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1. Introduction

Emerging and re-emerging viral infections as currently presented with the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic pose a major threat for
global health and economics. Despite the fact that vaccinations are most effective in
controlling coronavirus disease 2019 (COVID-19) spread, frequent vaccine breakthrough
infections and the emergence of new vaccine-escape variants highlight the importance of
effective therapeutic interventions to treat COVID-19 patients and to contain this
pandemic. As of now, therapeutic treatments mainly rely on the repurposing of small-
molecule anti-viral drugs restricting viral replication with only moderate efficacy.

Detection and clearance of viruses and pathogens are mediated by different layers of a
strong and highly sophisticated host defense system, the immune system. Central for the
immune detection of virus-infected cells is the sensing of viral nucleic acids by innate
immune receptors present in the cytosol and the endolysosomal compartments.
Engagement of these receptors culminates in the establishment of a robust early cellular
anti-viral resistance and of subsequent efficient anti-viral immune responses leading to
the clearance of the infection. Targeted activation of innate immune receptors by synthetic
ligands has been shown to induce anti-viral cellular resistance and to boost immune
responses even in the absence of an infection, and thus may be employed independently
of the genetic background of a virus. Conclusively, in contrast to ‘classical’ anti-viral
agents that interfere with essential proteins in the life cycle of a given virus, this potent
pharmacological intervention may serve as a novel broad-spectrum anti-viral approach
that would allow for its rapid application to constrain the spread of newly emerging viruses

in the future.

1.1. A short introduction into the immune system

1.1.1. Innate immunity

The first line of defense against pathogens consists of predetermined mechanisms of
innate immunity. The innate immune system is an evolutionary ancient system that is
found in vertebrates, invertebrates and even in plants (Jones and Dangl, 2006; Nyholm
and Graf, 2012). Several layers of innate immunity mainly serve as a barrier to prevent
pathogen entry and as a first immune response to counteract the pathogen. Natural



barriers include the anatomical compositions of the skin and epithelial surfaces, the
production of antimicrobial proteins, mucus, surfactant or saliva and low pH in the stomach
rendering the barrier sites almost impermeable for the pathogen (Chaplin, 2010).
Moreover, the proteolytic cascade of proteins of the complement system in the plasma
mediates inflammation by opsonizing pathogens for the degradation by phagocytes,
triggering direct cytolysis of the pathogen, neutralizing immune complexes and by
chemotaxis (Dunkelberger and Song, 2010). The cellular arm of innate immunity includes
effector cells, such as natural killer (NK) cells, granulocytes (neutrophils, basophils,
eosinophils) and phagocytic cells (myeloid cells: macrophages, dendritic cells (DCs)).
Macrophages are abundantly present in tissues and are specialized in the recognition of
microorganisms and (e.g., complement-coated) particles resulting in their subsequent
rapid phagocytosis and lysosomal degradation. Together with DCs, they form the group
of professional antigen-presenting cells (APCs), since they can present antigens derived
from the engulfed pathogen on their surface to the effector cells of the second arm of
immunity, the adaptive system. This interaction enables the crucial crosstalk between the
innate and adaptive immune system as discussed below (Bonilla and Oettgen, 2010;
Chaplin, 2010).

Central for innate immune recognition on a single cell level is the expression of the
germline-encoded pattern recognition receptors (PRRs) (Janeway and Medzhitov, 2002).
Their activation is typically triggered by molecules indicating microbial infections and
culminates in the induction of an innate immune response. Since PRRs can be expressed
by both immune cells and somatic cells, almost every cell is equipped to sense infections
and to initiate an immune response. PRRs have distinct expression patterns, cellular
localizations, ligand specificities and unique but converging downstream signaling
cascades leading to the secretion of cytokines. Microbial molecules that are recognized
by a given PRR are called pathogen-associated molecular patterns (PAMPs). They
typically comprise of microbe-specific structural components that are highly conserved
and essential for microbial propagation (e.g. carbohydrates, peptides, peptidoglycans and
lipoproteins) or microbial nucleic acids (Janeway and Medzhitov, 2002). Furthermore,
endogenous molecules that are released or re-localized from a damaged cell can trigger
PRRs as well and thereby serve as stress/danger signals leading to non-infectious



inflammation. These so-called damage-associated molecular patterns (DAMPs) are for
example uric acid crystals and extracellular ATP (Vénéreau et al., 2015). The engagement
of a PRR with its cognate ligand triggers the secretion of inflammatory cytokines including
type | interferons (IFNs) and chemokines and/or antimicrobial peptides that recruit and
activate immune cells, alarm the neighboring cells, have antimicrobial activities and

mediate the activation and maturation of the APCs (Janeway and Medzhitov, 2002).

1.1.2. Adaptive immunity

While the innate immune system acts immediately with pre-existing mechanisms, adaptive
immunity mainly relies on the recognition of specific antigens and is characterized by high
specificity and adaptability by generating highly effective de novo responses against
pathogens (Janeway and Medzhitov, 2002). However, it requires more time to develop
than innate immunity. After clearance of infection, the developed adaptive response
persists as a long-lasting immunological memory allowing for faster, stronger and more
effective immune responses upon re-exposure to the same pathogen.

Adaptive immune cells include T and B lymphocytes that are generated in the thymus and
bone marrow, respectively, and mainly reside in secondary lymphoid organs namely
lymph nodes and spleen in their naive states (Bonilla and Oettgen, 2010). Matured APCs
migrate to the draining lymph node and present the previously encountered antigens to
naive T and B cells. Naive T cells require three signals from the APC to get fully activated
(Goral, 2011): First, the interaction of the antigen-specific T cell receptor and the cognate
antigen presented on the APC leads to the initial activation of the T cell; second,
co-stimulatory signals (CD28/CD80 or CD86) are required for clonal expansion and
maintain peripheral tolerance; and third, cytokines mediate the proliferation and
differentiation into specific subtypes of effector cells. For B cell activation, the interaction
of its B cell receptor with the antigen presented on the APC and co-stimulatory signals
from T cells are needed (Goral, 2011).

Since every adaptive immune cell expresses a unique antigen-specific receptor, only the
interaction with the cognate T and B cell leads to its activation and clonal expansion
inducing a specific adaptive immune response. The activated, differentiated and clonally
expanded effector cell then migrates to the site of infection and exerts its functions. T cells

represent the cellular arm of adaptive immunity and eliminate infected and transformed



cells directly via cytotoxic killing mechanisms (cytotoxic T cells) or indirectly by activating
macrophages and B cells (helper T cells). B cells are the main cells of the humoral
adaptive immune response by producing antibodies against the presented to neutralize

the pathogen (Bonilla and Oettgen, 2010).

1.2. Nucleic acid recognition by innate immunity

As mentioned before, immune recognition of nucleic acids by PRRs plays a key role in the
defense against invading intracellular pathogens and viruses. The self- vs. non-self-
discrimination of nucleic acids is a major challenge for the immune system, since nucleic
acids are universal from viruses over plants to vertebrates with minimal occurrence of
species-/pathogen-specific characteristics. Self-recognition may have detrimental effects
on the host resulting in autoimmunity and autoinflammation (Marshak-Rothstein, 2006).
Several strategies have evolved that prevent self-recognition under steady-state
conditions and determine the favored immune sensing of foreign or altered self over
endogenous nucleic acids by innate nucleic acid sensors; including ligand structure,
localization and local concentration (Bartok and Hartmann, 2020). Via posttranscriptional
modifications, endogenous nucleic acids are marked as self to circumvent aberrant
immune activation. Distinct patterns in microbial nucleic acids that are absent or
suppressed in host nucleic acids further render immune specificity against non-self nucleic
acids and prevent immune self-recognition by PRRs. For example, while species-specific
unmethylated deoxycytidyl-phosphate-deoxyguanosine (CpG) dinucleotide motifs are
predominantly found in prokaryotic DNA and induce strong immune activation, CpG-rich
sequences in mammalian DNA are non-immunostimulatory owing to lower frequency as
well as to methylation and inhibitory motifs within its DNA (Bauer et al., 2001; Hemmi et
al., 2000; Stacey et al., 2003). Moreover, compartmentalization of nucleic acid sensors to
the endolysosomal compartments and the cytosol minimizes the contact to host nucleic
acids, as host nucleic acids are exclusively located in the nucleus and cytosol.
Constitutively active nucleases prevent the accumulation of potentially stimulatory nucleic
acids in- and outside of the cell keeping them below a threshold limit under physiological
conditions (Bartok and Hartmann, 2020). However, accumulation of viral nucleic acids in
the cytosol upon viral infection exceeds this threshold and thus can trigger PRR

stimulation.
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The group of nucleic acid immune sensors includes several members of the Toll-like
receptor (TLR) family, the RIG-I-like receptors (RLRs), members of the NOD-like
receptors (NLRs), the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) axis and the absent in melanoma 2 (AIM2) inflammasome (Bartok and Hartmann,
2020). Since this study focusses on RIG-I and its anti-viral potency against viral infections,
RLR signaling will be introduced in more detail in the next sections.

1.2.1. RIG-I like receptors
Members of the RLR family are specialized in recognizing viral RNA intermediates that

accumulate in the cytosol leading to the induction of strong anti-viral innate immune
responses (Yoneyama et al., 2004). The family comprises three members: Retinoic acid
inducible gene-l (RIG-l), melanoma differentiation associated gene 5 (MDAS) and
laboratory of genetics and physiology 2 (LGP2) (Bartok and Hartmann, 2020). These
cytosolic PRRs are broadly expressed in almost every somatic cell and induce a potent
type | IFN-mediated response to a variety of viruses. Usually expressed at low levels in a
resting state, these receptors are highly induced upon viral infections or IFN stimulation
(Kang et al., 2004; Yoneyama et al., 2004, 2005). Structurally, all three RLR members
contain a highly conserved central DExD/H box helicase domain with ATPase activity and
a C-terminal repressor domain (RD) within the C-terminal domain (CTD) that is involved
in autoregulation (Figure 1, Figure 2) (Rehwinkel and Gack, 2020). RIG-I and MDA5
further share two N-terminal caspase activation and recruitment domains (CARDs) in
tandem that are required for downstream signaling and are missing in LGP2 (Jiang et al.,
2011; Kowalinski et al., 2011; Luo et al., 2011; Yoneyama et al., 2005).

RIG-I N - CARD = CARD ——  HELICASE — CTD -C 925aa
MDAS N - CARD — CARD ——  HELICASE — CTD -C 1025aa
LGP2 N — HELICASE — CTD -C 678aa

Figure 1: Schematic domain organization of RLRs. All three members comprise a
conserved helicase domain with ATPase activity and a C-terminal domain (CTD) with
auto-inhibitory capacity. RIG-I and MDAS further share two N-terminal caspase activation
and recruitment (CARD) domains enabling downstream signaling with mitochondrial
antiviral-signaling protein (MAVS). On the right side the length of the RLRs is shown in
number of amino acids (aa).
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RIG-I has been identified to detect negative-strand RNA viruses such as orthomyxoviridae
(Influenza A viruses (IAV)), pneumoviridae (Respiratory Syncytial Virus (RSV)),
paramyxoviridae (Sendai Virus) and rhabdoviridae (Vesicular Stomatitis Virus) (Kato et
al., 2005; Loo et al., 2008; Yoneyama et al., 2005) as well as to detect RNA polymerase llI-
derived transcripts of DNA viruses (Ablasser et al., 2009; Chiu et al., 2009). Several
groups have already deciphered the structural minimal motif required to activate RIG-I:
RIG-I ligands are typically composed of short blunt-end 5° triphosphate uncapped
double-stranded RNA (dsRNA) with a panhandle structure (Hornung et al., 2006;
Pichimair et al., 2006; Schlee et al., 2009). dsRNA with 5’ diphosphate ends, as found in
reoviral genomes, is also sufficient to activate RIG-I increasing the number of viruses
detected by RIG-I (Goubau et al., 2015). To evade aberrant RIG-I stimulation, additional
posttranscriptional backbone modifications of the host endogenous mRNA are required to
be marked as ‘self’. Most prominently, all vertebrate mRNAs carry a 5’ triphosphate-linked
7-methylguanylate cap (7mG cap) that is required for translation initiation and mRNA
stability. Contrary to initial beliefs (Hornung et al., 2006), the 7mG cap alone does not
prevent RNA recognition by RIG-I, yet the cap1-specific 2’0O-methylation at the N1 position
sterically hinders the binding of host mMRNA to RIG-I and thus efficiently prevents
recognition of eukaryotic mMRNA (Devarkar et al., 2016; Schuberth-Wagner et al., 2015).
Nonetheless, viruses have evolved several strategies to circumvent RLR recognition by
mimicking host mMRNA. For instance, expression of the coronaviral non-structural proteins
nsp14 and nsp16 enable 5’ capping and 2'O-methylation of viral RNA, thereby mimicking
host MRNA (Chen et al., 2009; Menachery et al., 2014; Schuberth-Wagner et al., 2015).

MDAS is a cytosolic receptor that senses high molecular weight long dsRNA
independently of its terminal moieties in a length-dependent manner (Kato et al., 2008). It
has been shown to detect picornaviridae such as the Encephalomyocarditis Virus (Kato
et al., 2005, 2006). Overlapping recognition by RIG-I and MDA5 has been demonstrated
for flaviviridae (e.g. Japanese Encephalitis Virus or Dengue Virus) and reoviruses (Kato
et al., 2006, 2008; Loo et al., 2008). The optimal dsRNA length ranges from 1-7 kilobases
(kb) that exceeds the typical length of endogenous dsRNAs (Kato et al., 2008). The
binding is rather mediated by the cooperative interaction of MDAS with the stem region of
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long dsRNA species than by specific sequence requirements (Berke and Modis, 2012;
Peisley et al., 2011, 2012; Pichlmair et al., 2009; Wu et al., 2013).

In spite of homologies to RIG-1 and MDAS5 and of high binding affinities to dsRNA, the lack
of CARD domains in LGP2 required for the interaction with the mitochondrial antiviral
signaling protein (MAVS) hinders the initiation of downstream signaling upon activation
(Rothenfusser et al., 2005; Takahasi et al., 2009). LGP2 serves as a negative regulator
for RIG-I by sequestering viral dsRNA, inhibiting oligomerization and preventing
ubiquitylation of RIG-I (Quicke et al., 2019; Rothenfusser et al., 2005; Saito et al., 2007;
Yoneyama et al., 2005). However, LGP2 has also been shown to enhance MDAS5-
mediated anti-viral immune responses. For instance, mice lacking LGP2 are more
susceptible to Encephalomyocarditis virus infections, a virus recognized by MDAS rather
than by RIG-I (Kato et al., 2006; Venkataraman et al., 2007). Moreover, LGP2 facilitates
MDAS signaling by increasing MDAS/RNA interactions (Bruns et al., 2014; Uchikawa et
al., 2016).

Of all RLRs, the mechanism of RIG-I signaling on a single-protein level is best understood
(Figure 2). Without a ligand present, the monomeric RIG-I molecule is in an
auto-repressed state in which the C-terminal RD masks the CARD domains (‘closed’
conformation, autoinhibition) (Rehwinkel and Gack, 2020; Saito et al., 2007). Upon binding
of the cognate dsRNA to the CTD, conformational changes lead to the release and
exposure of the CARDs and of the helicase domain for ATP binding (‘open’ conformation)
(Kowalinski et al., 2011). This enables the interaction with the ubiquitin ligase TRIM25 in
an ATPase-dependent manner and triggers the subsequent K63-linked polyubiquitylation
inducing the activated state of the RIG-I molecule. Immune signaling is mediated by the
oligomerization of RIG-I molecules with the CARD-containing adaptor protein MAVS via
homotypic CARD-CARD interactions (Hou et al., 2011; Rehwinkel and Gack, 2020). For
MDAS, the cooperative binding of long dsRNA with MDAS serves as a scaffold to facilitate
the assembly of several MDA5 molecules into long polymers and to expose the CARD
domains to MAVS (Berke and Modis, 2012; Peisley et al., 2011, 2012). Since MAVS is
associated with mitochondrial and peroxisomal membranes (Dixit et al., 2010; Seth et al.,
2005), the RIG-I/MAVS or MDAS/MAVS complex is re-located to these organelles and the
oligomerization of MAVS provides a signaling scaffold for the recruitment of downstream
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signaling molecules of two different branches. Phosphorylation of the transcription factors
interferon regulator factor (IRF)-3 and IRF-7 by the TANK-binding kinase 1 (TBK1) and
the inhibitor of NF-kB kinase epsilon (IKKe) leads to their activation and nuclear
translocation culminating in the production of type | and Ill IFNs (Paz et al., 2006;
Rehwinkel and Gack, 2020; Yoneyama et al., 2004). In addition, via the activation of the
IKKa/B/NEMO complex, the proteasomal degradation of IkB releases NF-kB and enables
its nuclear translocation resulting in the induction of pro-inflammatory cytokines (Bartok
and Hartmann, 2020).
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Figure 2: RLR signaling leads to the induction of IFNs and IFN-stimulated genes.
Viral dsRNAs of different length are recognized by RIG-I and MDAS5 in the cytosol, leading
to the oligomerization with MAVS. Eventually, signaling cascades result in the nuclear
translocation of IRF-3, IRF-7 and NF-kB, inducing type | and Ill IFNs as well as pro-
inflammatory cytokines. Via autocrine or paracrine action, IFN signaling leads to the
induction of several IFN-stimulated genes (ISGs) and cytokines establishing an anti-viral
state in the cell.
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1.2.2. RLR-induced cytokine responses

Engagement of RIG-I and MDADS leads to the activation of IRFs and NF-kB resulting in the
induction of two anti-viral programs characterized by the release of distinct cytokines.
Since these molecules can act on the cell itself (autocrine action), on neighboring cells
(paracrine action) or on distant cells (endocrine action), they are crucially involved in the
induction, shaping and regulation of innate and adaptive immune responses both in the
local environment and systemically.

The first line of anti-viral immunity is mediated by the induction of type | and lIl IFNs. These
multifunctional cytokines account for the establishment of a powerful cell-intrinsic state of
viral resistance by upregulating hundreds of anti-viral proteins called interferon-stimulated
genes (ISGs) (Schneider et al., 2014). Type | IFNs include IFNB and 14 closely related
isotypes of IFNa (Weerd and Nguyen, 2012). Once synthesized and secreted, all isotypes
of type | IFNs bind to a common receptor, the ubiquitously expressed heterodimer IFNo/3
receptor (IFNAR1/2). Type Ill IFNs that include IFNA1 to IFNA4 are non-redundant to
type | IFNs and bind to the heterodimeric receptor IFNLR1/IL10R2 that is mainly
expressed at epithelial barrier sites (Lazear et al., 2015; Weerd and Nguyen, 2012).
Despite engaging distinct receptors, both type | and Ill IFNs have a common signal
transduction cascade and induce overlapping sets of genes. Heterodimerization of the
IFNAR or the IFNLR renders the activation of the associated Janus protein tyrosine
kinases TYK2 and JAK1 that concert the phosphorylation of signal transducer and
activator of transcription (STAT) 1 and 2 (Figure 2) (Kotenko et al., 2003; Weerd and
Nguyen, 2012). Phosphorylated STAT1 and STAT2 together with IRF9 form the
heterotrimeric transcription factor complex ISGF3 which translocates to the nucleus and
binds to IFN-stimulated response elements (ISREs) resulting in the induction of hundreds
of ISGs. The establishment of an anti-viral state by ISG induction mainly results in the
inhibition of viral spread by interfering with different stages of the virus life cycle by
targeting viral transcription, translation or replication, but also in the apoptosis induction
of the infected cell (Schneider et al., 2014). In a positive feedback loop, many of the
molecules that have initially driven the IFN signaling cascade (e.g. PRRs, IRFs, members
of the JAK-STAT pathway) are themselves regulated by IFNs allowing the amplification of
these pathways in the virus-infected cell (Schneider et al., 2014). Via paracrine actions

and owing to the ubiquitous expression of IFNAR1/2, the anti-viral state is also established
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in neighboring not-yet infected cells. In addition, since immune cells are highly responsive
to IFNs, IFN signaling is involved in the enhancement of both innate and adaptive
immunity as well (Gonzalez-Navajas et al., 2012; Weerd and Nguyen, 2012). This includes
the improvement of antigen presentation and maturation of APCs, the production of
chemokines and cytokines, maturation of B cells and the direct or indirect activation of
other immune cells including NK and T cells.

Type | IFNs belong to the first line of defense and induce a great panel of ISGs that peaks
early upon infection, however rapidly declines due to negative feedback mechanisms
(Bolen et al., 2014; Kohli et al., 2012; Marcello et al., 2006). Meanwhile, type Il IFN
signaling appears to be the first-line defense against viral infections at barrier sites
(Davidson et al., 2016; Galani et al., 2017). Additionally, while both type | and 1l IFNs limit
viral replication in the lungs, only type Ill IFNs confer protection in the upper respiratory
tract (Klinkhammer et al., 2018). Type Ill IFN responses are generally of lower magnitude
and potency compared to type | IFNs and the ISGs induced are a subset of those induced
by type | IFNs. Yet, type Ill IFNs are less inflammatory and thus confer less collateral
tissue damage (Crotta et al., 2013; Galani et al., 2017; Lazear et al., 2015; Marcello et al.,
2006; Zhou et al., 2007).

