2.Standard procedure

Human lung epithelial A549 cells stimulated for 24 hours with poly(I:C) in 24-well-
plates (section 3.2.). were washed with cold PBS and lysed in RLT buffer
containing 1% pB-mercaptoethanol. Qiagens’ QIAcube was employed to semi-
automatically extract the total RNA from the samples. RNA isolation was performed
according to the manufacturer’s protocol including a DNase I digestion step
(RNase-free DNase set) to degrade traces of genomic DNA. ND-1000
spectrophotometer (NanoDrop) was used to quantify the total RNA concentration
after extraction. An ODg2e0/280 ratio of approximately 2 was confirmed for the
samples included in the study, indicating an optimal RNA purification with low
contamination. Nucleic acids have an absorbance maximum at 260 nm, whereas
proteins have an absorbance maximum at 280 nm (due to tryptophan and tyrosine
amino acids). Abnormal 260/280 ratios indicate sample contamination by
guanidine, phenol or other reagent used in RNA extraction as well as high protein

concentrations. Higher 260/280 ratios indicate a basic pH in the sample whereas
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lower 260/280 ratios indicate an acidic pH in the sample. Next, reverse
transcription was performed employing High-Capacity RNA-to-cDNA kit to
synthesise cDNA from normalised amounts of RNA according to manufacturer’s
recommendations (Applied Biosystems). Depending on the measured
concentration of RNA, gPCR reactions were performed with 10 to 25 ng of cDNA
input for each different experiment in a total volume of 20 ul per reaction, PerfeCta
gPCR FastMix, (with UNG and ROX, Quanta Biosciences) and TagMan Gene
Expression Assays (Applied Biosystems): TBP (Hs00427620_m1), IL-6
(Hs00985639_m1), IFNL1 (Hs00601677_gl), IFNL3 (Hs04193047_gH). TBP was
chosen as the housekeeping gene since its expression had previously been
assessed in recent projects® as the most stable across the different treatment
conditions in comparison to other potential reference gene candidates.
StepOnePlus Real-Time PCR System was used to amplify the targeted genes TBP,
IL-6, IFNL1 and IFNL3, and its in-built software was employed for easy data
analysis. Relative quantities of gene expression were calculated using the
comparative 224t method, taking TBP reference gene expression as endogenous

control.

3.6. Cytotoxicity/Cell viability assays
3.6.1.Basic principle

Cell viability assays allow to relatively quantify the amount of viable cells in a cell
culture. Both the Lactate Dehydrogenase (LDH) and the MTS cell viability assays
are based on colorimetric methods. The LDH assay measures LDH activity in the
supernatant of plasma membrane-damaged or dead cells, whereas the MTS assay
measures the metabolic activity of viable cells in cytotoxicity assays or in

proliferation.

Cell death typically entails the damage and rupture of the plasma membrane,
which results in the release of cytoplasmic enzymes in the cell culture supernatant,
such as the lactate dehydrogenase (LDH). In detail, LDH enzymatic activity
catalyses the conversion of lactic acid to pyruvic acid whilst transforming NAD+
into NADH/H+. This product is subsequently used by a catalyst, diaphorase, to

reduce a tetrazolium salt, iodonitrotetrazolium (INT), to a red water-soluble
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formazan dye with an absorbance maximum at 490 nm. The number of dead cells

is directly proportional to the amount of dye produced.

As in the traditional [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide] (MTT) assay or in the LDH assay previously described, the MTS assay
measures the relative quantity of a formazan product that has an absorbance
maximum at 490 nm. The assay incorporates a stable solution of [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium], an MTS tetrazolium compound, and an electron coupling reagent
(phenazine ethosulfate; PES). Once the MTS tetrazolium solution is added to cells
in the culture, viable and metabolically active cells reduce the compound forming
a soluble, coloured formazan product. Active NAD(P)H-dependent dehydrogenase
enzymes in metabolically active cells are responsible for carrying out the reaction.
The number of viable and metabolically active cells in culture is thus directly

proportional to the quantity of formazan produced.
3.6.2.Lactate Dehydrogenase (LDH) assay standard procedure

LDH Cytotoxicity Detection Kit (#PT3947-1; Clontech Inc.) was used according to
the manufacturer’s protocol to perform the LDH assay. LDH Reaction Mixture was
prepared immediately before use by mixing 3.5 mL Dye Solution with 77.8 pL
Catalyst (1:45 dilution), adding 40 pL of the resulting mixture to each well and
incubating for 20-30 minutes at room temperature, avoiding exposure to direct
light. Absorbance was measured in a microplate reader (BioRad) at 490 nm, taking
655 nm as a reference wavelength to subtract any background noise due to
nonspecific absorbance such as fingerprints, excess cell debris, or others. After
subtraction of the background given by the measurement of the absorbance of cell
media mixed with reaction mixture, the final measurements were adjusted for the
dilution factor of the sample supernatants. Transfected samples were assessed in
technical duplicates. Finally, the data was analysed and visualized using GraphPad

Prism Software Version 8.2.0.
3.6.3.MTS Assay standard procedure

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (#G3581; Promega)
was used to perform the MTS assay according to the manufacturer’s protocol. An
untreated control, a mock control (only transfection reagent) and a negative

control (medium only) were included, being assessed from single wells. 20 uL One
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Solution Reagent was added to each well in a 96-well plate containing 100 uL of
CCM. Subsequently, the cells were incubated for 1 hour at 37°C (5% COy,).
Immediately after, a microplate spectrometer reader (Bio-Rad) was used to
measure the absorbance at 490 nm. In order to subtract background noise, the
absorbance was measured at a reference wavelength of 655 nm was also
measured. The background absorbance from the negative control was subtracted
from all sample measurements. Last, the data was finally analysed and visualized

using GraphPad Prism Software Version 8.2.0.
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4. Results

4.1.Preliminary stimulation of wild-type A549 cells by
poly(I:C) transfection

Many of the studies that have investigated how SARS-CoV-2 viral proteins interfere
with inflammatory signalling pathways are done in cell lines such as HEK293T,
which are easy to transduce but do not constitute directly relevant cell models for
COVID-19 research since they are not lung epithelial cells and not the primary
target of SARS-CoV-2. To elucubrate more significant results in this project, we
aimed at investigating the effects of SARS-CoV-2 proteins on innate immune
responses by employing epithelial cells from human lung. Among the different lung
epithelial cell lines available, we picked Calu-3 and A549 cells for being well-
established cell lines that had already been transduced with genes coding for
different SARS-CoV-2 proteins of interest in a previous master thesis project. After
testing both cell lines in the laboratory and getting acquainted with their culturing
methods, Calu-3 proved to be difficult to work with (not shown) for a number of
reasons that will be discussed later (section 5.1.). Therefore, we selected the
A549 lung adenocarcinoma cell line for our experiments. The phenotype of this cell
line is similar to lung epithelial cells targeted by SARS-CoV-2, which makes it
particularly suitable for research on SARS-CoV-2 lung infection. As mentioned,
three different A549 cell lines transduced with pLVX-TetOne-Puro plasmids
containing the individual SARS-CoV2 proteins of interest had already been created
in a previous master thesis project (section 3.1.1.). These cell lines overexpress
SARS-CoV2 ORF3a, ORF6 or ORF9b upon stimulation with tetracyclines and were
used to study the effects of SARS-CoV-2 viral proteins on inflammatory responses
and innate immune system signalling pathways in lung epithelial cells in more
detail.

The first aim of the project was to study the production of inflammatory cytokines
in A549 lung epithelial wild-type cells in response to PRR stimulation. The previous
master thesis project had tested the stimulation of several PRRs with different
synthetic ligands. However, cytokine responses were only observed from few
receptors, the most prominent of which was RIG-I/MDA5, whose signalling
pathway is involved in the production of IL-18, IL-6, IL-8, type I and type III IFNs

and TNF-a among other cytokines. These results were quite interesting, given that
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RIG-I/MDAS5 plays a key role in the cytosolic sensing of SARS-CoV-2. Thus, we
took this as the starting point for more detailed analyses on the modulatory effects

of SARS-CoV-2 proteins on RIG-I/MDA5-induced immune responses in this project.

In a first set of preliminary experiments, inflammatory cytokine production was
assessed in wild-type A549 human lung epithelial cells in response to stimulation
with different concentrations of poly(I:C). In depth, poly(I:C) is a synthetic dsRNA
structure that mimics viral RNA and stimulates the RIG-I/MDAS pathway in cells,
emulating the initial steps of infection. In these experiments, poly(I:C) was used
as a proxy for a viral RNA product that can elicit inflammatory responses when
sensed by the innate immune system of the host cell. While endocytosed “pure”
poly(I:C) stimulates mainly inflammatory responses via TLR3, cytosolically-
delivered poly(I:C) stimulates inflammatory responses via the RIG-I/MDA5S
pathway. In order for poly(I:C) to be delivered in the cytosol of the cell, it must
be combined with a transfection reagent, in this case RNAIMAX. Wild-type A549
cells were treated with increasing concentrations of pure poly(I:C) (TLR3
stimulation) or poly(I:C) in combination with RNAIMAX (RIG-I/MDA5 stimulation)
and the production of inflammatory cytokines by these cells was assessed at 24
and 48-hour timepoints. Specifically, we focused on analysing the production of
NF-kB and IRF-regulated cytokines that might be induced in infected epithelial cells
and play a role in the host response against SARS-CoV-2. These cytokines were
IL-6, IL-8 and type III IFNs (IFN-A1 and IFN-A3), which have been found to be

strongly upregulated in severe COVID-19 cases.

ELISA for IL-6 and RT-gqPCR for IL-6, IFNL1 and IFNL3 (the designated terms for
IFN-A1 and IFN-A3 mRNAs, respectively) were carried out from cell culture
supernatants and lysates 24 and 48 hours after poly(I:C) stimulation.
Concomitantly, A549 WT cell viability was analysed by LDH and MTS assays and
compared with cytokine production in response to different concentrations of
poly(I:C). The aim of these experiments was to find an optimal dose of cytosolic
poly(I:C) that triggers a strong RIG-I/MDA5-mediated inflammatory cytokine
response without significantly affecting cell viability (as observed in previous
experiments with higher doses of poly(I:C) treatment). In addition, these initial
experiments allowed the optimisation of methodological procedures and the

assessment of their reliability for this and future experimental setups.
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4.1.1.RIG-I/MDA-5 stimulation induces IL-6, IFN-A1 and IFN-A3

inflammatory cytokine responses in A549 wild-type cells

The first stimulation experiment in this project aimed to determine the preferred
range of viral ligand concentrations to be used in future setups. For this purpose,
a small-scale experiment including only wild-type A549 cells was performed. Cells
were treated with different concentrations (0.5 to 10 pg/ml) of poly(I:C) with
RNAIMAX as TR mixed in a 1:2 ratio and incubated for 24 and 48 hours. At these
timepoints, supernatants were harvested for analysis. As a control, increasing
concentrations of poly(I:C) alone were added to cells, which should not enter the
cytosol and thus are not expected to activate the RIG-I/MDAS signalling pathway.
Both at 24 and at 48 hours, a strong induction of IL-6 production was observed in
response to cytosolic delivery of poly(I:C) with RNAIMAX, but not in response to
poly(I:C) alone (Figure 5A, B). This indicates that cytosolic delivery of poly(I1:C)
stimulates production of IL-6 via the cytosolic sensor RIG-I/MDAS5, but not via the
endosomal TLR3 pathway in A549 cells. The use of a transfection reagent
(RNAIMAX) seems indispensable for the activation of the RIG-I/MDA5 pathway by

poly(I:C) and induction of subsequent cytokine secretion.

