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Abstract

Respiratory syncytial virus (RSV) is a major cause of acute lower respiratory
infections in infants and susceptible adults. Although the epidemiology and
immunobiology of the virus have been widely investigated, no safe vaccine has
yet been approved, and treatment with the antiviral ribavirin is limited to severe

cases. Nonetheless, new antiviral agents are undergoing development!.

A new approach encompasses influenza A virus (IAV) defective interfering
particles (DIPs). IAV DIPs have been proposed as an antiviral treatment against
interferon (IFN)-sensitive respiratory viruses such as influenza A and B, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and yellow fever virus
(YFV). In this study, we established a method for RSV production and assessed
the virus’ replication dynamics. Moreover, the inhibitory potential of IAV DIPs
against RSV propagation was studied in in vitro coinfection experiments.
Specifically, we investigated the antiviral activity of DI244, a prototypic, well-
characterized DIP that harbors a large internal deletion in Segment 1 of the viral
genome, and of OP7, a newly discovered DIP that presents 37 point mutations
on Segment 7 of the viral RNA (VRNA)2:3. We report that DI244 and especially
OP7 are able to partially suppress RSV replication in IFN-competent cells.
Furthermore, we show that the inhibitory potential of IAV DIPs is dependent on
the innate immune response stimulation. It appears that DI vRNAs were
recognized by the retinoic acid inducible gene I (RIG-I), leading to upregulation
of type I and type III interferons (IFNs). IFNs activated the janus kinase-signal
transducers and activators of transcription (JAK/STAT) signaling cascade, which

culminated in the expression of interferon stimulated genes (ISGs).

Our results suggest that the IAV DIPs DI244 and OP7 may represent a promising

antiviral agent for the treatment and prophylaxis of RSV infection.

Keywords: Respiratory syncytial virus (RSV), influenza A virus (IAV), defective
interfering particles (DIPs), antiviral, coinfection, tissue culture infection dose 50
(TCIDso), reverse transcription quantitative PCR (RT-gqPCR)



Sazetak

Respiratorni sincicijski virus (RSV) glavni je uzroc¢nik akutnih infekcija donjeg
diSnog sustava u dojencadi i osjetljivih odraslih osoba. Iako su epidemiologija i
imunobiologija virusa opsezno istrazene, sigurno cjepivo joS nije odobreno, a
lijeCenje antivirotikom ribavirinom ograni¢eno je na teske slucCajeve. Usprkos

tome, razvijaju se novi antivirusni lijekovi.

Novi pristup obuhvaca defektne interferirajuce Cestice (DIP) virusa influence A
(IAV). DIP-ovi IAV predlozeni su kao antivirusni tretman protiv respiratornih
virusa osjetljivih na interferon (IFN) kao Sto su gripa A i B, teski akutni
respiratorni sindrom coronavirus 2 (SARS-CoV-2) i virus Zute groznice (YFV). U
ovoj studiji smo uspostavili metodu za proizvodnju RSV-a i procijenili dinamiku
replikacije virusa. Nadalje, inhibicijski potencijal DIP-a IAV protiv Sirenja RSV-a
proucavan je u in vitro eksperimentima koinfekcije. Konkretno, istrazili smo
antivirusnu aktivnost DI244, prototipskog, dobro karakteriziranog DIP-a koji
sadrzi veliku unutarnju deleciju u segmentu 1 virusnog genoma, i OP7,
novootkrivenog DIP-a koji sadrzi 37 toCkastih mutacija na segmentu 7 virusne
RNA (vRNA)23. Nasi rezultati pokazuju da DI244, a posebno OP7, mogu
djelomi¢no suzbiti RSV replikaciju u stanicama kompetentnim za IFN. Nadalje,
pokazujemo da inhibitorni potencijal DIP IAV ovisi o stimulaciji urodenog
imunoloskog odgovora. DI vRNA prepoznaje gen I inducibilan retinoi¢cnom
kiselinom (RIG-I), Sto dovodi do pojaCane ekspresije interferona tipa I i tipa III
(IFN). IFN-i dovode do aktivacije Janus kinaze i STAT proteina putem JAK/STAT

signalnog puta, Sto kulminira ekspresijom gena stimuliranih interferonom (ISG).

Nasi rezultati sugeriraju da su DIP-ovi IAV, DI244 i OP7, obeéavajuca antivirusna

sredstva za lijecenje i profilaksu RSV infekcije.

Kljuéne rijeci: Respiratorni sincicijski virus (RSV), virus influence A (IAV),
defektne interferirajuce Cestice (DIP), antivirusni, koinfekcija, infekcija kulture
tkiva doza 50 (TCIDso), kvantitativni PCR reverzne transkripcije (RT-gPCR)
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1. Introduction

The following chapter presents a comprehensive overview of the theoretical

background of this study.
1.1 Respiratory syncytial virus

Respiratory syncytial virus (RSV) was first recovered from chimpanzees affected
by a respiratory disease in 1956, and was subsequently isolated in humans in
19574>, RSV is classified into two subtypes, RSV-A and RSV-B, which include
multiple genotypes that co-circulate, switching in dominance almost every year.
The two RSV subtypes have evolved separately, and they differ in the amino
acid sequence of the G protein. For example, if the RSV strain Long is compared
to RSV A2 (both belonging to the RSV-A subtype), they are found to share 94%
of their amino acid G protein sequences, while the A2 strain only has 53% amino
acid identity with the 18573 strain, an RSV-B subtype strain®8. RSV A2, which
will be used in this study, is a laboratory strain first isolated in Australia in 1961.
To date, it is a widely used platform for the development of live-attenuated

vaccine candidates and it is commonly used to study RSV°.
1.1.1 Taxonomy

According to the International Committee on Taxonomy of Viruses (ICTV), RSV
belongs to the Pneumoviridae family, genus Orthopneumovirus, in the order
Mononegavirales!9 11, This taxon used to be a subfamily of the Paramyxoviridae,
but was reclassified as a family of its own in 2016112, The Orthopneumoviruses
infect mammalian species primarily through contact and aerosol droplets. The
Pneumoviridae family also includes human metapneumovirus (hMPV) which, like

RSV, is a very prominent pathogen in children 13,
1.1.2 Virion morphology

RSV is an enveloped non-segmented single-stranded negative-sense RNA
(ssRNA (-)) virus!l, The RSV genome comprises 10 genes and is 15.2 kB long,

encoding for 11 proteins'4. Unlike influenza viruses, it presents a non-segmented



genome, which limits its capacity to re-assort genomic portions and therefore
undergo antigenic shifts 1°>. The RSV virion is pleomorphic, and in its spherical
form it can measure between 150 and 250 nm in diameter. The virus in its
filamentous form can be between 1 and 10 um in length and has a diameter of

around 50 nm16,

The virus particle presents a lipid bilayer with three surface proteins (Figure 1).
Glycoprotein (G) (also called attachment protein) and fusion (F) protein are the
most abundant ones and are essential for virion attachment and fusion. F is a
surface glycoprotein that allows the fusion of the virion membrane to that of the
host cell, while G protein attaches to the host cell receptors!’. Small hydrophobic
(SH) proteins form pentameric ion channels that are believed to play a role in
delaying the apoptotic process of infected cells'®. The matrix (M) protein is found
underneath the virus envelope: it is a non-glycosylated protein that can bind to
the F protein and is involved in the assembly process of virion structures, as well
as their stability!*. M2-1 protein is a transcription factor able to regulate the
switch between ribonucleic acid (RNA) replication and protein transcription; it
can also associate with ribonucleoprotein (RNP) complexes and M proteins!®. The
RPN is a complex that encloses the viral RNA (vRNA) in the viral nucleocapsid,
forming a helical assembly. It is formed by three proteins: nucleoprotein (N),
which participates in the creation of a template to synthesize RNA, large (L)
protein, an RNA-dependent RNA polymerase, and phosphoprotein (P), a
polymerase cofactor!’:1°, Last, the non-structural (NS) proteins NS1 and NS2
are fundamental in dismantling the host defense systems: they can antagonize
apoptotic pathway and suppress interferon (IFN) class I and class III production
and signaling, as well as targeting numerous interferon stimulated genes
(ISGs)?0.21,
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Figure 1 | Schematic structure of RSV virion.

The RSV envelope contains the fusion protein (F), the attachment protein (G) and the small hydrophobic
protein (SH). Underneath the envelope are the matrix protein (M) and the M2-1 protein. Viral RNA (VRNA)
is encapsulated by nucleoproteins (N), RNA-dependent RNA polymerase (L) and phosphoproteins (P). RSV

VRNA is also shown, with genes listed in sense orientation (3’ - 5’). (Figure taken from 10)

1.1.3 Replication cycle

RSV enters host cells of the upper and lower respiratory tract via
micropinocytosis (Figure 2). When RSV particles attach to the cell membrane
through the G protein, they activate several signaling cascades that lead to
increased fluid uptake. Actin-mediated membrane protrusion and retraction
results in the formation of large vacuoles and a consequent intake of RSV
particles. Once the macropinosomes mature into late endosomes and ultimately
lyse, RSV VRNA molecules are released into the cell cytoplasm?22:23, Here, the L,
N and P proteins mediate the synthesis of positive-sense mRNA molecules by
transcribing all genes from the 3’ end to 5’ end of the viral genome. Interestingly,
there is a gradient of expression by which genes at the 3’ are expressed at higher
levels than those at the 5’ end (Figure 1). As a result, proteins that delay the
host’s apoptotic and immune responses such as NS and SH proteins are
produced in higher amounts starting from early times of infection, delaying the

host response against infection and favoring virus proliferation?4-26,



Subsequently, viral RNA is replicated and translated by the host cell machinery,
resulting in the production of progeny viral genomes and viral proteins. Newly
formed RNP complexes are translocated by the M proteins to the plasma
membrane, where they interact with surface glycoproteins F and G. Ultimately,
structural proteins and vRNA complexes assemble into infectious filamentous
virions prior to detachment from the cell surface; this process is believed to
contribute to cell to cell spread of the virusl’:24, Actin filaments play a
fundamental role in this process: RSV can modulate cytoskeletal remodeling and
increase actin polymerization and filopodia induction. These processes mediate
virion assembly, cell-to-cell spread and virus entry to uninfected cells. The
ARP2/3 complex, an actin nucleating and regulatory factor, plays a crucial role
in driving actin polymerization, as well as in filopodia formation and cell to cell

spreading!’.?7,
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Figure 2 | RSV replication cycle.

RSV particles enter host cells via macropinocytosis and, following endolysosomes lysis, VRNAs are released
into the cytoplasm. Here, they undergo transcription, replication and translation, and progeny genomes
and proteins are generated. RSV can modulate the polymerization of actin and increase filopodia induction
so that actin contributes to the assembly of new filamentous virions, as well as cell to cell spreading of viral

particles. (Figure taken from 17)



1.1.4 Transmission and pathogenesis

RSV is the leading cause of bronchiolitis and pneumonia among infants, and each
year it causes at least 60000 deaths worldwide among children younger than 5
years. Among the general population, it causes more than 30 million acute
respiratory infections per year and it represents an important morbidity and
mortality factor!>. It is estimated that, by the age of 2 years, over 95% of
children have been infected with RSV28, The seasonality of RSV infection differs
across the globe. Temperate climate zones undergo epidemics between late
autumn and early spring, while arctic and tropical areas experience less defined
variations. On average, epidemics take place in northern areas in the cold and
rainy season, while in tropical zones outbreaks occur in rainy and warm
seasons??. RSV displays seasonality with multiple genotypes: RSV-A and RSV-B
types co-circulate and shift in dominance every one to two years. The co-
presence of different genotypes is likely one of the reasons why reinfection of

previously infected individuals is such a common phenomenon?®.

RSV can be spread through three main modes of transmission: direct contact
via physical interaction, indirect contact via touching of contaminated inanimate
objects (fomite), and transmission caused by long or short-range interaction
with infected individuals with subsequent exposition to infectious aerosols or
droplets (Figure 3)3°. RSV natural strains are highly contagious and they can
survive on clothes, objects and skin for extended time periods, in contrast to
their heat-sensitive lab-grown counterparts. Inoculation via nose or eyes begins
infection in the host, which is followed by 2 to 8 days of incubation!>. The virus
mainly infects ciliated epithelial cells in the respiratory tract, although it has been
reported that infection in intraepithelial dendritic cells and pneumocytes can also
occur, as well as in basal cells, where RSV can influence the morphogenesis of
airway epithelial cells (AECs)3!. In response to RSV infection, an inflammatory
cell infiltrate with T-cell and monocytes is released to the site of infection; this
correlates with hyperproduction of mucus, edema of AECs and epithelium
necrosis, which eventually lead to narrowing and obstruction of small airways.