As mentioned before, the strong induction of type | IFNs by both somatic and immune
cells increases the resistance of uninfected cells towards the viral infection and directly
modulates NK cell activity and activates APCs as well. These cells then rapidly secrete
pro-inflammatory cytokines and shape the subsequent innate and adaptive immune
response forming the second arm of the innate anti-viral immune response (Chaplin, 2010;
Vivier et al., 2008). Besides induced as a second wave upon type | IFN signaling, RLR
activation results in the production of pro-inflammatory cytokines as well (Bartok and
Hartmann, 2020). Via different JAK-STAT signaling pathways, binding of the cytokine to
its receptor leads to the cell-intrinsic synthesis of new cellular proteins (Chaplin, 2010).
Their main functions include orchestrating cell proliferation, survival, activation and
differentiation processes (Fajgenbaum and June, 2020). Multiple cytokines are induced
upon viral infections. Among them, IFNy produced by NK cells and macrophages
enhances the anti-viral functions of CD8+ T cells and is involved in shaping the anti-viral
response of helper T cells (Vivier et al., 2008). IL-6 has pleiotropic pro- and anti-
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inflammatory effects including the differentiation of naive helper T cells that act on the
maturation of B cells, but can cause substantial tissue damage as well (Hunter and Jones,
2015). Chemokines are crucially involved in attracting immune cells to the site of infection
and inflammation, in mediating homeostatic migration of lymphocytes and in enhancing
immune effector cell functions (Ward et al., 1998). For example, while some chemokine
receptors are expressed in naive T cells orchestrating development and differentiation
processes, the induction of certain chemokine receptors upon T cell activation enables
the recruitment of the T cell towards the chemokine gradient to the site of infection in a
spatiotemporal fashion (Ward et al., 1998). Chemokines are mainly produced by immune
cells, fibroblasts, epithelial or endothelial cells in response to pathogens or damage. One
of the most important chemokines in the anti-viral response against respiratory tract
infections is the IFN-inducible chemokine CXCL10 that binds to CXCR3 present on
activated T cells (Lindell et al., 2008; Loetscher et al., 1996). Additionally, virus-specific
induction of key chemokines including CXCL8, CCL2, CCL3 and CCLS5 leads to the rapid
recruitment of neutrophils, macrophages and monocytes to the infected site (Bonville et
al., 1999; Dawson et al., 2000; Haeberle et al., 2001; Henriquez et al., 2015).

While pro-inflammatory cytokines and IFNs are predominantly beneficial for the host to
fight against viral infections, their dysregulation may have detrimental effects. For
instance, mutations in nucleic acid sensing molecules and downstream signaling
molecules are associated with several autoimmune diseases and type | interferonopathies
that are characterized by a strong inflammatory signature and collateral tissue damage
(Gonzalez-Navajas et al., 2012; Rodero and Crow, 2016). Additionally, the sustained or
unbalanced production of pro-inflammatory cytokines often propagates an increased
inflammation-associated cytokine secretion and immune cell recruitment, commonly
characterized as cytokine storm, further driving immunopathology that is seen upon viral
infections or in autoimmune diseases (Fajgenbaum and June, 2020; Tisoncik et al., 2012).
Thus, a tight regulation of RLR signaling and cytokine responses is required to keep tissue

homeostasis and reduce tissue immunopathology.
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1.2.3. Clinical potential of RIG-I agonists

Synthetic agonists of nucleic-acid sensing PRRs have been discussed as therapeutic
targets for several years (Junt and Barchet, 2015; Yong and Luo, 2018a). Among them,
RIG-I is particularly suitable as therapeutic target owing to the defined minimal activating
motif, the production of potent agonists by solid phase synthesis (Goldeck et al., 2014)
and its ubiquitous expression in nucleated cells including tumor cells. RIG-I agonists have
been tested in tumor mouse models (Engel et al., 2017; Jiang et al., 2019; Poeck et al.,
2008) and in phase I/l clinical studies against solid tumors (NCT03739138,
NCT0306502)(Middleton et al., 2018). While conferring direct anti-tumoral effects via
intrinsic or extrinsic apoptosis and inflammasome-induced pyroptosis, its activation also
induces IFN-I-mediated activation of innate and adaptive immunity and potent NK cell
responses further driving the antitumoral immune response (Besch et al., 2009; Daller-
Plenker et al., 2019; Elion and Cook, 2018; Poeck et al., 2008). Besides its application in
tumor immunotherapy, systemic administration of RIG-I agonists shows high efficacy in
protecting mice from lethal IAV infections as well, that is not seen by the activation of
endolysosomal nucleic acid sensors (Chiang et al., 2015; Coch et al., 2017; Goulet et al.,
2013). Its potency is mainly attributed to the RIG-I induced antiviral program that exceeds
the response induced by administration of recombinant type | IFN alone (Goulet et al.,
2013). Conclusively, specific RIG-I agonists may be a suitable strategy as broadband
pan-antiviral agents and vaccine adjuvants against emerging viral outbreaks. Additionally,
bifunctional double-stranded siRNAs enabling both the activation of RIG-I and the
silencing of a specific gene have already been tested in tumor and virus infection models
and highlight a novel possibility to further increase anti-viral activity of immunostimulatory
RNA (Ebert et al., 2011; Lin et al., 2012; Poeck et al., 2008).

1.3. SARS-CoV-2

1.3.1. SARS-CoV-2 biology

The recent COVID-19 outbreak is caused by the novel SARS-CoV-2 virus that was first
detected in Wuhan, China in December 2019 and rapidly spread world-wide (Zhou et al.,
2020b). The World Health Organization (WHO) has declared the COVID-19 outbreak a
pandemic on March 11t 2020. As of January 2022, more than 364 million confirmed cases
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and over 5.63 million SARS-CoV-2 related deaths worldwide have been reported
(https://COVID19.who.int/, status: 28 January 2022).

Endemic human coronaviruses are circulating for years and cause only mild to moderate

respiratory symptoms of a ‘common cold’ with a seasonal pattern (Kesheh et al., 2021).
In contrast, the ongoing pandemic is preceded by two coronaviral epidemics of zoonotic
origins with high case fatality rates, namely SARS in 2002/2003 (Drosten et al., 2003) and
Middle East respiratory syndrome (MERS) since 2012 (Cui et al., 2019; Zaki et al., 2012).
All three viruses belong to the group of beta-coronaviridae, are enveloped positive-sense
single-stranded RNA (ssRNA) viruses exclusively infecting mammalian species and lead
to the frequent development of lower respiratory tract infections with poor clinical
outcomes in individuals of advanced age and with comorbidities (Hartenian et al., 2020;
Renu et al., 2020). With a genome size of approx. 30 kb, they belong to the largest of all
RNA viruses. At the 5’ end, the open reading frames ORF1a and ORF1b encode for
16 nonstructural proteins that are required for RNA replication, followed by ORFs
encoding for the structural proteins spike (S), envelope (E), membrane (M) and
nucleocapsid (N) that are required for building the viral membrane and encoding for
accessory proteins involved in immune evasion (Figure 3) (Hartenian et al., 2020).
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Figure 3: Genome and virion organization of SARS-CoV-2. (A) Two ORFs at the &
end of the RNA genome encode 15 nonstructural proteins (nsps) required for viral
replication, followed by ORFs encoding for structural and accessory proteins. (B)
Schematic presentation of the SARS-CoV-2 virion. Modified from (Hartenian et al., 2020).

Cell entry of SARS-CoV-2 requires binding of the viral spike protein to the human cell
surface receptor angiotensin-converting enzyme |l (ACEZ2), an important enzyme involved
in maintaining fluid and salt balance as well as blood pressure homeostasis (Gheblawi et
al., 2020). ACEZ2 is widely expressed in human organs with most abundant expression in
the intestinal tract, the upper respiratory tract, the kidneys, and the male reproductive tract
(Hikmet et al., 2020). Upon binding to ACEZ2, the viral spike protein is cleaved and
activated by the host serine protease TMPRSS2 (Hartenian et al., 2020; Hoffmann et al.,
2020). This leads to the fusion with the plasma membrane and the SARS-CoV-2 virus
enters the cell via endocytosis and releases its content into the cytosol (Figure 4, step 1).
Immediate translation and proteolytic processing of the open reading frames ORF1a and
ORF1b leads to the expression of non-structural proteins that form the viral replication
and transcription complexes (RTCs) (Figure 4, steps 2 and 3). These RTCs are
compartmentalized in double-membrane vesicles (DMVs) derived from the endoplasmatic
reticulum (ER) membrane preventing the recognition of viral RNA and its intermediates by
innate nucleic acid sensors in the cytosol (Snijder et al., 2020; Stertz et al., 2007). The
RTC mediates both the RNA replication of genomic RNA as well as the transcription of
subgenomic RNA for subsequent translation (Hartenian et al., 2020): First, the
RNA-dependent RNA polymerase (RdRp) initiates the synthesis of full-length negative-
sense genomic RNA that is used as a template for the synthesis of full-length positive-
sense RNA (Figure 4, step 4). Secondly, discontinuous transcription from the full-length
positive-sense RNA enables the production of subgenomic mRNA that subsequently can
be translated to viral structural and accessory proteins (Figure 4, steps 5 and 6). Protein
synthesis finally leads to the assembly and packaging of new virions that are eventually
secreted from the infected cell via exocytosis (Figure 4, steps 7 to 9) (Hartenian et al.,
2020).

Since the initial discovery of SARS-CoV-2, several viral variants of concern variant have
emerged with increased transmissibility and pathogenicity compared to the initial virus
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owing to mutations in the spike protein that enhance its binding affinity to ACE2 (Kumar
et al., 2021; Mistry et al., 2022).
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Figure 4: Life cycle of SARS-CoV-2. Engagement of the SARS-CoV-2 spike protein with
host ACE2 and TMPRSS2 leads to viral entry and the release of their RNA genome into
the host cytoplasm (1). Translation of the viral polypeptide (2) and proteolytic processing
generates nsps for the assembly of the RdRp complex (3). The RdRp complex located in
DMVs synthesizes (-) sense genomic and subgenomic RNA that in turn are used as a
template for the synthesis of (+) sense full-length and subgenomic mRNAs (4+5). The
subgenomic RNAs are translated into structural and accessory proteins (6) and new viral
virions are assembled (7+8) and exocytosed (9). ERGIC = endoplasmatic reticulum- Golgi
intermediate compartment. The figure is modified from (Hartenian et al., 2020).

1.3.2. COVID-19 disease
COVID-19 causes both upper and lower respiratory tract infections with a variety of

symptoms and heterogeneous disease severity. In the majority of cases, SARS-CoV-2-
infected individuals experience fever, coughing, shortness of breath and fatigue for
several days, but infection can also manifest in extrapulmonary organs (Gupta et al., 2020;
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Huang et al., 2020; Zhou et al., 2020b). Around 35 % of SARS-CoV-2 infections are
reportedly asymptomatic, with higher proportions among children and individuals with no
underlying comorbidities (Sah et al., 2021). Both asymptomatic and symptomatic
COVID-19 patients mount a highly effective immune response against SARS-CoV-2 as
shown by high neutralizing anti-SARS-CoV-2 1gG antibody titers (Le Bert et al., 2021,
Long et al., 2020). Despite the fact that most SARS-CoV-2-infected patients are presented
with mild symptoms and infection largely remains restricted to the upper respiratory tract,
around 14 % of patients require hospitalization due to the development of a severe
respiratory disease of the lower respiratory tract and 5 % of patients have developed
critical illness with progressive respiratory failure (Wu and McGoogan, 2020). One of the
major causes for systemic multi-organ failure and COVID-19-related death has been
shown to be severe lung damage upon the progression of viral pneumonia to the acute
respiratory distress syndrome (ARDS) (Grasselli et al., 2020; Huang et al., 2020; Tian et
al., 2020; Xu et al., 2020). Furthermore, thrombotic complications contribute to severe
COVID-19 disease and are associated with poor outcome (Bikdeli et al., 2020). Indeed,
post-mortem histological examination of lungs of SARS-CoV-2 patients reveals the
presence of diffuse alveolar damage, accumulation of mononuclear immune infiltrates and
substantial fibrin deposition in pulmonary microvasculature, indicating the presence of
ARDS with high similarities to hallmarks of interstitial pulmonary fibrosis (Tian et al., 2020;
Wendisch et al., 2021). Advanced age, immunosuppressive conditions and comorbidities
such as diabetes, obesity, hypertension, pulmonary or heart disease are associated with
altered expression and functions of ACE2 (Gheblawi et al., 2020) and are identified as risk
factors for developing critical COVID-19 (Elezkurtaj et al., 2021; Wu and McGoogan,
2020).

Although recovered from the active infection, many SARS-CoV-2 patients continue to
experience at least one long-term symptom summarized as post-COVID-19 syndrome.
Most common symptoms are fatigue, headache, respiratory symptoms, attention disorder,
hair loss and dyspnea that last from weeks to months after recovery (Lopez-Leon et al.,
2021; Sanchez-Ramirez et al., 2021). Notably, the majority of people has been healthy
prior to infection and has shown only mild COVID-19 symptoms (Spudich and Nath, 2022).
The underlying mechanism for these symptoms is still largely unknown.
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1.3.3. Imbalanced host immune responses contribute to SARS-CoV-2 pathology

In spite of predominantly mild COVID-19 courses, some individuals develop severe
COVID-19 disease without prior at-risk medical indications. This heterogeneity of
COVID-19 manifestation highlights the requirement for a deeper knowledge about the
host-virus interactions including viral entry and viral immune evasion as well as the
subsequent host immune responses. Coronaviruses including SARS-CoV-2 have evolved
several strategies to evade host antiviral responses. For instance, they replicate within
DMVs to circumvent RLR recognition (Snijder et al., 2020; Stertz et al., 2007). Expression
of several non-structural and accessory proteins also allow for immune evasion of SARS-
CoV-2 by inhibiting RLR signaling (e.g., nsp3, nsp5, N, M), mimicking host mRNA (e.g.,
nsp14, nsp16) and antagonizing type | IFN signaling at various steps (e.g. nsp1, nsp5,
ORFG6) (Beyer and Forero, 2021; Lei et al., 2020; Schuberth-Wagner et al., 2015; Wang
et al., 2020b).

Analogous to SARS and MERS (Cameron et al., 2007; Channappanavar et al., 2016,
2019), severe COVID-19 disease has been associated with a dysregulated host immune
response. In the early stage of infection, the majority of later-critically infected COVID-19
patients have presented mild symptoms that have worsened in the later stages of disease
or in the process of recovery. The rapid development of ARDS and multi-organ failure
often results in death within a short time. The time line of disease aggravation suggests
that the key driver of disease is not the viral infection itself, but the failure to mount a
regulated host immune response causing immunopathology (Figure 5).

As mentioned before, central for a potent anti-viral defense is the induction of IFNs and
the initial establishment of an anti-viral state that interferes with viral replication. In line
with this, severely SARS-CoV-2-infected patients are presented with a highly impaired
type | IFN response as indicated by the low or delayed type | IFN production and the
limited induction of ISGs which is in contrast to common respiratory viral infections
(Blanco-Melo et al., 2020; Hadjadj et al., 2020). Underlining the critical role of nucleic acid
sensors and IFNs for controlling SARS-CoV-2 infections, genetic analysis of fatally
infected SARS-CoV-2 patients reveals a higher risk for individuals with missense
mutations in molecules involved in nucleic acid sensor signaling (TLR3, UNC93B, IRF7)
or IFN signaling (TYK2, OAS and IFNARZ2) (Pairo-Castineira et al., 2021; Zhang et al.,
2020b). Conclusively, the early IFN response against SARS-CoV-2 infection seems to be
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critical for the establishment of a potent anti-viral innate and adaptive immune response
and viral clearance. Furthermore, neutralizing autoantibodies against type | IFNs are
detected in >10 % of critically ill SARS-CoV-2 patients, while being absent in patients with
mild or asymptomatic disease (Bastard et al., 2020).

Dysregulation of the early IFN response is characterized by a strong induction of
chemokines and cytokines (Blanco-Melo et al., 2020; Hadjadj et al., 2020) that likely
aggravates the disease development and tissue pathology, even after the active viral
infection has been cleared. Critically ill COVID-19 patients experience a stronger and
prolonged pro-inflammatory cytokine and chemokine response than patients with mild or
moderate disease (Mulchandani et al., 2021; Zhou et al., 2020a). Elevated levels of the
monocyte chemoattractants CCL2 and CCL8 as well as of the neutrophil chemoattractant
IL-8 indicate the recruitment of these immune cells to the lungs, which may contribute to
tissue damage and further exacerbate the increased cytokine production (Blanco-Melo et
al., 2020). This is supported by studies reporting a significantly higher blood neutrophil-to-
lymphocyte ratio and lymphopenia in severely infected COVID-19 patients (Chen et al.,
2020; Zhang et al., 2020a). Moreover, the presence of high IL-6, IL-8, IL-10, TNFa and
CXCL10 serum levels correlate with poor disease progression and outcome (Huang et al.,
2020; Laing et al., 2020; Liu et al., 2020; Mulchandani et al., 2021). The excessive
inflammation, the recruitment of macrophages and neutrophils together with endothelial
activation and injury mainly drives the immunothrombosis observed in severely-infected
COVID-19 patients (Shaw et al., 2021; Wendisch et al., 2021).

Collectively, the lack or delayed onset of a robust early type | IFN response is likely
responsible for high viral titers observed in SARS-CoV-2 infected patients. The
subsequent hypercytokinemia is proposed to be a significant contributor to COVID-19-
related ARDS and mortality. Thus, key to combat SARS-CoV-2 infections appears to be
the fine-tuning of the early IFN response limiting both the viral spread and the subsequent

hyperinflammation.
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Figure 5: Schematic relationship of SARS-CoV-2 disease development with immune
response. Mild COVID-19 disease is associated with a robust type | and Ill IFN response
and a moderate cytokine/chemokine induction leading to the efficient clearance of viral
infection and the establishment of adaptive immunity. In contrast, severely ill COVID-19
patients lack a robust IFN response, but show a strong, dysregulated cytokine/chemokine
response causing hyperinflammation and tissue damage.

1.3.4. Current COVID-19 vaccines and treatment options

Tremendous efforts have been made in the development of vaccines against
SARS-CoV-2 to limit viral transmission, prevent symptomatic infections and eventually
reach herd immunity to allow the transition from a pandemic to an endemic. So far, multiple
vaccines aiming to generate neutralizing antibodies against the SARS-CoV-2 spike
protein have been approved and show high protection in the overall population against
hospitalization and death (Dagan et al., 2021; Haas et al., 2021; Mistry et al., 2022).
However, vaccine breakthrough infections are frequent, the limited availability of vaccines
in some areas reduces the potential of the indirect protection mediated by herd immunity
and immunocompromised individuals may not get full protection upon vaccination.
Additionally, newly emerged SARS-CoV-2 viral variants, including the delta (B.1.617.2)
and omicron (B.1.1.529) variant, have shown increased immune evasion (Collie et al.,
2021; Mistry et al., 2022; Saban et al., 2022). They have already been shown to
moderately reducing vaccine efficacies in the prevention of infection, albeit remaining high
in the prevention of severe disease and death (Collie et al., 2021; Mistry et al., 2022;
Saban et al., 2022). This is likely owing to the increased occurrence of genomic alterations

in the viral spike coding regions (Kumar et al., 2021; Mistry et al., 2022). Hence, the
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development of effective anti-viral drugs that have a broad therapeutic spectrum against
viruses is crucial to fill the niche of missing therapeutics against newly emerging viruses,
until effective virus-specific therapies become available, as currently seen with
SARS-CoV-2.

So far, standard care of COVID-19 patients mainly includes the treatment of associated
symptoms. For instance, administration of glucocorticoids, like dexamethasone and
hydrocortisone, appears to be moderately beneficial to reduce hyperinflammation in
hospitalized severely ill COVID-19 patients (Angus et al., 2020; RECOVERY Collaborative
Group et al., 2021). Anti-coagulant drugs are administered to hospitalized at-risk
COVID-19 patients to prevent thrombotic events and multi-organ failure (Bradbury and
McQuilten, 2022; Shaw et al., 2021).

Until now, only a limited number of anti-viral drugs is available for the treatment of
COVID-19 infection and mainly target essential mechanisms in the life cycle of a virus.
Early research in drug repurposing has helped to identify potential therapeutics against
SARS-CoV-2. For example, the high conservation poses the viral RdRp as a promising
broad-band treatment target against several RNA viruses including SARS-CoV-2. The
RdRp inhibitor remdesivir (Veklury®) shorten the time of recovery of hospitalized
COVID-19 patients (Beigel et al., 2020), yet the intravenous injection limits its
administration to hospitalized patients. In contrast, the orally active low-cost RdRp inhibitor
molnupiravir allows for the treatment of non-hospitalized at high-risk COVID-19 patients.
In a phase Il clinical study, early intervention with molnupiravir (Lagevrio®) has
significantly reduced the risk for hospitalization and death in at-risk COVID-19 patients by
50 % (Jayk Bernal et al., 2021). Recently, a 5-day treatment regimen early upon symptom
onset with the 3CL protease inhibitor nirmatrelvir/ritonavir (Paxlovid®) has been reported
to reduce the risk of hospitalization or death even by 89 % (Mahase, 2021). However,
major limitation of these selective drugs is the potential emergence of mutations in the
targeted viral protein that may compromise the treatment efficacy.

1.3.5. Available mouse models for studying SARS-CoV-2 infections

Animal models including mice, hamsters, non-human primates and ferrets are used to
investigate the pathogenesis of SARS-CoV-2 infections and to evaluate therapeutic
countermeasures and vaccines against COVID-19 (Muioz-Fontela et al., 2020). Yet, none
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of them completely recapitulate the course of COVID-19 disease in humans (Mufioz-
Fontela et al., 2020). Main limitation of mouse models is the low binding affinity between
the SARS-CoV-2 spike protein and the murine ACE2 protein (Zhou et al., 2020b) that
render WT mice naturally not susceptible to SARS-CoV-2 infections (Bao et al., 2020;
Oladunni et al., 2020). Hence, mouse models require either the adaptation of the
SARS-CoV-2 virus to mice or the transgenic introduction of human ACE2 mice to be
permissive to SARS-CoV-2 infections (Munoz-Fontela et al., 2020). Most common
transgenic mouse models include the expression of human ACE2 under the control of a
tissue-specific promoter or of the endogenous mouse Ace2 promoter as well as by
adenoviral transduction (Mufioz-Fontela et al., 2020).