The highest concentration of secreted IL-6 was observed with lowest dose of
transfected poly(I:C), indicating that 0.5 pg/ml of poly(I:C) plus RNAIMAX is
sufficient to induce inflammatory cytokine production from A549 cells via RIG-
I/MDA5. Measurement of IL-6 secretion by ELISA after each indicated timepoint
showed an overall steady decrease of IL-6 concentration in the cell supernatants
with higher concentrations of poly(I:C) plus RNAIMAX treatment. This reduction in
IL-6 production with increased doses of poly(I:C) may indicate that the treatment
of A549 cells with increased doses of poly(I:C) or TR affect cell health or cell
viability. In particular, the highest production of IL-6 was observed with 0.5 pg/ml
and 1 pg/ml of transfected poly(I:C) treatment at 24 and 48 hours respectively.
Moreover, higher concentrations of IL-6 are observed in 48-hour supernatants
than in 24-hour supernatants, which is probably due to an accumulation of IL-6 in

the supernatant over time (Figure 5C).
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Figure 5. IL-6 secretion in response to RIG-I/MDA5 stimulation at 24 and 48-hour
timepoints. A549 wild-type cells were seeded the day before stimulation with poly(I:C) +
lipofectamine RNAIMAX or poly(1:C) alone without TR. Untreated controls were incubated with CCM.
After incubation for 24 (A) and 48 hours (B), cell supernatants were collected and IL-6 production
measured by DuoSet ELISA (R&D). Absorbance was measured at 450nm and 570nm and then
subtracted. Results show mean from technical duplicates. €. Comparison of IL-6 production from
A549 cells after 24 and 48 hours in response to poly(I:C) + RNAIMAX treatment (comparison of
results from (A) and (B)). ** p<0.01.

In addition to cytokine analysis from supernatants by ELISA, A549 WT cells were
lysed after removal of the supernatant for RNA extraction. mMRNA expression levels
of IL-6, IFNL1 and IFNL3 were analysed by RT-qPCR analysis in A549 cells 24 hours
after RIG-I/MDA5 stimulation with increasing concentrations of poly(I:C) +

RNAIMAX (also referred to as transfected poly(I:C)). Results were normalised to
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Figure 6. IL-6, IFNL1 and IFNL3 gene expression in wild-type A549 cells after 24-hour
stimulation with RIG-I/MDAS5 stimulation. A549 wild-type cells were seeded the day before
stimulation with poly(I:C) + lipofectamine RNAiIMAX or poly(I:C) alone without TR. Stimulation with
RNAIMAX alone (twice the volume used for stimulation with poly(I:C) 1 ug/ml) was included as an
experimental control. Untreated controls were incubated with CCM. Cells were lysed after being
stimulated for 24 hours. RNA was extracted from the lysates and IL-6 (A), IFNL1 (B) and IFNL3 (C)
mRNA expression was assessed by RT-qPCR. RQ values were calculated relative to TBP housekeeping
gene expression. Results show mean from 2 independent experiments. (D) IL-6, IFNL1 and IFNL3
gene expression results from A-C were combined. Differences in treatment response across cytokines
were assessed by two-way ANOVA with Tukey correction (D). * p<0.05, ** p<0.01.

MRNA expression of the housekeeping gene (TBP). Cells were stimulated with 0.5,
1 and 2.5 pg/ml poly(I:C) for 24 hours, compared to cells that were unstimulated
and stimulated with pure poly(I:C) or RNAIMAX alone (twice the volume used for
stimulation with the highest concentration of poly(I:C), 0 pg/ml poly(I:C)). We
found and overall visible increase in the expression of IL-6, IFNL1 and IFNL3 was
observed at 0.5, 1 and 2.5 ug/ml concentrations of transfected poly(I:C) (Figure
6A, B, C). This indicates that RIG-I/MDA5-specific poly(I:C) viral ligand activates
the expression of pro-inflammatory cytokines and type-III IFNs when transduced
into the cell. In contrast to ELISA findings for secreted IL-6 protein, increased
levels of IL-6 mMRNA were found for increasing doses of poly(I:C) + RNAIMAX up
to 2.5 (Figure 5A and 6A). However, it is worth noting that at a 5 pg/ml

concentration of transfected poly(I:C) abrogated mRNA expression of cytokines
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completely (Figure 6A, B, C), which might be attributed to the detrimental effects
of an excessive dosage of poly(I:C) and RNAIMAX to the survival of A549 cells.
Likewise, mRNA expression levels of these three cytokines were reduced or non-
existent for poly(I:C) or RNAIMAX alone controls (Figure 6A, B, C). In addition,
when mRNA levels of IL-6, IFNL1 and IFNL3 were compared 24 hours after RIG-
I/MDA5 stimulation, IFNL3 expression was significantly higher compared to IL-6
expression when cells were stimulated with 1 or 2.5 pg/ml of poly(I:C) + RNAIMAX
(Figure 6D).

Given the high response to RIG-I/MDAS5 stimulation with low doses of transfected
poly(I:C), these results encouraged us to expand the range of poly(I:C) +
RNAIMAX treatment to even lower concentrations in order to optimise future
experimental setups. In addition, we decided to perform LDH and MTS assays to
test if the highest doses of transfected poly(1:C) affect cell health and viability.

4.1.2.Higher concentrations of poly(I:C) decrease cell viability in wild-
type A549 cells

Cell viability assays were conducted with A549 wild-type cells. The aim was to
determine to what extent the concentration of poly(I:C) + RNAIMAX treatment
might be responsible for an increase in cell death and could thereby explain the
reduced cytokine levels after stimulation with higher poly(I:C) + RNAIMAX doses
(section 4.1.1.). Together, the results from these dose-response analysis on
cytokine production and cell viability will allow to select the optimal range of
poly(I:C) treatment concentrations for future experimental setups that would
guarantee the highest possible response to RIG-I/MDAS5 stimulation as well as the
highest possible cell viability.

In order to choose a suitable and reliable method for analysis of cell viability and
to obtain a trustworthy set of results, two different methods of cell viability analysis
were performed and compared: an LDH assay (section 3.6.2.), measuring the
LDH release from dying or already dead cells, and the MTS assay (section 3.6.3.),
measuring the metabolic activity in viable cells. Carrying out both these assays
would also allow to determine which of them would eventually be preferred in

future experiments for being more reliable for these experimental conditions.
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A549 WT cells were stimulated with increasing doses of poly(I1:C) + RNAIMAX and
cell viability was assessed 24 and 48 hours post-stimulation by measuring LDH
release in cell supernatants or by adding MTS reagent to the cell culture and
measuring the presence of formazan product indicative of the metabolic activity of
cells. While metabolic activity in the MTS assay directly corresponds to cell
viability, the amount of released LDH is inversely proportional to cell viability. The
LDH and MTS assays yielded comparable results at the 24-hour timepoint with
increased cell death in response to increased doses of transfected poly(1:C)
(Figure 7A, C). RNAIMAX alone or untransfected poly(I:C) did not affect cell
viability. The MTS assay for the 48-hour timepoint showed results that were quite
similar to the 24-hour timepoint (Figure 7D). However, the 48-hour LDH assay
measurements (Figure 7B) showed a brusque rise in the relative amount of
released LDH at the lowest concentration of poly(I:C) + RNAIMAX treatment with
little and irregular variations for the rest of the tested concentrations that did not

correlate with the concentration of poly(I:C) used. Strangely, a high release of
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Figure 7. RIG-I/MDAS5 stimulation in wild-type A549 cells reduces cell viability and induces
cell death. A & B. LDH release into culture supernatants from wild-type A549 cells untreated or
stimulated with poly(1:C) alone or poly(1:C) + lipofectamine RNAiIMAX after incubation for 24 (A) and
48 hours (B). Absorbance was quantified in technical duplicates at 490 nm and 655 nm for
background and then subtracted. Results were normalised to the untreated control and show data
from one experiment. C & D. MTS cell viability MTS assay of wild-type A549 cells untreated or
stimulated with poly(1:C) alone or poly(I:C) + lipofectamine RNAIMAX after incubation for 24 (C) and
48 hours (D). Quantification of absorbance at 490 nm. Results were normalised to the untreated
control and show data from one experiment without duplicates.
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LDH was detected at the lowest concentration of treatment with poly(I:C) alone,
decaying progressively as the concentration increased. Thus, this first set of cell
viability results seemed to favour the MTS assay over the LDH assay in terms of

reproducibility at different timepoints and the straightforwardness of the method.

In these initial experiments with A549 wild-type human lung epithelial cells, we
could show that the stimulation of the RIG-I/MDA5 signalling pathway with
transfected poly(I:C) induces the production of inflammatory cytokines such as IL-
6 and type III IFNs in A549 cells (24 and 48 hours post-stimulation). We observed
that very low concentrations of poly(I:C) + RNAIMAX treatment were sufficient to
induce cytokine production. Furthermore, we detected a reduced cytokine
secretion at higher doses of transfected poly(1:C), as well as reduced cytokine
MRNA levels at very high doses of transfected poly(I:C). In addition, treatment
with increasing concentrations of poly(I:C) + RNAIMAX induced cell death in A549
cells. Based on these results it was decided to focus further experiments on A549
stimulation with 1 pg/ml or lower concentrations of poly(I:C) + RNAIMAX, which
were found to induce inflammatory signalling without causing excessive cell death.
MTS assay was chosen as the more reliable cell viability assay. These optimised
conditions should subsequently be applied to A549 cells overexpressing SARS-
CoV-2 viral proteins that might interfere with the RIG-I/MDA5 inflammatory
signalling pathway.

4.2. Validation of SARS-CoV-2 ORF3a, ORF6 and ORF9b

protein expression in lentiviral-transduced A549 cell lines

In a previous master thesis project®, three A549 cell lines that conditionally
express SARS-CoV-2 ORF3a, ORF6 and ORF9b proteins were generated. The A549
cell lines were lentivirally transduced with pLVX-TetOne-Puro plasmids coding for
these SARS-CoV-2 proteins. Transduction and verification of ORF3a, ORF6 and
ORF9 viral protein expression was part of this previous master thesis project, as
well as some purely exploratory and very preliminarytesting of the inflammatory
effects of stimulation with different PRR ligands. However, the effects of RIG-
I/MDA5 stimulation had not been extensively studied in these cell lines yet and
was thus a main aim for this new master thesis project. We started out by testing
if and to what level SARS-CoV-2 proteins ORF3a, ORF6 and ORF9 are expressed
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in the A549 cells. Importantly, the genes coding for these viral proteins are under
the control of a tetracycline-inducible expression system (Tet-On and Tet-Off
Systems), which means they are only expressed when tetracyclines such as
doxycycline are present in the cell culture. Moreover, the genes that code for the
SARS-CoV-2 proteins of interest in the pLVX-TetOne-Puro plasmids are followed
by a sequence coding for a Strep-II tag in order for the resulting proteins to be

easily detected by the same specific antibody in WB assays.

In order to decipher to what extent the differences detected between treated and
untreated samples within each cell line and across all different cell lines could be
attributed to the immunomodulatory effects of SARS-CoV-2 ORF3a, ORF6 and
ORF9b, a WB was performed. For this, all of the studied A549 cell lines were
incubated without or with doxycycline (0.5 ug/ml) for 24 hours prior to being
stimulated with different concentrations of transfected poly(I:C) or no poly(I1:C)
treatment at all for another 24 hours. After this stimulation step, cells were lysed
in RIPA buffer (Supplementary Table 1) and lysates were analysed by WB using
anti-Strep-II antibodies to detect all SARS-CoV-2 proteins simultaneously. This
made it possible to compare the expression of ORF3a, ORF6 and ORF9b proteins
at the post-translational level in the A549 cell lines transduced with pLVX-TetOne-
Puro plasmids expressing these SARS-CoV-2 proteins. The wild-type A549 cell line
was also included in the WB as a negative control, as it should not give out any

luminol signal.

As it can be observed in Figure 8, the WB showed detectable signals for ORF3a,
ORF6 and ORF9b when their respective cell lines had been incubated with
doxycycline for 24 hours. The strongest luminol signals were detected for ORF3a,
followed by ORF9b, the signal for ORF6 was barely perceptible. All SARS-CoV-2
proteins were detected at their expected Ilevel of molecular weight
(Supplementary Table 2). Results thus indicate a very high expression of ORF3a
and high levels of ORF9b in transduced A549 cells after doxycycline induction, but
an extremely low expression of ORF6 protein. These differences in SARS-CoV-2
protein expression levels might be caused by the different transduction efficiency
of pLVX-TetOne-Puro plasmids and have to be kept in mind when exploring
inflammatory responses in these cells in further experiments. Strikingly, higher

concentrations of transfected poly(I:C) in combination with RNAIMAX had an effect
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Figure 8. SARS-CoV-2 protein expression in A549 after induction of protein expression
with doxycycline. Samples were collected from WT and ORF3a, ORF6 and ORF9b-transduced A549
lung epithelial cells after induction with 0.5 ug/mL doxycycline for 24 hours. Cells were stimulated
with 0.5 or 1 ug/mL of p(1:C), using RNAIMAX as lipofectant. After separation on SDS-PAGE, SARS-
CoV-2 viral proteins tagged with Strep-II were detected using mouse anti-Strep-II monoclonal
antibody during Western blot. GAPDH was used to normalize the proteins expression.

on the abundance of the SARS-CoV-2 proteins, reducing its presence in the treated
samples, which also has to be kept in mind for further experiments as the
expression of some of the studied SARS-CoV-2 proteins might be diminished by
poly(I:C) transfection, making it less likely to observe any statistically significant

differences in the samples studied.