Disease severity is highly variable within patients, and whether this depends on



the virus strain rather than the host response to viral infection still remains
unclear®1>:32, Clinical manifestations of RSV disease can range from moderate
upper respiratory tract illness to severe lower respiratory tract involvement such
as pneumonia and bronchiolitis 1. Mild symptoms include fever, acute rhinitis or
pharyngitis, cough, nasal congestion and shortness of breath. Lower respiratory
tract illness can be life-threatening, especially for high risk categories such as
infants, elderly and immunocompromised people!>33, Bronchiolitis is the most
common severe form of RSV disease: patients present fever, lethargy, wheezy
cough, noisy breathing and apnea. Other symptoms also include vomiting,
general malaise that leads to insufficient feeding and consequent dehydration,
subcostal and intercostal retractions and cyanosis!!/1>34, Diagnoses are normally
carried out by analyzing RSV isolates from patients via antigen detection assays.
The degree of severity of symptoms is evaluated to determine whether
admission to hospital is necessary. An x-ray scan can also be performed in the
case of a diagnostic uncertainty, to evaluate the possibility of lower respiratory

tract infection32:33,

Short-range transmission Long-range transmission
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Figure 3 | Modes of transmission of respiratory syncytial virus.
RSV, like many respiratory viruses, can spread through short-range or long-range transmission. The close-

range transmission can take place through direct physical contact, indirect contact by touching



contaminated inanimate objects (fomite), or via exposition to infectious aerosols or droplets. Long-range

transmission modes include indirect contact via fomite or aerosol inspiration. (Figure taken from 3°)

1.1.5 Treatment of RSV infection

To date, aerosolized ribavirin is the only licensed antiviral treatment available to
treat RSV infection. Ribavirin is a broad-spectrum antiviral that acts as a
guanosine analog. When it is incorporated into the VRNA, it pairs with either
uracil or cytosine, introducing mutations. Such hypermutations are lethal for
RNA viruses, including RSV36:3736,37 Ribavirin’s potential has been tested against
RSV, as well as the zika virus, hepatitis C virus, sendai virus, influenza A and B
viruses and others37:38, RSV-infected patients display reduced hospitalization
time, limited viral shedding and faster virus clearance following treatment with
ribavirin3240, However, the drug is normally only administered in severe cases -
especially in immunocompromised children — due to issues with cost, safety and
efficacy?!. The administration process for every aerosol of ribavirin requires a
highly specific ventilation system, making the treatment cost-inefficient. On top
of that, several cardiovascular-related side effects have been identified following
administration, and cases of teratogeny have been reported3®. Recently, new
possible treatments for RSV disease are undergoing development. Seven classes
of possible RSV antivirals have been so far identified. There are nucleoside
analogues, which introduce mutations that hinder virus replication, monoclonal
antibodies (mAbs) that target the N, G and F proteins of RSV, and F and N
inhibitors, which interfere with RSV fusion and replication. In addition to these,
the potential of inhaled nanobodies, gold nanoparticles and antioxidants is also
being investigated!. Inhaled nanobodies are variable domains of heavy-chain-
antibodies derived from camelids which retain specific antigen binding capacity.
Gold nanoparticles can inhibit the virus by hindering viral attachment, entry and
budding. Last, antioxidants could ameliorate RSV symptoms and reduce infection
by limiting the harmful effects of altered mitochondrial respiratory function
caused by RSV1:32:42,



1.1.6 Vaccine availability

To date, no licensed vaccine is available to prevent RSV infection. The research
for the development of an RSV vaccine has been largely delayed by an
unsuccessful clinical trial in the 1960s. The protective efficacy of a formalin-
inactivated (FI) vaccine was being tested at the time: recipients reported
enhanced lung disease and, in some cases, death occurred in patients following
RSV infection. Subsequently, it was found that the vaccine did not trigger
production of neutralizing antibodies, and it was stimulating an antagonistic Th2
CD4* T cell response rather than a CD8* T cell response, which resulted in
prolonged virus replication and enhanced immunopathology4344. A further
obstacle for the development of a safe and efficient vaccine is the limited
duration of immunogenicity conferred by natural RSV infection; the elicited
immunity is only transient, and re-infection is very frequent. Moreover, the lack
of commonly agreed clinical endpoints due to high variability within different
target populations constitutes an additional impairment*>. Finally, most severe
cases in infants occur before 3 months of age, making active immunization not

possibletl,

Nowadays, several vaccine candidates are undergoing clinical trials with
promising results. It is possible to divide them into four major categories: live-
attenuated, subunit-based, vector-based and nanoparticle-based vaccines. The
three main target populations that active immunization drugs aim to protect are
infants, young children, and adults over the age of 65 444>,

Vaccines administered to the parent in the last trimester of their pregnancy have
been proposed as a solution for the protection of infants up to 6 months, as
transplacental transfer would allow the transmission of antibodies to the fetus?®.
The purified F protein 2 (PFP-2) is a subunit vaccine that showed promising
results in phase 1 clinical trials, where 95% of women and their children
presented increased levels of anti-F IgG antibodies*’. Live attenuated vaccines
seem to be a promising solution for the immunization of old infants and young
children (6-24 months). The LID/AM2-2 vaccine is a cDNA-derived version of the

RSV A2 strain, in which several regions of M2-2 and SH proteins underwent



deletion. Following administration of LID/AM2-2, 90% of recipients displayed a
4-fold increase in neutralizing antibody and anti-F IgG antibody levels, which
were maintained by half of the participants also during RSV-season“®. Several
candidates have been tested in the older adults’ population as well. The
nanoparticle F vaccine is a recombinant near-full length F glycoprotein produced
in insect cells with a recombinant baculovirus®?. It was tested in a phase 1 clinical
trial in people over the age of 60. A 60 pL dose triggered a 3.6 to 5.6-fold
increase in anti-F IgG expression, and the response persisted until up to one
year®9, Lastly, an RSV vaccine for older adults (RSV OA) recently successfully
concluded a phase III clinical trial. RSV OA is a subunit vaccine that contains a
recombinant subunit prefusion RSV F glycoprotein antigen combined with the
adjuvant ASO1. The vaccine candidate induced strong cellular and humoral

immune responses that last for at least 6 months following vaccination>1.

Several promising vaccine candidates are currently undergoing clinical trials.
Even though more research needs to be carried out regarding a possible
maternal vaccination strategy, several live-attenuated, nanoparticle-based and
subunit-based vaccines are showing particularly encouraging results for the

immunization of older infants, young children and older adults*4.
1.2 Defective interfering particles

Inactive influenza A virus (IAV) particles were first found to interfere with
infectious IAV viruses’ replication in 194352, In 1954, Preben von Magnus
discovered that, when embryonated eggs or other host-cell systems were
infected for several passages with IAV at a high multiplicity of infection (MOI),
incomplete forms of the virus with the potential to hinder the standard virus
(STV) action were produced>3>4, Finally, in 1970, Huang and Baltimore
established a unified description and name for these virus-like particles, by

defining them “defective interfering particles” (DIPs)>>.



1.2.1 General overview

Defective interfering particles are virus-like particles presenting at least one
large deletion on their genome, which impairs their ability to self-replicate®. The
mutation, however, does not affect packaging signals at the vRNAs termini, as
well as their open reading frames (ORFs) for RNA-polymerase or ribosome
recognition>7->8, Almost all DNA and RNA viruses hold the ability to produce DIPs
>9-62 Tt has been documented in literature that defective viral genomes (DVGSs)
influence the course of natural infection and can result in distinct clinical

outcomes®3.

DIPs can be formed through two distinct processes. Viral polymerases are
purposively error-prone, and they can generate large de novo deletions by
mistranslocating during replication; this is named “copy-choice” mechanism®4:63,
Alternatively, DIPs can originate from “mosaic” genomes, where non-adjacent
sections of the genomic segment are connected together, or from “copyback”
genomes, in which some sections of the genome are repeated in a reverse
complement form3. For instance, OP7, a novel IAV DIP, contains 37 point

mutations on segment 7 of the VRNA366,

1.2.2 Interference mechanisms of defective interfering particles

Over the years, DIPs have been shown to be capable of interfering with infectious
virus replication through two mechanisms. Upon coinfection, DIPs require the
presence of STV in order to replicate. Since the defective interfering (DI) genome
is shorter than the full length (FL) genome, DI vVRNAs can be produced in greater
amount than FL VRNAs %4, This leads to the accumulation of DI genomes within
the infected cells, which eventually interfere with the STV by outcompeting it for
cellular and viral resources (Figure 4) >°. It was believed that DIPs also displayed

a packaging advantage over STVs, but this has recently been confuted®”’.
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cytoplasm

Figure 4 | Schematic representation of IAV STV replication in the presence of DIPs.

In a coinfection scenario, both DIP and STV penetrate the host cell membrane and enter the cytoplasm.
Once their vRNPs enter the nucleus, they undergo replication; due to the shorter length of their genomes,
defective interfering (DI) cRNPs are synthesized at a faster pace than full length (FL) cRNPs. This leads to
a preferential release of DI vVRNPs following replication. (Figure taken from 68)

DIPs can also inhibit virus replication by stimulating the host innate immune
system (Figure 7). The virus-like particles are detected by pattern recognition
receptors (PRRs) such as the retinoic acid inducible gene I (RIG-I), which trigger
the upregulation of type I and type III interferons (IFNs)®°70, IFNs activate the
janus kinase-signal transducers and activators of transcription (JAK/STAT)
signaling cascade, which culminates in the downstream expression of interferon
stimulated genes (ISGs)’!. This mechanism confers DIPs a strong antiviral
effect, even against non-homologous respiratory viruses like the pandemic
SARS-CoV-2 71,

1.2.3 IAV DIP DI244

IAV DIPs commonly carry a large internal deletion on one of their genome
segments ©0. Specifically, DI244 was obtained from the influenza A virus strain
A/PR/8/34 (H1N1) and it presents a deletion on segment (Seg) 1 of the VRNA,
which only consists of 395 nucleotides instead of the canonic 234179 (Figure 5).
The ability to replicate and the packaging signals at the 3’ and at the 5’ of the
segment are intact despite the deletion, which contains only the genetic
information for the viral polymerase basic protein 2 (PB2)7%72, However, the

absence of PB2 protein hinders the self-replicative ability of the virus-like
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particle. For this reason, cell culture-based DI244 production for use as an
antiviral used to be carried out in a coinfection scenario with STV. This was
followed by exposition to UV light to inactivate the STV, although this reduced
the antiviral activity of the IAV DIP as well®0.70.7341 " Recently, a protocol for the
production of DI244 in the absence of STV has been developed. In 2021, Hein
et al. determined a method of DI244 production: a purely clonal seed virus was
first produced by reverse genetics in adherent cells expressing PB2, and
genetically engineered MDCK suspension cells expressing PB2 were
consequently infected. Finally, steric exclusion chromatography allowed
manufacturing of highly concentrated and highly purified material’4. The antiviral
potential of IAV DIP DI244 has been assessed against influenza A virus in mouse
and ferret models: in both cases, the animals survived after receiving an
otherwise lethal dose of the virus. Moreover, no toxicity was found by only

infecting cells with DIPs (without the challenge virus)”%.7>.

A WT IAV DI244

1 4 ML pAR )

Figure 5 | Schematic structure of IAV DIP DI244.

(A) Structure of DI244 defective interfering particle compared to that of wild type (WT) IAV’6. (B)
Schematic structure of the internal deletion on Seg 1 of DI244 (deletion of 1946 nucleotides (nt), 395 nt
remaining). The 3' end includes the base sequence 1 to 244, while the 5' end consists of nucleotides 2191
to 2341. (Figure taken from 2)
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1.2.4 IAV DIP OP7

Recently, Kupke et al. proposed OP7, a newly discovered IAV DIP, as a new
antiviral agent for treatment of IAV3. While DIPs typically harbor a large deletion
on one of their vRNA segments, OP7 presents 37 point mutations on Seg 7 of
the viral genome, affecting genome packaging signals, promoter regions and
encoding sequences of several proteins (Figure 6). A G3A/C8U substitution in
the untranslated region of Seg 7 also results in the creation of a superpromoter,
which increases gene expression levels of the segment. The novel IAV DIP was
identified via single cell analysis from an influenza virus A/Puerto Rico/8/34
(PR8) strain, and its antiviral potential has already been tested against
respiratory viruses such as IAV, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and vyellow fever virus (YFV)37L77. OP7 presents the
characteristics that IAV DIPs normally display: it is unable to replicate
autonomously, but in a coinfection scenario it can outcompete the WT STV and
inhibit infectious virus replication371, So far, it is not possible to produce pure
OP7 material. In order to successfully produce OP7 particles, Hein et al.
established a new production system in cell culture using MDCK cells. Cells were
coinfected with a seed virus containing STV (IAV) and OP7, and the viral material
was UV irradiated to neutralize the STV. Subsequently, highly purified and highly
concentrated OP7 material was retrieved via steric exclusion chromatography?®®.
Administration of OP7 to mice did not display any toxicity and it protected all

subjects from an otherwise lethal injection of IAV®®,
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Figure 6 | Structure of IAV DIP OP7.

(A) Schematic structure of OP7 defective interfering particle compared to that of WT IAV7%. (B) The vVRNA
of segment 7 of OP7 has the same base pair length as the vRNA of segment 7 of WT IAV, but compared to
the latter it presents 37 point mutations (represented by red lines) that alter its self-replicating ability.

(Figure taken from 3)

1.3 The innate immune response

The innate immune response is the first line of host defense against viral
infections. Its induction is crucial for the stimulation of the adaptive immune
response and is a key determinant of the infection outcome”87°2, Defective
interfering particles hold the ability to stimulate the innate immune response in

an IFN-dependent manner both in natural infections and in in vitro studies®.71,

When a virus-like particle enters the host cell, it can be recognized by pattern
recognition receptors (PRRs) such as the cytosolic retinoic acid inducible gene 1
(RIG-I) (Figure 7). The identification by nucleic acid sensors leads to a sighaling
cascade which results in the induction of type I and type III IFNs, that can act
both in an autocrine and paracrine manner. Once the pro-inflammatory
cytokines bind the IFN receptors (IFNRs), they trigger the expression of

hundreds of interferon stimulated genes (ISGs) via the Janus kinase-signal
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transducer and activator of transcription (JAK/STAT) signaling cascade.
Ultimately, this leads to an enhancement of the innate immune response and

antiviral activity’8-80,

o
T

- | ™
antiviral activities
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Figure 7 | IAV DIPs elicit IFN-mediated innate immune response in the host.