The K18-hACE2 transgenic mouse model is one of the most used laboratory animal
models so far for evaluating medical countermeasures against COVID-19. Initially
generated to investigate SARS-CoV infections, human ACE2 is introduced under the
control of the murine Cytokeratin-18 promotor leading to supraphysiological expression of
ACEZ2 in the lungs and gastro-intestinal tract, and lower expression in the brain, small
intestines, spleen, kidney, liver and heart (McCray et al., 2007; Periman and McCray).
They are reportedly highly susceptible to the intranasal (i.n.) inoculation with SARS-CoV-2
virus leading to the development of a severe respiratory disease with high viral lung titers,
pulmonary inflammation, significant weight loss and anosmia that resemble key symptoms
of human COVID-19 disease (Winkler et al., 2020; Yinda et al., 2021; Zheng et al., 2021).
Other transgenic mouse models rely on the insertion of ACE2 under control of the
endogenous murine Ace2 promoter (Bao et al., 2020; Winkler et al., 2021). This leads to
more physiological expression patterns and levels of ACEZ2 with high expression in nasal
turbinates and lung and low expression in extra-pulmonary organs (Sun et al., 2020; Zhou
et al., 2021). Infection with SARS-CoV-2 induces a mild sublethal disease in these mice
presented by a modest weight loss and limited lung inflammation as well as by high viral
titers that are restricted to the lungs (Bao et al., 2020; Israelow et al., 2020; Winkler et al.,
2021). Adenoviral transduction of ACEZ2 further enables the investigating SARS-CoV-2 in

mice with diverse genetic backgrounds in relatively short time (Israelow et al., 2020).
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1.4. Aim of the study

The novel coronavirus SARS-CoV-2 emerged in late 2019 and led to the ongoing
COVID-19 pandemic with substantial consequences for daily life and economies
worldwide. COVID-19 disease ranges from mild symptoms to severe lower respiratory
tract infections. Dysregulation of the early type | IFN response and a subsequent
exaggerated immune responses to SARS-CoV-2 infection are associated with the
progression to severe COVID-19 manifestation. Therefore, the induction of an early anti-
viral immune response via immunostimulatory agents may be a promising approach to
provide anti-viral protection against SARS-CoV-2. Targeted stimulation of the cytosolic
RNA sensor RIG-I induces a strong type | IFN response that should provide immediate
cellular resistance against SARS-CoV-2 infection and support the development of a
sustained adaptive antiviral immune response. The broad expression of RIG-I enables
almost all nucleated cells to sense viral infection and to induce an antiviral state in
neighboring cells via type | IFN production. Antiviral protection conferred by RIG-I ligands
has already been extensively studied in IAV mouse models (Chiang et al., 2015; Coch et
al., 2017; Goulet et al., 2013). Therefore, the early intervention with RIG-I ligands may be
a suitable treatment option to prevent serious COVID-19 disease. Due to the host-based
approach, RIG-I stimulation may serve as a rapidly applicable and broadly-active
prophylactic against emerging viruses, until virus-specific therapies and vaccines become

available.

In this study, the anti-viral potency of RIG-I agonists against SARS-CoV-2 is evaluated
and compared to the potency of recombinant type | IFN in vitro and in vivo. Furthermore,
the immediate effects of RIG-I stimulation on lung tissue is examined in vivo and the
prophylactic and therapeutic efficacy of systemic, selective RIG-| activation is explored in
a severe mouse model of SARS-CoV-2 infection in regards to disease development and
survival, the viral burden and inflammation in the lungs and brain as well as to the induction

of subsequent adaptive anti-viral immunity.
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2. Material and Methods

2.1. Materials
2.1.1. Consumables

Name

1 ml syringes Injekt-F

1.5 and 2 ml reaction tubes

15 and 50 ml falcons

384-well gPCR plate, laser marked
5, 10 and 25 ml disposable pipettes

96-well Half Area Clear Flat Bottom Polystyrene High Bind

Microplate

96-well High Binding Standard ELISA Microplates

96U-well plate

Cell counting slides for TC20™

Cell culture flasks T25, T75 and T175
Cell culture plates (6,12,24,96F-well)
Cell strainer 70 um

Ceramic spheres (J 6,35 mm)

Microlance cannula 27G 3/4 0,4x19 mm

Microlance cannula 30G 0,3x13 mm
OneComp eBeads

sterile filter 0.22 ym

Tips (10 pl, 200 pl, 1000 pl)

UTM® 360C oral swabs with UTM

VWR® SuperClear™ Screw Cap Microcentrifuge Tubes

Zirconia pellets (d2 mm)

Company

B. Braun Melsungen AG
Greiner Bio-One
Greiner Bio-One
BlOplastics

Corning
Corning

Greiner Bio-One

Greiner Bio-One

Bio-Rad
Sarstedt

TPP

Sarstedt

MP Biomedicals

VWR
VWR

Life Technologies
Labomedic
Mettler Toledo

Coran

VWR

BioSpec

Table 1: List of consumables used in this study.

2.1.2. Media and buffers for cell culture

Buffer

0,05 % trypsin/EDTA

1 M HEPES

100 mM Sodium Pyruvate

200 mM L-Glutamine

DMEM (high glucose)

Fetal Bovine Serum (FCS)

NaCl 0.9 %

non-essential amino acids
OptiMEM® | Serum reduced medium
Penicillin-Streptomycin (10,000 U/mL)
Phosphate buffered Saline (PBS)
RPMI 1640 (+L-glutamine)

Trypsin, TPCK-treated

Water Ampuwa

Company

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
B. Braun Melsungen AG
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Fresenius Kabi
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25300096
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41965062
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Table 2: Media and buffers for cell culture used in this study.

2.1.3. Kits and enzymes

Kit/enzyme

5x EvaGreen QPCR-Mix Il (ROX)
Anti-mouse IFNa, Rabbit Serum
Polyclonal Goat anti-rabbit antibody

(Biotin)

Anti-SARS-CoV-2-QuantiVac-

ELISA (IgG)
Collagenase

Dako REAL™ Detection System,

Alkaline Phosphatase
DNase |, RNase-free

goat anti-rabbit IgG-HRP conjugate

Human IFNa ELISA

LEGENDplex™ Mouse Anti-Virus
Response Panel (13-plex)

Murine IFNa coating antibody
normal goat serum (10 %)
NucleoSpin RNA Virus, Mini kit for
viral RNA from cell-free fluids
Rabbit SARS-CoV-2 nucleocapsid

antibody

RevertAID reverse transcriptase

RiboLock

SARS-CoV-2 Antigen ELISA
SARS-CoV-2 NeutraLISA

Company
Biobudget

PBL Assay Science
Dako

Euroimmun

Sigma-Aldrich
Agilent Technologies

Thermo Fisher Scientific
Bio-Rad

Life Technologies GmbH
BioLegend

PBL Assay Science
Thermo Fisher Scientific
Macherey-Nagel

Biozol

Thermo Fisher Scientific
Thermo Fisher Scientific
Euroimmun
Euroimmun

Table 3: Kits and enzymes used in this study.

2.1.4. Chemicals and Reagents

Reagent

10X Reaction Buffer with MgCI2 for

DNase |

2-Propanol 299,5 %

37 % Formalin solution
BD Pharm lyse solution
Chloroform

dNTP kit

Ethanol, Ph.Eur., 299,5 % pure

Ficoll-Paque Plus
G418 Sulfate

In vivo-JetPEI
Lipofectamine 2000
Random hexamers

TMB Substrate Reagent Set

Company

Carl Roth

Carl Roth

Becton Dickinson
Carl Roth

Carl Roth

Carl Roth

VWR

Carl Roth
Polyplus

Order number
80-5820000
32100-1

E0432

El 2s606-9601-10 G

C5138
K500511-2

EN0521
170-6515
BMS216
740622

#22100-1
500627
740956.50

SIN-40143-R019
EP0442
EO0382

EQ 2606-9601
El 2606-9601-4

Order number

Thermo Fisher Scientific B43

9866.6
4979.1
5559899
3313.1
K039.2
5054.4
17-1440-03
0239.4
201-50G

Thermo Fisher Scientific 11668019

IDT
Becton Dickinson

30

51-01-18-26
555214



TransIT®-LT1 Transfection Reagent
TriZOL
Tween®20

Mirus Bio MIR2306
Invitrogen 15596018
Carl Roth 9127 .1

Table 4: Chemicals and Reagents used in this study.

2.1.5. Machines

Name
AperioSlideScanner
Attune NXT
Centrifuge 5430
Centrifuge 5810R
Epoch Microplate Spectrophotometer
FastPrep™-24 Classic
CO2 Incubator
Invert phase contrast microscope DMi1
NanoDrop 8000
TC20® Automated Cell counter
Thermocycler PeqSTAR
Thermomixer® C

Table 5: Machines used in this study.

2.1.6. Programs

Name

Prism 9

Office 16

Legendplex Data Analysis Software
NanoDrop 8000 Operating Software
FlowJo 10.7.1

Mendeley Desktop 1.19.8

Aperio Imagescope 12.1
Gen5™  Microplate
Imager Software 2.09

Reader and

Table 6: Programs used in this study.

2.2. Cell culture
2.2.1. Cell culture

VeroEG6 cells were a kind gift from PD Beate Kimmerer (Institute of Virology, University
Hospital Bonn) and were cultured in DMEM medium supplemented with 10 % heat-
inactivated FCS, 1 mM sodium pyruvate and 100 U/ml Pen/Strep (= complete DMEM).
MDCK cells were cultured in RPMI medium supplemented with 10 % heat-inactivated
FCS, 2 mM glutamine, 10 mM HEPES and 100 U/ml Pen/Strep. A549 and A549 cells
expressing hACE2 and hTMPRSS2 (A549*, kindly provided from Lara Schwab, Institute

Company

Leica Biosystems
ThermoFisherScientific
Eppendorf

Eppendorf

BioTek Instruments
MP Biologicals

PHC Holdings Corporation
Leica Biosystems
ThermoFisherScientific
Bio-Rad

VWR Peglab
Eppendorf

Company

GraphPad

Microsoft

Biolegend
ThermoFisherScientific
FlowJo

Mendeley Ltd.

Leica Biosystems
BioTek Instruments
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of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn) were cultured
in complete DMEM. Cells were cultured according to standard cell culture techniques.

2.2.2. PBMC isolation
PBMCs were purified from heparinized fresh blood of healthy human donors. Blood was

carefully pipetted onto a Ficoll layer and centrifuged at 800 x g for 20 min (brake 1, RT).
The PBMC layer was collected and washed with NaCl 0.9 % and pelleted at 400 x g for
10 min before erythrocytes were lysed using 5 ml 1x Pharm lyse for 5 min at RT. Reaction
was stopped by adding FCS-containing RPMI medium and cells were centrifuged at 400
x g for 10 min. PBMCs were resuspended in RPMI containing 100 U/mL Pen/Strep, non-
essential amino acids, sodium pyruvate and 10 % heat-inactivated FCS. Cells were
counted with the TC20 automated cell counter and 4x10° cells in 100 pl were seeded in a
96F- well plate to be used for in vitro stimulation assays.

2.2.3. Generation of GMCSF- conditioned medium from J55811 cells

J55811 cells were cultured in RPMI medium supplemented with 10 % heat-inactivated

FCS; 100 U/ml Pen/Strep; 1 % non-essential amino acids; 2mM L-Glutamine, 1mM
sodium pyruvate and 1 mg/ml G418 for selection. For the production of GMCSF, 2x108
J55811 cells plated in a T175 cell culture flask were cultured in 100 ml complete RPMI
without G418. After 10 days, supernatant was harvested and sterile-filtered using a 0.22
MM sterile filter.

2.2.4. Murine BMDC generation
Bone marrow of naive C57BL6/j WT, RIG-I"- and MDA5” mice was used as a primary

source of murine DCs. Mice were euthanized by cervical dislocation, femurs and tibias
were separated and surrounding muscle tissue was removed. Under sterile conditions,
the intact bones were cut at both ends and bone marrow was flushed with PBS using a
27 G 3/4 cannula. Cells were centrifuged at 300 x g for 5 min, before resuspended in 2 ml
1x Pharm lyse for 5 min at RT. Erythrocyte lysis was stopped by adding 10 ml FCS-
containing RPMI medium followed by a 2" centrifugation step for 5 min at 300 x g at RT.
The cell pellet was resuspended in RPMI medium supplemented with 10 % heat-
inactivated FCS, 1x non-essential amino acids, 100 U/ml Pen/Strep and 3 % J55811
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conditioned medium. 10x10° primary cells per 10 cm tissue culture dish were seeded and
allowed to differentiate for 6 days. On day 4, 2/3 of the medium was gently replaced with
fresh medium containing GM-CSF, while the non-adherent cells were pelleted and
returned to culture as well. For harvesting cells on day 6, cells were washed twice with
PBS, before incubated with 2 mM EDTA in PBS for 15 min at 37 °C to detach the adherent
cells. Afterwards, remaining adherent cells were dislodged by gently tapping and gentle
pipetting up and down. Harvested cells were seeded at 2x10° cells per 96F-well plate in
100 pl of RPMI medium supplemented with 10 % heat-inactivated FCS, 1x non-essential
amino acids, 100 U/ml Pen/Strep.

2.2.5. 3pRNA synthesis

Synthetic 3pRNA with a published sequence (3pGFP2) (Wang et al., 2010) was
chemically synthesized by solid-phase synthesis as described before (Goldeck et al.,
2014). Control RNA (CA21, 5-CACACACACACACACACACAC-3’) was synthesized by
Biomers (UIm, Germany).

2.2.6. In vitro cytosolic transfection with RNA

Human PBMCs and murine BMDCs were stimulated in duplicates with total RNA or
oligonucleotides (100 ng/ 96-well) complexed to 0.25 pl Lipofectamine 2000 in 25 pl
OptiMEM according to the manufacturer’s instructions. 100 ng p(I:C) was complexed to
0.3 pl TransIT®-LT1 in 25 pl OptiMEM. Supernatants were collected 18-24 h after

transfection.

A549* cells were stimulated in 24-well plates (1.5x10° cells in 500 pl) with 200 ng/ml
3pRNA or control RNA complexed to 1 pl/ml Lipofectamine 2000 in 50 uyl OptiMEM
according to the manufacturer’s instructions. Universal human recombinant IFNa(A/D)
was used at 10* U/ml. Supernatants were taken 16-24 h after stimulation.

All experiments were repeated at least three times and data of mean values are shown in

the figures.
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2.2.7. Virus stocks

The SARS-CoV-2 virus stock was kindly provided by PD Beate Kimmerer (Institute of
Virology, Bonn) and was isolated from a throat swab isolate of a SARS-CoV-2-infected
patient at the University of  Bonn, Germany in March 2020
(SARS-CoV-2/human/Germany/Heinsberg-01/2020). The virus was passaged in VeroE6
cells and the viral titers were determined using a plaque assay as described in (Koenig et
al., 2021).

The Influenza A strain A/Perth/265/2009(H1N1) (pdm09, IAV) and the Respiratory
Syncytial Virus strain RSV Long virus stock were kindly provided by Lara Schwab (Institute
of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn).

2.2.8. In vitro viral infections
80 % confluent VeroE®6 cells in T75 flasks were pulse-infected with RSV or SARS-CoV-2
with an MOI of 0.01 in serum-free medium for 1 h at 37 °C with gentle shaking. 80 %

confluent MDCK cells were pulse-infected with IAV with an MOI of 0.01 in serum-free
medium for 1 h at 37 °C with gentle shaking. After removal of virus inoculum, cells were
washed twice with PBS and were incubated in growth medium with 1 % FCS at 37 °C and
5 % CO2. 0.5 pyg/ml TPCK-trypsin was added to the medium of IAV-infected cells to allow
multiple rounds of 1AV replication. After 6, 12 or 24 h supernatants from SARS-CoV-2
infected cells were discarded and cells were washed twice with PBS, before 5 ml TriZOL
was added to lyse the cells for total RNA isolation. RSV- and IAV- challenged cells were
incubated only 12 h prior lysis. Mock-treated cells were used as control.

A549* cells plated in 24-well plates (1.5x10° cells in 500 pl) were pulse-infected with
SARS-CoV-2 (MOI of 0.1) in serum-free medium for 1 h at 37 °C. After removal of virus
inoculum, cells were washed twice with PBS and were incubated in complete DMEM

medium for 24 h. Cells and supernatants were harvested for downstream analysis.

2.3. Invivo experiments

2.3.1. Mice

7-16-week-old C57BI6j mice were purchased from Charles River and kept at in-house
facilities in Bonn (Germany) under specified pathogen free (SPF) conditions.
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B6.Cg-Tg(K18-ACE2)2Primn/J (K18-hACE2) mice were purchased from Jackson
Laboratories and bred in-house at the University Hospital Bonn. After genotyping by
gPCR, 8-20-week-old K18-hACE2'9"t mice of both sexes were used for the SARS-CoV-2
infection experiments that were conducted in the mouse Biosafety Level 3 (BSL3) facility
at the University Hospital Bonn. All mice were housed in individually ventilated cage (IVC)
cages in groups of up to five individuals per cage and maintained on a 12-hour light/dark
cycle at 22-25 °C temperature and 40-70 % relative humidity under specific-pathogen free
conditions. All mice were fed with regular rodent chow and sterilized water ad libitum. All
procedures were performed according to ethical protocols approved by the responsible
animal welfare authority (81-02.04.2019.A433, 81-02.04.2021.A267 LANUV NRW).

2.3.2. In vivo stimulation
3pRNA or CA21 (20 pg or 6,25 pg as indicated) was complexed to in vivo-JetPEI (N/P
ratio 6 or 8) according to the manufacturer’s instructions. In short, RNA and in vivo-JetPEl

were prepared separately in 5 % glucose before mixed together and incubated for 15 min
at room temperature. Complexes were diluted with 5 % glucose to reach a total injection
volume of 100 ul per mouse. Mice were injected intravenously (i.v.) into the tail vein with
100 pl RNA complexes at indicated time points and dosage.

Universal recombinant IFNa (A/D) was administered i.v. at 2x10° U /mouse in 100 ul PBS.

2.3.3. In vivo infections with SARS-CoV-2 virus
K18-hACE2""9 mice were anesthetized with 90 mg/kg Ketamin/ 5 mg/kg Xylazin

intraperitoneally and exposed intranasally to 5x10* PFU SARS-CoV-2 virus in 40 ul PBS.
Mice were watched until woken up from the narcosis.

SARS-CoV-2-infected mice were scored and weighed once to twice a day. Abnormalities
in the spontaneous activity and responses to external stimuli were recorded including
reduced activity, weakness, lethargy or higher respiratory rates. In the survival
experiments, endpoint parameters were weight loss of 220 % and signs of lethargy or
comparable signs of poor condition and led to the immediate sacrifice by cervical
dislocation. Mice that survived the SARS-CoV-2 infection were sacrificed by cervical

dislocation on day 13 post infection.
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2.3.4. Organ sampling

For lung and brain histopathology, parts of the organ were fixed in 6 % naturally buffered
formalin for 48 h before paraffin embedding and sectioning. Lung, brain, spleen, intestine,
colon, heart and liver tissue was transferred to 1 ml TriZOL and stored at -80 °C until
downstream RNA isolation. Serum was collected from the vena facialis at indicated time
points for LEGENDplex analysis and ELISA. Lungs, axillary lymph nodes and spleen were
collected for flow cytometric analysis.

2.3.5. Oropharyngeal swabs

Oropharyngeal swab material was collected using flexible Minitip flocked swabs. These
were gently rubbed in the mouth of infected mice on day 1 to day 3 post infection for
approximately 5 seconds and transferred to 1 ml UTM medium. After an incubation time
of 30 min at RT, tubes were stored at -80 °C until further analysis.

2.4. Biochemical methods
2.4.1. ELISA and LEGENDplex

Human IFNa ELISA was performed according to the manufacturer’s instructions. For the

murine IFNa ELISA, 96-well half-area plates were coated overnight with rat anti-mouse
IFNa antibody diluted in coating buffer (90 mM Na:HPO4, 130 mM NaH2POg4, pH 6.5) to a
final concentration of 2.5 pg/ml. Cytokine detection was performed with a rabbit anti-
mouse IFNa antibody (80 NU/ml final concentration) for 3 h at RT followed by goat anti-
rabbit IgG-HRP conjugate (1:5000).

Mouse anti-virus response LEGENDplex analysis was performed according to the
manufacturer’s instructions. Serum samples were diluted 1:2 or 1:100 and Matrix A was
added to the standard as recommended by manufacturer for serum samples. The plates
were measured on an Attune NXT flow cytometer and analyzed with the Legendplex
software.

Serum of SARS-CoV-2-infected mice was tested for the presence of neutralizing anti-
SARS-CoV-2 specific IgG antibodies using the anti-SARS-CoV-2 QuantiVac-ELISA (IgG)
and the pseudo antibody neutralization assay (SARS-CoV-2 NeutraLISA). Both ELISAs
were performed according to the manufacturer’s instructions, with the exception that the

anti-human anti-IgG antibody in the QuantiVac-ELISA kit was exchanged for a goat anti-
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mouse IgG-HRP conjugate (1:5000). The presence of SARS-CoV-2 specific antigens in
oropharyngeal swab material as well as in the supernatants of SARS-CoV-2 challenged
A549* cells was tested using the SARS-CoV-2 antigen ELISA according to the

manufacturer’s instructions.