4.3. Stimulation of wild-type and SARS-CoV-2 ORF3a
expressing A549 cells by poly(I:C) transfection

After confirming doxycycline-induced SARS-CoV-2 protein expression in ORF-
transduced A549 cell lines, the possible effect of SARS CoV-2 proteins on RIG-
I/MDA5 inflammatory responses was studied in A549 lung epithelial cells.
Transfected poly(I:C) was used to induce RIG-I/MDAS signalling. The starting point
for these experiments were the optimised stimulation conditions determined in

section 4.1. with the A549 wild-type cells. A first set of experiments was

59



conducted with A549 WT cells and the ORF3a-expressing A549 cell line for which
the highest levels of SARS-CoV-2 protein expression were found (section 4.2,,
WB). Based on our first set of experiments (section 4.1.), low concentrations of
transfected poly(I:C) were explored, starting with concentrations from 0.05 pg/ml.
The aim of these titrations was to refine the experimental set up in order to achieve
a better compromise between cell viability and RIG-I/MDAS response. The new
experimental setup excluded the highest concentration of transfected poly(1:C)
previously used (i.e. 10 pg/ml) as well as 2.5 pyg/ml and expanded the range of
lower concentrations to include 0.05, 0.1 and 0.25 upg/ml, stimulating both A549
and ORF3a A549 cells for 24 hours and 48 hours.

4.3.1. Cell viability assays of A549 WT and A549 ORF3a do not exhibit

statistically significant differences

In order to assess the health and viability of the selected A549 cell lines in response
to poly(I1:C) treatment, cell viability MTS assays were conducted. The objective of
these cell viability assays was to verify if a further reduction in the dosage of
transfected poly(I:C) administered to the wild-type and SARS-CoV-2 ORF3a
expressing A549 cells could also guarantee a further reduction in cell death. In
addition, LDH assays were performed in parallel to confirm the cell viability results
obtained with the MTS assay (Supplementary Figure 1). This time, both the 24
and the 48-hour timepoints showed comparable and coherent results for both the
LDH and the MTS assays.

The MTS cell viability assay at 24 and 48 hours post-stimulation confirms the
previously observed tendency of increasing cell death in response to increasing
doses of poly(I:C) + RNAIMAX treatment (Figure 9A, B). Moreover, no significant
differences in cell viability between A549 WT and ORF3a cells at 24 and 48-hour
timepoints were found at the different concentrations of transfected poly(I:C). This
indicates that ORF3a does not affect cell viability in response to RIG-I/MDA5
stimulation. On the other hand, the additional LDH assay performed on the same
samples hints at a higher degree of cell death in A549 WT cells in comparison to
A549 ORF3a cells. This observation is statistically significant at 48 hours post-
stimulation. However, the LDH assay displayed an overall higher measurement
variability than the MTS assay, further exemplifying the lack of trustworthiness of

its results. These disparity in the LDH data would have to be further investigated
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in order to be fully understood. Therefore, we decided to continue performing only
MTS assays in future stimulation assays after having reaffirmed their reliability for

these experimental conditions.
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Figure 9. Comparable effects of RIG-I/MDA5 stimulation on cell viability of wild-type and
SARS-CoV-2 ORF3a expressing A549 cell lines. Cell viability (MTS) assay of wild-type and
ORF3a-transduced A549 cells untreated or stimulated poly(1:C) + lipofectamine RNAIMAX after
incubation for 24 (A) and 48 (B) hours. Cells were seeded the day before stimulation with poly(I:C)
+ lipofectamine RNAIMAX. Stimulation with poly(I:C) or RNAIMAX alone (twice the volume used for
stimulation with the highest poly(I:C) concentration) was included as an experimental control.
Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml) was added to the CCM of A549
ORF3a-transduced cell line. Quantification of absorbance at 490 nm. Results were normalised to the
untreated control and plotted as a percentage and show means of technical duplicates from two
independent experiments. Differences in treatment response in both cell lines were assessed by two-
way ANOVA with Tukey correction. Ns p>0.05.

61



4.3.2.0RF3a reduces pro-inflammatory IL-6 secretion from A549 lung

epithelial cells in response to RIG-I/MDAS5 stimulation

The previous cell viability MTS assays were paired with ELISA experiments.
Secretion of IL-6 protein into the supernatant was analysed by ELISAs after 24
and 48 hours (Figure 10A, B). As in the initial experiments, A549 WT cells
displayed an overall rise in IL-6 secretion levels when concentration of transfected
poly(I:C) increased. The highest IL-6 production was observed for 1 pg/ml of
poly(I:C) + RNAIMAX at 24 and 48 hours. Compared to WT A549 cells, ORF3a-
expressing A549 cells secreted reduced levels of IL-6 into cell supernatants. In
addition, IL-6 responses in A549 ORF3a cells were found almost unchanged in
response to all concentrations of transfected poly(I:C) (0.05 to 5 pg/ml) used for
stimulation at 24 hours. However, after 48 hours, a more dose-dependent effect
of IL-6 secretion was observed in ORF3a A549 cells, where the highest response
to transfected poly(I:C) treatment is visible at 0.5 pg/ml. Of note, wild-type A549
cells were visibly more responsive to transfected poly(I:C) in comparison to their
counterpart cell line expressing ORF3a, as observed in the higher levels of secreted

IL-6 and their variation across different treatment concentrations.

These first experiments including ORF3a-expressing A549 cells indicate that SARS-
CoV-2 protein ORF3a might interfere with the RIG-I/MDAS signalling pathway by
inhibiting production and secretion of pro-inflammatory cytokine IL-6. Overall, the
newer range of lower poly(I:C) concentrations seem to induce an IL-6 response
comparable to the highest poly(I:C) concentrations. Experiments seem to yield
favourable results and the chosen concentrations used for RIG-I/MDA5 stimulation
are enough to perceive differences between the cell lines. Nevertheless, further
experiments and statistical analysis are necessary in order to confirm this first
assumption. In these, the other cell lines expressing ORF6 and 9b will also be
included to further explore the possible immunomodulatory effects of these other
relevant SARS-CoV-2 proteins.
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Figure 10. Reduced IL-6 secretion from SARS-CoV-2 ORF3a-expressing A549 compared to
A549 wild-type human lung epithelial cells in response to RIG-I/MDA5 stimulation. Cells
were seeded the day before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with
poly(I:C) or RNAIMAX alone (twice the volume used for stimulation with the highest poly(1:C)
concentration) was included as an experimental control. Untreated controls were incubated with CCM.
Doxycycline (0.5 ug/ml) was added to the CCM of A549 ORF3a-transduced cell line. After incubation
for 24 (A) and 48 hours (B), cell supernatants were collected. Analysis of IL-6 secretion levels was
performed by DuoSet ELISA (R&D) in technical duplicates. Absorbance was measured at 450 nm and
570 nm and then subtracted. Controls were incubated with CCM. Mean from two independent
experiments.

4.3.3. Pro-inflammatory cytokine and type III IFN expression in A549
wild-type and ORF3a cells visibly peak at a concentration of 1
pg/ml of poly(I:C) + RNAIMAX treatment

Following the ELISA results obtained for IL-6 secretion in RIG-I/MDA5-stimulated
A549 wild-type and ORF3a cells, RNA was extracted from these cell lines and RT-
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gPCR was performed upon poly(I:C) and RNAIMAX treatment for 24 hours. The
aim of this experiment consisted in confirming the upregulation of IL-6 secretion
at the transcriptional level. In addition to IL-6, gene expression levels of IFNL1
and IFNL3 was also analysed, as these type III IFNs represent key actors in the
innate immune response against SARS-CoV-2 infection. As shown in Figure 11,
all these targets were found to be visibly upregulated at the transcriptional level
in A549 WT cells, showing higher levels of mRNA transcripts with increasing
concentrations of poly(I:C) + RNAIMAX before reaching a concentration of 5 ug/ml
of transfected poly(I:C), at which the expression levels drastically drop. This is
most certainly due to excessive cell death caused by the high dosage of poly(1:C)
treatment. Especially, IFNL1 expression was considerably higher than IL-6 and
IFNL3 across almost all transfected poly(I:C) concentrations. Interestingly, out of
all tested concentrations of poly(I:C) + RNAIMAX, 1 ug/ml proved to be the most
“immunogenic”, achieving the highest RQ values for all three targets. This might
the highest dose of transfected poly(1:C) that does not yet induce too much cell
death.

In contrast to the observed reduced levels of secreted IL-6 measured by ELISA
(section 4.2.1.), IL-6 mRNA levels were found to be much higher in ORF3a-
expressing A549 cells compared to A549 WT cells in response to increasing doses
of transfected poly(I:C), suggesting the ability of ORF3a to induce the transcription
of pro-inflammatory cytokines. Furthermore, IL-6 and IFNL1 were visibly found to
be more highly expressed in A549 ORF3a than in A549 wild-type cells, whereas
IFNL3 was slightly more upregulated in A549 wild-type than in A549 ORF3a.
Although more independent experiments ought to be conducted and analysed by
statistical methods, this might be a first insight into how SARS-CoV-2 might
manipulate the inflammatory response in lung epithelial cells to its own advantage
in order to ensure a successful infection of the host cell. All in all, this series of
experiments allowed us to further restrict the range of concentrations used in the
stimulation of the RIG-I/MDAS5 pathway to 0.25, 0.5 and 1 pg/ml, which were
deemed to be the best compromise between cell viability and the innate immune

response to the infection.
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Figure 11. IL-6, IFNL1 and IFNL3 gene expression upon 24-hour RIG-I/MDAS stimulation
of wild-type and SARS-CoV-2 ORF3a expressing A549 cell lines. Cells were seeded the day
before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with poly(I1:C) or RNAIMAX
alone (twice the volume used for stimulation with the highest poly(I:C) concentration) was included
as an experimental control. Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml)
was added to the CCM of A549 ORF3a-transduced cell line. Cells were lysed after being stimulated
for 24 hours. RNA was extracted from the lysates and IL-6 (A), IFNL1 (B) and IFNL3 (C) mRNA
expression was assessed by RT-qPCR in technical duplicates. RQ calculated relative to TBP gene
expression. Ct=40 was set for undetermined samples. Results from one experiment.
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4.4. Stimulation of wild-type and SARS-CoV-2 ORF3a, ORF6 and
ORF9b expressing A549 cells by poly(I:C) transfection

After having titrated a wide range of transfected poly(I:C) concentrations in A549
wild-type and ORF3a cell lines and settled for the three most promising, the
experimental setup appeared to be optimised enough for being expanded. Thus,
additional A549 ORF6 and ORF9b cell lines were included in a newer series of
ELISA, cell viability and RT-gPCR experiments. In these experiments including all
ORF-expressing A549 cell lines, ELISAs were extended to protein secretion analysis
of type III IFNs (IFN-A1/3) as well as the chemokine IL-8. These cytokines are
relevant in immune response against SARS-CoV-2, as they are also regulated via
the RIG-I/MDA5 and NF-kB/IRF pathways. These experiments aim at providing a
more comprehensive and holistic view on the key actors that participate in the

innate immune antiviral response to SARS-CoV-2 infection.

In these set of experiments, wild-type and ORF3a, ORF6 and ORF9b transduced
A549 cell lines were cultured in doxycycline-containing media for a day prior to
being treated with poly(I:C) and RNAIMAX. This earlier incubation period was
necessary to allow the tetracycline-inducible lentiviral vectors to express the
SARS-CoV-2 proteins of interest. This was followed by RIG-I/MDA5 stimulation by
poly(I:C) treatment in combination with TR for 24 and 48 hours. Cell viability was
assessed by MTS assay 24 hours post-stimulation. Secretion of IL-6, type III IFNs
and IL-8 in A549 wild-type, ORF3a, ORF6 and ORF9b cell supernatants was
analysed at 24 and 48-hour timepoints by ELISA. In addition, RNA was extracted
for RT-qPCR experiments 24 hours after poly(I:C) transfection. Last, a specific set
of experiments was conducted in which cytokine production was assessed in A549
ORF3a, ORF6 and ORF9b cells that had been incubated in the absence of
doxycycline, impeding the induction of SARS-CoV-2 protein expression in these
cell lines. This was done as a mean of comparison of the variations between ORF-
transduced and WT A549 cell lines, which should behave similarly in these

experimental conditions.