A virus-like particle penetrates the host cell and is recognized by nucleic acid sensors; factors like the IFN
regulatory factor (IRF) 3 and IRF 7 trigger expression of class I and class III IFNs, which bind cell surface
IFNRs and activate the JAK/STAT signaling pathway. This ultimately leads to the overexpression of
hundreds of ISGs and to antiviral activities by enhancing the host innate immune response. (Figure taken

from 81)

1.3.1 RIG-I

The detection of pathogen-associated molecular patterns (PAMPs) by PRRs is
crucial for the production of pro-inflammatory cytokines during viral
infection82.83, RIG-I-like receptors (RLRs) are cytosolic nucleic acid sensors that
can activate innate signaling upon recognition of RNA molecules. Three RLRs
have been identified: RIG-I, melanoma differentiation-associated protein 5
(MDA5) and laboratory of genetics and physiology 2 (LGP2)>8. RIG-I is a highly
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inducible RNA helicase that recognizes short double stranded (ds) RNAs that are
tri- or di-phosphorylated at the 5’ end and that are linked to specific secondary
structures’883, It possesses a conserved helicase core for RNA-triggered
signaling, a C-terminal domain for ligand specificity and two caspase activation
and recruitment (CARD) domains at the N terminus. CARD domains can induce
downstream signaling by binding to the adaptor protein mitochondrial antiviral
signaling (MAVS)84, Moreover, when CytARD domains undergo conformational
change following interaction with MAVS, IRF3 and IRF7 are activated 8°. IRFs,
together with the transcription factor nuclear factor kB (NF-kB), translocate to

the cell nucleus and finally elicit expression of IFN molecules’?:81,
1.3.2 Antiviral IFNs

Type I and type III IFNs are critical mediators of the host’s innate immunity.
They are hallmark antiviral cytokines that play a crucial role in the induction of
antivirally active ISGs 8687, IFNs bind to their receptors both in an autocrine and
a paracrine way’8. Type I IFNs (IFN-a and IFN-B) bind to type I IFN receptors
(IFNAR), activating several signaling pathways. The IFN-stimulated gene factor
3 (ISGF3) complex binds to IFN-stimulated response elements (ISRES) in gene
promoters, ultimately inducing expression of ISGs8. Class III IFNs (IFN-A)
trigger pathways downstream of IFN-A receptors (IFNLR) following activation by
PRRs or the DNA sensor Ku708°. Type I IFNs can modulate the innate immune
response and lead to the recruitment of monocytes on the infection site, as well
as regulate the adaptive immune response by promoting a Thl response?0.91,
Type III IFNs are fundamental to elicit an antiviral response in the epithelial cells

of the respiratory tract °2.°3,

Because RIG-I recognizes short RNA sequences, the truncated genomes of IAV
DIP segments are an ideal target for the RLR binding. This mechanism ultimately
leads to the expression of IFN genes, and it is one of the factors that motivate
the antiviral potential of IAV DIPs. On the other hand, the RSV proteins NS1 and
NS2 are potent disrupters of the innate immune response: they can suppress
RIG-I mediated antiviral signaling, block the activation of the IRF3, as well as

degrade STAT proteins and suppress type I IFNs24-°7,
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1.3.3 IFITM 1

Antiviral cytokines such as IFN-  and IFN-A can activate signal transduction
cascades (e.g., through JAK/STAT signaling) that results in the induction of
hundreds of ISGs that promote cell-intrinsic antiviral activities as well as
antiproliferative defenses and contribute to the stimulation of the adaptive

immune response8+28,

Interferon-inducible transmembrane (IFITM) proteins are one family of ISGs that
are functionally conserved across many species and that show antiviral activity
against viruses such as IAV, Ebola, dengue and rabies viruses®°°, There are
three IFITM proteins: IFITM1 is mainly located on the plasma membrane and
cytoplasm, IFITM2 is found in late endosomes, and IFITM3 is primarily observed
in early endosomes'?, IFITM1 is made of 125 AAs and it presents an N-terminal
domain in the cytoplasm, a C-terminal domain facing the cell surface, a CD225
domain and two membrane domains linked by a conserved intracellular loop
(CIL)100,101 The CIL-linked domains are crucial for virus restriction, as well as
KRRK basic residues. Although KRRK mutant cell lines have displayed a limited
antiviral potential, the interference mechanism of IFITM1 proteins has not yet
been completely elucidated. However, IFITM proteins are believed to interfere
with virus-endosome fusion at the cell entry. In addition to that, IFITM1 can

restrict the release of viral particles from late endosomes to the cytosol 100,102,
1.3.4 Mx1

Myxovirus resistance protein 1 (Mx1 or MxA) is a very prominent ISG that is
found in most vertebrates. It is a mediator of the IFN-mediated antiviral host
response against a wide range of viruses'?3, Mx1 is not directly inducible by
viruses but it is regulated by type I and type III IFNs in a JAK/STAT-dependent
manner%4105 The ISG presents three domains: a GTPase domain at the N-
terminus that binds and hydrolyses guanosine-5'-triphosphate (GTP), a C-
terminal GTPase effector domain and a central domain responsible for self-
assembly. Mx1 is mainly found in the cytoplasm. It can form oligomers in the

form of ring-like structures that assemble around viral nucleocapsid structures
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and induce liposome tubulation. This impairs the import of nucleocapsid
complexes to the nucleus, ultimately leading to the inhibition of viral replication
and transcription96:107 Qligomerized Mx1 serves as an inflammasome sensor in
epithelial airway cells, and it possibly plays a critical role in limiting spreading of
progeny viruses in regions that are distant from the initial site of infection104,

Overall, several IFN-mediated pathways result in the expression of hundreds of
ISGs, which are crucial in preventing virus entry, replication and budding and in

limiting the spreading of viral infection.
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2. Aims

Respiratory syncytial virus (RSV) is a single-stranded negative-sense RNA
(ssRNA (-)) virus 11, RSV is the leading cause of bronchiolitis and pneumonia
among infants, and it globally causes significant morbidity and mortality?!>.
Because the elicited immunity conferred by natural RSV infection is only
transient, and since we lack commonly agreed clinical endpoints due to high
variability within different target populations, the development of a safe and
effective RSV vaccine has so far been elusive®>. Treating RSV infection is also
challenging: ribavirin, the only drug licensed for RSV treatment, presents
limitations regarding its efficacy, safety and cost, and is thus only administered
to severely ill patients*!. In the recent years, several vaccine candidates and

potential antiviral agents are undergoing development.

Influenza A virus (IAV) defective interfering particles (DIPs) have been
previously reported as a possible antiviral agent against infection caused by
interferon (IFN)-sensitive viruses’?. Recently OP7, a new DIP derived from IAV,
was discovered by Kupke et al?. Its antiviral potential has been assessed in
mouse models against otherwise lethal infectious doses of IAV: surprisingly, all
infected mice survived and maintained low clinical scores throughout the course
of infection. Since OP7 also displayed a strong antiviral potential against SARS-
CoV-2 and YFV in vitro, this study will assess the antiviral potential of OP7
against RSV and investigate whether it might be implied for RSV treatment and
prophylaxis’!”7, To achieve so, a seed virus production of RSV A2 was first
established, and virus replication dynamics were investigated. We therefore
established an in vitro interference assay to assess the inhibitory effect of IAV
DIPs DI244 and OP7 against RSV replication. Ultimately, to determine that the
antiviral activity of IAV DIPs is IFN-dependent, we examined gene expression
levels of antiviral genes linked to the innate immune response, to confirm their

upregulation upon coinfection.
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3. Materials and Methods
3.1 Materials

3.1.1 Technical equipment and disposables

Table 1 | List of technical equipment.

Device or instrument (Model)

Manufacturer, Location

Biological safety cabinet (Heraeus HERAsafe SAFE 2020)

Thermo Fisher Scientific, Germany

Cell counter (Vi-Cell XR)

Beckman Coulter, US

Centrifuge (Heraeus Biofuge primo R)

Thermo Fisher Scientific, Germany

CO: incubator (HERAcell 240i)

Thermo Fisher Scientific, Germany

Gel electrophoresis mini horizontal chamber (7-0155)

neolLab, Germany

Gel visualizer (BioDocAnalyze)

Biometra, Germany

Heat sealer (Rotor-Disc Heat Sealer)

Qiagen, Germany

Light microscope (Axio Vert.Al)

Zeiss, Germany

Microcentrifuge (iFuge BLO8VT)

Neuation, India

Microplate reader (Infinite 200 Pro NanoQuant)

Tecan Trading AG, Switzerland

Mini-plate centrifuge (NG040)

Nippon Genetics Europe, Germany

Multichannel pipette (Research Plus, 8 and 12 channels,
100 pL)

Eppendorf, Germany

Multichannel pipette (Xplorer, 8 channels, 0.5-10 pL and
5-100 pL)

Eppendorf, Germany

Multichannel/multistep pipette (Xplorer, 50-1200 uL)

Eppendorf, Germany

Multistep pipette (Research, 10 and 100 puL)

Eppendorf, Germany

Multistep pipette (Multipipette Plus, 5-25 mL)

Eppendorf, Germany

PCR cabinet (PCR Workstation Pro)

Peglab, Germany

Pipettes (P10, P100, P200, P1000)

Eppendorf, Germany

Pipettes (Pipetman, P2, P10, P20, P100, P200, P1000)

Gilson, US

Pipette filler (Pipetman)

Hirschmann, Germany

Pipetting robot (QIAgility)

Qiagen, Germany

Real-time PCR cycler (Rotor-Gene Q)

Qiagen, Germany

Test tube vortex shaker (444-1372)

VWR International, US

Thermocycler (T Professional Thermocycler)

Biometra, Germany

Ultrasonic homogenizer (UP200St)

Hielscher, Germany

Water bath (Ultrasonic Cleaner)

VWR, Germany
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Table 2 | List of disposables.

Disposable (Model / #Catalog No.) Manufacturer, Location

6-well plates (CELLSTAR) Greiner Bio-One, Germany
96-well plates (CELLSTAR) Greiner Bio-One, Germany

Cell culture flasks (CELLSTAR 75, 175) Greiner Bio-One, Germany

Cell scrapers (28cm #541070) Greiner Bio-One, Germany
Cryogenic vials (2 mL #122263) Greiner Bio-One, Germany

Falcon tubes (CELLSTAR 15 mL, 50 mL) Greiner Bio-One, Germany

Heat sealing film (Rotor-Disc heat sealing film #981601) | Qiagen, Germany

PCR plates (96-well, 0.2 mL #AB0900) Thermo Fisher Scientific, Germany
Pipette tips (10, 200, 1000, 1200 L) Carl Roth GmbH &Co. KG, Karlsruhe
Reaction tubes (1.5, 2 mL) Greiner Bio-One, Germany
Reaction tubes (5 mL) Eppendorf, Germany

Real-time sample discs (Rotor-Disc 100 #981311) Qiagen, Germany

Serological pipettes 2, 5, 10, 25, 50 mL (CELLSTAR) Greiner Bio-One, Germany

Sterile pipette tips (10, 30, 100, 200, 1000 pL) Gilson, US

3.1.2 Solutions, buffers and chemicals

Table 3 | List of cell media and solutions.

Name Composition

10x TPE buffer (For 1 L of solution)
Milli-Q-water

108g Tris

0,744g EDTA

85% H3PO4 to reach pH = 7,5

DMEM (cell culture) Dulbecco’s Modified Eagle’s Medium (DMEM)
Fetal calf serum (FCS) (10%)

DMEM (infection) Dulbecco’s Modified Eagle’s Medium (DMEM)

Phosphate buffered saline (PBS) (For 10 L of solution)
Milli-Q-water

NaCl 80g

KCl 2g

KH2PO4 2g

Na:HPO4 11,5 g

RPMI1640 (cell culture) RPMI1640
FCS (10%)
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L-glutamine (1%)

RPMI1640 (infection)

RPMI1640
L-glutamine (1%)

V-medium (infection)

Glasgow Minimum Essential Medium (GMEM)
FCS (10%)
Peptone (1%)

Z-medium (cell culture)

Glasgow Minimum Essential Medium (GMEM)
Peptone (1%)

Table 4 | Commercial chemicals, reagents and kits.

Name (Catalog No.)

Manufacturer, Location

2-Mercaptoethanol (M6250)

Sigma-Aldrich, Germany

5x Phusion HF buffer (F-518)

Thermo Fisher Scientific, Germany

10x Fast Digest Green Buffer (B72)

Thermo Fisher Scientific, Germany

Agarose (A840004)

Biozym, Germany

Crystal violet (115940)

Merck Millipore, US

Deoxyribonucleoside triphosphate (dNTP) mixture
(10 mM each) (R0193)

Thermo Fisher Scientific, Germany

DMEM (41966-029)

Thermo Fisher Scientific, Germany

Ethanol 70 %, 96 % (T868.1 ,P075.1)

Carl Roth GmbH &Co. KG, Karlsruhe

Fetal calf serum (FCS) (10270106)

Sigma-Aldrich, Germany

GeneRuler DNA Ladder Mix (SM0333)

Thermo Fisher Scientific, Germany

L-Glutamine (G8540)

Sigma-Aldrich, Germany

Maxima H Minus Reverse Transcriptase (EP0742)

Thermo Fisher Scientific, Germany

NucleoSpin RNA, Mini kit for
(740955.250)

RNA purification

Macherey-Nagel, Germany

NucleoSpin RNA virus, Mini kit for RNA purification
(740956.250)

Macherey-Nagel, Germany

Recombinant human Interferon beta-1a (11415-1)

Bio-Techne, US

Recombinant human Interferon lambda-1 (1598-IL-
025/CF)

Bio-Techne, US

Ribavirin (Cay16757-5)

Cayman Chemical, US

RiboLock RNase inhibitor (EO0381)

Thermo Fisher Scientific, Germany

Rnase H (EN0201)

Thermo Fisher Scientific, Germany

Roti-GelStain (3865.1)

Carl Roth GmbH &Co. KG, Karlsruhe

Ruxolitinib (11609)

Cayman Chemical, US

SYBR Green (204076)

Qiagen, Germany

Trypan blue (93595)

Sigma-Aldrich, Germany
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3.1.3 Primers

Table 5 | Primers used for reverse transcription (virus integrity).

Target Primer name Sequence (5'>3’)
STV RSV RSV RT STVs GATAAATATAGGCATGGGGAAAGTG
DVG RSV RSV RT DVGs (P1) CTTAGGTAAGGATATGTAGATTCTACC

Table 6 | Primers used for PCR (virus integrity).