2.4.2. Immunohistological staining and scoring

Half of the lungs and one mid sagittal cut half of the brain were fixed in 6% neutral buffered
formalin for at least 48 h. Tissues were embedded in paraffin. For SARS-CoV-2 antigen
immunohistochemistry, slides were incubated with blocking reagent (10% normal goat
serum) followed by rabbit monoclonal antibody against SARS-CoV-2 nucleocapsid protein
(1:20000). The secondary antibody (polyclonal goat anti-rabbit antibody, Biotin) and the
chromogen from the Dako REAL detection system were used for the staining according
to the manufacturer’'s protocol. Tissue sections were visualized using an Aperio
SlideScanner CS2 and the Aperio Imagescope 12.4 software. Three scientists scored the
sections in a blinded fashion as follows: 0 no staining; 1 weak staining, <5 % brain area
or <10 % of lung area; 2 strong staining, 5-33 % brain area or 10-50 % of lung area; 3
strong staining >33 % of brain area or >50 % lung area.

2.4.3. RNA isolation and cDNA synthesis

Organs were homogenized in 1 ml TriZOL reagent with the addition of ceramic beads (4-

5x @ 2 mm beads and 1x @ 6.35 mm beads) using a bench-top homogenizer (2x 20 sec,
6.5 m/s). RNA was isolated according to the manufacturer’s instructions and resuspended
in 20-200 yl RNase-free water depending on the size of the pellet. Total cell RNA from
cells was isolated using TriZOL (5 ml/T75 flask; 1 ml/24-well) and RNA was resuspended
in 20-100 yl RNase-free water. RNA from oropharyngeal swabs was isolated using the
NucleoSpin RNA Virus MiniKit according to the manufacturer’s protocol. RNA was eluted
in 20 pyl RNase-free water.

RNA was stored at -80 °C and RNA concentration was measured using a NanoDrop. For
cDNA synthesis, 300 ng of RNA was treated with DNase | for 30 min at 37 °C before
inactivated by adding EDTA for 10 min at 65 °C. Afterwards, cDNA was prepared in a 10
I reaction using the supplier’s instructions at 42 °C for 1 h followed by heat inactivation
at 70 °C for 10 min. cDNA was diluted 1:10 and stored at -20 °C.
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2.4.4. Quantitative PCR
The resulting cDNA was used for amplification of genes of interest by qPCR using

EvaGreen QPCR-mix Il (ROX) in a 10 pl reaction according to the manufacturer’s
instructions. Target gene expression was calculated using the comparative method for
relative quantification upon normalization to gapdh gene expression and average values
from duplicates were shown as 22C4, SARS-CoV-2 Spike RNA expression in
oropharyngeal swab material was determined using the commercial E.Sarbeco primer

sets and presented as mean Cq values for each mouse. All primers were ordered from

IDT.

Primer Sequence (5’ 2 3’)

hsACE2 fwd CAGCTCAGGGGCTTTGGAAT
hsACE2 rev CGGCGTTCTTCACTCCAGAT
hsCXCL10 fwd CCACGTGTTGAGATCATTGCT
hsCXCL10 rev TGCATCGATTTTGCTCCCCT
hsGAPDH fwd CATCTTCCAGGAGCGAGATCCCC
hsGAPDH rev TTCAGACCCATGACGAACAT
hsIL6 fwd GGTACATCCTCGACGGCATCT
hsIL6 rev GTGCCTCTTTGCTGCTTTCAC
hsMX1 fwd CAGCTCAGGGGCTTTGGAAT
hsMX1 rev CGGCGTTCTTCACTCCAGAT
hsRSAD2 fwd CCTGTCCGCTGGAAAGTGTT
hsRSAD2 rev GACACTTCTTTGTGGCGCTC
hsTMPRSS2 fwd TAGGGGATACAAGCTGGGGT
hsTMPRSS2 rev GGATTAGCCGTCTGCCCTC
mmCCL2 fwd CAC TCA CCT GCT GCT ACT CA
mmCCL2 rev GCT TGG TGA CAAAAACTACAG C
mmCXCL10 fwd CCCACGTGTTGAGATCATTGCC
mmCXCL10 rev GTGTGTGCGTGGCTTCACTC
mmDDX58 fwd GAA GAT TCT GGA CCC CAC CTA
mmDDX58 rev TGA ATG TAC TGC ACC TCA
mmGAPDH fwd CTG CCC AGAACATCATCCCT
mmGAPDH rev TCATACTTG GCAGGTTTC TCCA
mmiL6 fwd TGTGACATCAAGGACCTGCC
mmiL6 rev CTGAGTCACCTGCTACACGC
mmRSAD2 fwd AACCCCCGTGAGTGTCAACTA
mmRSAD2 rev AACCAGCCTGTTTGAGCAGAA

SARS-CoV-2 E_Sarbeco fwd
SARS-CoV-2 E_Sarbeco rev

ACAGGTACGTTAATAGTTAATAGCGT
ATATTGCAGCAGTACGCACACA

Table 7: Primers used for quantitative qPCR.
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2.45. FACS analysis

For FACS analysis of organs, spleen and lungs were cut into smaller pieces and digested

with collagenase D and DNase | for 15-30 min at 37 °C. Homogenates were filtered

through 70 um cell strainers to get single cell suspensions. Lymph nodes were directly

filtered through 70 um cell strainers. Pharm lysis was performed to get rid of erythrocytes

for 5 min at RT. Single cells suspensions were collected in 96U well plates. First, cells

were stained with a life/dead marker for 20 min in PBS on ice in the dark. After washing
with FACS buffer, surface staining was added in 30 pl FACS buffer/well and incubated for
20 min on ice in the dark. After two washing steps, cells were directly measured in the

Attune NXT flow cytometer. Compensation was performed with single staining of

OneCompBeads. FACS data were analyzed with FlowJo 10.

Antigen
CD11b
CD19
CD25
CD4
CD45
CDo4
CD69
CD69
CD8
CD86
F4/80
Fixable Viability Kit
Ly6A/E
Ly6C
Ly6G
NK1.1
PD1
PDL1

Fluorochrome
BV650

PE

BV421
PE-Cy7
PerCP

BV421

PE

AF647

FITC

BV785

FITC

Zombie Aqua
BV785
AF647
APC-Fire 750
BV650
APC-Fire750
PE-Cy7

Clone
M1/70
6D5
PC61
GK1.5
30-F11
10.1
H1.2F3
H1.2F3
53-6.7
GL-1
BMS8

D7

HK1.4
1A8
PK136
29F.1A12
10F.9G2

Company
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Dilution
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:1000
1:200
1:200
1:200
1:200
1:200
1:200

Table 8: Antibodies used to detect immune cell populations by flow cytometry

2.4 6. Statistical analysis

All statistical tests were calculated using Prism 9. A p-value of <0.05 was considered

statistically significant. Survival curves were analyzed using the log rank Mantel-Cox test.

Analysis of weight change was determined by two-way analysis of variance (ANOVA). All

results were expressed as mean + SEM and were corrected for multiple comparisons.

Data were checked for log-normal distribution with the Shapiro-Wilk test. Log-normally
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distributed data was analyzed using a one-way ANOVA or two-way ANOVA and other
data was analyzed using a non-parametric Kruskal-Wallis test as indicated in the figure

legends.

All graphics were designed on Biorender.com.
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3. Results

3.1. Total RNA from SARS-CoV-2-infected cells has low immunostimulatory
potential to activate RLR receptors in vitro

RIG-I and MDAS5 are two potential innate immune receptors that are able to sense the
presence of SARS-CoV-2 infection within a cell. The contributions of these cytosolic
receptors in other cells than epithelial cells still remain to be determined (Kouwaki et al.,
2021; Yin et al., 2021). Several viral proteins of SARS-CoV-2 have been shown to
antagonize RLR and IFN signaling at various steps (Beyer and Forero, 2021; Lei et al.,
2020; Wang et al., 2020b) that might interfere with the evaluation of the role of these
receptors in directly SARS-CoV-2-infected cells. Therefore, in order to more precisely
evaluate the role of RIG-I and MDAS in the innate immune recognition of SARS-CoV-2,
total RNA from SARS-CoV-2-infected cells was extracted and transfected into the cytosol
of naive immune cells. Thereby, RIG-I and MDAS were directly confronted to preformed
viral replication intermediates in the absence of the potential viral RLR and IFN
antagonists. Total RNA was isolated from VeroEG6 cells either 6, 12 and 24 hours (hrs)
after SARS-CoV-2 infection or left uninfected and transfected into human peripheral blood
mononuclear cells (PBMCs) using Lipofectamine 2000. Longer infection times than 24 hrs
led to cytopathic effects (data not shown). To assess the full immunostimulatory potency
of SARS-CoV-2 total RNA, immune sensing of SARS-CoV-2 was compared to that of
Influenza A virus (IAV) and Respiratory Syncytial virus (RSV), since both present
important respiratory viruses but belong to different families (orthomyxoviridae and
pneumoviridae). For this, total RNA extracted from VeroEG6 cells infected for 12 hrs with
RSV and from MDCK cells infected with IAV for 12 hrs were transfected using
Lipofectamine 2000. The production and release of IFNa into the supernatants after
overnight incubation was measured as a readout for RLR stimulation.

As shown in Figure 6, total RNA from uninfected cells led to negligible IFNa responses in
PBMCs, as did RNA from cells infected with SARS-CoV-2 for 6 or 12 hrs, indicating the
low presence of RLR agonists in these RNA preparations. Total RNA from
24-hr SARS-CoV-2-infected cells still led to a low, but significantly increased IFNa
response, while total RNA from RSV and IAV infected cells induced a high IFNa release
in PBMCs. In vitro-transcribed 5’ triphosphate dsRNA (IVT4) served as a positive control
for RIG-I stimulation and p(l:C) for MDAS activation.
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Figure 6: Total RNA of SARS-CoV-2-infected cells results in low type | IFN
production in human immune cells. Total RNA was isolated from uninfected (@), SARS-
CoV-2- or RSV-infected VeroE6 cells and from IAV- infected MDCK cells after 12 hrs of
infection, if not stated otherwise. RNA was transfected to the cytosol of. After overnight
incubation, supernatants were collected and assessed for IFNa production by ELISA.
Data are shown as mean + SEM (n=6 donors). Statistical analysis was calculated by
one-way ANOVA (Welch) and Dunn’s multiple testing. * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.

Additionally, the immunostimulatory potency of SARS-CoV-2 total RNA was evaluated in
murine bone-marrow derived dendritic cells (BMDCs). A crucial advantage of murine over
human immune cells is the option to generate BMDCs with different genetic backgrounds
to decipher the individual involvement of RIG-I and MDAS in the immune sensing of viral
immunostimulatory RNA. Furthermore, the role of RLRs in the immune sensing of total
RNA form virus-infected cells has not been shown before in murine cells, but is important
when using mouse models of SARS-CoV-2 infection. Therefore, BMDCs from
wild-type (WT), MDA5” and RIG-I"- mice were generated and stimulated with the
aforementioned total RNA preparations. Murine IFNa secretion into the supernatants after
overnight incubation was used as a readout for RIG-I and MDAS activation.

Comparable to human PBMCs, total genomic RNA extracted from uninfected cells led to
negligible IFNa production in murine BMDCs (Figure 7A). The IFNa response to RNA
isolated from cells 6 and 12 hrs after SARS-CoV-2 infection was indistinguishable from
uninfected total cell RNA, which showed a weak immune activation dependent on MDAS.
However, RNA isolated 24 hrs after SARS-CoV-2 infection significantly induced IFNa
production when transfected into WT BMDCs (Figure 7A). More importantly, recognition
was independent of RIG-I and dependent on MDAS5 as evidenced by the detectable IFNa
levels measured in WT and RIG-I"-BMDC supernatants that were absent in MDA5BMDC
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supernatants (Figure 7B). In direct comparison, RSV and IAV total genomic cell RNA
induced higher immune stimulation than SARS-CoV-2 (Figure 7A) and sensing was
predominantly dependent on RIG-I, as indicated by the significantly lower IFNa production
in RIG-I"-BMDCs (Figure 7B). IVT4 and p(l:C) were used as control stimuli for RIG-I and
MDADS, respectively.

Collectively, the RLR-dependent IFNa response to total RNA isolated from SARS-CoV-2-
infected cells was completely MDAS5-dependent, albeit lower than the — predominantly
RIG-I dependent — response to total RNA from IAV or RSV-infected cells.
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Figure 7: Total RNA of SARS-CoV-2-infected cells activates MDA5 in murine
dendritic cells. Total RNA was isolated from uninfected (@), SARS-CoV-2- and
RSV-infected VeroE6 cells and from IAV- infected MDCK cells after 12 hr infection, if not
stated otherwise. RNA was transfected to murine BMDCs generated from WT mice (A) or
from WT, MDA5” and RIG-I"- mice (B). mIFNa production into the supernatants was
measured after overnight incubation by ELISA. Data are shown as mean + SEM (n=3).
Statistical significance was calculated by one-way ANOVA (Welch) with Dunn’s multiple
testing (A) and by two-way ANOVA with Dunnett’'s multiple testing (B). * p<0.05, ** p<0.01,
***p<0.001, **** p<0.0001.

3.2. RIG-l agonists potently inhibit SARS-CoV-2 viral replication in vitro

The relatively weak stimulation of RLRs by SARS-CoV-2 total RNA suggested that the
pharmacological activation of these receptors by administering selective agonists may
help to overcome the limited immune response against SARS-CoV-2 and to reduce viral
replication. First, the potency of the RIG-| stimulation by RIG-I agonists on the inhibition
of SARS-CoV-2 viral replication was evaluated in SARS-CoV-2-permissive target cells in
vitro. The commonly used human lung epithelial cell line A549 expressed only low
endogenous levels of ACE2 and TMPRRS2 (Figure 8A), the two target proteins of the
SARS-CoV-2 spike protein required for viral entry into cells. Therefore, plasmids encoding
human ACE2 and TMPRSS2 were stably introduced into A549 cells via lentiviral
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transduction to allow for stable protein expression and efficient SARS-CoV-2 entry into
the cells. High transcript levels of both ACE2 and TMPRSS2 in ACE2-TMPRSS2-A549
(A5497) cells were confirmed by qPCR (Figure 8A). Subsequently, cells were stimulated
with a synthetic RIG-I agonist (5’ triphosphate 24 bp long blunt-ended dsRNA, 3pRNA),
universal recombinant IFNa(A/D) (IFNa) or ctrl RNA and harvested 6 hrs after stimulation
to assess expression of IFN-inducible genes upon efficient RIG-l1 and IFNAR stimulation.
Both 3pRNA and IFNa stimulation led to the strong upregulation of the IFN-inducible anti-
viral proteins MX1 and RSADZ2 and of the IFN-inducible chemokine CXCL10 in A549* cells
(Figure 8B). While MX1 and RSAD?2 transcript levels were comparable between the two
treatments, CXCL 70 induction was significantly higher upon 3pRNA treatment compared
to IFNa stimulation. Likewise, the pro-inflammatory cytokine /L6 was significantly induced
upon RIG-I ligand stimulation, but only a similar trend, yet non-significant, was observed
upon IFNa and ctrl RNA treatment.
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Figure 8: RIG-l and IFNa stimulation potently induces transcription of anti-viral
proteins and cytokines in human lung epithelial cells in vitro. (A) ACE2 and
TMPRSS2 gene expression was measured by gPCR in A549 and A549* cells relative to
GAPDH expression. Data are shown as mean + SD (n=3). Statistical significance was
calculated by two-way ANOVA with Sidak's multiple comparisons post-hoc test. (B)
3pRNA or ctrl RNA was transfected to A549* cells or stimulated with recombinant
universal IFNa(A/D). 6 hrs after stimulation, gene expression of anti-viral proteins and
cytokines were measured by qPCR and normalized to GAPDH expression. Data are
presented as fold induction to untreated cells (mean + SEM (n=3)). Statistical significance
was calculated by two-way ANOVA with Dunnett’'s multiple testing (A) and by one-way
ANOVA (Welch) with Dunn’s multiple testing (B), when the data were lognormally
distributed and otherwise a non-parametric Kruskal-Wallis test with Dunn’s multiple testing
was applied. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

In order to assess the inhibition of viral replication by RIG-I activation in vitro, A549* cells
were treated with 3pRNA or IFNa and, 24 hrs later, pulse-infected with SARS-COV-2 at
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an MOI of 0.1 (Figure 9A). After 1 hr of inoculation, cells were washed twice with PBS to
remove any residual viral particles from the original infection, before fresh medium was
added and cells were incubated for further 24 hrs. Viral replication was assessed by
quantification of SARS-CoV-2 genomic RNA in challenged cells by gPCR and viral release
was quantified by determining the levels of SARS-CoV-2 antigen in the supernatants by
ELISA (Figure 9B and Figure 9C). Cells directly harvested after the 1 hr pulse-infection
served as a negative control (neg ctrl). SARS-CoV-2 replication was detectable in
untreated cells as indicated by the presence high levels of SARS-CoV-2 RNA in the
infected cells (Figure 9B) and of SARS-CoV-2 antigens in the supernatants (Figure 9C).
In contrast, both RIG-I and IFNa stimulation resulted in a significant reduction of viral titers
in A549* cells measured by the low presence of genomic viral transcripts in the cells
(Figure 9B) as well as by low levels of SARS-CoV-2 antigen in the supernatants (Figure
9C). A pronounced anti-viral immune response to SARS-CoV-2 infection was still seen in
3pRNA- treated cells as indicated by the significant upregulation of ISGs (MX7, RSADZ2)
and cytokines (CXCL10, IL6) compared to untreated SARS-CoV-2-challenged cells
(Figure 9D). 3pRNA showed superior gene induction of anti-viral molecules compared to
IFNa upon SARS-CoV-2 infection (Figure 4D). It has to be noted that even untreated cells
showed low induction of anti-viral proteins and cytokines compared to neg ctrl.
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Figure 9: RIG-l and IFNa stimulation inhibits SARS-CoV-2 viral replication and viral
release in vitro. A549* cells were stimulated with 3pRNA, ctrl RNA or recombinant
universal IFNa(A/D) and incubated for 24 hours. Cells were pulse-infected with
SARS-CoV-2 (MOI 0.1) for 1 hr, washed and incubated for further 24 hrs. Cells and
supernatants were harvested for downstream qPCR analysis and ELISA, respectively. (B)
SARS-CoV-2 gene expression was quantified by qPCR, normalized to GAPDH and
expressed as fold induction to neg ctrl. (C) Quantification of SARS-CoV-2 antigen in the
supernatants of SARS-CoV-2-infected cells by ELISA. (D) ISG and cytokine gene
expression was quantified by qPCR, normalized to GAPDH and expressed as fold
induction to neg ctrl. Data are shown as mean + SEM (n=3-4). Statistical significance was
calculated by one-way ANOVA (Welch) with Dunnett’s T3 multiple testing, when the data
were lognormally distributed and otherwise a non-parametric Kruskal-Wallis test with
Dunn’s multiple testing was applied. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

46



3.3. Systemic RIG-l administration induces potent anti-viral resistance in the
lungs of C57BL/6j mice in vivo
3.3.1. Induction of cytokines and anti-viral proteins in peripheral organs upon systemic

RIG-| agonist injection in C57BL/6j mice in vivo

Considering that RIG-I stimulation leads to a robust cytokine and anti-viral protein
induction and to a potent inhibition of SARS-CoV-2 replication in vitro, application of RIG-I
agonists has been suggested to be protective against SARS-CoV-2 in vivo as well and
hence builds the main rationale of this study. Nonetheless, prior to the evaluation of the
potency of RIG-I ligands in the protection from SARS-CoV-2 infection in a mouse model,
the immediate immune effects of systemic RIG-I stimulation in vivo were assessed by
quantification of serum cytokines. Accordingly, 6.25 pg of 3pRNA or ctrl RNA was
complexed in the transfection reagent in vivo-JetPE| and intravenously (i.v.) injected into
the tail vein of naive C57BL/6j mice (Figure 10A). After 6 hrs, serum was collected and
the cytokine profile in the sera of 3pRNA-exposed animals was analyzed in a
LEGENDplex-based anti-virus response assay (Figure 10B). As expected, 3pRNA led to
the secretion of type | IFNs (IFNa and IFNR). Secretion of the type Il IFN, namely IFNy,
as well as of the pro-inflammatory cytokine IL-6 were also significantly induced upon
3pRNA stimulation (Figure 10B). Besides cytokine secretion, significant amounts of
inflammatory chemokines were detected in the sera of 3pRNA-treated animals, as
observed strongly for CXCL10, CCL2 and CCLS5, but also CXCLA1. In contrast, ctrl RNA
stimulation did not result in detectable IFN or cytokine production and was comparable to
that seen in PBS-treated mice (Figure 10B). Furthermore, no differences in the secretion
of IL-10, IL-1b, IL-12p70 and GM-CSF was detectable in the treated groups (data not
shown).

Type | IFN production into the sera was shown to be dose-dependent. Systemic
administration of 20 ug 3pRNA revealed 720-fold higher levels of IFNa and 91-fold higher
levels of IFNP in the sera of mice at 4 hrs after administration compared to the levels upon
6.25 ug 3pRNA administration (Figure 10D). IL-6 production was moderately increased
(16-fold) upon 20 pg 3pRNA administration. In contrast, indistinguishable levels (1.2-fold)
of CXCL10 were secreted into the sera upon the low (Figure 10B) or high dose
administration (Figure 10D) of 3pRNA.
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Figure 10: Systemic 3pRNA administration results in high cytokine production in
sera of naive mice in vivo. (A) Experimental setup. C57BL/6j mice were i.v. injected with
6.25 ug 3pRNA or ctrl RNA complexed to in vivo-JetPEI. After 6 hrs, serum was collected.
(B) LEGENDplex data from sera of 3pRNA-, ctrl RNA- and PBS- treated mice (n=6, pooled
from two experiments). (C) Experimental setup. C57BL/6j mice were i.v. injected with
20 ug 3pRNA or ctrl RNA complexed to in vivo-JetPEl. After 4 hrs, serum was collected.
(D) LEGENDplex data from sera of 3pRNA-, ctrl RNA- and PBS- treated mice (3pRNA
and ctrl RNA n=12, untreated n=6). Data are shown as mean + SEM (n=12). Statistical
significance was calculated by Kruskal-Wallis test and Dunn’s multiple testing. * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001.