4.4.1. SARS-CoV-2 proteins do not affect cell viability in A549 cell
lines 24 and 48 hours after poly(I:C) + RNAIMAX treatment
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Figure 12. Cell viability of wild-type and SARS-CoV-2 ORF3a, ORF6 and ORF9b expressing
A549 cell lines in response to 24-hour RIG-I/MDAS5 stimulation. Cell viability (MTS) assay of
wild-type and ORF3a, ORF6 and ORF9b-transduced A549 cells untreated or stimulated with poly(I:C)
+ lipofectamine RNAIMAX after incubation for 24 and 48 hours. Cells were seeded the day before
stimulation with poly(I1:C) + lipofectamine RNAIMAX. Stimulation with poly(I:C) or RNAIMAX alone
(twice the volume used for stimulation with the highest poly(I:C) concentration) was included as an
experimental control. Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml) was
added to the CCM of A549 ORF3a, ORF6 and ORF9b-transduced cell line media. Quantification of
absorbance at 490 nm. Results were normalised to the untreated control and plotted as a percentage
and show means from three independent experiments. One-way ANOVA with Dunnett correction was
performed for A549 WT, ORF3a, ORF6 and ORF9b cell lines comparing treated to untreated (A).
Differences in treatment response across cell lines at 24- (B) and 48-hour (C) timepoints were
assessed by two-way ANOVA with Tukey correction. ns p>0.05, * p<0.05.

Cell viability in cells treated with poly(I:C) + RNAIMAX was assessed by MTS assays
24 and 48 hours after stimulation of the RIG-I/MDA5 pathway (Figure 12). As it
had been observed in the previous sets of experiments, all tested cell lines showed
a decrease in cell viability with higher concentrations of transfected poly(I:C) at
24 hours (Figure 12A). In depth cell viability changes were not found to be
statistically significant between untreated and poly(I:C)-transfected A549 wild-
type and ORF6 cells. However, they did show visible differences following the
trends of their counterpart A549 ORF3a and ORF9b cell lines, which did show
statistically significant changes. This further proves the lethal effects of transfected
poly(I:C) with regard to cell viability. On the other hand, the comparison of cell
death across all tested cell lines showed no significant differences for 0.25, 0.5 and
1 pg/ml of poly(I:C) + RNAIMAX at 24 and 48-hour timepoints (Figure 12B and
C). This suggests that the cell viability of all selected cell lines would be affected
by poly(I:C) in a similar manner for each individual concentration of transfected
poly(I:C). The reason for the lack of significant differences in these results is
clearly due to the extremely different measurements observed in the MTS assay,
which are too variable to produce any concise results. Again, performing additional
independent experiments would reduce variability and increase measurement
reliability potentially rendering statististically significant results. On the whole,
these series of results allowed us to confirm the selection of the 24-hour timepoint

as the most relevant for future experiments given its overall higher reliability.
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4.4.2, Effects of SARS-CoV-2 ORF3a, ORF6, ORF9b on RIG-I/MDA5-
induced IL-6 cytokine production in A549 human lung epithelial
cells

The effects of SARS-CoV-2 ORF3a, ORF6 and ORF9b proteins on the production of
IL-6 in response to RIG-I/MDAS5 stimulation of A549 cells was assessed in cell

lysates at the mRNA level as well as in cell supernatants at the protein level.

4.4.2.1. ORF3a, ORF6 and ORF9b do not significantly affect IL-6
protein secretion in A549 cells in response to activation of the RIG-
I/MDAS5 pathway

IL-6 secretion was analysed in the cell supernatants of A549 wild-type, ORF3a,
ORF6 and ORF9b cells at 24- and 48-hour timepoints after poly(I:C) + RNAIMAX
treatment by ELISA. IL-6 secretion was compared 24 hours post-stimulation within
each cell line (Figure 13A) as well as between different cell lines for all

concentrations of transfected poly(I:C) (Figure 13B).

At 24 hours, IL-6 secretion was not significantly different in any of the SARS-CoV-
2 protein-expressing cell lines when compared to the A549 WT cell line for any
concentration of transfected poly(I:C) (Figure 13B). This observation was also
true at 48 hours, where no significant differences were reported either (Figure
13C). However, IL-6 secretion did show statistically significant differences
between A546 ORF6 and A549 ORF9b when these cells had been transfected with
0.5 pg/ml of poly(I:C) concentration for 24 hours (Figure 13B). In detail, A549
ORF9b cell supernatants presented significantly higher IL-6 secretion levels than
A549 ORF6, although this effect was lost at the 48-hour timepoint (Figure 13C)
and neither of these cells showcased significant differences to the wild-type A549
cell line. This would make it possible to affirm that the ability of SARS-CoV-2
proteins ORF6 and ORF9b to induce pro-inflammatory cytokine secretion (i.e. IL-
6) in the context of COVID-19 is highly variable. In this case, at first sight ORF9b
would be the SARS-CoV-2 protein that would trigger IL-6 production more

strongly, whereas ORF6 would induce IL-6 production less efficiently.
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Figure 13. IL-6 secretion of wild-type and SARS-CoV-2 ORF3a, ORF6 and ORF9b expressing
A549 cell lines in response to 24-hour RIG-I/MDAS5 stimulation. Cells were seeded the day
before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with poly(I:C) or RNAIMAX
alone (twice the volume used for stimulation with the highest poly(I:C) concentration) was included
as an experimental control. Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml)
was added to A549 ORF3a, ORF6 and ORF9b-transduced cell line media. After incubation for 24
hours, cell supernatants were collected. Analysis of IL-6 secretion levels was performed by DuoSet
ELISA (R&D) in technical duplicates. Absorbance was measured at 450nm and 570nm and then
subtracted. Controls were incubated with CCM. Mean from three independent experiments. One-way
ANOVA with Dunnett correction was performed for A549 WT, ORF3a, ORF6 and ORF9b cell lines
comparing treated to untreated (A). Differences in treatment response across cell lines at 24- (B)
and 48-hour (C) timepoints were assessed by two-way ANOVA with Tukey correction. ns p>0.05, *
p=<0.05.

Strickingly, individual values for this ELISA experiment revealed great disparities
for the treated samples, which explains the lack of statistical significance. More
stringent independent experiments of these ELISA experiments would be needed
in order to be able to reverse this lack of statistical significance. Altogether, these
ELISA results for IL-6 secretion encouraged us to continue analysing the presence
of cytokines only in those samples that had been stimulated with transfected
poly(I:C) for 24 hours, since they were deemed as more promising in the devise

of possible statistical differences across data groups.

4.4.2.2. SARS-CoV-2 ORF3a, ORF6 and ORF9b proteins upregulate
RIG-I/MDA5-induced IL-6 mRNA production at the transcriptional
level

IL-6 mRNA levels were analysed by RT-gPCR to verify its production at the
transcriptional level. After all selected A549 cell lines had been stimulated for 24
hours, cells were lysed and their RNA was extracted, followed by reverse
transcription and quantitative PCR. Only samples that were treated with 0.5 ug/ml
were selected to be analysed, since this concentration of transfected poly(I:C) was
deemed as an optimal compromise between a cytokine response and a limited cell
death. Results were analysed with the AAC: comparative method and they only
presented statistically significant differences to their untreated controls in A549
wild-type and ORF3a expressing cell lines, while the change in IL-6 transcriptional
expression remained non-significant in A549 ORF6 and ORF9b cell lines (not
shown). However, the expression of IL-6 in A549 ORF6 and ORF9b increases at
least 100-fold for every measurement taken, which could as well be interpreted as

a relevant induction of pro-inflammatory cytokine expression in these cell lines.
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Remarkably, all SARS-CoV-2 protein-transduced cell lines treated with transfected
poly(I:C) presented statistically higher induction of IL-6 with when compared to
treated A549 wild-type cell lines, being A549 ORF3a the cell line to exhibit the
highest difference followed by A549 ORF9b and A549 ORF6 (Figure 14).
Therefore, these RT-gPCR results demonstrate the strong pro-inflammatory effects
of ORF3a, ORF6 and ORF9b viral proteins in the context of SARS-CoV-2 infected

lung epithelial cells.
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Figure 14. IL-6 gene expression from wild-type and SARS-CoV-2 ORF3a, ORF6 and ORF9b
expressing A549 cell lines in response to 24-hour RIG-I/MDAS5 stimulation. Cells were
seeded the day before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with
poly(I:C) or RNAIMAX alone (twice the volume used for stimulation with the highest poly(I:C)
concentration) was included as an experimental control. Untreated controls were incubated with CCM.
Doxycycline (0.5 ug/ml) was added to the CCM of A549 ORF3a, ORF6 and ORF9b-transduced cell
line media. Cells were lysed after being stimulated for 24 hours. RNA was extracted from the lysates
and IL-6, IFNL1 and IFNL3 mRNA expression was assessed by RT-gPCR in technical duplicates. RQ
calculated relative to TBP gene expression. Ct=40 was set for undetermined samples. Results show
means from three independent experiments. Differences in treatment response in the expression of
IL-6 cell lines were assessed by two-way ANOVA with Tukey correction. ns p>0.05, * p<0.05, **
p<0.01, *** p<0.001.

4.4.3. Effects of SARS-CoV-2 ORF3a, ORF6 and ORF9b on RIG-I/MDA5
induced IFN-A1/3 cytokine production in A549 human lung

epithelial cells

Having studying IL-6 expression and secretion after poly(I:C) stimulation for 24
and 48 hours, we decided to follow these experiments up by exploring the

expression and secretion of type III IFNs in all selected A549 in the same
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experimental setup used for IL-6. It is worth mentioning that while the ELISA
antibodies recognised both the secretion of IFN-A1 and IFN-A3 together as one
(IFN-A1/3), the RT-gPCR primers did distinguish between IFNL1 (IFN-A1, IL-29)
and IFNL3 (IFN-A3, IL-28pB). Because IFN-A2 and IFN-A3 present 96% of sequence
homology, both these cytokines are highly related in their structure and carry out
several overlapping functions. Therefore, we thought that the analysis of IFN-A2
wouldn’t provide any relevant additional information and we decided to not

prioritise it in this series of experiments.

4.4.3.1. No significant effects of SARS-CoV-2 ORF3a, ORF6 and ORF9b
on RIG-I/MDAS5-induced IFN-A1/3 protein secretion in A549

human lung epithelial cells

As detected by ELISA, IFN-A1/3 secretion was visibly upregulated to similar levels
for all concentrations of transfected poly(I:C) in all selected cell lines (Figure 15).
However, all recorded measurements showed great variability once more, which
accounts for the lack of statistical significance when comparing any of the
treatment concentrations to the untreated control (Figure 15A, B, C, D). A slight
time difference in the collection of cell supernatants after RIG-I/MDAS stimulation
for 24 hours could explain this elevated measurement variability. Likewise, when
comparing across cell lines for each different treatment concentration, no
statistically significant differences were found, even though every cell line seemed
to visibly increase the levels of IFN-A1/3 in their respective cell supernatants
(Figure 15E). Therefore, these results are inconclusive and require more precise
measurements with lower variability to provide any significant information on IFN-

A1/3 secretion in the context of lung epithelial cells infected with SARS-CoV-2.
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Figure 15. IFN-A1/3 secretion of wild-type and SARS-CoV-2 ORF3a, ORF6 and ORF9b
expressing A549 cell lines in response to 24-hour RIG-I/MDA5 stimulation. Cells were
seeded the day before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with
poly(I:C) or RNAIMAX alone (twice the volume used for stimulation with the highest poly(I:C)
concentration) was included as an experimental control. Untreated controls were incubated with CCM.
Doxycycline (0.5 ug/ml) was added to A549 ORF3a, ORF6 and ORF9b-transduced cell line media.
After incubation for 24 hours, cell supernatants were collected. Analysis of IFN-A1/3 secretion levels
was performed by DuoSet ELISA (R&D) in technical duplicates. Absorbance was measured at 450nm
and 570nm and then subtracted. Controls were incubated with CCM. Mean from three independent
experiments. One-way ANOVA with Dunnett correction was performed for A549 WT (A), ORF3a (B),
ORF6 (C) and ORF9b (D) cell lines comparing treated to untreated. Differences in treatment response
across cell lines were assessed by two-way ANOVA with Tukey correction (E). ns p>0.05.
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4.4.3.2. No significant effects of SARS CoV-2 ORF3a, ORF6 and ORF9b
on RIG-I/MDAS induced IFN-A1/3 mRNA expression in A549

human lung epithelial cells

Because of the inconclusiveness of these results, a series of RT-qPCR experiments
for IFNL1 and IFNL3 mRNA expression was performed in order to assess whether
type III IFNs would be induced at the transcriptional level with statistically

significant differences. Nonetheless, RT-qPCR results proved to be almost as

IFNL1

ns
T 600000] Lt AS49WT
S 400000 + A549 ORF3a
% 200000- |‘£| = A549 ORF6
et L sllg = v A549 ORF9b
S 2007
g e bl
4 50-
0 "
- 0.5 - p(1:C) [ng/ml]
- + + RNAIMAX
IFNL3
*
< 600000; ] A549 WT
S 400000 . » A549 ORF3a
% 200000- ﬁ“d'll.}l = A549 ORF6
o ol ol v A549 ORF9b
o 8007
<] 400-
X 200- EI]
0L . =
- 0.5 - p(I:C) [ug/ml]
- + + RNAIMAX