Target Primer name Sequence (5'2>3’)
STV RSV RSV PCR ns1ns2(STV) for CACTGCTCTCAATTAAACGGTCTA

RSV PCR ns1ns2(STV) rev GATAAATATAGGCATGGGGAAAGTG
DVG RSV RSV PCR DVGs for (P2) CCTCCAAGATTAAAATGATAACTTTAGG

RSV PCR DVGs rev (P1)

CTTAGGTAAGGATATGTAGATTCTACC

Table 7 | Primers used for reverse transcription (gene expression).

Target

Primer name

Sequence (5'>3")

PolyA

OligodT

Table 8 | Primers used for PCR (gene expression).

Target Primer name Sequence (5’ > 3’)

h RIG-I RIG-I for GGACGTGGCAAAACAAATCAG
RIG-I rev GCAATGTCAATGCCTTCATCA

h IFN-B1 IFN-B1 for CATTACCTGAAGGCCAAGGA
IFN-B1 rev CAGCATCTGCTGGTTGAAGA

h IFN-A1 IFN-A1 for GGTGACTTTGGTGCTAGGCT
IFN-A1 rev TGAGTGACTCTTCCAAGGCG

h Mx1 Mx1 for GTATCACAGAGCTGTTCTCCTG
Mx1 rev CTCCCACTCCCTGAAATCTG

h IFITM1 IFITM1 for ATCAACATCCACAGCGAGAC
IFITM1 rev CAGAGCCGAATACCAGTAACAG

h GAPDH GAPDH for CTGGCGTCTTCACCACCATGG
GAPDH rev CATCACGCCACAGTTTCCCGG
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3.2 Methods
3.2.1 Cell lines and virus material
Adherent A549 cells

Adenocarcinoma human alveolar basal epithelial A549 cells (ATCC, #CCL-185)
were used for coinfection experiments in this study. They were maintained in
175 cm? flasks in DMEM supplemented with 10% FCS. Cells were passaged twice
a week and discarded after 20 passages. For cell passaging, the cell culture
medium was pre-warmed in a 37°C bath prior to use. The cell monolayer was
washed twice with PBS and incubated for 5 minutes with 4 mL of 1x trypsin/EDTA
solution at 37°C and 5% CO,. Subsequently, trypsin was neutralized by adding
16 mL of DMEM supplemented with FCS, and cells were resuspended by
pipetting. Viable cell concentration (VCC) was determined using a Vi-CELL™ XR.
A new flask was therefore filled with 25 mL of pre-warmed fresh DMEM and a
seed volume containing 7*10° cells was added (calculated according to Formula
1). The cells were cultivated at 37°C in a 5% CO> atmosphere.

1% _ Ccells(desired)* Vcells(desired)
seed —

(1)

Ccells(counted)

Veeed Cell volume necessary for seeding (mL)
Ceells(desired) | D€sired cell concentration (cells/mL)
Veells(desired) Desired volume (mL)

Cce]]s(counted) VCC (cells/mL)

Adherent Vero cells

Vero cells are renal epithelial cells derived from African green monkeys. They
were obtained from IDT Biologika in Dessau-RoBlau (Germany)98. As a result of
mutations, these cells present receptors for IFNs but are unable to produce IFNs
on their own, so they are considered IFN deficient. Vero cells were used as a
negative control in coinfection studies. They were cultured in 175 cm? flasks in

Z-medium and passaged twice per week until they reached passage 20. For
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passaging, cells were washed twice with PBS; 6 mL of 1x trypsin/EDTA were
then used to detach the cells, which were incubated for 5 minutes at 37°C and
5% CO.z. Afterwards, trypsin was neutralized by adding 6 mL of Z-medium, and
cells were resuspended using a 10 mL pipette. The VCC was calculated as for
A549 cells, and a seed volume of 7*10° cells was added to a new flask previously
filled with 25 mL of pre-warmed Z-medium. Vero cells were maintained in a 5%
CO2 atmosphere at 37°C.

Adherent Hep-2 cells

Hep-2 cells (ATCC, #CCL-23) are cervical adenocarcinoma cells derived via HelLa
cell contamination. Since they contain human papillomavirus (HPV), they must
be handled as infectious material (biosafety level 2). Cells were used for seed
virus production and for the TCIDsg assay. The protocol for maintenance is the
same as for Vero cells, with the difference that supplemented DMEM (for seed
virus production) and RPMI1640 (for TCIDso assay) were used instead of Z-
medium. Hep-2 cells were passaged twice per week and discarded after 20
passages. Flasks were kept in an incubator specific for cells containing virus, at
37°C and 5% COa.

Cell counting

To measure VCC, we used the automated ViCell XR cell viability analyzer. A cell
suspension volume of 0.5 mL was transferred to a ViCell cup that was
subsequently inserted in the cell analyzer. By preparing a 1:1 dilution in trypan
blue, the instrument identifies viable and dead cells through a dye exclusion
method in a series of 50 images per samples, where non-viable cells are stained

by trypan blue.
Virus material

Live RSV A2 (ATCC, #VR-1540, biosafety level 2) was used for infections. The
strain was isolated in 1961 from the lower respiratory tract of an infant with
bronchiolitis and bronchopneumonia and it is propagated in Hep-2 cells. A2 is a

live-attenuated strain commonly used in RSV research and development of
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possible vaccine candidates and, as many lab-grown strains, it is temperature

sensitivel®®, The virus underwent cold passaging, a process in which extensive

serial passages are carried out at progressively lower temperatures. Through

this modification, RSV A2 can survive in the upper respiratory tract but not in

the lower respiratory tract, where the host's body temperature is higher,

therefore limiting the risk of severe infections 110, Because it is heat sensitive,

RSV A2 should always be handled on icelll,

Active and inactive IAV DIPs DI244 and OP7 were provided by Marc Hein (Table

7, Table 8). Production, purification, and UV-inactivation of the material was

conducted according to Hein et al.®6.74; these were not conducted by the

performing scientist.

Table 7 | Characteristics of IAV DIP DI244.

Description MODIP Harvest HA TCIDso VRNAs/mL | Interference
time assay (PFU/mL)
(hpi) (TCIDso/mL)
STR, 8 min UV, | 1.00E-02 | 32 3.53 0 1.60E+11 8.40E+04
Downstream
STR, 24 min UV, | 1.00E-02 | 32 3.52 0 2.85E+10 8.80E+08
Downstream

STR = stirred tank bioreactor, MODIP = multiplicity of defective interfering particle, HA assay =

hemagglutination assay, PFU = plaque forming units

Table 8 | Characteristics of IAV DIP OP7.

Description MODIP Harvest HA Plaque VRNAs/mL | Interference
time assay (PFU/mL)
(hpi) (PFU/mL)
STR, no UV, | 1.00E-02 | 24 3.89 3.16E+07 8.89E+10 1.20E+06
Downstream
STR, 24 min UV, | 1.00E-02 | 24 3.85 0 1.03E+09 5.20E+08
Downstream

3.2.2 Seed virus production

For seed virus production, three passages at low MOI were carried out. Hep-2

cells were washed twice with PBS and detached by adding 6 mL of 1x
trypsin/EDTA. Flasks were incubated for 5 minutes at 37°C in a 5% CO2

atmosphere and trypsin was then neutralized by adding 6 mL of DMEM

supplemented with FCS. VCC was determined and cells were seeded 24 hours

prior to infection in 175 cm? flasks at a seed volume of 1.3*107 cells per flask.
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On the infection day, one flask was sacrificed to determine VCC, and 6 mL per
flask of infection medium (in DMEM) at MOI 102 were prepared according to
Formula 2 by using DMEM without FCS. Flasks were washed twice with PBS and
the infection medium was added. The bottles were subsequently incubated at
37°C for 2 hours and were gently rocked every 15 minutes. The infection
medium was finally removed, and flasks were incubated at 37°C and 5% CO..
The seed virus was harvested once the CPE in the flask was ~50%. For this,
bottles were kept on ice for 5 minutes and the cells were then scrapped off by
using a 28 cm cell scraper and resuspended with a pipette to break cell clumps.
The volume was transferred to a 50 mL Falcon tube and centrifuged at 300 g
and 4°C for 5 minutes. After this, 19 mL of centrifuged supernatant were
transferred to a new Falcon tube. Subsequently, 1 mL of supernatant was used
to resuspend the cell pellet, while the rest of the volume was discarded. The
supernatant with pellet was moved into a 1.5 mL Eppendorf tube and kept in a
bag with ice. The tube was vortexed for 3 minutes at 2500 rpm, and it was then
sonicated for 1 minute on a cell disrupter (W= 160, C= 60%, A= 100%). The
volume was again centrifuged with the same settings as before to get rid of the
cell pellet, and the virus-enriched supernatant was finally added to the 19 mL in
the Falcon tube. The volume was additioned with sucrose solution (2% final
concentration) and aliquots of 0.5 mL were prepared in cryogenic tubes. For the
first passage, RSV stock was used for infection and harvesting was performed
after 140 hpi. For the second passage at MOI 10-2, RSV produced during the first
low MOI passage was used and flasks were harvested at 96 hpi, while a sample
obtained from the second passage was used for infection for the third passage
at MOI 102, which was sampled at 72 hpi. Aliquots were snap frozen in liquid

nitrogen and stored at -80°C until use.

_ Ceels*MOI
Voirus == —— (2)

Cvirus

Viirus | Virus volume necessary for infection (mL)

Cees | VCC (cells/mL)
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MoI | Multiplicity of infection (TCIDso/mL)
Established infectious virus titer (TCIDso/mL)

G virus

3.2.3 DIP RT-PCR for seed virus integrity

Total RNA was extracted using a NucleoSpin RNA virus Mini kit for RNA
purification, according to manufacturer’s instruction. The extracted RNA was
stored at -20°C. The protocol for DIP PCR was adapted from the one kindly
provided by Yan Sun, University of Rochester Medical Center®®. cDNA was
produced via reverse transcriptase (RT) reaction by using 5 uL of template RNA,
8.5 L of ddH20, 1 pL of primer and 1 uL of dNTPs (master mix 1, MM1). For
each sample, one reaction was prepared to analyze the FL genome, while a
second one was made for the analysis of the DI genome. Samples were placed
in the PCR cycler for 5 minutes at 65°C. A second master mix was prepared with
4 uL of 5x RT buffer, 1 pL of Maxima H Min, 1 uL of ddH20 and 0.5 pL of Ribolock.
A total of 6.5 pL of MM2 was added to each reaction tube and the samples were
subsequently placed back in the thermocycler, where the temperature was first
set to 50°C for 30 minutes and then at 85°C for 5 minutes. Samples were stored
at -20°C for 20 minutes and defrosted again. 1 pL of RNase H was added to each
sample to avoid the formation of RNA-cDNA hybrids. Samples were placed in the
PCR cycler for 20 minutes at 37°C.

For the polymerase chain reaction (PCR), 2 uL of cDNA were used. For the master
mix, for each sample we used 8.8 uL of ddH20, 4 uL of 5x Phusion HF Buffer, 2
ML of MgClz, 1 pyL of dNTPs, 1 pL of forward primer, 1 uL of reverse primer
(different primers were used for FL and DI genomes) and 0.2 pL of Phusion DNA
polymerase. The samples were successively placed in the thermocycler. Samples
were denatured at 98°C for 3 min, and this was followed by 35 cycles of 25 s at
98°C (denaturation), 45 s at 54 °C (annealing) and 90 s at 72°C (extension). At

the end of the last cycle, samples were kept at 72°C for 10 minutes.

Lastly, DI and FL genomes from each sample were visualized via gel
electrophoresis. For this, a 2% agarose gel was prepared with agarose, 1x TPE
and Roti GelStain. 2.5 pL of 10x Fast Digest Green Buffer was added to each
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sample. The gel was placed in an electrophoresis chamber and 12 pL of FL and
DI samples were loaded on the agarose gel. 10 uL of GeneRuler DNA Ladder Mix
was also loaded onto the gel. After running for 40 minutes at 70 W, FL and DI

bands were visualized using the BioDocAnalyze software.
3.2.4 Virus replication dynamic study

In order to determine the best time points for virus harvesting during our
coinfection experiments, we carried out a dynamic study in our cell lines of
interest. A549 and Vero cells were seeded in 6-well plates 24 h before infection.
To detach the cells, the procedure was the same as for seed virus production.
A549 cells were seeded based on Formula 1 with a final cell concentration of
0.5*10° cells/mL (2 mL/well), while the concentration for Vero cells was 0.4*10°
cells/mL (2 mL/well): two 6-well plates for A549 cells and two 6-well plates for
Vero cells were prepared. On the infection day, two wells for each cell line were
sacrificed to determine VCC: wells were washed twice with 1 mL of PBS, and 500
ML of 1x trypsin/EDTA was added to each well. The plates were incubated for 3
minutes, after which trypsin was neutralized by adding 500 pL of media
supplemented with FCS. Cells were resuspended by pipetting and 500 uL were
finally transferred to a ViCell cup and placed on a Vi-CELL™ XR for cell counting.
Cells were washed twice with PBS and infected at MOI 10-2 with a volume of 500
WL per well. The infection (at MOI 10-2) volume was prepared based on Formula
2 with non-supplemented DMEM for A549 cells and V-medium for Vero cells. The
plates were incubated for 2 hours and rocked every 15 minutes to prevent cell
dry-out. Afterwards, the infection volume was removed, cells were washed once
with PBS and 2 mL of non-supplemented DMEM or V-medium were added to
each well. Samples were taken at 24, 48, 72, 96 and 120 hpi. At harvest time
points, the supernatant was pooled and centrifuged for 5 minutes at 300 g and
4°C. Aliquots were snap frozen in liquid nitrogen and stored at —-80°C. Infectious

virus titers for each time point were subsequently determined via TCIDsg assay.
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3.2.5 Coinfection studies

One day prior to infection, A549 and Vero cells were seeded in 6-well plates as
for the virus replication dynamic study. A total of 13 6-well plates for A549 cells
and of 5 6-well plates for Vero cells was prepared. On coinfection day, when
cells were approximately 90% confluent, two wells for each cell line were
sacrificed to determine VCC with the same procedure described in the previous
subparagraph. Based on VCC average values, infection volumes were calculated
according to Formula 2, to achieve a final MOI of 10-2. Highly concentrated IAV
DIP material was diluted in infection media (DMEM for A549 cells and Z-medium

for Vero cells) with a dilution factor (Df) of 20 for this experiment.