Besides analyzing the cytokine and chemokine response in sera, the effects of RIG-I
stimulation on the lungs as the main target organ of respiratory virus infections were
examined in regard to the establishment of an anti-viral transcriptional state and activation
of organ-resident immune cells. 6 hrs after 6.25 ug 3pRNA administration the liver, lungs
and spleen were collected for downstream gene expression analysis. Expression of pro-
inflammatory cytokines and IFN-inducible anti-viral proteins were measured by qPCR,
normalized to murine Gapdh and were presented as fold induction to the PBS group
(Figure 11). Indeed, in the lungs, spleen and the liver, 3pRNA led to the significant
induction of the transcript of Ddx58, the coding gene for RIG-I (Ddx58) (Figure 11).
Furthermore, the proinflammatory mediators //6 and Cc/2 as well as the ISG Cxcl/10 were
significantly upregulated in all three organs analyzed upon RIG-I ligand administration.
Besides the upregulation of transcripts encoding cytokines, RIG-| activation also strongly
induced transcription of the anti-viral protein Rsad2. In contrast to 3pRNA, ctrl RNA did
not induce the analyzed genes compared to the PBS administration, indicating that RIG-I
agonists indeed possess a RIG-I specific stimulation.

Collectively, RIG-I activation induced an anti-viral immune response in vivo as indicated
by the production of type | IFNs and pro-inflammatory cytokines as well as by the induction
of prominent ISGs in the lungs, liver and spleen.
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Figure 11: Systemic RIG-I ligand administration strongly induces transcription of
cytokines and anti-viral proteins in peripheral organs of C57BL/6j mice. Organs were
collected from the mice 6 hrs after 6.25 ug 3pRNA or ctrl RNA i.v. injection. Cytokine and
ISG gene expression in the lungs (A), liver (B) and spleen (C) were measured by qPCR,
normalized to Gapdh and presented as fold induction to the PBS group. Data are shown
as mean * SEM (n=6, pooled data from 2 independent experiments). Statistical
significance was calculated by one-way ANOVA (Welch) with Dunnett's T3 multiple
testing, when the data were lognormally distributed, and otherwise a non-parametric
Kruskal-Wallis test with Dunn’s multiple testing was applied. * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001.
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3.3.2. Activation of innate and adaptive effector immune cells in the lungs upon RIG-I|

stimulation
Next, the immune cell composition and activation of the lungs on a single-cell level was
evaluated by flow cytometry upon 6.25 ug 3pRNA i.v. administration (Figure 12). Single-
cell suspensions of lung tissue was stained for the most abundant immune cells. Cell
frequencies of the effector cells of innate and adaptive immunity, namely T cells (CD4* or
CD8*CDA45" cells), B cells (CD19"CD45" cells) and NK cells (NK1.1*CD45* cells), relative
to all CD45+ immune cells were quantified.
The frequencies of CD4" T cells and B cells were each decreased by two thirds in the
3pRNA-treated group compared to the PBS group which was accompanied by a strong
influx of NK cells from 8 % to 19 % of CD45" cells (Figure 12A). Ctrl RNA treatment did
not influence the immune cellular composition in the lungs compared to PBS. In addition,
the activation status of these effector immune cells was quantified by measuring the
expression of CD69 and PD1. The percentages of CD69* and PD1* cells relative to the
parental cell population is shown in Figure 12B and Figure 12C. While in the ctrl RNA
and the PBS group negligible numbers of CD69* CD4*T, CD8*T, B and NK cells were
detected, RIG-I stimulation led to the strong upregulation of CD69 expression in these
effector cells, leading to 52 % CD69* T and B cells and 90 % of CD69* NK cells (Figure
12B). In addition, PD1 expression was upregulated in T cells leading to approx. 26 %
PD1*CD4" and 55 % PD1*CD8* T cells, whereas B and NK cells exhibited negligible PD1
frequencies (Figure 12C).
It was also interesting to investigate the effects of RIG-I stimulation in peripheral organs
beyond the lungs. Hence, the immune composition within the spleen and axillary lymph
nodes were analyzed by flow cytometry as well (Appendix Figure 1). While in the spleen
NK cell numbers decreased from 3 % to 2 % of CD45" cells and B cell numbers were
slightly increased by approx. 10 % (Appendix Figure 1A), in the lymph nodes no changes
in cell frequencies of CD4* and CD8* T, B and NK cells were visible upon RIG-I stimulation
(Appendix Figure 1B). Nevertheless, CD69 expression was shown on >80 % of NK cells
in the spleen and lymph nodes upon RIG-I stimulation, on 40 % of CD4" and CD8* T cells
in the spleen and on 35 % of B cells in the lymph nodes (Appendix Figure 1B and
Appendix Figure 1D).
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Figure 12: 3pRNA stimulation recruits NK cells to the lungs and leads to broad
effector immune cell activation. Lungs were collected for flow cytometry from mice 6 hrs
after 6.25 yg 3pRNA or ctrl RNA i.v. injection. Frequencies of immune effector cell
populations (CD4* and CD8" T cells, B cells, NK cells) in the lungs relative to all
CDA45" cells. (B) Frequencies of CD69" (B) and PD1* (C) cells compared to parental cell
population. Data are shown as mean + SEM (n=3) and are representative of two
independent experiments.

3.3.3. Activation of myeloid cells in the lungs upon systemic RIG-| stimulation

Lung-resident macrophages are crucial in the defense against pathogens and can be
subdivided into unique macrophage populations with distinct locations and functions. The
gating strategy for the myeloid cells in the lungs is shown in Appendix Figure 2. Alveolar
macrophages (AMs) were distinctly identified as CD45*CD11b-CD64*Ly6C F4/80* cells.
Upon RIG-I stimulation, no changes in the cell numbers orimmune activation as measured
by the low CD69* and CD86" cell frequencies relative to all AMs were visible (Figure
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13A). Yet, AMs presented constitutive high PDL1 expression even in unstimulated mice.
Interstitial macrophages (IMs) form a second group of resident lung-specific macrophages
and were gated as CD45"CD11b"Ly6GLy6C-CD64* cells (Figure 13B). RIG-I stimulation
did not alter the frequency of these cells as well, yet led to the induction of CD69 and
PDL1 resulting in high frequency of CD69* and PDL-1* IMs. A third group of myeloid cells
are monocytes that were divided into two subpopulations by the differential expression of
Ly6C (Figure 13C and Figure 13D). An influx of inflammatory monocytes (gated as
CD45*CD11b*Ly6GLy6CM cells) into the lungs was observed upon RIG-I stimulation
doubling the relative number of these cells, and >50 % of cells were activated as shown
by the expression of CD69, CD86 and/or PDL-1 (Figure 13C). In contrast, no recruitment
or substantial immune cell activation of resident monocytes (gated as CD45*CD11b*Ly6G"
Ly6C- cells) was observed (Figure 13D). Neutrophils were identified by the high
expression of Ly6C and Ly6G. Despite already present in high numbers (18 %) in the
naive lungs, an additional recruitment of neutrophils into the lungs was visible upon RIG-I
stimulation (28 %) and showed PDL-1 expression in 58 % of neutrophils (Figure 13E). At
last, a small population of eosinophils (3 %, gated as CD45*CD11b*Ly6GLy6C*SSC-A"
cells) was observed in the lungs that did not show any signs of activation (Figure 13F).
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Figure 13: Inflammatory myeloid cells are recruited to the lungs and activated upon
systemic 3pRNA stimulation. Lungs were collected for flow cytometry from mice 6 hrs
after 6.25 ug 3pRNA or ctrl RNA i.v. injection. The gating strategy is shown in Appendix
Figure 2. Frequencies of myeloid cell populations in the lungs relative to all CD45" cells
and frequencies of CD69*, CD86" and PDL1" cells compared to parental cell population.
Data are shown as mean + SEM (n=3) and are representative of two independent
experiments.

3.4. 3pRNA treatmentin K18-hACE2 mice results in a reduction of viral replication
and local inflammation in the lungs during active SARS-CoV-2 infection

Reasoning the establishment of viral resistance upon RIG-I activation in vitro and in vivo
as demonstrated in the last chapters, the efficacy of RIG-| agonists was evaluated in a
mouse model of severe SARS-CoV-2 infection in the following chapters of this thesis.
K18-hACE2 transgenic mice express the human ACEZ2 under the control of the
endogenous Cytfokeratin-18 promotor. Gene expression analysis of organs collected from
uninfected K18-hACE2 mice demonstrated high expression of ACEZ2 in the lungs, colon
and intestines and moderate expression in the brain (Figure 14). In contrast, ACE2
expression was completely absent in the organs of WT littermates.
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Figure 14: High ACE2 expression is seen in SARS-CoV-2 target organs of
K18-hACE2""'9 mice. RNA of the lungs, brain, colon, intestines and heart of naive
K18-hACE2""'9and WT counterparts were isolated. ACE2 gene expression was quantified
by qPCR and presented as relative expression values to Gapdh expression. Data are
shown as mean + SEM (n=3).

3.4.1. Prophylactic and therapeutic 3pRNA administration reduces viral replication in the
lungs during active SARS-CoV-2 infection in K18-hACEZ2 mice
First, the potency of RIG-| stimulation in limiting SARS-CoV-2 viral replication in vivo was

assessed. Therefore, K18-hACEZ2 transgenic mice were i.v. injected with a single dose of
20 pg 3pRNA complexed to in vivo-JetPEI one day prior (3pRNA d-1) or one day after

95



(3pRNA d+1) the intranasal (i.n.) challenge with 5x10* PFU SARS-CoV-2 (Figure 15A).
Control mice were either i.v. injected with ctrl RNA complexed to in vivo-JetPE| one day
prior to the infection or left untreated. All mice were sacrificed 4 days post infection (dpi)
and lungs and brain were collected for downstream analysis.

Quantification of SARS-CoV-2 viral RNA by qPCR revealed high viral titers in the lungs of
untreated and ctrl RNA- treated animals (Figure 15B). In contrast, both 3pRNA
prophylactic and therapeutic treatment significantly reduced viral burden compared to
untreated animals. Moreover, SARS-CoV-2-infected mice showed an interindividual
heterogeneity in the severity of viral burden in the brain as quantified by variable levels of
viral RNA (Figure 15C). Nevertheless, 3pRNA prophylaxis reduced the viral RNA
expression in the brain as well and 5/6 mice presented RNA levels nearly at the detection
limit. In contrast, for the therapeutic 3pRNA treatment only a non-significant tendency

towards lower viral copy humbers compared to untreated animals was seen.
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Figure 15: 3pRNA treatment reduces viral transcript levels in the lungs and brain of
mice during active SARS-CoV-2 infection. (A) Experimental setup. K18-hACE2 mice
were i.v. injected with 20 pg 3pRNA or ctrl RNA complexed to in vivo-JetPEI one day prior
(3pRNA d-1) or after (3pRNA d+1) infection. Mice were infected i.n. with 5x10* PFU
SARS-CoV-2 and sacrificed 4 dpi. (B,C) SARS-CoV-2 gene expression in the lungs (B)
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and in the brain (C) at 4 dpi was quantified by gPCR relative to murine Gapdh expression.
Data are presented as mean + SEM (n=6). Statistical significance was calculated by one-
way ANOVA (Welch) with Dunnett’s T3 multiple testing, when the data were lognormally
distributed and otherwise a non-parametric Kruskal-Wallis test with Dunn’s multiple testing
was applied. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Besides quantification of SARS-CoV-2 transcript levels, immunohistochemical staining of
SARS-CoV-2 nucleocapsid protein in lung tissue was established to visually assess the
effects of the 3pRNA treatment on the viral spread during active SARS-CoV-2 infection.
Uninfected organs were used as negative control and showed none to minimal staining in
the smooth muscle around bronchioles (data not shown). A clear difference in the staining
pattern was observed in SARS-CoV-2-infected lung samples. Representative pictures of
SARS-CoV-2 nucleocapsid protein staining are presented in Figure 16A. Lung samples
from untreated and ctrl RNA-treated mice showed broad positive staining throughout the
tissue indicating the large presence of the ongoing SARS-CoV-2 infection on 4 dpi. In
contrast, lungs from mice that received a prophylactic or therapeutic dose of 3pRNA only
presented a few focal spots of positive staining throughout the lung tissue or around
bronchioles. Scoring by three independent scientists in a blinded fashion led to high
scores in untreated and ctrl RNA- treated animals, whereas mice pre-treated with 3pRNA
one day prior to the viral challenge reached significantly lower scores, suggesting a partial
inhibition of viral spread in 3pRNA-treated mice (Figure 16C). Therapeutic 3pRNA
treatment resulted in a modest but not significant reduction of SARS-CoV-2 spread in the
lungs when compared to controls.

Immunohistochemical SARS-COV-2 nucleocapsid staining of brain sections on day
4 post infection indicated that approx. 50 % of untreated animals presented with a strong
staining pattern throughout the tissue (Figure 16B) suggesting a partial viral manifestation
of infection into the central nervous system as seen in the gPCR before (Figure 15C). The
majority of animals showed only few spots of positive staining that was translated to low
scores. Despite a visible trend to low scores, 3pRNA- treatment did not significantly inhibit
viral manifestation in the brain (Figure 16D). Finally, scores strongly correlated with the
viral RNA copy numbers determined in the gPCR analysis in both the lungs and the brain
(Figure 16E and Figure 16F).
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Figure 16: Immunohistochemical analysis of mice during active SARS-CoV-2
infection reveals inhibition of viral spread in the lungs and brain upon prophylactic
and therapeutic 3pRNA treatment. Lungs and brain were collected for
immunohistochemical analysis from SARS-CoV-2-infected K18-hACE2 mice upon
3pRNA treatment on 4 dpi as shown in Figure 15. (A,B) Representative pictures and
(C,D) scoring of immunohistochemical staining of SARS-CoV-2 nucleocapsid protein in
lung (A,C) and brain (B,D) sections. Data are shown as mean + SEM (n=6). Statistical
significance was calculated by non-parametric Kruskal-Wallis test with Dunn’s multiple
testing (C,D). (E,F) Correlation between histological scores of SARS-CoV-2 spread
(x-axis) and SARS-CoV-2 transcript levels as presented in Figure 15 (y-axis) in the lungs
(E) and brain (F). For statistical analysis the Spearman coefficient was calculated as
indicated (n=24). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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3.4.2. RIG-I stimulation reduces local inflammation in the lungs of SARS-CoV-2-infected
K18-hACE2 mice

As demonstrated in vitro, RIG-l stimulation induces transcription of pro-inflammatory
cytokines and anti-viral proteins in target cells in the absence (Figure 8B) or presence
(Figure 9D) of SARS-CoV-2 viral infection. Therefore, it was most interesting to
investigate whether RIG-I stimulation had an impact on the local anti-viral response and
inflammation in SARS-CoV-2-infected K18-hACE2 mice as well. In the lungs, /I6, Cxcl10
and Ccl2 RNA expression levels were highly induced in untreated and ctrl RNA-treated
SARS-CoV-2-infected animals compared to untreated uninfected animals (Figure 17A).
However, both 3pRNA prophylaxis and therapeutic treatment significantly reduced
cytokine expression in the lungs. In the brain, increased expression of //6, Cxcl10 and
Ccl2 compared to uninfected mice was detectable in SARS-CoV-2-infected mice as well
(Figure 17B), but the number of transcripts encoding these cytokines was lower than in
the lungs. Neither the 3pRNA prophylactic nor the therapeutic administration reduced the
local inflammation in the brain as evidenced by nonsignificant lower cytokine RNA levels
(Figure 17B).

Collectively, systemic administration of RIG-I agonists significantly interfered with
SARS-CoV-2 viral replication as indicated by reduced viral burden in the lungs and brain
and less inflammation in the lungs during the active course of SARS-CoV-2 infection.
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Figure 17: Reduced inflammation in the lungs of 3pRNA-treated K18-hACE2 mice
during active SARS-CoV-2 infection. RNA of lungs and brain were isolated from
SARS-CoV-2-infected K18-hACE2 mice upon 3pRNA treatment on 4 dpi as shown in
Figure 15. Cytokine gene expression in the lungs (A) and brain (B) was quantified by
gPCR relative to murine Gapdh expression. Data are presented as mean + SEM (n=6,
uninfected n=3). Statistical significance was calculated by one-way ANOVA (Welch) with
Dunnett’'s T3 multiple testing, when the data were lognormally distributed and otherwise
a non-parametric Kruskal-Wallis test with Dunn’s multiple testing was applied. * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001.
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3.5. Prophylactic RIG-I activation confers protection from severe SARS-CoV-2
infections in K18-hACE2 mice
3.5.1. RIG-I prophylaxis rescues K18-hACE2 mice from lethal SARS-CoV-2 infections

So far, the impact of systemic prophylactic and therapeutic RIG-I ligand administration on

the inhibition of SARS-CoV-2 viral replication and on local inflammation in the lungs and
brain has been demonstrated by gene expression analysis and immunohistochemical
staining at 4 dpi (Figure 15,Figure 16,Figure 17). To investigate whether this translates
into the potent protection from the SARS-CoV-2-associated lethality of this mouse model,
survival experiments were performed that included single prophylactic 3pRNA treatments
on several days prior to a lethal SARS-CoV-2 infection. K18-hACEZ2 mice were treated
with a single dose of 20 pg 3pRNA seven days (d-7), three days (d-3) or one day (d-1)
prior to a lethal i.n. 5x10* PFU SARS-CoV-2 inoculation (Figure 18A). Ctrl RNA was only
administered one day prior to the lethal infection. Both 3pRNA and ctrl RNA were
complexed to in vivo-JetPEl and injected systemically via the i.v. route. Weight and
appearance of mice was assessed on a daily basis and mice did not show weight loss nor
other side effects from the prophylactic 3pRNA treatment prior to the infection (Figure
18B). However, a significant weight loss was indicative for the developing COVID-19
infection and was used as surrogate marker for the health state of the mouse. Besides
weight loss, the clinical presentation of the mice was daily monitored. Signs of disease
occurring during SARS-CoV-2 infections ranged from reduced activity, increased
respiration, eye openings clotted by secretion to complete lethargy. When mice reached
=20 % of weight loss relative to their starting weight at day 0 (day of virus infection) and/or
presented overt signs of disease, as stated before, they were sacrificed and organs were
collected for downstream analysis. Rarely, an intestinal phenotype with bowel obstructions
or neurological signs of disease marked by progressive motor deficits were observed
which also mandated immediate euthanasia. Animals that did not reach the endpoint
criteria during the observation period of the experiment were sacrificed on day 13 post
infection (dpi) (Figure 18A).