Figure 16. IFNL1 and IFNL3 gene expression from wild-type and SARS-CoV-2 ORF3a, ORF6
and ORF9b expressing A549 cell lines in response to 24-hour RIG-I/MDAS5 stimulation.
Cells were seeded the day before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation
with poly(I1:C) or RNAIMAX alone (twice the volume used for stimulation with the highest poly(I:C)
concentration) was included as an experimental control. Untreated controls were incubated with CCM.
Doxycycline (0.5 ug/ml) was added to A549 ORF3a, ORF6 and ORF9b-transduced cell line media.
Cells were lysed after being stimulated for 24 hours. RNA was extracted from the lysates and IFNL1
(A) and IFNL3 (B) mRNA expression was assessed by RT-qPCR in technical duplicates. RQ calculated
relative to TBP gene expression. Ct=40 was set for undetermined samples. Results show means from
three independent experiments. Differences in treatment response across cell lines were assessed

by two-way ANOVA with Tukey correction. ns p>0.05, * p<0.05.
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uncertain as the previous ELISA results. Although visibly higher, IFNLI mRNA
levels were not significantly higher in any of the tested A549 cell lines after being
transfected with poly(I:C) for 24 hours when compared to their untreated controls
(not shown). There were also no statistically significant differences between A549
cell lines transfected with 0.5 pg/ml of poly(1:C) (Figure 16A). Parallelly, IFNL3
MRNA expression levels for each of the selected A549 cell lines were visibly
upregulated upon poly(I:C) transfection for 24 hours, although none of these
increments proved to have any statistical significance (not shown). The only
statistically significant difference was observed in the comparison across A549 cell
lines treated with 0.5 pg/ml of poly(I:C), where A549 ORF6 showcased a
significantly lower transcriptional induction of IFNL3 compared to A549 WT (Figure
16B). This might speak to the immunomodulatory abilities of ORF6, which seems
to be capable of reducing the IFN-A3 response over the course of SARS-CoV-2
infection. Altogether, these additional analysis of the expression of IFNL1 and
IFNL3 at the transcriptional level by RT-qPCR almost did not disclose any relevant
contrast to what had been detected in previous ELISAs for these type III IFNs and
more independent experiments would be needed in both types of methods to reach

more conclusive results.

Taken together, these results demonstrate that type III IFNs are induced upon
RIG-I/MDAS stimulation in A549 cells and that neither ORF3a, ORF6 nor ORF9b
show statistically significant changes in mRNA transcription or in protein secretion

of these cytokines.

4.4.4. Effects of SARS CoV-2 ORF3a, ORF6 and ORF9b on RIG-I/MDA5-
induced IL-8 chemokine production in A549 human lung

epithelial cells

The last cytokine that was considered for our ELISA experiments was IL-8, an
important chemokine in the recruitment of innate immune cells such as
neutrophiles to the site of infection. IL-8 expression is induced by NF-kB via RIG-
I/MDAS5 signalling pathway. Therefore, IL-8 presumably holds a key role in the
clearance of SARS-CoV-2 infected cells limiting the spread of the virus. The results
of the ELISA for IL-8 turned out to be more enlightening than for the previous

type-III IFNs, presenting more precise measurements. This was evident in the
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Figure 17. IL-8 secretion of wild-type and SARS-CoV-2 ORF3a, ORF6 and ORF9b expressing
A549 cell lines in response to 24-hour RIG-I/MDAS stimulation. Cells were seeded the day
before stimulation with poly(I:C) + lipofectamine RNAIMAX. Stimulation with poly(I1:C) or RNAIMAX
alone (twice the volume used for stimulation with the highest poly(I:C) concentration) was included
as an experimental control. Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml)
was added to A549 ORF3a, ORF6 and ORF9b-transduced cell line media. After incubation for 24
hours, cell supernatants were collected. Analysis of IL-8 secretion levels was performed by DuoSet
ELISA (R&D) in technical duplicates. Absorbance was measured at 450nm and 570nm and then
subtracted. Controls were incubated with CCM. Mean from three independent experiments. One-way
ANOVA with Dunnett correction was performed for A549 WT (A), ORF3a (B), ORF6 (C) and ORF9b
(D) cell lines comparing treated to untreated. Differences in treatment response across cell lines
were assessed by two-way ANOVA with Tukey correction (E). ns p>0.05, * p<0.05.

77



higher production of IL-8 in wild-type and ORF3a and ORF6-expressing A549 cell
lines upon stimulation with poly(I:C) in combination with RNAIMAX (Figure 17A,
B, C). In detail, IL-8 secretion was statistically upregulated in the cell supernatants
of A549 WT at 0.5 pg/ml, of A549 ORF3a at 0.25 and 1 pg/ml, and of A549 ORF6
at 0.25 pg/ml of transfected poly(I:C) treatment. In the case of the ORF9b, no
statistically significant differences were observed between the treated samples and
the untreated control due to high measurement variability (Figure 17D). At the
same time, the presence of IL-8 in the cell supernatants was assessed across the
different A549 cell lines for each different treatment concentration. Again, for this
set of ELISA experiments none of the A549 cell lines proved to secrete significantly
higher or lower amounts of IL-8 than any of the rest (Figure 17E). All in all, these
ELISA results display more conclusive results than the previous ELISAs performed
for IFN-A1/3.

4.5. Expression and secretion of pro-inflammatory cytokines in

A549 cell lines incubated in the absence of doxycycline

The previous WB experiments (section 4.2.) confirmed that the SARS-CoV-2
proteins of interest are expressed in A549 cell lines after induction with
doxycycline. However, ORF3a, ORF6 and ORF9b were present in different levels,
being ORF3a the most predominantly expressed SARS-CoV-2 protein followed by
ORF9b and ORF6. In addition, treatment with poly(I:C) + RNAIMAX also seemed
to diminish the expression levels of these SARS-CoV-2 proteins. Knowing this, a
series of experiments was performed in order to compare the cell viability and
cytokine response between A549 cell lines that had been previously incubated with
or without doxycycline prior to stimulation of the RIG-I/MDA5 signalling pathway.
These experiments would allow us to discern whether the effects observed in the
previous series of assays are due to SARS-CoV-2 protein induction by doxycycline
treatment or unrelated factors unique to each of the different cell lines.
Theoretically, ORF3a, ORF6 and ORF9b-transduced A549 cell lines should behave
similarly to the wild-type A549 cell line since none of these SARS-CoV-2 proteins
are expressed when these cell lines have not been incubated with doxycycline.
Thus, we set out to repeat ELISAs, MTS assays and RT-gPCR experiments with the
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same treatment concentrations chosen for the previous ones to verify whether this

assumption was correct.
4.5.1. Cell viability in A549 cell lines in the absence of doxycycline

In conjunction with the previous series of ELISAs, the cell viability of all A549 cell
lines was analysed by MTS assay after being incubated in doxycycline-free media
and transfected with the selected poly(I:C) concentrations for 24 hours. The
results obtained revealed a decay in cell viability comparable to that observed in
the previous experimental setups that included doxycycline in the CCM, where
higher concentrations of transfected poly(1:C) entailed higher cell death. At the
same time, all A549 cell lines showcased visibly similar relative amounts of viable
cells for each individual poly(I:C) concentration (Figure 18). This observation
speaks to the fact that the viability of all cell lines is affected in the same way by
poly(I:C) treatment when the ORF proteins are not being expressed. Therefore, in
the absence of doxycycline, wild-type and ORF-transduced A549 cell lines do

behave equally with respect to their viability.
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Figure 18. Cell viability of doxycycline-untreated wild-type and SARS-CoV-2 ORF3a, ORF6
and ORF9b expressing A549 cell lines in response to 24-hour RIG-I/MDAS stimulation. Cell
viability (MTS) assay of wild-type and ORF3a, ORF6 and ORF9b-transduced A549 cells untreated or
stimulated with poly(1:C) + lipofectamine RNAIMAX after incubation for 24 hours. Cells were seeded
the day before stimulation with poly(1:C) + lipofectamine RNAIMAX. Stimulation with poly(I:C) or
RNAIMAX alone (twice the volume used for stimulation with the highest poly(1:C) concentration) was
included as an experimental control. Untreated controls were incubated with CCM. Quantification of
absorbance at 490 nm. Results were normalised to the untreated control and plotted as a percentage
and represent data from one experiment.
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4.5.2. Secretion of IL-6, IFN-A1/3 and IL-8 in the absence of

doxycycline

ELISA results obtained after RIG-I/MDAS stimulation in all selected A549 cell lines
incubated in the absence of doxycycline exhibited visibly higher levels for each of
the different pro-inflammatory cytokines studied which respect to their untreated
control. Interestingly, IL-6 and IFNL1 secretion revealed no statistically significant
differences when comparing the different selected A549 cell lines to each other
(Figure 19A, B). Although these results are most likely due to the variability of
the measurements and the reduced number of independent experiments
performed, they could also prove that the pro-inflammatory and antiviral cytokine
response of all tested cell lines are similar enough when the expression of ORF3a,
ORF6 and ORF9b proteins is not being induced in the transduced A549 cell lines.

On the other hand, multiple comparison of IL-8 secretion among all the cell lines
was performed in order to verify if they behaved equally upon RIG-I/MDA5
stimulation (Figure 19C). Surprisingly, several statistically significant differences
were found between the cell lines. For 0.25 pug/ml and 0.5 ug/ml of transfected
poly(I:C), A549 ORF9b was significantly upregulated in comparison to A549 WT.
Meanwhile, for 1 pg/ml of transfected poly(I:C), A549 ORF3a and ORF6 showed
statistically significant downregulation, whereas A549 ORF9b displayed statistically
significant upregulation in relation to A549 WT. Taken together, these results prove
the existence of a differential IL-8 response upon poly(I:C) transfection between
A549 wild-type and ORF-transduced A549 cells incubated in the absence of
doxycycline. This cannot be explained by the presence of residual tetracyclines in
the CCM, since the previous WB results detected no residual expression of any
ORF-transduced proteins in the doxycycline-untreated samples. This effect might
be due to variations in absorbance measurements and the reduced number of
independent experiments performed in these conditions. Notably, this should
influence the way in which previous IL-8 ELISA results are interpreted, given that
the ORF-transduced cell lines are predisposed to vary in relation to the wild-type
cell line upon RIG-I/MDAS5 stimulation even when the SARS-CoV-2 proteins are not

being expressed and this needs to be taken into account.

All in all, there is a trend in which the cell line A549 ORF9b shows higher levels of
secreted IL-6, type III IFNs and IL-8 responses than the wild-type A549 WT cell

line when SARS-CoV-2 protein expression is not induced. In addition, there are
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Figure 19. IL-6, IFN-A1/3 and IL-8 secretion of doxycycline-untreated wild-type and
ORF3a, ORF6 and ORF9b expressing A549 cell lines in response to 24-hour RIG-I/MDA5
stimulation. Cells were seeded the day before stimulation with poly(I1:C) + lipofectamine RNAIMAX.
Stimulation with poly(I1:C) or RNAIMAX alone (twice the volume used for stimulation with the highest
poly(I:C) concentration) was included as an experimental control. Untreated controls were incubated
with CCM. After incubation for 24 hours, cell supernatants were collected. Analysis of IL-6 (A), IFN-
A1/3 (B) and IL-8 (C) secretion levels was performed by DuoSet ELISA (R&D) in technical duplicates.
Absorbance was measured at 450nm and 570nm and then subtracted. Controls were incubated with
CCM. Mean from two independent experiments. Differences in treatment response across cell lines
were assessed by two-way ANOVA with Tukey correction. ns p>0.05.
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some variations in the cytokine levels between cell lines. This might be due to the
reduced number of experiments performed and to individual stimulations.
However, there are no significant differences in the levels of secreted cytokines in
response to RIG-I/MDAS stimulation, apart from some results for IL-8 which could

not be further investigated.