The experimental setup for time points 0, 6, 24 and 48 hpi was as displayed in
Figure 8. Cells were washed twice with 1 mL/well of pre-warmed PBS and
infected with RSV at a MOI of 10-2. Alternatively, they were coinfected with RSV
and 100 pL of active or inactive IAV DIPs DI244 and OP7 (diluted 1:20 in
infection medium). Moreover, cells were infected with 100 pL of IAV DIPs alone,
for a total of nine conditions and two 6-well plates per time point. In all cases,
wells were filled up using serum-free medium to reach a final volume of 250
HL/well. At O hpi, a mock control was also included. The same conditions were
included for interference assays at 72 and 96 hpi in A549 cells, together with
several controls (Figure 8). Cells were always infected with RSV and cotreated
with IFN-Bla with a final concentration of 2000 U/mL (stock concentration =
22500 u/mL)!12, or with either 10 or 100 ng/mL of IFN-A1 (stock concentration
= 6.25 pg/mL)!13. Moreover, cells were cotreated with ribavirin at a
concentration of 409 pM (stock concentration = 20 mg/mL)!4. To ensure that
the antiviral effect of active IAV DIPs is JAK/STAT-dependent, cells were pre-
treated for 3 hours with 2 uM of ruxolitinib (stock concentration = 0.25 mg/mL)
and treated with ruxolitinib while being coinfected with RSV and either active
DI244 or active OP711>, Finally, as the JAK inhibitor was dissolved in 96% ethanol
(EtOH), cells were also treated with 0.25% v/v of EtOH. Cells were incubated for
2 hours at 37°C in a 5% CO. atmosphere, and plates were rocked every 15

minutes to avoid drying.
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For Vero cells, sampling was carried out at 72 and 96 hpi and the following
conditions were included (Figure 8): cells were infected either with RSV at a MOI
of 102, or with RSV and 100 puL of active or inactive DI244 and OP7.
Furthermore, cells were cotreated with IFN-B1a, ribavirin, ruxolitinib or EtOH as
described for A549 cells. The incubation conditions for Vero cells were the same
as for A549 cells.

At each time point, the supernatant was pooled for every condition and
centrifuged for 5 minutes at 4°C and 300 g. Aliquots of 0.3 mL were prepared
and cryogenic tubes were snap frozen in liquid nitrogen and stored at -80°C.
Samples from 72 and 96 hpi were used to perform a TCIDso assay to investigate
the inhibitory effect of IAV DIPs by quantifying infectious virus titers. To assess
cell gene expression levels, cell lysate samples were taken at 6, 24, 48, 72 and
96 hpi. After collecting the supernatant, the cells layer was washed once with 1
mL of PBS and 350 uL of 2-mercaptoethanol and RA1 lyses buffer were added
(prepared according to manufacturer’'s instructions - Macherey Nagel,
NucleoSpin RNA, Mini kit for RNA purification). After five minutes, cell lysates
were transferred to cryogenic tubes and frozen and stored as for supernatant
samples. Since at 72 and 96 hpi a considerable amount of cell pellet was found
in tubes following centrifugation of the supernatant, the lysis buffer was
transferred from the well to the corresponding tube to lyse the pellet before
being moved into the cryogenic tube. This way, the maximum amount of

intracellular RNA was retrieved.
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Figure 8 | Experimental setup for coinfection studies.

At 0, 6, 24 and 48 hpi two 6-well plates for A549 cells were prepared. At 72 and 96 hpi, three 6-well plates
were prepared both for A549 and for Vero cells. In total, fourteen 6-well plates for A549 cells and six 6-
well plates for Vero cells were prepared for each coinfection experiment. Cells were either infected with
RSV alone at an MOI of 102 or coinfected with RSV and either active or inactive DI244/0P7. Alternatively,
cells were infected with one of the active or inactive DIPs alone. Cotreatment with IFN-Bla, IFN-A1 and
ribavirin were used as a positive control, whereas cotreatment with ruxolitinib functioned as a negative

control.

3.2.6 Infectious virus titer quantification

The Tissue culture infection dose 50 (TCIDsp) assay was used to determine
infectious virus titers. The protocol used in this study was the one published by
Sun and Lopez!16, with a few modifications. Hep-2 cells were cultivated to carry
out the assay and RPMI1640 was used as cell culture and infection medium
(recipes in Table 3). Two days prior to infection, cells were seeded in 96-well
plates at a concentration of 0.2*10° cells/mL. For each sample, one 96-well plate

was used (8 replicates/sample).
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At the day of infection, samples were thawed at room temperature and 1:5 serial
dilutions starting from dilution factor O were prepared in 96-well plates by adding
240 uL of infection medium and 60 uL of sample. Plates with serial dilutions were
stored at 4°C until the time of use. The 96-well plates with Hep-2 cells were
subsequently washed twice with 100 uL/well of infection medium, and finally 25
ML of virus dilution was added to each well according to dilution factor by using
a 12-multichannel pipette. Plates were incubated for 2 hours at 37°C in a 5%
CO2 environment. After the incubation time, 75 pL/well of infection medium was
added to each well and plates were placed back in the incubator for a total of 96

hours.

At 96 hpi, the infectious virus titers were determined. First, plates were
visualized under the light microscope and the wells that presented syncytia were
scored as positive. Moreover, medium was discarded and plates were stained
with 50 uL/well of crystal violet for 20 minutes. Crystal violet was then discarded
by submerging the plates in water and by air drying them. Once the plates were
dry, the wells that presented CPE were also scored as positive. The infectious
virus titer for each sample was calculated by using the Spearman-Karber method

based on how many wells per plate scored positive for syncytia and/or CPE.

Please note that when the term “virus titer” is used in this study, it always refers

to the infectious virus titer.
3.2.7 Intracellular measurements by RT-qPCR

Cell lysates were thawed and intracellular RNA was extracted using NucleoSpin
RNA, Mini kit for RNA purification, according to the manufacturer’s instructions.
RNA concentration of each sample was measured using a microplate reader to
normalize the RNA concentration of all samples to 500 ng. Based on the
concentration obtained on Tecan, the volume necessary to achieve RNA
concentration of 500 ng was calculated, and the compensation volume of ddH>0
was consequently determined. The samples’ volumes were loaded on 96-well
PCR plates, together with ddH>0, 1 pL of dNTPs and 1 pL of oligo-dT primer
(MM1). The PCR plate was then positioned in the thermocycler at 98°C for 3
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minutes. The MM2 was prepared meanwhile, by adding 4 yL of 5x RT buffer, 1
ML of Maxima H Min, 1 pL of ddH>0 and 0.5 pL of Ribolock for each sample. A
total of 6.5 uL of MM2 was added to each tube. The samples were placed back
in the PCR cycler, where the temperature was first set to 50°C for 30 minutes
and then at 85°C for 5 minutes, followed by cooling at 4°C. After RT, 80 pL of
ddH>O were added to each sample, achieving a total volume of 100 pL. If the

gPCR reaction was not performed immediately, samples were stored at -20°C.

For the gPCR, 4 uL of cDNA for each samples were added to a real-time sample
disc (Rotor Disc 100), and a master mix was prepared by adding 5 pL of SYBR
green PCR mix, 0.5 yL of forward primer and 0.5 pL of reverse primer per
sample, for a total of 6 pL of master mix/sample. Two duplicates of each sample
were loaded on the disc, followed by two replicates of ddH.>O. After all the
samples were loaded, the Rotor Disc was covered with a heat sealing film. The
sample disc was finally placed into the Rotor-Gene Q real-time PCR
thermocycler. Samples were first denatured at 95 °C for 5 min; this was followed
by 40 cycles of 10 s at 95°C (denaturation) and 20 s at 62°C (annealing and

extension). Moreover, a melting curve analysis was carried out (65-90 °C).

In order to analyze the data, a threshold of 0.05 was set to determine the cycle
threshold (Ct) based on the fluorescent signal. Subsequently, the amplification
curves were slope corrected using the Rotor-Gene Q Software. The Ct values of
the genes of interest were normalized to the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The AACT method was used to calculate

the fold change in gene expression.
3.2.8 Statistical analysis

GraphPad Prism for Windows (version 9.0.0) was used for statistical analysis and
graph plotting. To test data for homogeneity of variances, the Brown-Forsythe
test was used. The null hypotheses for hypotheses test could be rejected if the
p-value was lower than alpha (p<0.05). One-way ANOVA (analysis of variance)
was performed to assess statistical significance for the interference assays and

the gene expression analysis of samples infected with RSV alone of coinfected
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with IAV DIPs. This was followed by Dunnett’s multiple comparison test in case
of significant result. If the Brown-Forsythe test was displaying a significant
result, the Welsh ANOVA test was used instead of the one-way ANOVA, and
Dunnett’s T3 post-hoc test was used instead of the Dunnett’s post-hoc test. To
assess significance of gene expression analysis of DIP-only samples, Student’s
t-test was performed by comparing active DI244 with inactive DI244 and active
OP7 with inactive OP7.

The P value style used to determine statistical significance was GP (0.1234 (ns),
0.0332 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (****)).
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4. Results

In this study, RSV seed production at low MOI was first established, and infection
dynamics were investigated in A549 and Vero cells (4.1, 4.2). In vitro coinfection
experiments were then performed to assess the antiviral potential of IAV DIPs
against RSV replication (4.3). Furthermore, expression levels of genes linked to
the innate immune response stimulation were measured via real-time RT-qPCR
(4.4).

4.1 Seed virus production

To prepare the stock of seed virus, Hep-2 cells were infected with RSV as
described in 3.2.2. Because the virus tends to remain highly cell associated!’.117,
several harvesting techniques were tested to determine which would grant the
greatest infectivity release. To produce a seed virus with a low content of DIPs,
several low MOI passages were carried out, and DIP RT-PCR was performed to

test for virus integrity.
4.1.1 Testing for different harvesting methods

It is known that RSV assembles into viral filaments at the cell surface, making it
difficult to release viral particles'!’. To achieve great virus release in order to
produce a seed virus with an elevated infectious virus titer, we tested different
harvesting conditions following Hep-2 cells infection at MOI 10-2. At 140 hpi,
RSV-infected cells were scraped off the flasks’ surface and resuspended in 5mL
of DMEM. Harvesting methods were tested by comparing infectious virus titers
to that obtained by only centrifuging the supernatant (300 g, 4°C, 5 minutes).
The supernatant was centrifuged in all cases prior to aliquoting. The following
methods were tested: vortexing the supernatant for 3 minutes at 2500 rpm,
sonicating it for 1 minute on a cell disrupter (W=160, C=60%, A=100%),
performing both vortexing and sonication, and carrying out three freeze-thawing

cycles.

By centrifuging the supernatant, an infectious virus titer of 4*10° TCIDso/mL was

released (Figure 9A). When the cell pellet was vortexed, we reached titers of
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5.8*10° TCIDso/mL, and infectious virus titers of 4*107 TCIDso/mL were achieved
when cells were sonicated. The combination of sonication and vortexing allowed
to reach great virus release, with an infectious virus titer of 5.8*107 TCIDso/mL,
which was comparable to that obtained with freeze-thawing cycles (2.7*10/
TCIDso/mL). Furthermore, according to visualization on a light microscope,
sonicating and vortexing the infectious material allowed us to achieve the
greatest cell disruption (Figure 9B), and highest infectious virus titer release,

and was thus selected as the harvesting method for seed virus production.
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Figure 9 | RSV release from cells achieved with various harvesting methods.

Adherent Hep-2 cells cultivated in 175 cm? flasks were infected with RSV A2 at MOI 10-2. At 140 hpi, cells
were detached using a cell scraper, and the supernatant was centrifuged to separate it from the cell pellet.
Different harvesting methods were subsequently tested: supernatant centrifugation alone, which was used
as a negative control (sup c), vortexing (vor), sonication (son), combination of vortexing and centrifugation
(v+s), performing three freeze-thawing cycles (f/t x3). (A) The infectious virus titers were quantified by
TCIDsp assay (TCIDso/mL). (B) Visualization of cell pellet disruption under the light microscope following
testing of different harvesting methods. One single experiment was conducted (n=1).
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4.1.2 Assessing integrity of RSV genome via RT-PCR

In order to be able to test the efficacy of IAV DIPs in inhibiting RSV replication,
the stock virus must have a low content of RSV DIPs, so that these do not
interfere with the effect of the IAV-based antivirals'i6. To reduce the fraction of
RSV DIPs, three passages at MOI 102 were carried out in Hep-2 cells. In a low
MOI scenario, less coinfections occur, so DIPs cannot replicate and the STV can
outcompete them. On the other hand, high MOIs would result in accumulation
of RSV DIPs. We isolated extracellular RNA from each sample, and produced
cDNA via RT-PCR. Moreover, bands for FL and DI RSV cDNA were visualized by
gel electrophoresis. Four high MOI passages were also performed, and cDNA
bands were visualized as for the rest of the samples. High MOI passages served
in this experiment as a positive control for the presence of DIPs. For both low
and high MOI passages, RSV stock was used to infect the cells in the first
passage. For the next passage, virus harvested from the previous passage was

utilized for infection.