SARS-CoV-2-infected mice rapidly developed significant weight loss and signs of disease
by day 4 post infection (Figure 18D). When left untreated, mice reached the euthanasia
criteria by day 4 to day 6 post infection, (Figure 18C-D, black line). Treatment with ctrl
RNA did not confer any protection either (Figure 18C-D, black dotted line). In contrast, a
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single injection of 3pRNA substantially alleviated disease outcome. The single,
prophylactic 3pRNA treatment one day (d-1) prior to the lethal viral infection improved the
survival rate from 0 % to 50 % (5/10 animals survived) (Figure 18C, red line). Pre-
treatment three days (d-3) or seven days (d-7) prior to infection still improved survival by
25-33 % (2/8 and 3/9 animals survived) (Figure 18C, green and blue line). Even though
a large proportion of the 3pRNA-treated mice (17/27) was not protected from lethality,
these mice still showed prolonged survival compared to untreated mice, as indicated by
improved survival as indicated on the Kaplan-Meier curve (Figure 18C) and by delayed
weight loss (Figure 18E). Surviving mice were completely protected from substantial
weight loss and did not experience any signs of disease throughout the course of the
experiment (Figure 18E). These results provide evidence for a long-lasting prophylactic
effect of the single, selective RIG-I activation against the otherwise lethal SARS-CoV-2
infection and conferred partial protection for up to seven days.
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Figure 18: Prophylactic RIG-l ligand treatment provides protection from lethal
SARS-CoV-2 infection in K18-hACE2 mice. (A) Experimental setup. K18-hACEZ2 mice
were i.v. injected with 20 ug 3pRNA or ctrl RNA complexed to in vivo-JetPEI on indicated
days. On day 0, mice were i.n. infected with 5x10* PFU SARS-CoV-2 virus. Oropharyngeal
swabs were obtained on day 1 to day 3 post infection (dpi). Disease development and
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survival were monitored up to twice daily until reaching the endpoint criteria or 13 dpi. (B)
Weight development of 3pRNA-treated animals. Data are shown as mean + SEM (3pRNA
n=8, untreated n=11). (C) Kaplan-Meier curve and (D) weight loss (pooled) of SARS-CoV-
2-infected animals (E) Individual weight loss over time of each SARS-CoV-2-infected
mouse until reaching the endpoint criteria or 13 dpi. (C-E) Data are shown as mean +
SEM (3pRNA d-7 n=8, 3pRNA d-3 & ctrl RNA n=9, 3pRNA d-1 n=10, untreated n=11).
Data are pooled from two independent experiments. Statistical significance was calculated
by log-rank Mantel-Cox test (C). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Additionally, sera of all animals were collected at the individual time of death or at the end
of the experiment course (day 13 post infection, as seen in Figure 18C) and tested for the
presence of anti-SARS-CoV-2- specific IgG antibodies. All surviving 3pRNA-treated and
4/17 of 3pRNA-treated non-surviving animals generated SARS-CoV-2 specific
lgG antibodies leading to significant differences between 3pRNA d-1-treated mice and
untreated animals (Figure 19A). Detected antibodies were also of neutralizing character,
as measured in a competitive binding NeutraLISA assay (Figure 19B) that quantifies the
inhibitory effects of sera on the interaction between ACE2 and the SARS-CoV-2 spike
protein in vitro. Of note, untreated and ctrl RNA- treated mice showed comparable 1gG
antibody titers to uninfected animals.
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Figure 19: Surviving 3pRNA-treated animals have generated anti-SARS-CoV-2
neutralizing IgG antibodies. Serum was collected from SARS-CoV-2- infected
K18-hACE2 mice upon prophylactic 3pRNA treatment on their individual time point of
death or 13 dpi as presented in Figure 18. (A) Quantification of anti-SARS-CoV-2 specific
IgG antibody titers in sera (B) Percent of inhibition of SARS-CoV-2 S1/RBD-hACE2
interaction by sera. Data are shown as mean + SEM (3pRNA d-7 n=8, 3pRNA d-3 & ctrl
RNA n=9, 3pRNA d-1 n=10, untreated n=11, uninfected n=5). Data are pooled from two
independent experiments. Statistical significance was calculated by non-parametric
Kruskal-Wallis test with Dunn’s multiple testing. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.
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3.5.2. 3pRNA prophylactic treatment reduces the early viral replication in the upper

respiratory tract and inhibits viral transmission into the lungs of K18-hACE2 mice

To monitor viral replication, oropharyngeal swab material in the early phase of the
SARS-CoV-2 infection was collected from the SARS-CoV-2-infected mice upon 3pRNA
prophylaxis shown in Figure 18 on day 1 to 3 post infection. The presence of SARS-CoV-2
antigen in the oropharyngeal swab material was determined in an ELISA-based assay
(Figure 20A) or levels of genomic viral RNA were measured by qPCR (Figure 20B).
Quantification via both ELISA and gPCR revealed a potent reduction of viral burden on
day 1 and 2 post infection in the upper respiratory tract in mice which received prophylactic
systemic treatment with 3pRNA (Figure 20A and Figure 20B). Treatment of mice with
3pRNA three days (d-3) or one day (d-1) prior to the infection resulted in the significant
inhibition of viral replication and spread and similar trends were observed, when animals
were treated seven days prior to infection, however this was not significant. In contrast,
pre-treatment with ctrl RNA did not suppress viral replication. By day three post infection,
viral antigens were no longer detected in mice suggesting that the infection had been

cleared from the upper respiratory tract when the swabs were taken.
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Figure 20: Prophylactic RIG-I ligand treatment inhibits early viral replication in the
upper respiratory tract of SARS-CoV-2-infected K18-hACE2 mice. Oropharyngeal
swabs were collected on 1-3 dpi from SARS-CoV-2-infected K18-hACE2 mice upon
prophylactic 3pRNA treatment as shown in Figure 18. (A) SARS-CoV-2 antigen ELISA
and (B) expression of SARS-CoV-2 viral RNA by gPCR was assessed in oropharyngeal
swab material on 1-3 dpi. Data are shown as mean + SEM (3pRNA d-7 n=8, 3pRNA d-3
& ctrl RNA n=9, 3pRNA d-1 n=10, untreated n=11). Data are pooled from two independent
experiments. Statistical significance was calculated by non-parametric Kruskal-Wallis test
and Dunn’s multiple testing. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

It is likely that the inhibition of the early viral replication in the upper respiratory tract leads
to a diminished viral transmission into the lungs and is responsible for the alleviated
disease outcome and survival of 3pRNA-treated mice, as demonstrated in the previous
chapter. Therefore, viral burden in the lungs of SARS-CoV-2-infected mice collected at
the time point of death or at the end of the observation period (13 dpi) as shown in Figure
18 was assessed. Of note, owing to the prolonged survival of RIG-I ligand-treated mice,

as indicated in the Kaplan-Meier curve (Figure 18C), the endpoint and organ collection of
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these animals was at a later time point (> 6-13 dpi) than that of control animals (4-6 dpi).
gPCR analysis revealed that the 3pRNA pre-treatment uniformly reduced the viral burden
in the lungs compared to the untreated group and reached significance in the d-1 group
(Figure 21A). Despite being non-significant, 3pRNA conferred substantial reduction of
viral loads in the lungs of mice treated seven and three days prior to the infection as well.
All surviving animals showed negligible levels of viral RNA indicating that these mice
showed complete clearance of viral infection within 13 days. Interestingly, when plotted
separately from surviving animals, non-surviving animals receiving 3pRNA prophylaxis
one day prior to infection presented significantly reduced viral genomic RNA expression
compared to untreated animals (Figure 21B).
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Figure 21: 3pRNA prophylaxis significantly reduces viral transcript levels in the
lungs of SARS-CoV-2-infected mice at the time point of death. RNA was isolated from
the lungs of SARS-CoV-2-infected K18-hACEZ2 mice upon 3pRNA prophylactic treatment
as presented in Figure 18 at the time point of death or on 13 dpi. SARS-CoV-2 gene
expression in the lungs were quantified by qPCR relative to murine Gapdh expression.
Animals were separated according to the treatment (A) or according to the treatment and
survival/non-survival during the course of experiment (B). Data are shown as mean + SEM
(3pRNA d-7 n=8, 3pRNA d-3 & ctrl RNA n=9, 3pRNA d-1 n=10, untreated n=11). Statistical
significance was calculated by one-way ANOVA and Dunnett’'s multiple testing. * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001.

Likewise, immunohistochemical staining of SARS-CoV-2 nucleocapsid protein in lung
tissue of untreated and ctrl RNA-treated animals showed widespread SARS-CoV-2
staining over the whole section analyzed with most staining localized in the alveolar region

(Figure 22A). Correspondingly, these sections were translated to high scores (Figure
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22B). In contrast, lungs from mice treated with 3pRNA that required euthanasia during the
experiment (3pRNA-treated non-survivor) revealed the partial inhibition of viral spread by
RIG-I stimulation as indicated by the lower presence of SARS-CoV-2 staining throughout
the tissue (Figure 22A). Lung sections of 3pRNA-treated mice surviving the infection
(3pRNA-treated survivor) revealed the complete clearance of SARS-CoV-2 infection by
the absence of visible staining. Despite the different individual outcome of survival, pre-
treatment with 3pRNA one day prior to the viral challenge led to significantly lower scores
(Figure 22B). Finally, scores weakly correlated with the results of the gPCR analysis
(Figure 22C, r= 0.3479, p <0.05).

Collectively, a single dose of 3pRNA prophylaxis effectively suppressed the early viral
replication in the upper respiratory tract which led to a lower manifestation of viral infection
in the lungs, ameliorating the disease outcome even independently of the survival of the
mouse.
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Figure 22: RIG-lI prophylaxis inhibits viral spread into the lungs of SARS-CoV-2-
infected mice at the time point of death demonstrated by immunohistochemical
analysis. Lungs were collected for immunohistochemical analysis from SARS-CoV-2-
infected K18-hACE2 mice upon 3pRNA prophylactic treatment as shown in Figure 18 at
the time point of death or on 13 dpi. (A) Representative pictures and (B) scoring of
immunohistochemical staining of the SARS-CoV-2 nucleocapsid protein in lung sections.
Data are shown as mean + SEM (3pRNA d-7 n=8, 3pRNA d-3 & ctrl RNA n=9, 3pRNA d-1
n=10, untreated n=11) and are pooled from two independent experiments. Statistical
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significance was calculated by non-parametric Kruskal-Wallis test and Dunn’s multiple
testing. (C) Correlation between histological scores of SARS-CoV-2 spread (x-axis) and
relative SARS-CoV-2 RNA expression values as seen in Figure 21 (y-axis) in the lungs.
A normal distribution of values was assumed and for statistical analysis the Pearson
coefficient was calculated as indicated (n=47). * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.

3.5.3. Prophylactic 3pRNA treatment reduces viral burden in the brain of SARS-CoV-2-
infected K18-hACE2 mice at the time point of death

In contrast to the initial observation of considerable heterogeneity in the severity of viral

burden in the brain of SARS-CoV-2-infected mice on day 4 post infection (Figure 15C),
the majority (14/17) of non-surviving 3pRNA- treated animals showed high abundance of
viral burden in the brain (Figure 23A and Figure 23B). Nevertheless, all surviving 3pRNA-
treated animals presented negligible viral RNA levels (Figure 23B) indicating that they
were completely protected from viral spread into the brain. Conjointly, this led to
significantly reduced viral burden in the brain of mice treated with 3pRNA one day prior to
the infection (Figure 23A). Thus, the clinical manifestation of viral infection in the brain
might lead to a different survival outcome in SARS-CoV-2-infected 3pRNA-treated
K18-hACE2 mice.
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Figure 23: 3pRNA prophylaxis significantly reduces viral RNA gene expression
levels in the brain of SARS-CoV-2-infected mice at the time point of death. RNA was
isolated from the brain of SARS-CoV-2-infected mice upon 3pRNA prophylactic treatment
as presented in Figure 18 at the time point of death or on 13 dpi. SARS-CoV-2 expression
in the brain was assessed by qPCR relative to murine Gapdh expression. (A) Animals
were separated according to the treatment or (B) according to treatment and survival/non-
survival during the course of experiment. Data are shown as mean + SEM (3pRNA d-7
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n=8, 3pRNA d-3 & ctrl RNA n=9, 3pRNA d-1 n=10, untreated n=11). Statistical significance
was calculated by non-parametric Kruskal-Wallis test and Dunn’s multiple testing.
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Immunohistochemical SARS-COV-2 nucleocapsid staining of brain sections further
revealed a broad distribution of viral infection throughout all brain areas except the
cerebellum in non-surviving mice (Figure 24A). The majority (11/16) of non-surviving
animals presented high scores that did not differ between 3pRNA-treated and untreated
animals (Figure 24B). In contrast, all surviving 3pRNA-treated animals did not show any
SARS-COV-2 nucleocapsid staining throughout the whole section and thus were
translated to low scores. Again, scoring of the immunohistochemical staining of brain
sections moderately correlated with the gPCR analysis even more closely than that of the
lung tissues (Figure 24C, r = 0.5488, p <0.0001).
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Figure 24: Incomplete penetrance of viral infection into the brain after prophylactic
3pRNA treatment of SARS-CoV-2-infected mice at the time point of death. Brains
were collected for immunohistochemical analysis from SARS-CoV-2-infected K18-hACE2
mice upon 3pRNA prophylactic treatment as shown in Figure 18 at the time point of death
oron 13 dpi. (A) Representative pictures and (B) scoring of immunohistochemical staining
of the SARS-CoV-2 nucleocapsid protein in brain sections. Data are shown as
mean + SEM (3pRNA d-7 n=8, 3pRNA d-3 & ctrl RNA n=9, 3pRNA d-1 n=10, untreated
n=11) and are pooled from two independent experiments. Statistical significance was
calculated by non-parametric one-way ANOVA (Kruskal-Wallis test) and Dunn’s multiple

69



testing. (C) Correlation between histological scores of SARS-CoV-2 spread (x-axis) and
relative SARS-CoV-2 RNA expression values (Figure 23) in the brain. A normal
distribution of values was assumed and for statistical analysis the Pearson coefficient was
calculated as indicated (n=47). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

3.5.4. Correlation between viral burden in the lungs and brain and the time point of death
in 3pRNA-pre-treated K18-hACE2 mice

The prophylactic treatment with 3pRNA prolonged the time until onset of disease in

SARS-CoV-2-infected mice (Figure 18). However, some of them still developed signs of
poor condition as described before (data not shown) leading to their euthanasia during
the observation period. This led to the speculation that the underlying cause of this
morbidity and mortality might be due to a late viral penetrance to the brain and that this
distinguished them from surviving mice and from mice that succumb to the infection at
early time points after infection. Therefore, the individual SARS-CoV-2transcript levels in
the lungs and brain as presented in Figure 21 and Figure 23 were plotted against the
time point of death independent of the treatment of the mice. Correlation revealed that the
highest viral burden in the lungs was seen in mice that died early after infection (day 4 to
day 5 post infection) and decreased the later the animal succumbed to the infection
(Figure 25A). Likewise, mice that died early after infection (until day 8 post infection) also
demonstrated high viral abundance in the brain (Figure 25B). In contrast, 2/3 animals that
reached the endpoint criteria on day 9 and 11 post infection exhibited no to low viral
abundance in both the lungs and the brain (Figure 25A and Figure 25B). As shown in
Figure 25C, viral RNA expression in the lungs moderately correlated to those measured
in the brain. Hence, despite being speculated, high viral titers in the brain did not separate

survivors from non-surviving animals upon RIG-| treatment.
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Figure 25: Correlation analysis between viral burden in the lungs and brain of
SARS-CoV-2-infected mice at the time point of death. Graphs show the SARS-CoV-2
RNA expression values in the lungs (A) and brain (B) plotted against the time point of
death of the individual mouse independent of their treatment (values are adapted from
Figure 21 and Figure 23). Data are shown as the mean + SEM (survivors n=10, d4 n=12,
d5=5, d6 n=12, d7 n=3, d8=2, d9=2, d11=1). (C) Correlation between relative SARS-CoV-
2 RNA expression values in the lungs (x-axis) and relative SARS-CoV-2 RNA expression
values in the brain (y-axis). A normal distribution of values was assumed and for statistical
analysis the Pearson coefficient was calculated as indicated (n=47). * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001.

3.5.5. 3pRNA treatment provides superior protection from SARS-CoV-2 infection to type |
interferons in K18-hACE mice
The potent protection of RIG-I against viruses primarily relies on the induction of type |

IFNs. This raises the question whether RIG-| stimulation is superior to the administration
of type | IFNs in protecting against SARS-CoV-2 infections when applied in in vivo models
of infection. Therefore, K18-hACE2 mice were i.v. treated with a single dose of 2x10° U
universal recombinant IFNa(A/D) (IFNa) or 20 ug 3pRNA one day prior to the lethal SARS-
CoV-2 infection with 5x10* PFU (Figure 26A). The dose of 2x10° U IFNa (877 ng) was
translated from the endogenous serum levels of type | IFN induced upon i.v. injection with
20 pg of 3pRNA (Figure 10D).

IFNa treatment showed no level of protection against the lethal infection and led to the
comparable survival of IFNa-treated animals to untreated animals (Figure 26B). As
shown before (Figure 18), mice pre-treated with 3pRNA showed prolonged survival as
indicated by the right shift of the Kaplan-Meier curve (Figure 26B). In contrast to our initial
observations, only 1/7 3pRNA-treated mice (14%) survived the infection compared to 5/10
mice (50 %) treated with 3pRNA one day prior to the infection (Figure 18C). 3pRNA-
treated animals showed high daily weight variabilities that were absent in the IFNa-treated

and untreated group (Figure 26C). Additionally, serum of the surviving 3pRNA-treated
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animal revealed the presence of significant anti-SARS-CoV-2 IgG antibody titers at the
end of the observation period (Figure 26D).
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Figure 26: Prophylactic RIG-l ligand treatment is superior to type | IFNs in protecting
K18-hACE2 mice from lethal SARS-CoV-2 infections. (A) Experimental setup.
Transgenic K18-hACE mice were i.v. treated one day prior to a lethal i.n. SARS-CoV-2
infection (5x10* PFU) with a single dose of 20 ug 3pRNA complexed to in vivo-JetPEI or
2x10° U recombinant universal IFNa(A/D). Oropharyngeal swabs were collected on
1-3 dpi. Disease progression and weight was monitored daily until animals reached the
endpoint criteria or day 13 post infection. (B) Kaplan-Meier survival curve of the
SARS-CoV-2- infected mice. (C) Individual weight loss development curve of each
SARS-CoV-2- infected mice. (D) Quantification of anti-SARS-CoV-2 specific IgG antibody
titers in sera of SARS-CoV-2-infected animals. Data are shown as mean + SEM (3pRNA
and IFNa n=7, untreated n=5). Statistical significance was calculated by log-rank
Mantel-Cox test (B) and non-parametric Kruskal-Wallis test with Dunn’s multiple testing
(D).** p<0.01.

3pRNA significantly reduced early viral replication in the upper respiratory tract as
indicated by lower levels of SARS-CoV-2 viral antigens and SARS-CoV-2 transcript levels
in oropharyngeal swab material taken on day 1 and day 2 post infection (Figure 27). For
IFNa- treatment a trend towards viral inhibition was observed. This was not statistically
significant which could be due to the small sample size used, suggesting that statistical
significance might be reached with higher number of mice used for each treatment.
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Figure 27: 3pRNA stimulation, but not IFNa treatment, inhibits early viral replication
in the upper respiratory tract of SARS-CoV-2-infected K18-hACE2 mice.
Oropharyngeal swabs were collected on 1-3 dpi from SARS-CoV-2-infected K18-hACE2
mice upon prophylactic 3pRNA or IFNa treatment as shown in Figure 26. (A)
SARS-CoV-2 antigen ELISA and (B) expression of SARS-CoV-2 viral RNA gPCR was
assessed in oropharyngeal swab material on 1-3 dpi. Data are shown as mean + SEM
(3pRNA and IFNa n=7, untreated n=5). Statistical significance was calculated by
Kruskal-Wallis test and Dunn’s multiple testing. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.

Gene expression analysis of the lungs of these animals at their individual time of death or
on day 13 post infection revealed significant reduction in viral burden in the lungs of
3pRNA-treated animals, but not in IFNa- treated animals (Figure 28A). No differences in
the viral RNA levels in the brain between the treatment groups (Figure 28B). The surviving
3pRNA-treated animal revealed no signs of infection by showing SARS-CoV-2 gene
expression levels at the detection limit.
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Figure 28: Respiratory protection against SARS-CoV-2 is not efficiently induced by
IFNa treatment in SARS-CoV-2-infected K18-hACE2 mice. RNA of lungs and brain
were isolated from SARS-CoV-2-infected K18-hACE2 mice upon prophylactic 3pRNA or
IFNa treatment as shown in Figure 26 at the time point of death or on 13 dpi. SARS-CoV-2
RNA expression in the lungs (A) and in the brain (B) was quantified by gPCR relative to
Gapdh expression. Data are shown as mean + SEM (3pRNA and IFNa n=7, untreated
n=5). Statistical significance was calculated by one-way ANOVA and Dunnett’'s multiple
testing (A) when lognormal distribution was assumed, or by non-parametric
Kruskal-Wallis test and Dunn’s multiple testing (B). * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.

3.6. Therapeutic RIG-I stimulation partially protects mice from lethal SARS-CoV-2
infections

In the previous chapter, the prophylactic efficacy of 3pRNA in protecting mice against
otherwise lethal SARS-CoV-2 infections has been demonstrated. Nonetheless, for clinical
applications, it is most interesting to investigate whether the therapeutic treatment with
RIG-I agonists confers reduced mortality on already established infection in the
SARS-CoV-2 mouse model. This might be translated into an early treatment option for
SARS-CoV-2-infected individuals at risk in developing severe COVID-19 disease.
Accordingly, 3pRNA or ctrl RNA was i.v. injected into SARS-CoV-2- infected mice
(5x10* PFU, i.n.) on day one post infection and repeated on day 4, 7 and 10 post infection
(Figure 29A). Mice were monitored daily for weight loss and signs of disease and
euthanasia criteria were as described before.

While untreated and ctrl RNA-treated animals did not recover from weight loss and
uniformly required euthanasia within seven days after infection, the repetitive 3pRNA
treatment increased the survival of SARS-CoV-2- infected mice from 0 % in the control
groups to 20 % with 2/10 surviving animals in the therapeutic 3pRNA treatment group

74



(Figure 29B and Figure 29C). Mice that survived the infection recovered from weight loss
and reached again their starting weight within the observation period (Figure 29C).
Furthermore, highly specific anti-SARS-CoV-2 antibodies were detected in the sera of the
two surviving 3pRNA-treated animals and one non-surviving 3pRNA-treated animal that
further showed neutralizing activities against SARS-CoV-2 spike protein (Figure 29D and
Figure 29E). 7/8 non-surviving 3pRNa-treated and all ctrl RNA-treated and untreated
animals did not establish any measurable antibody titers due to their early time of death.
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Figure 29: Therapeutic RIG-lI ligand treatment confers intermediate level of
protection against lethal SARS-CoV-2 infections in K18-hACE2 mice. (A)
Experimental setup. Transgenic K18-hACE mice were i.n. infected with 5x10* PFU SARS-
CoV-2. Starting on day 1 post infection, 20 ug 3pRNA or ctrl RNA complexed to
in vivo-JetPEIl was injected i.v. into the tail and repeated on 4, 7 and 10 dpi. Oropharyngeal
swabs were collected on 1-3 dpi. Disease progression and weight were monitored daily
until animals reached the endpoint criteria or day 13 post infection. (B) Kaplan-Meier
survival curve and (C) individual weight loss development of the SARS-CoV-2- infected
mice. (D) Quantification of anti-SARS-CoV-2 specific IgG antibody titers in sera and (E)
percent of inhibition of SARS-CoV-2 S1/RBD-hACE2 interaction by sera collected from
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SARS-CoV--2-infected animals at the time point of death or at the end of the observation
period. of SARS-CoV-2-infected animals collected. Data are shown as mean + SEM
(3pRNA n=10, ctrl RNA n=7, untreated n=11) pooled from two independent experiments.
Statistical significance was calculated by log-rank Mantel-Cox test (B) and non-
parametric Kruskal-Wallis test with Dunn’s multiple testing (D,E). * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.