4.5.3. A549 cell lines express different levels of pro-inflammatory

cytokines and type III IFNs in the absence of doxycycline

Lastly, in order to obtain a more holistic view of the pro-inflammatory cytokine
and type III IFN production, RT-gPCR was done once more to analyse the
expression of IL-6, IFNL1 and IFNL3 and confirm whether they would be differently
up or downregulated at the transcriptional level for each of the selected A549 cell
lines. As it can be observed in Figure 20, all types of A549 cell lines exhibit
considerably higher levels of each of the analysed cytokines in relation to their
untreated controls when they undergo poly(I:C) transfection for 24 hours. In
addition, when comparing the mRNA expression levels of the selected cytokines to
the wild-type A549 cell line, IL-6 was visibly more induced in ORF3a and ORF6-
expressing A549 cell lines, IFNL1 induction appeared to be higher in A549 ORF6
and lower in A549 ORF3a and ORF9b, and IFNL3 was downregulated in all of the
ORF-expressing A549 cell lines. Nonetheless, overall, the expression data are in
the same range for all the cell lines and suggest that there are no considerable
differences in the mRNA levels of any of the analysed cytokines in the absence of
doxycycline treatment. This is a favourable and expected behaviour for these A549

modified cell lines.
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Figure 20. IL-6, IFNL1 and IFNL3 gene expression from doxycycline-untreated wild-type
and ORF3a, ORF6 and ORF9b expressing A549 cell lines in response to 24-hour RIG-
I/MDAS stimulation. Cells were seeded the day before stimulation with poly(I:C) + lipofectamine
RNAIMAX. Stimulation with poly(I:C) or RNAIMAX alone (twice the volume used for stimulation with
the highest poly(I:C) concentration) was included as an experimental control. Untreated controls
were incubated with CCM. Cells were lysed after being stimulated for 24 hours. RNA was extracted
from the lysates and IL-6, IL- IFNL1 and IFNL3 mRNA expression was assessed by RT-gPCR in
technical duplicates. RQ calculated relative to TBP gene expression. Ct=40 was set for undetermined
samples. Results represent data from one experiment.
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5. Discussion

5.1. Human Ilung epithelial cells secrete inflammatory
cytokines and type III IFNs through the RIG-I/MDA5S
signalling pathway

Ever since the COVID-19 pandemic started and major research on SARS-CoV-2
begun, most of the studies on the functionality of individual SARS-CoV-2 viral
proteins have been performed in cell models that are not the virus’ target for
primary infection (e.g. HEK293T cells) 2426 143, In fact, fewer experimental setups
have chosen lung epithelial cells such as A549° 146,147 “which are human alveolar
basal epithelial cells derived from a 58-year-old Caucasian male with lung
adenocarcinoma (ATCC). Because SARS-CoV-2 has a natural tropism for lung
epithelial cells, they constitute an ideal cell type to study innate immune responses
in the context of COVID-19. Once infected, lung epithelial cells contribute to the
immunomodulation of the antiviral response by the recruitment, activation and
inducement of innate immune cells via chemokine, cytokine and IFN production®
>L 95 Tt is of utmost importance to characterise the nature of these responses in
lung epithelial cell models, as they can better mimic the immunogenic response to
SARS-CoV-2. For this purpose, we chose A549 lung epithelial cells, which simulate
the phenotypes of primary airway epithelial cells (AECs)!#® 149 and have previously

proven to be valuable models to study SARS-CoV-2 infection!® 4 51,

Notably, Calu-3 lung epithelial cells (derived from human bronchial submucosal
epithelial glandst®? 15! have also been employed to study the immunomodulatory
effects of SARS-CoV-2 proteins, since they have been found to express high levels
of hACE2 receptor!*® 152, which would indicate their condition as a SARS-CoV-2
target and better suitability as a model to study SARS-CoV-2 lung infection.
However, the correct culturing and handling of Calu-3 has also proven to be
challenging to attain due to the elevated cell death in the passaging process of the
cells, which is known to cause stress-released DAMPs®>. In turn, DAMPS, may
activate innate immune pathways prompting inflammatory responses
supplementary to stimulation by poly(I:C) transfection, generating unreliable
results'>3. In addition, the Calu-3 phenotype is often altered when passage
numbers above 12 are reached, which constitutes another handicap for this cell

type!®>*. Importantly, there is also a need to preserve an epithelial monolayer of

84



Calu-3 cells in order to ensure cell polarization as well as the creation of a
transepithelial electrical resistance (TEER)!48 151 154 Fajlure to do so would entail
the alteration of pro-inflammatory responses as well as the dysregulation of
signalling pathways involved in cell repair and differentiation'>>. Conversely, A549
cells are less prone to phenotypic changes and do not require the formation of
tight junctions and TEER!>* 156, Moreover, A549 cells can be and are often
transduced with hACE2 to allow a better study of SARS-CoV-2 infection>% >1, In
addition, this cell type allows for higher passage numbers and its culture conditions
are easier to maintain, unlike Calu-3 cells. It has also been proven that A549 cells
do not produce inflammatory cytokines before being stimulated, which ensures
higher result reliability8> 156, Lastly, previous studies conducted by our group
demonstrated that, in comparison to Calu-3 cells, A549 cells exhibited more
suitable inflammatory and antiviral responses upon poly(I:C) stimulation to study
viral interference with innate immune pathways as statistically significant
differences in cytokine and type III IFN production in response to RIG-I/MDA5S
stimulation on Calu-3 cells have not been observed in these preliminary studies
from our team. Moreover, Calu-3 cells exhibited slow growth when our group tried
to culture them in a previous master thesis project® and they presented a high
number of passages, having an undefined age and source. For all these reasons,
although Calu-3 cells hold great potential in the reproducibility of SARS-CoV-2
infection, we were compelled to abandon our work with this cell line in this project,
as they would have unnecessarily increased its complexity and compromised the
trustworthiness of our results. Nevertheless, this cell line might be tested in future
research at fresh, low passages, having been transduced again with ORF3a, ORF6
and ORF9b genes.

In detail, we focused on studying the immunomodulatory effects of SARS-CoV-2
viral proteins ORF3a, ORF6 and ORF9b in A549 lung epithelial cells by analysing
the cytokine IL-6, chemokine IL-8 and type-III IFN response upon RIG-I/MDA5
stimulation. Specifically, we analysed IFN-A1 and IFN-A3, whose immune actions
have been extensively characterised in recent years®* 157, Given the fact that IFN-
A2 shares 96% sequence homology with IFN-A3, both these cytokines are highly
related in their structure and immunological roles, exerting several overlapping
functions!>”- 18, Knowing this, we decided to not prioritise the analysis of IFN-A2

in this series of experimental setups, as we thought it would not provide any
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relevant additional information. Later in the project we tried to order anti-IFN-A2
antibodies for ELISA experiments, but the provider was out of stock. Thus, we
eventually had to postpone the analysis of IFN-A2 expression and secretion in the
tested A549 cell lines for some time in the near future. In addition, we did not
study type I IFN responses in this project, since their actions on epithelial cells do
not seem to be as relevant as those of type III IFNs. Nonetheless, type I IFN
production might also be analysed in the future at the protein and mRNA level in
order to have a wider perspective on the profile of cytokines that are altered as

part of the innate immune response against SARS-CoV-2.

In order to refine our experimental setup, we first started testing different
concentrations of poly(I:C) with and without transfection reagent (Lipofectamine
RNAIMAX) in A549 wild-type cells (section 4.1.). The choice of RNAIMAX as the
TR over other cationic-lipid TRs like Lipofectamine 2000 was due to its perfected
design to specifically deliver siRNA and miRNA intracellularly with high efficiency,
including poly(I:C) since it is a synthetic dsRNA analogue (ThermoFisher,
Invitrogen life technologies). Furthermore, the protocol for the RNAIMAX-mediated
transfection of poly(I:C) in A549 and other cells had been perfected by our group
in previous studies® !>°, The testing of different poly(I:C) concentrations in
combination with RNAIMAX allowed us to fine-tune our analysis of immunogenic
responses to SARS-CoV-2 infection by selecting the concentrations that proved to
stimulate the RIG-I/MDA5 pathway more efficiently while being the least
detrimental to cell viability. This poly(I:C) + RNAIMAX titration has not been
performed in previous studies in the context of SARS-CoV-2 infection in A549 lung

epithelial cells, since only one pre-fixed concentration of poly(I:C) there® 8> 160,

In this project we used untransfected poly(I:C) as a control, which is endocytosed
and is expected to stimulate TLR3 in endosomes but not the RIG-I/MDAS5 pathway
in the cytosol. We found that wild-type A549 cells were unresponsive to treatment
with poly(I:C) without transfection reagent at either 24 or 48 hours (Figure 5A,
B), showing no secretion of IL-6 in cell supernatants. This contrasts to other
studies'®®, where there was a clear rise in IL-6 levels in cell supernatants upon
poly(I:C)-mediated TLR3 stimulation. The disparity between these results could be
explained by an insufficient quantity of poly(I:C) used to stimulate the TLR3
surface receptor. A higher range of concentrations of poly(I:C) could result in a

stronger TLR3 stimulation and IL-6 secretion in cell supernatants. However, for
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the purpose of our study, we were interested in demonstrating that the expression
and secretion of IL-6, IL-8 and type III IFNs was not being induced by TLR3
signalling from the endosomal membrane, but by the RIG-I/MDAS5 axis from the
cytosol. Therefore, the highest chosen concentration of poly(I:C) used for the
stimulation of A549 cells in the absence of transfection reagent was always kept
below the possible threshold for TLR3 stimulation. Indeed, the highest
concentration of pure poly(I:C) used in our experiments did not induce either a
significant cytokine response or cell death, which guarantees that all the innate
immune responses analysed were entirely attributed to the downstream effects of
the RIG-I/MDAS signalling pathway.

In contrast, A549 cells were responsive to transfection of poly(I:C) with RNAIMAX
at both timepoints, showing the highest secretion levels of IL-6 at 0.5 and 1 ug/ml
of treatment at 24 and 48 hours respectively, which were the lowest concentrations
of all transfected poly(I:C) concentrations tested (Figure 5A, B). In addition, we
observed considerable cell death at higher doses of poly(I:C) + RNAIMAX. Because
RNAIMAX alone did not induce such effect, the decrease in cell viability must be
attributed to the combination of poly(I:C) with this transfection reagent. This
prompted us to lower the range of transfected poly(I:C) concentrations in future
experiments to use doses that were able to trigger cytokine response without
causing excessive cell death. These ELISA results were confirmed by the analysis
of IL-6 mRNA expression levels, which were also visibly upregulated. In addition,
the expression levels of IFNL1 and IFNL3 were also analysed by RT-qPCR, showing
an even higher induction of the transcription of these type III IFN genes. However,
as opposed to their secretion levels, the presence of transcripts for these cytokines
peaked at 2.5 pg/ml of transfected poly(I:C) before dropping dramatically at 5
Mg/ml of treatment (Figure 6), which encouraged us to test the cytokine
responses at these higher concentrations in the next round of experiments. On the
other hand, these results are in line with the observed viability of the poly(I:C)
transfected cells, which inversely correlated with the treatment concentration,
showing lower viability when higher concentrations of poly(I:C) were transfected
(Figure 7A, B, D). Notably, no LDH release was measured in cells treated with
poly(I:C) alone, except for the 48-hour timepoint (Figure 7C), which showed
uncoherent results probably due to technical errors. All in all, these results support

the relevance of our titration strategy, pointing out the importance of testing
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different treatment concentrations to select those higher immunogenic responses

and lower cell death to allow for the fine-tuning of the experimental setup.

5.2 Selection of a reliable read-out to assess cell viability in

A549 lung epithelial cell stimulation experiments.