To visualize FL and DI genome bands, the FL and DI sample from each passage
were loaded next to one another. Gel electrophoresis showed that, after four
high MOI passages, a very considerable fraction of RSV DIPs is found in the
samples. The analysis unveiled the presence of DIPs at 300bp for all three low
MOI passages, but at a much lower intensity than that observed in high MOI
passages. At the third low MOI passage, we noticed that the presence of RSV
DIPs was increasing again. Overall, we confirmed the amplification of the DI
genome, as well as the presence of the FL genome at 400 bp (Figure 10). Three
independent measurements were carried out to confirm which stock presented
the lowest DI content. Ultimately, we chose to use RSV from the second low MOI
passage as seed virus for our dynamics study and interference assays, as it

appeared to contain the least RSV DIPs.
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Figure 10 | Selection of a RSV seed virus depleted in DI vRNAs.

Adherent Hep-2 cells cultivated in 175 cm? flasks were infected with RSV A2. Over three low MOI passages,
RSV was propagated at an MOI of 10-2. As positive control, four high MOI passages were carried out. At
various time points, cells were detached, and RSV was harvested as described above. VRNA was
subsequently extracted and cDNA was produced via RT-PCR. Samples were loaded on a 2% agarose gel
and visualized using the BioDocAnalyze software. For each sample, the FL viral genome and the DI genome

were loaded next to one another.

4.2 Assessing RSV infection dynamics

In order to establish our interference assay, we first carried out a dynamic study
to assess the kinetics of RSV propagation and to identify the most suitable time
points for sampling. We aimed to take samples while infectious virus titers were
peaking and comparable in between the two cell lines we will be working with.
For this purpose, adherent A549 and Vero cells were seeded in 6-well plates and
infected with RSV A2 at an MOI of 10-2. Supernatant was collected at 24, 48, 72,
96 and 120 hpi, and infectious virus titers for each time point were determined

via TCIDso assay.

Infectious virus titers increased more strongly over time in Vero cells (Figure
11). A549 cells reached the highest infectious virus titer at 120 hpi (7.11*10”
TCIDso/mL), while Vero cells peaked with a titer of 2.25*107 TCIDso/mL at 96
hpi, to then decrease at 120 hpi to 1.27*10° TCIDso/mL due to virus degradation.
At 72 hpi, a titer of 1.27*107 TCIDso/mL was reached both in A549 and Vero
cells; at 96 hpi, titers of 7.11*10% TCIDso/mL and of 2.25*107 TCIDsp, were

obtained in A549 and Vero cells, respectively.
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Overall, our data provides insights of RSV infection dynamics at low MOI.
Infectious virus titers were considered sufficiently elevated and comparable in
between cell lines at 72 and 96 hpi, which we chose as final time points for the

determination of infectious virus titers in our coinfection studies.
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Figure 11 | RSV infection dynamics at low MOI.

Adherent A549 and Vero cells were grown in 6-well plates and infected with RSV at an MOI of 10-2. Samples
were taken every 24 hours until 120 hpi to determine infectious virus titer via TCIDsg assay. One experiment
was performed (n=1).

4.3 Inhibitory effect of IAV DIPs against RSV propagation in vitro

IAV DIPs have been previously proposed as an antiviral treatment against IFN-
sensitive respiratory viral infections due to their capability to stimulate an innate
immune system response®6.70.71,77,118 | jterature also shows that RSV DIPs can
alter the clinical outcome of patients infected with RSV 3.5°, For these reasons,
we decided to test the efficacy of IAV DIPs against RSV replication. Coinfection
experiments were carried out using adherent A549 and Vero cells. A549 cells
were used as the prominent cell line, because they are lung epithelial cells and
possess the ability to secrete IFNs, hence stimulating the innate immune
response83:119,120 Vero cells, on the other hand, are unable to secrete class I and
class III IFNs due to deletion mutations, and were therefore used as a negative

control in this study21-123,
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4.3.1 Interference in A549 cells (IFN competent)

According to the literature, IAV DIPs possess the ability to stimulate the host’s
innate immune response in an IFN-dependent manner, ultimately leading to
virus inhibition’971, In this study, we developed an interference assay to test the
efficacy of IAV DIPs DI244 and OP7 against RSV replication in A549 cells. Cells
were infected with RSV (MOI = 10-2) and infected or coinfected with active or
inactive DIPs (fixed volume = 100 pL) derived from a cell culture-based
production’4. We also compared the antiviral efficiency of DIPs with that of other
clinically relevant antivirals: specifically, A549 cells were co-treated with either
IFN-B1a (2000 U/mL), IFN-A1 (10 or 100 ng/mL) or ribavirin (409 pM) at the
time of infection. To assess whether the inhibitory effect of DI244 and OP7 is
IFN-dependent, cells were coinfected with RSV and active IAV DIPs, as well as
co-treated with ruxolitinib (2 pM), a janus kinase inhibitor. Lastly, cells were
infected with RSV and treated with 96% EtOH (vehicle control). This condition
was included because ruxolitinib was dissolved in EtOH, so it was necessary to
assess that ethanol would not cause toxicity to either cells or virus. The
experimental setup in detail can be found in 3.2.5. Supernatants were sampled

at 72 and 96 hpi and infectious virus titers were determined via TCIDsg assay.

At 72 hpi, cells infected with RSV only exhibited an infectious virus titer of
2.6*%10° TCIDso/mL (Figure 12A). In a coinfection scenario with active DI244,
the infectious virus titer was reduced to 5.4*10% TCIDso/mL. The infectious titer
further decreased with active OP7 (7.07*103 TCIDso/mL), revealing its stronger
inhibitory effect when compared to DI244. Coinfection with inactive DI244 or
OP7 showed infectious virus titers of 1.29*10°> and 3.36*10% TCIDso/mL
respectively. This suggests that, particularly in the case of OP7, DIPs can show
residual inhibitory effects following UV inactivation. When cells were infected

with DIPs alone, no infectious virus titer was detectable, as expected.

When A549 cells were co-treated with IFN-B1a, this resulted in a reduction of
the infectious virus titer comparable to that of active OP7 (1.16*10% TCIDso/mL),
while when co-treatment was performed with IFN-A1, titers of 5%10% TCIDso/mL
and of 2.06*10*4 TCIDso/mL were reached with 10 ng/mL and 100 ng/mL,
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respectively. Treatment with ribavirin caused the greatest virus inhibition,
reaching an infectious virus titer of 6 TCIDso/mL.

We finally assessed titers of cells coinfected with RSV and active DIPs and
treated with ruxolitinib. We measured infectious virus titers of 3.6*10°
TCIDso/mL when cells were coinfected with DI244, and titers of 3.14*10°> when
coinfection was performed with OP7. The titers were not significantly different
compared to the infection with RSV only. This confirms our hypothesis according
to which IAV DIPs inhibitory effect is JAK/STAT-dependent.

Lastly, we measured infectious virus titers for cells infected with RSV and treated
with EtOH 96%: we calculated titers of 1.86*10°> TCIDso/mL, meaning that the

presence of ethanol did not hinder virus propagation.

One-way ANOVA and Dunnett’'s multiple comparison test were performed to
determine statistical significance by comparing infectious virus titers to that
obtained by infecting cells with RSV alone. The test unveiled extremely
significant p values (p = < 0.0001) for coinfection with active DIPs and inactive
OP7, for infection with DIPs alone and for co-treatment with IFN-B1la, IFN-A1l
and ribavirin. Coinfection with inactive DI244 resulted in a p value of 0.0088,

while treatment with ruxolitinib and EtOH revealed no significance.

At 96 hpi, trends of infectious virus titers were comparable to those seen at 72
hpi (Figure 12B). When we performed Brown-Forsythe test, we found that
variances were not homogeneously distributed, and we therefore performed a
Welch ANOVA followed by a Dunnett’'s T3 post-hoc test. This time, the test
indicated no statistical significance for any condition, except for coinfection with
active DI244 treated with ruxolitinib (p value = 0.0344).

Overall, our results show that active DIPs are able to partially inhibit RSV at MOI
10-2. OP7 reported a stronger inhibitory effect than DI244, comparable to that
of IFNs. The FDA and EMA approved ribavirin displayed the strongest inhibitory
effect against virus replication. Treatment of coinfected cells with the JAK
inhibitor ruxolitinib confirmed that the suppressive effect of IAV DIPs is
JAK/STAT-dependent.
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Figure 12 | Interference by IAV DIP coinfection against RSV replication in A549 cells.

Adherent A549 cells were infected with RSV alone, coinfected with RSV and 100 pL of active or inactive IAV
DIPs DI244/0P7, or cotreated with one of the control drugs (IFN beta, IFN lambda, ribavirin, ruxolitinib).
Supernatants were collected at 72 and 96 hpi. Infectious virus titers were quantified by TCIDso assay. (A)
RSV coinfection at MOI 102, 72 hpi. (B) RSV coinfection at MOI 102, 96 hpi. Three independent
experiments were performed (n = 3), and means and sample standard deviations were plotted. Lines above
the bars indicate statistical significance (0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), < 0.0001
(****)). Statistical significance was determined by performing one-way ANOVA followed by Dunnett’s
multiple comparison test for (A) or by carrying out Welsh ANOVA and Dunnett’s T3 post hoc test for (B).
All conditions were compared to RSV MOI E-2.
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4.3.2 Interference in Vero cells (IFN deficient)

In this study, Vero cells were used as a negative control due to their inability to
secrete class I IFNs!21-124  Since it cannot produce antiviral IFNs, we expected
no inhibitory effect by IAV DIPs in this cell line.

An interference assay was designed, similar to that for A549 cells. Cells were
infected with RSV A2 at an MOI of 102, and coinfected with active or inactive
DI244 or OP7 (100 pL). Since Vero cells present receptors for class I IFNs but
not for class III IFNs!?2, only IFN-Bla (2000 U/mL) was used as a positive
control, together with ribavirin (409 uM). A negative control with ruxolitinib (2
MM) was also included, to ensure that any potential inhibition by IAV DIPs was
not JAK/STAT-dependent.

At 3 days post infection (dpi), Vero cells infected with RSV alone displayed an
infectious virus titer of 4.49*10° TCIDso/mL (Figure 13A). Coinfection with active
DI244 and OP7 resulted in infectious virus titers of 3.65*10°> TCIDso/mL and
4.49*10° TCIDso/mL, respectively, while coinfection with inactive DIPs achieved
titers of 7.11*10° TCIDso/mL for DI244 and 8.75*%10°> TCIDso/mL for OP7. There
was no significant difference between coinfection with IAV DIPs and infection
with RSV alone. The infectious virus titer was reduced to 1.5*%10% TCIDso/mL
once infected cells were cotreated with IFN-B1la. Surprisingly, cotreatment with
ribavirin barely generated an infectious virus titer reduction (2.58*10°
TCIDso/mL). Finally, when cells were cotreated with ruxolitinib, titers were
comparable to those of cells infected with RSV alone: 5.52*10° TCIDso/mL for
DI244 coinfection and 3.65*10° TCIDso/mL when cells were coinfected with OP7.
EtOH did not have a negative effect on RSV viability.

We performed one-way ANOVA and Dunnett’s post-hoc test for statistical
analysis. The test unveiled no significance for coinfection with DIPs or co-
treatment with ribavirin, ruxolitinib or EtOH, whereas co-treatment with IFN-B1a

showed a very significant p value of 0.0097.

At 96 hpi, infectious virus titers were comparable to those obtained at 72 hpi

(Figure 13B). No difference in infectious virus titers was observed between cells
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infected with RSV alone and coinfected with DIPs. One-way ANOVA and

Dunnett’s multiple comparison test revealed no significance for any condition.

As we anticipated, coinfection with IAV DIPs did not trigger any inhibition of RSV
in the IFN-deficient cell line. This confirms that a functioning IFN system is

crucial for successful virus inhibition by DI244 and OP7.
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Figure 13 | Interference by IAV DIP coinfection against RSV replication in Vero cells.

Adherent Vero cells were infected with RSV only, coinfected with RSV and 100 pL of active or inactive IAV
DIPs, or cotreated with one of the control drugs a fixed volume (100 pL) of active or inactive DI244 or OP7.
Supernatants were harvested at 72 and 96 hpi. (A) RSV coinfection at MOI 102, 72 hpi. (B) RSV coinfection
at MOI of 102, 96 hpi. Three independent experiments were performed (n = 3) and mean values with
standard deviations were plotted. One-way ANOVA and Dunnett’s post-hoc tests were performed for
statistical analysis (0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (****)). All conditions
were compared to RSV MOI E-2.

4.3.3 Interference of non-diluted IAV DIPs in IFN-competent cells

To test the full antiviral potential of active DI244 and active OP7, we decided to
perform a coinfection with non-diluted DIPs in A549 cells. Cells were either
infected with RSV alone at an MOI of 102, coinfected with 1:20-diluted active
DI244 and OP7 (used for the previous coinfection studies, Figures 12 and 13) or
coinfected with highly concentrated, undiluted active DI244 or OP7. For all
conditions, we used a fixed volume of DIPs of 100 pL/well. Supernatants were

sampled at 96 hpi and infectious virus titers were calculated via TCIDso assay.

At 4 dpi, cells infected with RSV only revealed an infectious virus titer of
2.14*10° TCIDso/mL (Figure 14). When cells were coinfected with diluted DIPs,
we obtained virus titers of 4.28*10% TCIDso/mL for DI244 and of 6.32*103
TCIDso/mL for OP7. In the case of coinfection with non-diluted DIPs, we
measured infectious virus titers of 6.62*10% TCIDso/mL for DI244 and 2.87*103
TCIDso/mL for OP7.

In conclusion, increasing the concentration of IAV DIPs in a coinfection scenario
did not remarkably enhance the inhibitory effect of either DI244 or OP7.
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Figure 14 | Interference of non-diluted IAV DIPs against RSV replication.
Adherent A549 cells were infected with RSV alone or coinfected with RSV and 100 pL of diluted (a) or non-
diluted (nd) active (a) IAV DIPs. Supernatants were collected at 96 hpi. Infectious virus titers were

quantified by TCIDsg assay. Two independent experiments were performed (n = 2) and means were plotted.