Oropharyngeal swab material was collected on day 1 to day 3 post infection to monitor
viral replication upon therapeutic 3pRNA treatment. On day one post infection — prior to
the first therapeutic treatment — comparable viral release and replication were detected in
all three groups via both ELISA and gqPCR, albeit showing relatively heterogenous
individual values (Figure 30). On day two post infection, SARS-CoV-2 antigens were still
detectable in the oropharyngeal swab material in all animals by both ELISA and qPCR,
but did not show any differences between the groups either. By day three post infection,
no detectable SARS-CoV-2 antigens was visible in the oropharyngeal swabs by ELISA,
while viral transcription was still detected.
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Figure 30: Therapeutic RIG-l ligand treatment does not restrict viral replication at
early time points in the upper respiratory tract. Oropharyngeal swabs were collected
on 1-3 dpi from SARS-CoV-2-infected K18-hACE2 mice upon therapeutic 3pRNA
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treatment as shown in Figure 29. (A) SARS-CoV-2 antigen ELISA and (B) expression of
SARS-CoV-2 viral RNA in oropharyngeal swab material on 1-3 dpi. Data are shown as
mean + SEM (3pRNA n=10, ctrl RNA n=7, untreated n=11) pooled from two independent
experiments. Statistical significance was calculated by non-parametric Kruskal-Wallis test
and Dunn’s multiple testing. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Moreover, the lungs and brain were harvested at the individual time point of death or at
the end of the observation period to quantify the viral burden by qPCR (Figure 31) and by
SARS-CoV-2 immunohistochemical staining of lung and brain sections (Figure 32).
Compared to untreated animals, the 3pRNA therapeutic treatment showed only a
tendency towards the reduction of viral burden in the lungs (Figure 31A) and brain (Figure
31B) as measured by non-significant lower SARS-CoV-2 transcription. The two surviving

3pRNA-treated animals did not show detectable viral RNA in the lungs.
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Figure 31: Therapeutic 3pRNA treatment shows a tendency towards reduced viral
titers in the lungs and brain of SARS-CoV-2-infected mice at the time point of death.
RNA of lungs and brain were isolated from SARS-CoV-2-infected K18-hACE2 mice upon
therapeutic 3pRNA treatment as shown in Figure 29 at the time point of death or on
13 dpi. SARS-CoV-2 viral RNA expression was quantified by qPCR relative to murine
Gapdh in the lungs (A) and in the brain (B). Data are shown as mean + SEM (3pRNA
n=10, ctrl RNA n=7, untreated n=11) pooled from two independent experiments. Statistical
significance was calculated by non-parametric Kruskal-Wallis test with Dunn’s multiple
testing (D,E). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

In line with the gene expression analysis, immunohistochemical staining of SARS-CoV-2
nucleocapsid revealed the absence of viral infection in lung (Figure 32A) and brain tissue
(Figure 32B) in the surviving animals, but demonstrating a strong staining in non-surviving
treated, ctrl RNA-treated and untreated animals. This led to high scores in the lungs and
brain (Figure 32C and Figure 32D) with moderately and strong correlation between the
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gPCR results and the immunohistochemical staining in the lungs and brain, respectively

(Figure 32E and Figure 32F).
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Figure 32: Inmunohistochemical staining reveals high viral burden in the lungs and
brain in SARS-CoV-2 mice upon therapeutic 3pRNA treatment. Lungs and brain were
collected for immunohistochemical analysis from SARS-CoV-2-infected K18-hACE2 mice
upon therapeutic 3pRNA treatment as shown in Figure 29 at the time point of death or on
13 dpi. (A,B) Representative pictures and (C,D) scoring of immunohistochemical staining
of the SARS-CoV-2 nucleocapsid protein in lung (A,C) and brain (B,D) sections. Data are
shown as mean + SEM (3pRNA n=10, ctrl RNA n=7, untreated n=11) pooled from two
independent experiments. Statistical significance was calculated by non-parametric
Kruskal-Wallis test with Dunn’s multiple testing (C,D). Correlation of histological scores
of SARS-CoV-2 spread (x-axis) and relative expression qPCR values of SARS-CoV-2
expression in the lungs (E) and brain (F) (see Figure 31). For statistical analysis, the
Spearman coefficient was calculated as indicated (n=28). * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.
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4. Discussion
41. SARS-CoV-2 largely escapes immune recognition by cytosolic innate
immune receptors

First of all, | investigated whether SARS-CoV-2 is sensed by RIG-I and MDAS in immune
cells. Several SARS-CoV-2 viral proteins have been shown to interfere with RLR
signaling, IFN induction and IFN signaling (Beyer and Forero, 2021; Lei et al., 2020; Wang
et al., 2020b) and effectively suppress the induction of type | IFN expression in
SARS-CoV-2-infected cells albeit seen upon IAV or Sendai Virus infection (Kouwaki et al.,
2021). Thus, to evaluate the full immunostimulatory potency of SARS-CoV-2 RNA without
these viral RLR and IFN antagonists present, total RNA from SARS-CoV-2-infected
VeroE6 cells was extracted to completely remove (viral) proteins. Transfection of total
RNA from SARS-CoV-2- infected cells into human PBMCs (Figure 6) and murine dendritic
cells (Figure 7A) resulted in lower IFNa protein secretion than other common respiratory
viruses such as IAV and RSV. Others have shown that total RNA extracted 24 hrs after
SARS-CoV-2 infection results in the significant upregulation of /IFNB transcript levels
(Kouwaki et al., 2021; Yin et al.,, 2021). However, these studies used higher RNA
concentrations for transfection compared to our study, as well as gPCR as a readout which
is generally more sensitive than cytokine quantitation by ELISA. Lastly, no total RNA
isolated from cells infected with other viruses has been used for the transfection in these
studies that would allow the direct comparison and the evaluation if the observed
responses are high or low.

Additionally | found that recognition of total RNA from SARS-CoV-2-infected cells was
dependent on MDAS in murine dendritic cells (Figure 7B) which mirrors published results
in human epithelial cells (Yin et al., 2021). Similarly, recognition of direct human epithelial
cell infection by SARS-CoV-2 depends predominantly on MDAS (Sampaio et al., 2021;
Yin et al., 2021). On the other hand, RNAi-mediated knock-down of RIG-I and MDAS5 in
cells or RIG-I"- and MDA5" cells have been shown to significantly abrogate cytokine
induction upon SARS-CoV-2 infection suggesting that SARS-CoV-2 is sensed by both
RIG-I and MDAS5 (Kouwaki et al., 2021; Thorne et al., 2021a). Further in vitro and in vivo
studies are needed to evaluate the exact role of RIG-l and MDAS5 in SARS-CoV-2 immune
sensing. Collectively, SARS-CoV-2 viral replication intermediates were sensed by MDAS,
albeit type | IFN gene expression and protein levels were lower than those induced by IAV
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and RSV RNA. The overall low innate response to SARS-CoV-2 provides an interesting
subject of debate for the intervention with exogenous RLR ligands to induce a more

effective anti-viral resistance and prolonged immune stimulation.

4.2. Systemic and local immune activation in the lungs after i.v. injection of in
vivo-JetPEl-complexed 3pRNA

The present study aimed to establish anti-viral resistance against SARS-CoV-2 by the
application of specific RIG-I agonists in mice. The complexation of RNA with cationic lipid-
or polymer-derived carriers mediates effective RNA delivery into the cells as well as
stabilization and the protection of RNA from nucleases abundantly present in the blood
and skin (Kowalski et al., 2019). In this study, a short blunt-ended dsRNA with a
5’ triphosphate (3pRNA) was complexed to in vivo-JetPEl, an optimized linear cationic
polyethyleneimine (PEI) commonly used as in vivo transfection reagent for cytosolic
delivery. This complexation has been used in several mouse models of respiratory virus
infection (Chiang et al., 2015; Coch et al.,, 2017; Mao et al., 2022) and in a clinical
phase I/ll study for the intratumoral application of RIG-I agonists (NCT03739138)
(Middleton et al., 2018).

The single i.v. treatment with 3pRNA, but not with ctrl RNA, led to the rapid production of
type | IFNs as well as pro-inflammatory cytokines and chemokines into the sera of mice
when analyzed 6 hrs after application (Figure 10B). In line, other studies have shown that
type | IFN production reaches its maximum levels 2-5 hrs post i.v. injection of RIG-I
agonists and rapidly declines afterwards (Linehan et al., 2018). Type | IFN production was
dose-dependent since 20 ug 3pRNA led to higher IFNa levels in the sera 4 hrs after i.v.
injection than 6.25 pg (Figure 10D). In line, higher doses of RIG-I agonists lead to more
pronounced /fna transcript induction in the spleen of mice 3 hrs after i.v. injection (Linehan
et al., 2018). In contrast, CXCL10 production upon the injection with the low and high dose
of 3pRNA was indistinguishable, suggesting a plateau level of induction (Figure 10B and
Figure 10D). Gene expression analysis further revealed the significant upregulation of
ISGs and cytokines in the lungs, spleen and liver at 6 hrs after i.v. injection with 6.25 ug
3pRNA (Figure 11). In line with this finding, studies targeting pancreatic cancer have
reported that the systemic delivery of a RIG-lI agonist complexed with lipid calcium
phosphate nanoparticles predominantly targets the liver, spleen and lung, while only 2 %
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of the particles reaches the tumor as measured by biodistribution assay with '"”Lu- labeled
complexes (Das et al, 2019). Furthermore, fluorescently-labeled RIG-I agonist
in vivo-JetPEI complexes are preferentially taken up by lung epithelial cells, macrophages
and inflammatory monocytes in the lungs upon i.v. injection as shown by flow cytometry
(Mao et al., 2022). Therefore, it is likely that the immune effects seen in our study results
from the direct delivery of 3pRNA to the lungs, liver and spleen as well.

Flow cytometric analysis of total lung tissue further revealed an influx of NK cells,
monocytes and neutrophils into the lungs and broad immune cell activation 6 hrs upon
RIG-I agonist administration (Figure 12 and Figure 13). Cell activation after RIG-I
stimulation was quantified by the relative frequencies of distinct activation markers on the
surface of the immune cells. Increased expression of CD69 on CD4" and CD8* T, B and
NK cells (Figure 12B) as well as on monocytes and interstitial macrophages (Figure 13)
uncovered the broad immune cell activation upon RIG-I stimulation. Moreover, optimal
T cell activation and proliferation requires co-stimulatory signals by the interaction of CD28
on the T cell and CD80 or CD86 on the APC (Goral, 2011). Contrarily, PD1 and its ligand
PDL-1 counteract T cell activation by sending co-inhibitory signals to the T cell leading to
its exhaustion (Chen and Flies, 2013). Both CD86 and PDL-1 expression was increased
on interstitial macrophages and monocytes upon RIG-| stimulation (Figure 13). Both
proteins are known to be rapidly upregulated in an type | IFN-dependent manner (Sansom,
2000; Sharpe et al., 2007). Alveolar macrophages presented constitutive PDL-1
expression (Figure 13) that is consistent with previous studies as well (Sun et al., 2021).
Similarly, in line with earlier reports, PD1 expression was induced on CD4" and
CD8* T cells upon RIG-I stimulation (Figure 12C) (Sharpe et al., 2007). The upregulation
of both co-stimulatory and co-inhibitory molecules underlines that RIG-I stimulation not
only mediates shaping of the anti-viral adaptive immune response, but is involved in
maintaining peripheral tolerance and inhibiting immune-mediated tissue damage during
the anti-viral response (Sharpe et al., 2007).

Conclusively, the systemic injection of RIG-I agonists complexed to in vivo-JetPEIl potently
targets lung epithelial cells resulting in the establishment of anti-viral resistance.
Furthermore, it also directly activates innate immune cells that enables the development

of adaptive immunity. Hence, the induction of anti-viral resistance in the lungs is probably
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established faster upon RIG-I agonist delivery than upon the natural viral infection that

initially reaches only few lung cells and results in local inflammation.

4.3. K18-hACE2 transgenic mice as severe model for COVID-19 disease

In this study, the K18-hACE2 mouse model of SARS-CoV-2 infections was used.
Consistently with the initial publication (McCray et al., 2007), transgenic K18-hACE2 mice
presented with high expression levels of ACE2 in the lungs, intestines and colon, and
intermediate levels in the brain (Figure 14). i.n. infection with 5x10* PFU SARS-CoV-2 led
to detectable levels of SARS-CoV-2 RNA and antigens in oropharyngeal swabs on day 1
and 2 post infection (Figure 20). The measurement of viral load in oropharyngeal swabs
is shown to be indicative of active viral replication (Yinda et al., 2021). By day three post
infection, viral antigens were no longer detectable suggesting that the infection had been
cleared from the upper respiratory tract and had spread to the lower respiratory tract.
Indeed, on day 4 post infection, high SARS-CoV-2 viral titers (Figure 15) and
immunohistochemical staining of SARS-CoV-2 nucleocapsid throughout the tissue
(Figure 16) were detected in the lungs of untreated SARS-CoV-2-infected animals.
Untreated SARS-CoV-2-infected mice rapidly developed severe signs of disease and
showed significant weight loss (Figure 18D, Figure 18E) and 100 % of animals
succumbed to infection within 4 to 6 days after infection (Figure 18C). This is in
accordance with studies that have used similar inoculation doses (Winkler et al., 2020;
Yinda et al., 2021; Zheng et al., 2021), with the notion that lethality of SARS-CoV-2
infection is dose-dependent. High doses (10° PFU) of SARS-CoV-2 lead to 100 % lethality
in K18-hACE2 mice, while lethality rates of 50-85 % are seen upon the infection with
10*PFU SARS-CoV-2 (Yinda et al., 2021; Zheng et al., 2021). At low doses, stark
differences in lethality have been observed: While mice infected with 10° PFU inoculum
showed no signs of disease or lethality in one study (Zheng et al.,, 2021),
103 PFU SARS-CoV-2 inoculum resulted in 100 % lethality in a different study (Mao et al.,
2022). Major drawback of this model is the ectopic expression of ACE2 under the epithelial
promoter that does not fully resemble the expression pattern of ACE2 in humans (Hikmet
et al., 2020) and its supraphysiological levels are likely responsible for the disease severity
and lethality of this model. Therefore, the high lethality associated with the K18-hACE2
mouse model is in strong contrast to the infection fatality rate in humans that is estimated
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to be 0.68-1.6 % (loannidis, 2021; Meyerowitz-Katz and Merone, 2020; Streeck et al.,
2020).

Besides the high lethality associated with this model, untreated SARS-CoV-2-infected
K18-hACE2 mice demonstrated high viral burden in lung tissue at day 4 post infection
(Figure 15, Figure 16) and at the time point of their death (Figure 21, Figure 22) which
is consistent with previous studies (Mao et al., 2022; Winkler et al., 2020; Yinda et al.,
2021; Zheng et al., 2021). Moreover, SARS-CoV-2-infected K18-hACE2 mice develop
histological aspects of ARDS, including immune cell infiltrates, edema, and lung
consolidation. This results in impaired pulmonary function and substantially contributes to
morbidity and mortality (Winkler et al., 2020; Yinda et al., 2021) which is consistent with
severely SARS-CoV-2- infected patients (Grasselli et al., 2020; Tian et al., 2020; Xu et al.,
2020). The majority of untreated mice (9/11) presented with high viral titers in the brain at
the time point of death as well (Figure 23, Figure 24) providing a possible explanation for
the occasionally observed motoric impairment in SARS-CoV-2-infected mice that required
immediate euthanasia (data not shown). The presence of viral transcripts in the lungs
significantly correlated with those detected in the brain (Figure 25C). Partial penetrance
of viral infection to the brain is described in the K18-hACE2 mouse model as a probable
cause of anosmia (Kumari et al., 2021; Winkler et al., 2020; Zheng et al., 2021) and is
associated with lethality of this model (Kumari et al., 2021; Song et al., 2021). Likewise,
human COVID-19 patients suffer from neurological symptoms and post-mortem studies
have demonstrated the neuroinvasion into the central nervous system in patients that died
with severe SARS-CoV-2 infection (Helms et al., 2020; Song et al., 2021; Spudich and
Nath, 2022).

Since untreated SARS-CoV-2-infected K18-hACE2 mice succumbed to the infection early
after the viral challenge, they were not able to establish an adaptive immune response
(Figure 19). Furthermore, SARS-CoV-2-infected animals presented increased transcript
levels of pro-inflammatory cytokines (Cxcl/10, 116, Ccl2) in the lungs and brain on day 4
post infection (Figure 17) that is in accordance with previous reports (Winkler et al., 2020).
Likewise, hyperinflammation correlates with severe SARS-CoV-2 infections in patients
(Blanco-Melo et al., 2020; Hadjadj et al., 2020; Zhou et al., 2020a). For instance, elevated
levels of IL-6, IL-10, CCL2 and CXCL10 in sera is seen in severely infected COVID-19
patients (Blanco-Melo et al., 2020; Laing et al., 2020). However, immunomodulatory
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agents such as the synthetic corticosteroid dexamethasone show only moderate effects
in reducing mortality in hospitalized severely il COVID-19 patients receiving oxygen
therapy by suppressing the inflammatory response (Angus et al., 2020; RECOVERY
Collaborative Group et al., 2021). While immunosuppression seems to be helpful in the
late stage of infection in the presence of hyperinflammation, this intervention is potentially
harmful during the early phase of disease in which innate and adaptive immunity are
established. Supporting this hypothesis, the daily treatment with nonsteroidal anti-
inflammatory drugs (NSAID, e.g. meloxicam, ibuprofen) of SARS-CoV-2-infected
K18-hACEZ2 mice starting one day prior to infection has not shown any effect on the viral
burden or weight loss of infected mice, but reduces the production of cytokines in the
serum and impairs the development of neutralizing anti-SARS-CoV-2 antibodies (Chen et
al., 2021), indicating that early NSAID treatments dampen the establishment of potent
adaptive anti-viral immune response and may contribute to COVID-19 pathogenesis.
Collectively, the K18-hACE2 mouse model is the most stringent model so far to evaluate
the therapeutic success of potential SARS-CoV-2 countermeasures due to the clear
endpoint parameters of survival/lethality, high viral titers and cytokine production. Yet,
careful evaluations must be made in the direct comparison of the therapeutic efficacy of
anti-viral drugs tested in different studies.

4.4. Recombinant interferons for COVID-19 therapy

Key factor in the establishment of a robust anti-viral response against SARS-CoV-2 seems
to be the early production of endogenous type | and type Il IFNs that are antagonized by
several nonstructural and accessory proteins of SARS-CoV-2 (Beyer and Forero, 2021,
Blanco-Melo et al., 2020; Hadjadj et al., 2020; Lei et al., 2020; Zhang et al., 2020Db).
Susceptibility of SARS-CoV-2 to type | IFNs was evaluated in vitro by the exogenous
administration of type | IFNs to target cells prior to SARS-CoV-2 infection. The lung
epithelial cell line A549 expressed only low endogenous levels of ACE2 and TMPRSS2
(Figure 8A), the two target proteins of the SARS-CoV-2 spike protein required for viral
entry (Rebendenne et al.,, 2021; Thorne et al., 2021a). Therefore, human ACE2 and
TMPRSS2 were stably introduced in these cells via lentiviral transduction (Figure 8A) to
allow for efficient SARS-CoV-2 infection (Figure 9B) as demonstrated before
(Rebendenne et al., 2021). SARS-CoV-2 was highly susceptible to recombinant universal

84



IFNa pre-treatment in vitro, as determined by the significant reduction of viral transcript
levels in the cells and of SARS-CoV-2 antigen levels in the supernatants (Figure 9B and
Figure 9C). Consistent with these results, susceptibility of SARS-CoV-2 to the
pre-treatment with type | IFNs and type Il IFNs has been shown in epithelial cells in vitro
(Lokugamage et al., 2020; Stanifer et al., 2020).

Systemic administration with 2x10° U recombinant IFNa in K18-hAEC2 mice one day prior
to the i.n. SARS-CoV-2 infection with 5x10* PFU failed to provide protection from morbidity
and lethality (Figure 26) and did not reduce viral burden in the lungs and brain (Figure
28). The dose of recombinant IFNa used for the systemic administration was translated
from type | IFN production into sera of mice 4 hrs after 3pRNA injection (Figure 10D). In
contrast, similar doses of IFNa have been shown to increase the survival rate of 40 % of
untreated mice to 60 % survival in the same mouse model (Mao et al., 2022). However, it
is important to mention that a 100-fold lower infectious dose of SARS-CoV-2 was used in
this study. Likewise, i.n. administration of 2x10°U IFNa 3 hrs prior to the infection with
2.5x10* PFU SARS-CoV-2 reduces mortality rates to 50 % (Humphries et al., 2021). IFNa
pre-treatment resulted in lower viral burden in the upper respiratory tract on day one and
two post infection, however this was not significant (Figure 27) indicating that the
type | IFN used was functional and that the lack of protection observed in this study was
attributed to the high virus inoculation dose compared to the Mao et al. study (Mao et al.,
2022). One could also speculate that the anti-viral immune response induced by the IFNa
treatment had already declined one day after the treatment, when the mice were infected.
This is suggested by an in vivo study that demonstrates that higher doses of universal
recombinant IFNa(A/D) are needed to provide protection from lethal EMCV infection in
mice, the longer the time between the prophylactic i.v. injection of IFNa and the EMCV
inoculation (Sim and Cerruti, 1987). While only 870 U recombinant IFNa is required to
protect 50 % of mice from a lethal EMCV infection when given 6 hr prior to the virus
challenge, 1.7x10* U or >1x10° U recombinant IFNa is needed when given 24 hrs or
48 hrs prior to infection, respectively (Sim and Cerruti, 1987). This can be indicative for
the protective effect of IFNa against SARS-CoV-2 infections as well. Furthermore, it is
also important to note that PEGylated forms of human IFNa and IFN are used in the
clinics that show increased serum half-life, reduced clearance and increased
bioavailability compared to the non-PEGylated IFNs (Foster, 2004). Since no PEGylated
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mouse IFNs are readily available, both studies (this study and (Mao et al., 2022)) have
used the commercially available unmodified universal recombinant IFNa(A/D) that acts on
both the human and murine IFNAR.