As transfection of A549 cells with poly(I:C) might affect cell health and viability,
we sought out to find a suitable, convenient and reliable read-out to assess cell
viability in the planned. To accomplish this aim, among the numerous assays at
our disposal (trypan blue or propidium iodide staining, ATP measurement, etc.),
we narrowed down our choice to LDH and MTS viability assays for their
straightforwardness and wide-spread use and initiated the first round of
experiments by performing both assays simultaneously in order to decide which
one fitted our setup the best. The results obtained revealed that both viability
assays were complementary for the most part, being the amount of LDH released
into cell supernatants coherent with the absorbance detected in the MTS assay,
which is a result of the amount of formazan product generated by viable and
metabolically active cells. Notably, LDH and MTS assays conveyed comparable
results for wild-type A549 cell viability at 24 hours (Figure 7). On the contrary,
at 48 hours, the LDH assay presented anomalous measurements possibly
explicable by technical errors made while performing the assay. Nonetheless, in
subsequent experiments, the results obtained were coherent with the MTS assays.
Overall, both assays were found highly reliable for the estimation of cell viability
at 24 hours post-stimulation, but the MTS assay yielded more coherent results at
48 hours.

At this point, we selected the MTS assay as the preferred assay for further viability
analysis of A549 cells. The main reason that led us to make this choice was the
limited volume and availability of cell supernatants for all A549 cell lines tested,
since they were cultured in 24-well plates and their use was prioritised to perform
ELISAs. Moreover, conducting MTS assays resulted less complicated given the ease
of seeding the different cell lines in 96-well plates when the pertinent dilutions had
already been made for seeding in 24-well plates for the RIG-I/MDAS5 stimulation
experiments. Lastly, the MTS assay is cheap and easy to perform as it only requires

the addition of a ready-made MTS tetrazolium solution to the cell culture before
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measuring the absorbance in the same 96-well plate after incubation for 1 hour,
further simplifying the execution of the assay. One of the drawbacks worth
mentioning for the MTS assays performed in this project is that the measurements
were not taken in technical duplicates given the restricted available space in the
96-well plates. Another caveat that has to be taken into consideration when
carrying out MTS assays is that it has been demonstrated that they are not able
to distinguish between the effects of cell death and cell cycle inhibition'®!, This is
due to the metabolic inactivity of the cells that experience growth inhibition.
Furthermore, if specific aspects of the cellular metabolism are altered the MTS
assay will also provide unreliable measurements®?, Nonetheless, for the particular
conditions studied in these series of experiments, the selected A549 cells were not
expected to be dysregulated at the metabolic level or present any form of cycle
inhibition. Hence, the MTS assay still assured a high reliability for the

accomplishment of these projects’ aims.

Of note, there are several types of cell death, usually characterised by
morphological criteria such as cell fragmentation, phagocytosis by neighbouring
cells or loss of plasma membrane integrity!®3 164, Notably, previous studies have
reflected the potential use of poly(I:C) in the treatment of cancer, as it induces
TLR3-mediated cell apoptosis. Specifically, upon TLR3 activation mediated by
poly(I:C), caspase 8 is recruited to the TLR3 receptor via receptor-interacting
protein 1 (RIP-1) undergoing autocatalytic activation, which results in apoptosis-
induced cell death in cancerous cells, including lung cancer cells such as A54916>
167 This is relevant to understanding the cell death mechanisms that the treated
A549 cells initiate and how they affect the experimental setup. However, even for
high doses of poly(I:C) alone (which stimulates TLR3) in our experiments, we did
not observe increased cell death in A549 cells (Figs 4.1). Remarkably, transfected
poly(I:C) has also proven to trigger apoptosis-induced cell death through the
activation of MDAS in cancer cells, releasing type I IFNs and IL-6 in the process!®’-
169 Therefore, we assume that the main type of cell death that we observed from
poly(I:C) transfection in our A549 cell cultures is apoptosis. Since transfection
reagent RNAIMAX alone did not induce increased cell death even in the highest
concentration, it might be further assumed that the cell death is caused by the

RIG-I/MDAS5S activation from cytosolic poly(I:C). Nevertheless, further studies
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should be conducted to verify the type of cell death in our experiments and if it is

a direct consequence of the activation of the RIG-I/MDA5 pathway.

5.3 Comparison of RIG-I/MDAS5 stimulation in wild-type and
ORF3a expressing A549 cells.

Following the evidence presented by the first results from the preliminary
experiments, we decided to lower the range concentrations of poly(I:C) treatment
to verify whether a higher cytokine response to RIG-I/MDAS5 stimulation and cell
viability could be achieved. Furthermore, we included A549 ORF3a-transduced
cells in the experimental setup in order to better optimise the timepoints,
treatment concentration and viability in our methods. Only one to two sets of
experiments comparing A549 WT to A549 ORF3a innate immune responses were
conducted since the optimised protocols were soon extended to the rest of the
modified A549 cell lines. The new range of concentrations visibly showed to
stimulate IL-6 production more efficiently in A549 wild-type cells and to a lesser
extent A549 ORF3a-transduced cells, as detected in cell supernatants (Figure 10).
This could be an insight into the immunomodulatory effects of the ORF3a SARS-
CoV-2 protein, which could interfere with the cell’s cytokine-production machinery
to allow the virus replication in the cell to remain unnoticed by the immune system,
contributing to the spread of the SARS-CoV-2 infection in the organism. In detail,
ORF3a would exert its antagonizing effects on the cell’s antiviral and anti-
inflammatory responses by diminishing pro-inflammatory cytokine production
through the downregulation of the NF-kB pathway!3’, which is responsible for the
induction of IL-6 expression. Interestingly, a study by Yajuan Rui et al. has
revealed that there is a possible connection between ORF3a and the NF-kB
pathway via STING, an ER-associated cytosolic signalling molecule that senses
microbial cyclic dinucleotides or aberrant DNA species and induces the expression
of pro-inflammatory cytokines and type I IFNs!’% 171, Specifically, ORF3a interacts
with STING blocking the induction of the NF-kB pathway mediated by this cytosolic
sensort’!, In this manner, the activation of the host cell’s innate immune system
would become impaired. Notwithstanding, other authors have argued that SARS-
CoV-2 ORF3a would contribute to the activation of NF-kB, given that its relative

SARS-CoV ORF3a has previously been found to induce the expression of IL-8 and
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pro-IL-1B through NF-kB stimulation®. Nevertheless, a general consensus is yet to
be reached by the scientific community on these immunomodulatory actions of
ORF3a.

In addition, stimulation with poly(I:C) alone as an experimental control showed no
major visible IL-6 secretion, indicating that the RIG-I/MDAS5 axis is the signalling
pathway responsible for cytokine secretion in our setup and not other PRRs like
TLR3, as other groups have also shown*: 172:173 Nonetheless, this treatment with
pure poly(I:C) could in theory be endocytosed and stimulate endosomal TLR3.
Additionally, analysis of IL-6 relative expression by RT-qPCR confirmed the results
obtained in the ELISA of IL-6 secretion levels. On the other hand, IFNL1 and IFNL3
(IL-29 and IL-28p, respectively) mRNA expression also reflected an increase in the
transcription of both these IFNs with higher doses of treatment until reaching 1
Hg/ml of transfected poly(1:C), concentration after which the transcription levels
dropped, most likely due to excessive cell death. Remarkably, these RT-gPCR
results reflect how the host cell responds to the infection by upregulating the
production of pro-inflammatory cytokines and type III IFN mRNAs. However, this
effect is not followed by a corresponding increase in the secretion of these
cytokines, suggesting that ORF3a might interfere in the translation of these
transcripts rather than in the signalling from the RIG-I/MDA5 axis. Because these
results were only from one experiment that was intended to test assay conditions,
we wanted to look further into this effect in experiments including all A549 cell
lines. Regarding cell viability assessment, both LDH and MTS assays showed higher
cell death as the concentration of transfected poly(I:C) used in stimulation
increased (Supplementary Figure 1 and Figure 9), being the amount of LDH
released coherent with the percentage of cell viability calculated in the MTS assay,
pointing to the reliability of both assays. Taken together, these results allowed us
to establish a more restricted and effective range of poly(I:C) concentrations to be
transfected in the final version of our experimental setup. Moreover, it hinted at
the immunomodulatory effects of ORF3a and its importance for successful SARS-

CoV-2 infection and dissemination.
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5.4 Effect of SARS-CoV-2 ORF3a, ORF6 and ORF9b in the
production of cytokines and type III IFNs

After having explored, narrowed down and decided the optimal range of
concentrations in the aforementioned preliminary RIG-I/MDAS stimulation assays,
we decided to scale up the experimental setup to include the remaining ORF6 and
ORF9b-transduced A549 cell lines. This made it possible to compare all three
SARS-CoV-2 protein expressing cell lines at once with the intention of unveiling
similar or opposite effects of the viral proteins of interest in the context of SARS-
CoV-2 infection in the lungs. These tailored concentrations promised a maximal
response to transfected poly(I:C) treatment while keeping a considerably high
percentage of cell viability in all sets of experiments.

Overall, we did not observe statistically significant differences in the secretion of
IL-6 in the cell supernatants of any of the tested cell lines, neither at 24 hours nor
at 48 hours. This is due to the high variations in the absorbance measurements at
both timepoints, even though some trend can be perceived (Figure 13). In
contrast, IL-6 mRNA expression in all the ORF-expressing cell lines, especially
A549 ORF3a, was significantly higher than in A549 WT cells, hinting at the pro-
inflammatory immunomodulatory effects of these SARS-CoV-2 proteins. On the
other hand, IL-8 secretion significantly increased in ORF3a and ORF6-expressing
A549 cell lines 24 after stimulation with 0.25 pg/ml poly(I:C) + RNAIMAX,
indicating the impact of these SARS-CoV-2 proteins on the pro-inflammatory
response (Figure 17A, B, C). It has been demonstrated that SARS-CoV-2
infection of lung epithelial cells prompts high IL-6 and IL-8 production*® ©°,
Likewise, severe COVID-19 patients presented elevated concentrations of IL-6 and
IL-8 in their serum samples!® 1°, These findings are partially coherent with our
results for IL-6 transcripts levels and IL-8 protein levels in poly(I:C)-transfected
A549 cells. The fluctuations we observed reflect the ability of ORF proteins to
interfere with NF-kB-mediated inflammatory cytokine pathways3° >4 57,58, | ooking
at our ELISA and RT-gPCR results combined, we can identify ORF3a and ORF6 as
the most prominent candidates in the set of SARS-CoV-2 proteins tested to
significantly interfere with the NF-kB pathway. Interestingly, we noticed a similar
pattern in the immunomodulation of IL-6 and IL-8 secretion in the different cell
lines. The secretion of both these cytokines was visibly lower in cell lines A549

ORF3a and ORF6 in comparison with the A549 wild-type cell line, whereas in the

92



A549 ORF9b cell line secretion was visibly higher (Figure 13B and 17E).
Notwithstanding, it must be pointed out that the analysis of IL-8 secretion in the
absence of doxycycline exhibited statistically significant differences between the
ORF-transduced A549 cell lines and the wild-type cell line, proving that there might
be pre-existent differences between the cell lines even if they are not expressing
the SARS-CoV-2 proteins of interest. Therefore, this condition brings a certain
inconclusiveness to our results obtained in ORF-expressing A549 cells and they

need to be interpreted with caution.