4.4 Innate immune responses to RSV: gene expression analysis

The interference assay demonstrated that IAV DIPs, and especially OP7, can
significantly hinder RSV replication in IFN competent cells. This is likely caused
by the stimulation of the innate immune response in a JAK/STAT dependent way.
In order to assess the impact of the IFN-dependent system on the inhibitory
effect of IAV DIPs, mRNA levels of five genes (RIG-I, IFN-B1, IFN-A1, Mx1 and
IFITM1) were investigated via real-time RT-qPCR. The fold change in gene
expression level for each gene was calculated by using the AACt method.
Expression levels of the gene of interest in DIP-coinfected cells were always

compared to the levels in RSV-infected cells.
4.4.1 Cytosolic PRR RIG-I

RIG-I plays a crucial role in triggering the host antiviral response to contain viral
replication 78-80, The PRR recognizes viral RNA in the cytoplasm and leads to a
signaling cascade that results in the induction of type I and type III IFNs, as well

as ISGs. In this study, we investigated the gene expression levels of RIG-I by
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RT-gPCR: we compared levels of mRNA detected in co-treated A549 cells to the
levels found in monolayers infected with RSV only. Adherent A549 cells were
infected as reported in 3.2.5 and intracellular mRNA was isolated for subsequent
RT-gPCR analysis.

When infected with an MOI of 102 with RSV alone, A549 cells display no
upregulation of RIG-I at 6 hpi, and just a slight fold change increase of 12.7 at
24 hpi (Figure 15A). At later time points, a strong upregulation of the gene is
observed, in compliance with the infectious virus titer increase that results in a
strong stimulation of the innate immune response: we observed a 93.36-fold
change increase at 48 hpi and 82.5-fold change at 72 and 96 hpi. In contrast,
coinfection with active DIPs led to a significantly higher increase of gene
expression already at 6 and 24 hpi. Coinfection with active DI244 led to an 8.95-
fold change increase at 6 hpi, and a significant increase of 77.59-fold at 24 hpi.
Active OP7 triggered an even greater upregulation of RIG-I, with values of 17.84
and 114.73-fold at 6 and 24 hpi, respectively. Coinfection with inactive DI244
resulted in RIG-I expression levels being only slightly higher than RSV only,
while with inactive OP7 we observed a significant increase of gene expression at
24 hpi, similar to that seen with active DI244. This is likely the result of
unspecific innate immune response stimulation by the inactive DIP. At later time
points, gene expression levels in cells coinfected with either active or inactive
IAV DIPs are congruent with those displayed by cells infected with RSV only.
One-way ANOVA and Dunnett’s post-hoc tests were performed to compare fold
changes in gene expression levels in coinfected cells to those of cells infected
with RSV only. These revealed significant differences from the reference curve
(RSV E-2) at 6 hpi for active OP7 (p=0.0281) and at 24 hpi for active DI244 (p=
0.0005), active OP7 (p= <0.0001) and inactive OP7 (p=0.0097).

In the case of DIPs only infection (Figure 15B), active DI244 and OP7 displayed
a similar trend for RIG-I expression levels compared to the coinfection scenario,
with values peaking starting from 24 hpi (81.47 and 113.86-fold, respectively).
Gene expression levels kept steadily high for both active DIPs until 96 hpi.

Inactive DIPs, on the other hand, displayed a firmly low expression of RIG-I:
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fold-change values of 26 for DI244 and 40.58 for OP7 at 24 hpi were the highest
registered during the course of the experiment. At later time points, the fold-
change values gradually decreased. This confirms that UV inactivation of IAV
DIPs generally results in hindered interference and gene expression
upregulation. To determine the significance between gene expression levels of
active and inactive DIPs, Student’s t-tests were performed. Active DI244 was
compared to inactive DI244, and the same was done for OP7. Significant to
extremely significant values were obtained for both DIPs. Specifically, RIG-I
expression levels were significantly higher for active DI244 at both 6 and 24 hpi
(p= 0.0197 and p= 0.0438). At 48 hpi, active DI244 and OP7 showed very
significant and significant values (p=0.0051 and p= 0.0305 respectively). At 72
and 96 hpi DI244 displayed highly to extremely significant p values of <0.0001
and 0.0005, while OP7 had values of 0.0014 and 0.0114.

To summarize, our results show that, in a low MOI coinfection scenario, DIPs
trigger elevated RIG-I upregulation compared to RSV only infection. This is
furtherly confirmed by fold change values reported after infection with DIPs
alone. Overall, our results suggest that active IAV DIPs can stimulate the host

innate immune response.
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Figure 15 | Stimulation of RIG-I expression.

Adherent A549 cells were either infected with RSV alone, coinfected with active or inactive DI244/0OP7 or
infected with DIPs alone. At the established time points cells were lysed, and intracellular mRNA was
isolated. RIG-I mRNA levels were subsequently measured via real-time RT-gPCR. The AACt method was
used to calculate the fold change in gene expression. (A) Infection with RSV alone or coinfection with active
or inactive DIPs at MOI 10-2. (B) Infection with active or inactive DIPs alone. Means and sample standard
deviations were generated from repeated experiments performed independently (n=3). For (A), statistical
tests were conducted using one-way ANOVA and Dunnett's post-hoc test. Conditions were compared to
RSV MOI E-2. For (B), Student’s t-test was carried out. Values of active IAV DIPs were compared to those
of inactive IAV DIPs. Asterisks indicate significance (ns p = 0.05, * (significant) p < 0.05, ** (very

significant) p < 0.01, *** (highly significant) p < 0.001, **** (extremely significant) p < 0.0001).
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4.4.2 Antiviral effects of class I and class III IFNs

Viral detection by PRRs induces production of transcription factors such as
interferon regulatory factors (IRFs), which regulate the expression of type I and
type III IFNs. Once these pro-inflammatory cytokines bind their receptors, they
trigger the expression of hundreds of ISGs via the JAK/STAT signaling cascade,
leading to an enhancement of both innate and adaptive immune responses
78,7982 Here, we elucidated induction of IFN-B1 (class I IFN) and IFN-A1 (class
ITI IFN) expression by RT-gPCR. Class I and class III IFNs are fundamental in

stimulating the host immune response as they have an antiviral functiont13:125,
IFN-B1

At an MOI of 1072, infection with RSV only did not initially induce a strong
upregulation of IFN-B1 (Figure 16A). At 6 hpi, a value of 2.32-fold was detected,
which reached 46.75-fold at 24 hpi. Fold-change peaked starting from 48 hpi,
when a great upregulation of the gene is detected, with values rising between
3.4*103-fold to 5.35*%103-fold. Coinfection with active DIPs resulted in a strong
upregulation of IFN-B1 already from early time points. Coinfection with active
DI244 resulted in a 717.49-fold change in expression at 6 hpi and upregulation
peaked with 4.92*103-fold at 24 hpi. Active OP7 triggered significant
upregulation of the gene at 6 hpi (1.26*103-fold) and reached its peak at 24 hpi
with a 1.97*103 fold-change. Values kept steadily high at later time points for
both DIPs. Until 48 hpi, coinfection with inactive DIPs displayed upregulation
that exceeded that of RSV only infection but was lower than that of active DIPs.
For statistical analysis, one-way ANOVA and Dunnett’s multiple comparison were
carried out as for RIG-I expression analysis. IFN-B1 expression levels were
significantly higher for active OP7 at 6 hpi (p=0.0139) and very significantly
higher at 48 hpi (p=0.0053). Active DI244 achieved high significance at 24 hpi
with a p value of 0.0008 and significance at 48 hpi with a p value of 0.0116.
Increase of gene expression with inactive OP7 at 48 hpi was also registered as

significant, with a p value of 0.0157.
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For infection with DIPs only, active DIPs displayed a steady and robust
upregulation of IFN-B1 starting from 6 hpi; fold-changes peaked at 24 hpi with
values of 5.93*103-fold for DI244 and 2.36*103-fold for OP7 (Figure 16B).
Interestingly, at 6 hpi the upregulation of the cytokine is stronger with OP7
(1.58*103-fold) than with DI244 (911.76-fold). This suggests that early
upregulation of innate immune responses by active OP7 may explain its stronger
inhibitory effect against RSV when compared to active DI244. As expected,
inactive DIPs did not induce a strong overexpression of the type I IFN, and fold-
change values kept decreasing after 6 hpi. Fold-changes were comparable
between the two DIPs. The student’s t-test showed a significant difference
between active and inactive DI244 at 6, 24 and 48 hpi (respectively, p=0.04370,
p=0.0163 and p=0.0205) and a very significant difference at 96 hpi (p=0.0034).
A significant difference between active and inactive OP7 was registered at 48 hpi
(p=0.0223).
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Figure 16 | Stimulation of IFN-B1 expression.

Adherent A549 cells were either infected with RSV alone, coinfected with active or inactive DI244/0OP7 or
infected with DIPs alone. At the established time points cells were lysed, and intracellular mRNA was
isolated. IFN-B1 mRNA levels were determined via real-time RT-gPCR. The AACt method was used to
calculate the fold change in gene expression. (A) Infection with RSV only or coinfection with active or
inactive DIPs at MOI 102, (B) Infection with DIPs only. Means and sample standard deviations were
generated from repeated experiments performed independently (n=3). For (A), statistical tests were
conducted using one-way ANOVA and Dunnett's post-hoc test. Conditions were compared to RSV MOI E-
2. For (B), Student’s t-test was carried out. Values of active IAV DIPs were compared to those of inactive
IAV DIPs. Asterisks indicate significance (ns p = 0.05, * (significant) p < 0.05, ** (very significant) p <
0.01, *** (highly significant) p < 0.001).
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IFN-A1

In the case of IFN-A1, it was not possible to determine fold-change values using
the AACt method because the levels of IFN in the mock control were below the
limit of detection of the assay. For this reason, we decided that in this study we
will be plotting and commenting on the Ct values obtained for each condition at
the conventional time points. Please note that lower Ct values correspond to
greater gene upregulation, and that a difference in Ct values of ~3.3 corresponds

to approximately one log (factor 10).

Upon infection at an MOI of 10-2, A549 cells infected with RSV alone reported a
Ct value of 32.81 at 6 hpi, followed by an increase up to 24.52 at 24 hpi (Figure
17A). Ct values peaked at 48 hpi (Ct=16.58) and kept steady for the rest of the
experiment, in compliance with what we already observed for the previous
targets. In comparison, coinfection with active IAV DIPs resulted in a strong IFN-
Al expression already from the earliest time point. At 6 hpi, a Ct value of 20.46
was detected in cells coinfected with DI244, followed by 17.13 at 24 hpi. Over
later time points, IFN-A1 levels were comparable to those detected at 24 hpi. A
similar course was observed in case of treatment with active OP7. According to
Dunnett’s multiple comparisons test, both active and inactive DIPs displayed
very significant to extremely significant p values at 6 and 24 hpi when compared
with RSV only infection. At 48 and 72 hpi, only OP7 showed significant p values
(p=0.0148 and p=0.0157). At 96 hpi, both active DIPs presented significantly
higher Ct values than RSV alone.

We then examined the effects of DIP only infection on IFN-A1 expression (Figure
17B). Active IAV DIPs increased fold change of gene expression, while the fold
change only declines with inactive DIPs. At 6 hpi, active OP7 presented a Ct
value of 19.6. Levels of the type III IFN peaked at 24 hpi, when a Ct value of
18.4 was registered; from 48 hpi, gene expression levels started to decrease.
Active DI244 displayed a lower Ct value at 6 hpi (20.32), but if presented the
greatest gene upregulation at 24 hpi, with a Ct value of 16.56. Moreover, despite
a decrease in gene expression starting from 48 hpi, at 96 hpi the Ct value

recorded is 18.76. Last, inactive DIPs exhibited reference curves that were
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almost identical to one another. The lowest Ct values were detected at 6 hpi,
meaning that in the subsequent time points there was a reduction in IFN-A1
expression for both DI244 and OP7. The results of the unpaired t-tests indicated
high significance for active DI244 at all time points (p values between 0.0003
and 0.0009). OP7 unveiled significance at 6 and 96 hpi (respectively, p=0.0249
and p=0.0186), high significance at 48 hpi (p=0.0011) and very high
significance at 72 hpi (p=0.0009).

Finally, high IFN-B1 and IFN-A1 expression levels were observed upon active IAV
DIPs coinfection. This is most likely one of the factors contributing to the
inhibitory effect that active DIPs held against RSV. Furthermore, since OP7
showed higher upregulation of both cytokines at 6 hpi, this might be one reason

for its stronger effect in limiting RSV propagation.
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Figure 17 | Stimulation of IFN-A1 expression.

Adherent A549 cells were either infected with RSV alone, coinfected with active or inactive DI244/0P7 or
infected with DIPs alone. At the established time points cells were lysed, and intracellular mRNA was
isolated. IFN-A1 mRNA levels were subsequently measured via real-time RT-qPCR. The Ct values were in
this case plotted, as it was not possible to calculate gene expression levels with the AACt method. (A)
Infection with RSV alone or coinfection with active or inactive DIPs at MOI 10-2. (B) Infection with active
or inactive DIPs alone. Means and sample standard deviations were generated from repeated experiments
performed independently (n=3). For (A), statistical tests were conducted using one-way ANOVA and
Dunnett's multiple comparison test. Conditions were compared to RSV MOI E-2. For (B), Student’s t-test
was carried out. Values of active IAV DIPs were compared to those of inactive IAV DIPs. Asterisks indicate
significance (ns p = 0.05, * (significant) p < 0.05, ** (very significant) p < 0.01, *** (highly significant)
p < 0.001, **** (extremely significant) p < 0.0001).
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4.4.3 Upregulation of ISGs

The type I and class III IFNs produced in response to the viral infection are able
to act both in an autocrine and paracrine way to activate the JAK/STAT signaling
cascade. This culminates in the downstream expression of hundreds of ISGs.
The antiviral host effector proteins can help cells to resist infection, as well as
contain virus propagation in already infected cells86.28.29, We quantified the gene
expression levels of Mx1 and IFITM1, two ISGs that are reported to be

upregulated during infection in the literature00.126,

Mx1

Infection with RSV only, at an MOI of 102 revealed an increasing upregulation
of Mx1, with 1.99-fold change at 6 hpi and 175.16-fold change at 24 hpi (Figure
18A). Gene expression peaked at 48hpi (2.57*103-fold), and it remained stable
throughout the rest of the assay. Coinfection with active DIPs stimulated a
stronger upregulation already from the first time point. Active DI244 registered
a fold change of 92.83 at 6 hpi and peaked at 24 hpi with a value of 3.37*103-
fold. Gene expression levels remained steadily high for the following time points,
with only a slight fold-change decrease. Coinfection with active OP7 stimulated
an even stronger upregulation of Mx1: it exhibited 228.51-fold change at 6 hpi,
and 3.85*103-fold change at 24 hpi, even though the trend for the remaining
time points is comparable to that of DI244. Inactive IAV DIPs presented fold-
change values that were lower than those of active DIPs, but notably higher than
those of cells infected with RSV alone. One-way ANOVA and Dunnett’s post-hoc
tests were performed to compare expression levels in coinfected cells to those
of cells infected with RSV only. Both active DI244 and OP7 unveiled very
significant values at 24 hpi in comparison to RSV alone (p=0.0089 and

p=0.0036, respectively).