For SARS-CoV-2, early treatments with PEG-IFNa2, PEG-IFN or PEG-IFNA accelerate
the recovery of severely infected COVID-19 patients, but not of moderately ill patients,
and are associated with a reduced viral burden and inflammation and in-hospital mortality
(Alavi Darazam et al., 2021; Feld et al., 2021; Pandit et al., 2021; Wang et al., 2020a;
Zhou et al., 2020c). However, the therapeutic window of IFN therapy against COVID-19
is considered to be relatively narrow since late treatments with IFNs delay the recovery of
COVID-19 patients and increase mortality (Wang et al., 2020a), presumably due to an
increased inflammation (Alavi Darazam et al., 2021; Sleijfer et al., 2005). Additionally,
repeated administration of recombinant IFNs frequently (2-24 %, depending on the
PEG-IFN used, dosage and dose frequency) leads to the development of neutralizing
auto-antibodies against type | IFNs within 3-18 months after treatment start that may
diminish their therapeutic efficacies (Giovannoni, 2002; Matsuda et al., 2012). In parallel,
>10 % of patients with life-threatening COVID-19 infections are presented with
neutralizing autoantibodies against type | IFNs even prior to the infection and render them
unavailable for type | IFN therapy (Bastard et al., 2020; Zhang et al., 2020b). Therefore,
the clinical usage of type | IFNs should be kept to a minimum, since the absence of
neutralizing anti-type | IFN antibodies likely provides an important advantage for the

induction of immune responses against future viral infections.

4.5. Clinical potential of RIG-l agonists as prophylaxis and treatment option
against SARS-CoV-2 infections
In this study, the potency of RIG-I agonists to protect against SARS-CoV-2 infections was
evaluated in vitro and in vivo in comparison to recombinant IFNa. In SARS-CoV-2
permissive A549* cells (A549 cells expressing ACE2 and TMPRSS2), prophylactic
treatment with 3pRNA was superior to type | IFNs in inhibiting SARS-CoV-2 replication
and release (Figure 9B and Figure 9C) and in enhancing IFN-inducible anti-viral cytokine
and protein production in vitro in the absence (Figure 3B) and in the presence of
SARS-CoV-2 infection (Figure 9D). Additionally, a single systemic 3pRNA prophylactic
treatment conferred potent in vivo protection against a lethal SARS-CoV-2 challenge by
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reducing the viral burden and inflammation in the lungs during the active course of
infection (Figure 15, Figure 16, Figure 17) as well as by substantially decreasing
morbidity and mortality of infected mice (Figure 18C). The greatest level of protection and
reduction of viral titers in the lungs was achieved when RIG-| agonist was given one day
prior to infection (Figure 15, Figure 18C, Figure 21). However, the single 3pRNA
treatment seven days prior to infection resulted in a lower but clearly detectable protection
from mortality as well, indicating a relatively long prophylactic treatment window (Figure
18C). Consistently, the prophylactic potency of RIG-I agonists against SARS-CoV-2
infections has been only recently demonstrated in the K18-hACE2 mouse model as well
(Mao et al., 2022). In contrast to the 5’ triphosphate 24 bp long blunt end dsRNA used in
this study, a 5’ triphosphate stem-loop duplex RNA of 14 bp length (SLR14) has been
used in the Mao et al study (Linehan et al., 2018; Mao et al., 2022). Nevertheless, in K18-
hACE2 mice SLR14 injected i.v. 16, 4 or 2 hrs prior to the i.n. infection with 10% PFU
SARS-CoV-2 leads to 80-100 % survival of treated animals compared to 100 % lethality
in untreated mice. Despite the usage of comparable doses of RIG-I agonists (15ug vs
20pg), it should be pointed out that the 100-fold lower virus inoculation dose as well as
the different treatment regimen relative to the infection (16 hrs to 2 hrs vs 7 to 1 day prior
infection) in the Mao study is likely accountable for the superior protection of their RIG-I
agonist against lethality compared to the lethality reported in this study with 3pRNA (Mao
et al., 2022) (Figure 18C). Similarly, RIG-I stimulation elicited the significant reduction of
viral titers and inflammation in the lungs during the active course of infection (Figure 15,
Figure 17) which is also reported by Mao et al (Mao et al., 2022).

Furthermore, surviving 3pRNA-treated SARS-CoV-2-infected animals were sacrificed at
the end of the observation period (13 dpi) and showed no longer signs of active infection
by low numbers of SARS-CoV-2 transcripts in the lungs and brain (Figure 21, Figure 23)
and by the lack of SARS-CoV-2 nucleocapsid staining in lung and brain tissue (Figure 22,
Figure 24). Furthermore, they developed a strong adaptive immune response, as
indicated by high anti-SARS-CoV-2 specific neutralizing antibody titers (Figure 19). In
contrast, untreated animals succumbed to infection prior to the establishment of adaptive
immunity due to high viral burden in the lungs and brain (Figure 21 to Figure 24). This
demonstrated that 3pRNA prophylaxis ameliorates disease progression and provides
treated mice the time to develop a SARS-CoV-2 specific neutralizing antibody response,
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ultimately resulting in the effective clearance of viral infection. Moreover, the humoral
response is reportedly dominant in mediating protection from SARS-CoV-2 re-infection
upon vaccination or natural infection (Israelow et al., 2021).

The repetitive therapeutic treatment with 3pRNA on day one post infection also
significantly reduced viral RNA levels in the lungs during the active course of infection
(Figure 15), but with a survival rate of 20 % (Figure 29) this was less efficient in protecting
SARS-CoV-2-infected mice against lethality than the single prophylactic treatment
(25-50%, Figure 18C). This is in contrast to the single therapeutic treatment with SLR14
24 or 48 hrs after viral challenge that results in a survival rate of 40 % (Mao et al., 2022),
albeit the 100-fold lower MOl as mentioned before. Besides, the i.n. infection of
K18-hACE2 mice with 5x10* PFU models a fatal course of COVID-19 disease with 100 %
lethality, while the infection fatality rate in humans is estimated to be around 0.68-1.6 %
(loannidis, 2021; Meyerowitz-Katz and Merone, 2020; Streeck et al., 2020). Furthermore,
the high lethality in K18-hACE2 mouse model within 6 days after SARS-CoV-2 infection
allows only a short therapeutic window for the treatment with RIG-I agonists, while in
humans the time course of SARS-CoV-2 infection offers a longer window for therapeutic
interventions. Hence, it is expected that the therapeutic effect provided by the RIG-I
agonist treatment in the present study underestimates its potency against COVID-19
infections in humans.

Besides RNA-based RIG-I agonists, the cGAS-STING axis is crucially involved in the
innate sensing of dsDNA in the cytosol that accumulates during viral infection or cellular
stress and results in the induction of type | IFNs and ISGs as well (Decout et al., 2021).
The prophylactic i.n. administration (6 hrs prior infection) or the therapeutic i.v. injection
(4 hrs after infection) of the small molecule STING agonist diABZ| potently has been
shown to restrict lethal SARS-CoV-2 infections in K18-hACE2 mice with high survival rates
of >80 % (Humphries et al., 2021; Li et al., 2021; Mao et al., 2022). In direct comparison,
RIG-I and STING engagement leads to comparable high survival rates and are superior
to the i.v. injection of universal IFNa (Mao et al., 2022). Noteworthy, local and systemic
administration of different STING agonists are currently tested in several clinical studies
for oncologic indications (Le Naour et al., 2020). Together with the preclinical data
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obtained in the K18-hACE2 mice, the effectiveness of STING agonists could be readily
tested in clinical studies for the treatment of COVID-19 patients.

Conclusively, it is likely that the activation of innate immune receptors resulting in IFN
induction is superior to recombinant IFN itself in the context of viral infections. For
instance, RIG-| stimulation leads to the activation of multiple downstream signaling
pathways and offers the entire physiological spectrum of type | and Il IFNs and even
induces a broader anti-viral resistance than that induced upon type | IFN alone (Goulet et
al., 2013; Linehan et al., 2018). While individuals with pre-existing neutralizing
autoantibodies against selective (sub-) types of IFNa or IFN (Bastard et al., 2020; Zhang
et al., 2020b) are considered unavailable for IFN therapy as stated before, the induction
of multiple physiological subtypes of type | IFNs by RIG-I stimulation might offer a new
treatment option and could provide a secondary layer of protection by the induction of type
lll IFNs and antiviral proteins. Additionally, PEGylation, differences in their amino acid
sequence and glycosylation pattern may account for the high induction of anti-type | IFN
autoantibodies upon recombinant IFN therapy compared to the production of physiological
levels of endogenous IFNs upon innate immune sensor activation (Antonelli et al., 1991).
Moreover, studies with immunocompromised Rag”’ mice have demonstrated that the
single treatment with RIG-I agonists induces a potent innate anti-viral response against
persistent SARS-CoV-2 infection in a type | IFN signaling dependent manner despite
lacking adaptive immunity leading to the significant reduction of viral RNA in the lungs
(Israelow et al., 2020; Mao et al., 2022). Accordingly, it can be speculated that RIG-I
agonists may offer a promising new treatment option for patients with immune-
compromised conditions to treat acute and persistent viral infections via a strong innate
immune response regardless of the induction of adaptive immunity.

It has already been postulated that the B1.1.7 SARS-CoV-2 variant has increased
resistance to type | IFN treatment in vitro (Thorne et al., 2021b). Despite showing varying
efficacies, SLR14 has conferred broad protection against several SARS-CoV-2 variants
of concern (B1.1.7, B.1.351, P.1, B.1.617.2, B.1.526) in the K18-hACE2 mouse model
(Mao et al., 2022) indicating that RIG-I agonists represent a useful treatment option even
against immune-evasive SARS-CoV-2 variants.
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4.6. Considerations in the clinical administration of RIG-l agonists

Since RIG-I activation includes the induction of IFNs and pro-inflammatory cytokines, the
administration of 3pRNA is likely accompanied with the development of adverse effects
as seen upon IFN therapy. Typically, patients receiving IFNa treatment rapidly respond
with flu-like symptoms such as fever, chills, myalgia and headache (Kirkwood et al., 2002;
Sleijfer et al., 2005). Severity of symptoms is shown to be dose-dependent, albeit i.v.
injections being less tolerable than local administrations (Sleijfer et al., 2005).

Mice presented neither weight loss nor other visible signs of unwanted side effects (e.g.,
ruffled fur, altered spontaneous behavior) upon the single systemic treatment with 20 ug
3pRNA (data not shown, Figure 18B). In previous work, repeated 3pRNA infections, even
at higher doses (50 ug), are tolerable in mice as well, since no adverse effects nor
desensitization have been observed (Coch et al., 2017; Poeck et al., 2008). While the side
effects of systemic RIG-I agonist administration in humans are still largely unknown, the
intratumoral application of 3pRNA results in mild (grade 1-2) fever and fatigue in patients
(Middleton et al., 2018) (NCT03739138). However, it should be mentioned that the doses
of local 3pRNA treatment used in this clinical study to induce cell-intrinsic cytotoxicity in
the tumors are possibly unnecessarily high to induce anti-viral resistance. A single
prophylactic treatment with 6.25 ug 3pRNA still completely protects mice from otherwise
lethal 1AV infections (Coch et al., 2017) enabling the speculation that lower doses of
3pRNA may also be sufficient to protect from lethal SARS-CoV-2 infections. Besides, 6.25
pg of 3pRNA induced only low levels of type | IFNs into sera of mice 6 hrs after application
(Figure 10A) compared to 20 yg (Figure 10D), yet still resulted in the significant
upregulation of anti-viral proteins in peripheral organs, including the lungs (Figure 11).
This suggests that lower doses of 3pRNA might suffice for the establishment of anti-viral
resistance against SARS-CoV-2 without the production of high levels of pro-inflammatory
cytokines that might result in unwanted side effects.

It will be most important for further preclinical and clinical studies to find effective clinical
doses of RIG-I agonists for anti-viral purposes while keeping undesirable adverse effects
to a minimum. Exacerbated cytokine responses upon RIG-I stimulation may have
detrimental effects on the host contributing to immune-mediated tissue damage and
autoimmunity (Fajgenbaum and June, 2020; Tisoncik et al., 2012). As stated for the IFN
therapy before, it can be assumed that early interventions with RIG-I agonists have
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positive effects on the COVID-19 disease course by enhancing anti-viral activity, whereas
late interventions in severely-infected hospitalized COVID-19 patients may lead to an even
more pronounced inflammation substantially contributing to COVID-19 pathogenesis.
Therefore, besides finding effective clinical doses of RIG-I agonist, the therapeutic
treatment window needs to be carefully assessed in future clinical studies.

Additionally, higher risk for developing critical COVID-19 disease has been described for
individuals with missense mutations in molecules involved in nucleic acid sensor signaling
(TLR3, UNC93B, IRF7) or IFN signaling (TYK2, OAS and IFNARZ2) (Pairo-Castineira et
al., 2021; Zhang et al., 2020b) and for individuals with certain co-morbidities that are
typically inflammatory in nature (Elezkurtaj et al., 2021; Wu and McGoogan, 2020). This
indicates that pre-existing inflammation contributes to the severity of COVID-19 disease.
Likewise, rarely abundant single-nucleotide polymorphisms in DDX58 or IFIH1, the genes
encoding for RIG-I and MDAS5, are associated with an impaired or enhanced
responsiveness to receptor activation and are linked to autoimmune and inflammatory
diseases such as Systemic Lupus Erythematosus, Singleton-Merten Syndrome or Aicardi-
Goutieres Syndrome (Pothlichet et al., 2009; Yong and Luo, 2018b).

Nevertheless, at risk patients may also show an impaired or enhanced responsiveness to
RIG-I administration which needs to be considered for finding effective doses of RIG-I
agonists.

4.7. Outlook

This study provides new pre-clinical evidence for the potency and feasibility of RIG-I
agonists as a new treatment option against SARS-CoV-2. Since RIG-I agonists have
already been tested in phase I/ll clinical studies for oncologic indications (NCT03739138,
NCT0306502) (Middleton et al., 2018), clinical studies evaluating the prophylactic or
therapeutic treatment efficacy of RIG-lI agonists against COVID-19 may be rapidly
initiated. Yet, careful clinical development is required to evaluate a suitable dose of RIG-I
agonists for human patients that is effective against viral infection, but does not induce
excessive systemic inflammation. Moreover, systemic application of RIG-I agonists limits
its application so far to hospitalized patients. A possible way to reduce side effects and
hence improve patient compliance could be the localized delivery, for example by the i.n.
application of RIG-I agonists or by the inhalation of aerosolized RIG-I agonists. However,
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local RNA delivery to the lungs still requires extensive optimizations in the formulation and
dosing to enable efficient cellular uptake, bioavailability and pharmacokinetics, to stabilize
the complexes against the natural barriers of the lungs (the presence of mucociliary
clearance, alveolar fluids and nucleases) as well as to reduce considerable adverse
effects while being protective (Anderson et al., 2020). Only recently, a new screening
approach has been introduced that enables the optimization of lipid nanoparticles for the
targeted mRNA delivery into the lungs via nebulized aerosols (Chang and Chan, 2021,
Lokugamage et al., 2021). In a proof-of-principle experiment, the nebulized administration
of a mRNA encoding for a broadly neutralizing antibody targeting IAV haemagglutinin by
complexation with the optimized nanoparticles has shown to protect mice against
otherwise lethal IAV infections (Lokugamage et al., 2021). While further research will be
needed to evaluate if this approach can also be used for other RNA species and if it
provides also effective delivery in the context of an ongoing viral infection, it may provide
a very useful tool for efficient localized delivery of RIG-I agonists.

Additionally, the development of bifunctional dsRNA combining the RNA interference-
mediated gene-silencing activity of siRNAs and the immunostimulatory activity of RIG-I
could be used to further increase the anti-viral potency of immunostimulatory RNA. First
proof-of-concept studies have demonstrated that siRNAs targeting HBV specific genes
(Ebert et al.,, 2011) or the IAV nucleoprotein (Lin et al., 2012) combined with a
5’ triphosphate for agonistic RIG-I stimulation significantly inhibits viral replication in vitro
and in vivo that have exceeded their single functions. It is plausible that the combination
of the immunostimulatory capacity of RIG-I agonist as presented in this study, with a
siRNA silencing an essential SARS-CoV-2 gene might further increase their therapeutic
anti-viral potential against SARS-CoV-2. The highly conserved regions of ORF1 and
5UTR, the RdRp and the viral helicase have already been identified as potential
candidates for efficient siRNA silencing in vitro (Ambike et al., 2022; Idris et al., 2021;
Tolksdorf et al., 2021).

While vaccines are the most powerful means of prophylaxis against SARS-CoV-2, RIG-|
agonists may be of use for individuals for whom vaccinations are unavailable or ineffective
due to a compromised adaptive immune system and could serve as a readily available
treatment for novel viruses or strains that efficiently escape vaccine protection. So far, the
in vivo evaluation of the protective function of RIG-I agonists has been mainly focused on
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mouse models of IAV (Chiang et al., 2015; Coch et al., 2017; Goulet et al., 2013) and
recently SARS-CoV-2 infections (present study) (Mao et al., 2022). In in vitro studies, the
anti-viral activity of RIG-I agonists against a variety of viruses has been evaluated as well,
including filoviridae (e.g. Ebola Virus), poxviridae (e.g. Vaccinia Virus), rhabdoviridae (e.g.
Vesicular Stomatitis Virus), Flaviviridae (e.g. Dengue Virus) and togaviridae (Chikungunya
Virus) (Chiang et al., 2015; Goulet et al., 2013; Olagnier et al., 2014; Spiropoulou et al.,
2009). Further studies are required to explore the potency of RIG-I against to confer
protection against these viruses in vivo. Altogether, the broad anti-viral protection provided
by RIG-I may offer a suitable option to reduce the need for virus-specific treatments and
inhibit the spread of newly emerging or re-emerging viruses in the future.
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5. Summary

The recent outbreak of the COVID-19 pandemic highlights the need for novel prophylactic
and therapeutic countermeasures against newly emerging viruses. Innate immune
receptor agonists are considered to be a promising new approach to provide potent anti-
viral protection. Activation of the cytosolic nucleic acid sensor RIG-I by selective short
5’ triphosphate dsRNA resulted in the induction of pro-inflammatory cytokines and
type | interferons, in the establishment of immediate antiviral resistance on a single-cell
level in the lungs, and shaped both innate and adaptive immunity through the recruitment
and activation of immune cells. While RIG-I agonists mediate strong anti-viral protection
against Influenza A infections in mouse models, their potency has not been yet
investigated in conferring protection against SARS-CoV-2. In vitro, the prophylactic
treatment with RIG-lI agonists inhibited SARS-CoV-2 viral replication and induced
sustained expression of interferons and proinflammatory cytokines more potently than
treatment with recombinant IFNa. Moreover, the effectiveness of RIG-1 agonists against
SARS-CoV-2 was tested in vivo in a mouse model of severe SARS-CoV-2 infection. A
single prophylactic systemic administration of RIG-I agonist, but not recombinant IFNa,
potently inhibited viral replication in the upper respiratory tract, lungs and brain and
reduced local inflammation in the lungs. Furthermore, the single prophylactic treatment up
to seven days prior to the infection conferred intermediate levels of protection from
lethality, with the best protection being achieved when given one day prior to infection.
Survival was associated with cleared viral infection in the lungs and brain and the
generation of high titers of neutralizing IgG antibodies against SARS-CoV-2. In addition,
repeated systemic therapeutic RIG-I agonist treatment also led to the partial protection
against COVID-19 associated mortality and significantly suppressed viral replication in the
lungs during the active course of infection. Collectively, this study provides new preclinical
evidence that RIG-I agonists may serve as a new broadly-active and effective anti-viral
treatment option against emerging and re-emerging viral infections in the future by the

potent induction of innate immunity.
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Appendix Figure 1: Cell frequencies and activation of effector immune cells in the
spleen and axillary lymph nodes upon 3pRNA stimulation. Spleen and axillary lymph
nodes were collected for flow cytometry from mice 6 hrs upon 6.25 ug 3pRNA or ctrl RNA
i.v. injection. (A+C) Frequencies of immune effector cell populations (CD4+ and CD8+ T
cells, B cells, NK cells) in the spleen (A) and axillary lymph node (C) relative to all CD45+
cells. (B+D) Frequencies of CD69+ activated immune cells in the spleen (B) and axillary
lymph node (D) relative to the parental cell population. Data are shown as mean + SEM
(n=3) and are representative of two independent experiments.
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Appendix Figure 2: Gating strategy for myeloid cells of the lungs. Cells were first
gated on live CD45+ single cells. Alveolar macrophages (AMs) were gated as CD11b-
CD64+F4/80+Ly6C- cells, neutrophils as CD11b+Ly6C+Ly6G+ cells, eosinophils as
CD11b+Ly6C+Ly6G-SSCM cells, Ly6C* monocytes as CD11b+Ly6G-Ly6C+ cells,
Ly6C- monocytes as CD11b™Ly6G-CD64-Ly6C- cells and interstitial macrophages (IMs)
as CD11b"Ly6G-Ly6C-CD64+ cells. Shown is the gating strategy for one representative
mouse.
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