Notably, although visibly upregulated, the secretion of IFN-A1/3 at 24 hours did
not exhibit significantly higher levels of IFNs, as presented in Figure 15. These
results were in accordance with the IFN-A1 and IFN-A3 expression levels revealed
by RT-gPCR, where there were also no statistically significant differences with the
exception of A549 ORF6, which showed a statistically significant downregulation of
IFN-A3 mRNA in comparison to the wild-type cell line. These observations might
be caused by the variability between these ELISAs, as they were performed on
three sets of independent stimulation experiments in which cell health and density
measures might fluctuate hiding actual differences between the studied groups.
Several in vivo and in vitro studies on SARS-CoV-2 infection, as well as numerous
clinical observations of COVID-19 patients have also described a lack of antiviral
IFN production?* 25 72: 99 Interestingly, it has previously been demonstrated that
only the nuclear translocation of IRF3 and not NF-kB is affected in the context of
SARS-CoV-2 infection®, which implies that the immunomodulatory functions of
SARS-CoV-2 proteins would be primarily oriented towards the hampering of the
host cell IFN response (e.g. IFN-A1/3) and not the production of pro-inflammatory
cytokines and chemokines (e.g. IL-6, IL-8). A plausible explanation for this is that
type III IFNs are primarily regulated via IRFs while IL-6 is regulated by NF-kB.
ORF3a, ORF6 and ORF9b could then exert most of their immunomodulatory effects
by obstructing IRF-mediated and not NF-kB-mediated gene expression.
Additionally, other studies have suggested that SARS-CoV-2 proteins participate
in the maintenance of a precise balance between pro-inflammatory and anti-
inflammatory states in the infected host cell that guarantees viral replication and
assembly followed by virion spread, as it has been observed for asymptomatic
COVID-19 cases!’*. Nonetheless, all the findings reported up to date on the

production of type I and type III IFNs in SARS-CoV-2-infected cells are rather
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contradicting. Many of the discrepancies observed are due to the cell model
employed in the studies. For instance, HEK293T cells transiently transfected with
ORF3a, ORF6 and ORF9b exhibited a suppressed type I IFN response,?* 2> 137,
whereas type I and type III IFNs proved to be upregulated in primary human air-
liquid airway epithelial cells (HAECs), hACE2-expressing A549 and Calu-3 infected
with SARS-CoV-2. However, these IFN responses were not able to restrict viral
replication in these lung epithelial cell models* > 132, Another important remark
to bear in mind when studying the effects of individual SARS-CoV-2 proteins on
lung epithelial cells as opposed to the host cell response to infection with the whole
SARS-CoV-2 virus is that the actions of these proteins might be synergistic,
producing completely different effects on type III IFN antagonism when they are
combined in a real in vivo SARS-CoV-2 infection. Taken together, these
observations could explain why our experiments cannot reflect a statistically
significant type III IFN upregulation. Nonetheless, further experiments will be
necessary to verify whether the type III IFN expression in each A549 modified cell
lines yields statistically significant differences, as opposed to the current results.
The main factor to be changed in future ELISA experiments in order to reduce the
variability observed in our measurements would consist in being more precise in
the collection of supernatants at the exact timepoint studied. In this round of
experiments, the supernatants were often collected with approximately 1 hour
difference from the 24-hour timepoint, which could have influenced the levels of
the analysed cytokines present in the cell supernatants contributing to the increase
in variations in the absorbance measurements. Additional timepoints (6, 12, 18
and/or 30 hours) could also be explored in these experiments to evaluate if they

provide more reliable results.

With regard to the cell viability measured in this more complex experimental setup,
we verified once more a statistically significant increase in cell death as
concentrations of transfected poly(I:C) augmented (Figure 12), which stressed
the relevance of choosing the right concentrations of treatment in stimulation
experiments of this kind. This tendency in cell viability was consistent with the IL-
6, IFNL1 and IFNL3 relative expression levels measured by gPCR, which only
showed a significant increase at 0.5 pg/ml and not at the highest concentration of

transfected poly(I:C) (Figure 14 and 16), at which cell death is so elevated that
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it compromises the production of the transcripts for these cytokines in the cell

culture.

Last, we conducted a final series of experiments to verify the correct expression
of SARS-CoV-2 viral proteins upon doxycycline induction as well as the cytokine
expression and antiviral IFN response in the absence of doxycycline treatment,
when the SARS-CoV-2 proteins of interest are not expressed in the ORF-
transduced cell lines. The WB results revealed a substantially differential
expression between ORF3a, ORF6 and ORF9b, being ORF6 the least abundant
SARS-CoV-2 protein in the analysed samples. These discrepancies in the quantity
of each SARS-CoV-2 protein studied should be considered as an important factor
in the analysis of our results, as the different levels of the SARS-CoV-2 proteins of
interest could mean that the most expressed may apparently have more
immunomodulatory effects than the others. Concomitantly, a reduction in the
levels of SARS-CoV-2 proteins was observed in accordance with the concentration
of poly(I:C) transfected into the samples (Figure 8). This effect cannot be
explained by the increase in cell death for higher concentrations of transfected
poly(I:C) observed in the previous MTS assays because the intensity of the GAPDH
control bands remains relatively constant across treatments and does not seem to
correlate at all with the decrease in the ORF proteins expression. The interference
of poly(I:C) with the production of ORF proteins could happen either at the
transcriptional, post-transcriptional or post-translational level by the interference

of poly(I:C) with either one of their respective cell machineries.
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6. Conclusion and Future Perspectives

Although an incredible amount of literature on the pathology of COVID-19 has
been published over the past two years, we only have a limited understanding of
the host innate immune responses against SARS-CoV-2 infection and the immune
evasive mechanisms of this virus. It is of utmost importance to fill the knowledge
gaps that currently exist in order to elucidate alternative viral treatments that
could be more efficient and accepted by the population. The main research
conducted on this field has been focused on type I IFN responses in cell models
that are not able to mimic lung epithelial cells response to SARS-CoV-2 infection
correctly. Thus, the conclusions reached in these studies should be confirmed or
improved in better model systems and by addressing relevant cytokines such as
type III IFNSs.

This project is centred on studying the interactions between SARS-CoV-2 proteins
ORF3a, ORF6 and ORF9b with the host immune responses. In particular, we
explored the immunomodulatory effects of these individual SARS-CoV-2 proteins
on type III IFN, chemokine and pro-inflammatory cytokine responses upon RIG-
I/MDAS induction. One of the main conditions observed in severe cases of COVID-
19 is the cytokine release syndrome, where chemokines, type I IFNs and pro-
inflammatory cytokines (IL-1B, IL-6, IL-8, and TNF) are hyper-produced on
response to NF-kB activation mediated by SARS-CoV-217>, Our results were not in
accordance with these observations, since overall ORF3a, ORF6 and ORF9b did not
significantly modulate protein production of IL-6 and IL-8, even though these
proteins induced on the transcriptional level, showing statistically significant
differences between the cell lines. Importantly, the lack of IFN-A1 and IFN-A3
responses could hint at a possible inhibition of type III IFNs by ORF3a, ORF6 and
ORF9b. These results would be in agreement with previous studies that
demonstrate that IRF3 translocation is hampered by ORF6 and IRF3 activation is
blocked by ORF9b. Interestingly, some groups have proposed the use of IFNs early
in the course of SARS-CoV-2 infection to promote an overall antiviral state and

prevent clinical severity.

There are several ways in which this line of research could continue in order to
fully elucidate the mechanisms by which these and other SARS-CoV-2 proteins

interfere with the innate immune host response to COVID-19. First of all, obtaining
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more independent experiments would provide a more accurate picture of the
statistical significance of some of the cytokines analysed in this project, in
particular IL-6 and IL-8. Although most of the experiments were repeated three
times, this was not enough to establish statistically significant differences. In
addition, further experiments including other members of the type III IFN family
such as IFN-A2 as well as other predominant cytokines in COVID-19 clinical cases
(e.g. IL-10, IL-12, IL-17a and IL-18) could aid in the characterisation of the
cytokine response to the three SARS-CoV-2 proteins of interest. This could be done
by RT-gqPCR, ELISA or even multiplex ELISA. This latter option was omitted for this
project for being too expensive and for focusing on the major cytokines induced
by the RIG-I/MDAS5, NF-kB and IRF pathways that are important in the pathology
COVID-19. However, multiplex ELISA might be tried in future studies since we did
not see remarkable differences for the selected cytokines. Additionally, the study
of the immunomodulatory effects of ORF3a, ORF6 and ORF9b on other membrane,
endosomes and cytosolic PRRs (e.g. TLRs, RLRs, cGAS-STING) could also be
addressed in future studies. On the other hand, the study of alternative SARS-
CoV-2 proteins like NSP13 and NSP15, which have been proposed as possible
contributors to the immunomodulatory effects of SARS-CoV-2 might reveal novel
interactions between the virus and the host cell’s immune mechanisms. All these
viral-host protein complexes could be explored in depth by knock-out studies as
well as mass spectrometry techniques after immunoprecipitation, where the Strep-
IT tags attached to the SARS-CoV-2 proteins of interest would allow to separate
and purify these complexes from the rest of the cellular components. Most
importantly, examining the immune response to SARS-CoV-2 infection in different
cell lines and how the cellular crosstalk between these is affected would provide a
broader perspective on SARS-CoV-2 immune evasive strategies. In late stage
severe COVID, production of inflammatory cytokines from other cell types like
innate immune cells may be more important than that from epithelial cells. Not
much is known about macrophages and dendritic cells as well as how SARS-CoV-
2 proteins modulate cytokine responses in these cells. Thus, more detailed studies
should be conducted in these cell lines. For instance, it has been discovered that
type III IFN receptor IFNLR1 is expressed in alveolar macrophages, making them
an attractive cell type for this purpose. In addition, co-cultures of type I and type
IT alveolar epithelial cells might constitute a better alternative to single-cell

cultures to study this crosstalk between SARS-CoV-2-infected lung cells.

97



Furthermore, primary lung epithelial cells derived from induced pluripotent stem
cells (iPSCs) promise to be the most adequate cell model to mimic the
immunopathology of COVID-19 in lung epithelial cells. Most of the arguments for
this claim are based on the phenotype of iPSC-derived lung epithelial cells, which
shares a higher degree of similarities to that of actual lung epithelial cells than
cancer cell lines and do not contain tumour-associated mutations. Importantly, the
results obtained might also be affected due to the fact that some of the SARS-
CoV-2 proteins of interest such as ORF6 were not expressed at satisfactory levels
and protein expression decreased with increasing concentrations of poly(I:C)
treatment (as shown in Figure 8; WB). This unexpected behaviour should be
investigated in future experiments and the creation of newer cell lines such as
iPSC-derived lung epithelial cells transduced with the same pLVX-TetOne-Puro
plasmids coding for these and others SARS-CoV-2 proteins is being currently
considered by our group. Last, lung organoids could also be developed from iPSCs
to create a more complex experiment set up and obtain a holistic view on the

immune mechanisms that characterise SARS-CoV-2 infection in the lung.

Overall, these studies will be expected to contribute to the devise of more efficient
antiviral treatments that could resolve COVID-19 in alternative ways, especially in
severe cases. These new therapeutic strategies are of great need, given the fact
that a segment of the population still remains unvaccinated and that immune-
evasive variants are a constant threat to the achievement of herd immunity.
Furthermore, we should rely not only on preventive measures against COVID-19,
but also on treatments that could improve the outcome of severe cases and lower
their risk of mortality. Only this will release the pressure that our society has been

under for the last two years.
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Supplementary

RIPA Buffer Recipe

Buffer Stock solution Total volume
Lysis buffer (2x) for 100 mL:
*keep in -20 oC Glycerol 87% 23 mL
*dilute 1:1 with fresh NaF 0.5M 20 mL
benzonase and Tris/HCI (pH 8.0) 1M 10 mL
proteinase inhibitor EDTA (pH 8.0) 0.2M 1mL
solution before using EGTA 0.2M 1 mL
NaCl 5M 15.4 mL
Triton X-100 10% 20 mL
Na3vO4 0.2M 1 mL
Sodium Deoxycholate 10% 10 mL
MiliQ water Up to 100 mL
Benzonase and for 5 mL:
proteinase inhibitor Benzonase 0.25 U/ml 1.3 pL
cocktail solution Proteinase inhibitor cocktail 1 tablet
*make before use MiliQ water 5mL

Supplementary Table 1. Components of RIPA buffer employed for the

lysis of cells and protein extraction prior to their WB analysis.

Molecular weights of SARS-CoV-2 viral proteins

SARS-CoV-2 viral protein Molecular Mass (kDa)

ORF3a

ORF6

ORF9b

31.1

7.3

10.8

Supplementary Table 2. Molecular weight (kDa) of transfected SARS-

CoV-2 viral proteins, compared to Krogan's laboratory.
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Supplementary Figure 1. LDH release from wild-type and SARS-CoV-2 ORF3a expressing
A549 cell lines in response to RIG-I/MDAS stimulation. LDH release into culture supernatants
from wild-type and ORF3a-transduced A549 cells untreated or stimulated with poly(I:C) +
lipofectamine RNAIMAX after incubation for 24 (A) and 48 hours (B). Cells were seeded the day
before stimulation with poly(I1:C) + lipofectamine RNAIMAX. Stimulation with poly(I:C) or RNAIMAX
alone (twice the volume used for stimulation with the highest poly(I:C) concentration) was included
as an experimental control. Untreated controls were incubated with CCM. Doxycycline (0.5 ug/ml)
was added to the CCM of A549 ORF3a-transduced cell line. After incubation for 24 (A) and 48 hours
(B), cell supernatants were collected. Absorbance was quantified at 490 nm and 655 nm and
subtracted. Results were normalised to the untreated control and show means of technical duplicates
from two biological duplicates. Differences in treatment response in both cell lines were assessed by
two-way ANOVA with Tukey correction. ns p>0.05, * p<0.05.
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