In the case of infection with DIPs alone, the two active DIPs showed similar gene
expression tendencies, and so did inactive DI244 relative to OP7 (Figure 18B).
All four DIPs peaked at 24 hpi: active DI244 exhibited a 3.44*103-fold change
expression, active OP7 a 3.73*103-fold change, inactive DI244 an 840.23-fold

57



change and inactive OP7 a 1.54*103-fold change. Although it is possible to
observe a significant difference in gene upregulation between active and inactive
DIPs, inactive DI244 and OP7 presented remarkably elevated expression levels
of Mx1, which might explain their residual inhibitory effect that is sometimes
observed in coinfection scenarios. Student’s t-test provided a significant
difference between active and inactive DI244 at 24 (p=0.0280) and 48 hpi
(p=0.0199), and a very significant difference at 72 and 96 hpi (p=0.0046 and
p=0.0023, respectively). Active OP7 showed significant p values of 0.0246 at 72
hpi and of 0.0208 at 96 hpi.
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Figure 18 | Stimulation of Mx1 expression.

Adherent A549 cells were either infected with RSV only, coinfected with active or inactive DI244/0P7 or
infected with DIPs only. At the established time points cells were lysed, and intracellular mRNA was isolated.
Mx1 mRNA levels were determined via real-time RT-qPCR. The AACt method was used to calculate the fold
change in gene expression. (A) Infection with RSV only or coinfection with active or inactive DIPs at MOI
10-2. (B) Infection with DIPs only. Means and sample standard deviations were generated from repeated
experiments performed independently (n=3). For (A), statistical tests were conducted using one-way
ANOVA and Dunnett's post-hoc test. Conditions were compared to RSV MOI E-2. For (B), Student’s t-test
was carried out. Values of active IAV DIPs were compared to those of inactive IAV DIPs. Asterisks indicate

significance (ns p = 0.05, * (significant) p < 0.05, ** (very significant) p < 0.01).
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IFITM1

When infection was carried out at an MOI of 102, no upregulation of IFITM1 was
found at 6 hpi in cells infected with RSV only (Figure 19A). Fold-change
expression levels increased to 37-fold at 24 hpi and peaked at 48 hpi with a
value of 2.6*103-fold. The gene of interest remained upregulated also at the
following time points, indicating that an infectious virus titer increase results in
a stronger stimulation of the innate immune response. In contrast, active DIPs
expressed considerably higher levels of IFITM1 already from 6 hpi (14.21-fold
for DI244 and 28.47-fold for OP7). A sudden increase was registered at 24 hpi,
when active DI244 recorded a 2.05*103-fold change and active OP7 registered
a 2.53*103-fold change of expression. From 48 to 96 hpi, gene expression levels
remained steadily elevated, in compliance to what we already reported for RSV
only infection. Coinfection with inactive DI244 and OP7 resulted in gene
expression levels that were considerably higher than those of RSV infection
alone, but still lower than those appreciated in a coinfection scenario with active
DIPs. One-way ANOVA and Dunnett’'s multiple comparison test unveiled
significant differences in upregulation. Active OP7 showed a significant p value
of 0.0393 at 6 hpi, an extremely significant p value of <0.0001 at 24 hpi and a
significant value of 0.0289 at 48 hpi. The test presented an extremely significant
difference between active DI244 and RSV only at 24 hpi (p=<0.0001) and a
significant difference at 96 hpi (p=0.0273). Inactive OP7 displayed a significant
p value of 0.0128 at 24 hpi.

Lastly, we examined differences in gene expression levels in A549 cells infected
with IAV DIPs alone (Figure 19B). Once again, the two active DIPs displayed
trends comparable to one another, and so did the two inactive DIPs. At 24 hpi,
we observed strong upregulation of IFITM1 both for active DI244 (2.41*103-fold
change) and active OP7 (2.55*103-fold change). DI244 stays strongly
upregulated at 96 hpi with a fold-change of 4.72*103-fold, while OP7 reported
the greatest expression levels at 72 hpi, with a value of 5.5*%103-fold. As we
noted for Mx1, inactive DIPs also showed copious upregulation of IFITM1 at early

time points, even though gene expression levels started decreasing from 48 hpi.
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Student’s t-test was conducted to reveal significance between active and inactive
variants. The test revealed significance for DI244 at 6 hpi (p=0.0118), and both
active DIPs showed very to highly significant p values both at 24 and 48 hpi. In
the last time points, active DI244 had extremely significant p values
(p=<0.0001), as well as active OP7.

In conclusion, we observed a strong transcription of antiviral host effector genes
when A549 cells were coinfected with active IAV DIPs. This most likely
contributes to the inhibitory effect of DIPs against virus replication. Moreover,
IFITM1, which is primarily found on the cell surface and blocks infection during

virus entry, was found to be extremely upregulated with both DI244 and OP7.

Finally, a significant upregulation of RIG-I, type I and type III IFNs and ISGs by
active DIPs was assessed via RT-qPCR measurements. In particular, OP7 was
able to provide minimally higher gene expression levels than DI244 at early time

points, which might be explanatory of its greater antiviral effect.

61



A kK Xk

* ok ok k *
104 - _ i - @ RSV MOI E-2
c - 4 RSV +aDl244
.g 4 RSV +aOP7
A 103_
o RSV + iDI244
= RSV +iOP7
. *
- 107 _—
=
=
e
@ 10'=
o
c
®
=
Q
- 10°=
©
L
107 T T T T T
6hpi 24hpi 48hpi 72hpi 96 hpi
B kxck  FREE ok
— —_— _— & aDl244
. Py ek FEEX gy
104 o= = e = aOP7
iDI1244
ioP7

103

107 =

107 =

Fold change IFITM 1 expression

100

1 1 || 1 1
6hpi 24 hpi 48hpi 72hpi 96 hpi

Figure 19 | Stimulation of IFITM1 expression.

Adherent A549 cells were either infected with RSV alone, coinfected with active or inactive DI244/0OP7 or
infected with DIPs alone. At the established time points cells were lysed, and intracellular mRNA was
isolated. IFITM1 mRNA levels were subsequently measured via real-time RT-qPCR. The AACt method was
used to calculate the fold change in gene expression. (A) Infection with RSV alone or coinfection with active
or inactive DIPs at MOI 10-2. (B) Infection with active or inactive DIPs alone. Means and sample standard
deviations were generated from repeated experiments performed independently (n=3). For (A), statistical
tests were conducted using one-way ANOVA and Dunnett's post-hoc test. Conditions were compared to
RSV MOI E-2. For (B), Student’s t-test was carried out. Values of active IAV DIPs were compared to those
of inactive IAV DIPs. Asterisks indicate significance (ns p = 0.05, * (significant) p < 0.05, ** (very
significant) p < 0.01, *** (highly significant) p < 0.001, **** (extremely significant) p < 0.0001).
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5. Discussion

RSV causes more than 30 million acute respiratory infections each year, resulting
in the death of at least 60000 infants every year!>. To date, no vaccination
strategy has yet been approved for the prevention of RSV infection. Moreover,
the use of ribavirin, the only drug approved for treatment, is limited to high risk

patients due to its cost inefficiency and safety issues?!.

In this study, we tested the antiviral potential of IAV DIPs DI244 and OP7 against
RSV propagation in vitro. Because of the lack of efficient antiviral agents to treat
RSV infection, new drugs are undergoing testing!. IAV DIP have been recently
proposed as an inhibitory agent against several IFN-sensitive viruses, thus they
could represent an effective and cost-efficient treatment against RSV
infection®®.71,74.118 " We first produced a seed virus at low MOI to retrieve RSV
with a low content of natural DIPs. We subsequently conducted a dynamic study
in A549 and Vero cells - both permissive for RSV replication - and determined
72 and 96 hpi to be the best time points for infectious virus harvesting in
coinfection studies. Moreover, we developed an in vitro interference assay to
demonstrate the inhibitory effect of DI244 and OP7 against RSV propagation in
human IFN competent A549 cells from the respiratory tract. Finally, to confirm
that the inhibitory effect of IAV DIPs is dependent on the stimulation of the
innate immune response, we measured the gene expression levels of key
antiviral genes. RIG-I, IFN-B1, IFN-A1, IFITM1 and Mx1 were found to be
upregulated at early time points in a coinfection scenario with active DI244 and
OP7.

5.1 Production of seed virus

The RSV strain A2 has been used throughout the course of this study. A2 is a
live-attenuated, temperature sensitive strain that underwent cold passaging 110,
The virus’ shut-off temperature is 40°C, and prolonged exposition to room

temperature reduces RSV viability, function and infectivity111,127-129

Mundle et al. produced purified RSV stocks from cell lysates obtained via

sonication at ice-cold temperatures. They state that cell lysate-derived
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preparations present 2-fold more PFU per fraction compared to supernatant-
derived ones!3?, To best preserve RSV preparations during the course of this
study, the virus material was kept on ice at all times following sample thawing
and until the time of use. This was particularly important during seed virus
production: when carrying out low MOI passages, the seed virus was centrifuged
at 4°C and kept on ice during vortexing. Moreover, the sonicator's sample
support was kept at -20°C prior to use to avoid overheating. In order to further
preserve virus viability, a sucrose solution (2% final concentration) was added
to the seed virus stock, as it is reported to improve virus stability upon
freezing131.132, Grosz et al. tested the protective effect of sucrose concentrations
ranging from 0 to 20%: while higher concentrations are required if the virus
undergoes nebulization, addition of 3% sucrose can fully preserve the material
against freezing and thawing!32. Lastly, to avoid crystal formation caused by
slow freezing, which can rupture the envelope of RSV virions, RSV aliquots were
snap frozen in liquid nitrogen and ultimately stored at -80°C, as it was suggested
by Kast et a/33,

Following VRNA transcription, translation and replication, new filamentous RSV
virions assemble at the cell surface in an actin-dependent manner. RSV mediates
actin polymerization, resulting in the formation of filopodia that drive not only
virion assembly but also cell to cell spreading!’-1’/. This mechanism, however
functional for virus replication in the host, limits the possibility to achieve high
virus yields upon virus harvesting, both in the case of seed virus production and
of vaccine manufacturing. Much like human immunodeficiency viruses (HIV) and
modified vaccinia virus Ankara (MVA), RSV tends to remain associated to the
cell membrane instead of being released into the supernatant following
centrifugation13413>, For this reason, we tested several harvesting methods to
establish which would grant the greatest virus release. When the supernatant
was only pooled and centrifuged, we achieved the lowest virus release. On the
other hand, when the supernatant was vortexed and sonicated prior to
centrifugation, we could reach the greatest infectious virus titers. Sonication was
the easiest procedure to carry out, but it was not selected as harvesting method

because the combination of vortexing and sonication allowed greater cell
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disruption - and supposedly greater virus release. Performing freeze-thawing
cycles was the harshest method to retrieve RSV, and it was therefore not chosen
as harvesting method to avoid loss of infectious material. Overall, breaking the
cell membrane prior to virus harvesting allowed the greatest virus release
according to our experiments. Parameters such as time, temperature, rpm and
voltage most likely impact viral yields. According to literature, sonicating and
freeze-thawing are the most common methods adopted to retrieve cell-

associated virus upon harvesting!11,116,129,136-138

It is known that naturally occurring RSV DIPs are able to stimulate the host
innate immune response and hinder virus replication in some cases®®. Because
we needed to only assign the suppressing effect of the IAV DIPs DI244 and OP7
and not that of the DIPs present in the RSV seed, we produced a seed virus with
the lowest content of natural DIPs that we could achieve. To do so, we carried
out three passages at MOI 102, which is considered the ideal low MOI for
production of RSV with a low DVG content 116, In a low MOI scenario, it is possible
to produce a seed virus with a lower fraction of DIPs because less coinfections
occur; therefore, DIPs cannot replicate and the STV can outcompete the DIPs.
Performing infection at a lower MOI would result in low viral yields and virus
degradation, as well as medium depletion, while high MOIs would result in
accumulation of RSV DIPs. A stock virus of RSV A2 was used to perform the first
infection, and harvested RSV material was always used to carry out the following
infections. The seed virus production was a time consuming process, particularly
because, before starting a new coinfection, it was necessary to determine the
infectious virus titer of the previously produced viral material via TCIDso, which
requires 7 days. Finally, we analyzed seed virus integrity via DIP RT-PCR. Gel
electrophoresis was performed three times and, overall, the stock virus produced
during the second low MOI passage was chosen as seed virus, as it presented
the lowest content of DVGs (Figure 10). The FL band of each sample appeared
smeared; this might be due to DNA overload on the gel, and diluting the DNA
sample might resolve the issue. Alternatively, the protocol could be optimized
by adjusting the concentration of reagents such as magnesium chloride in the

master mix, or by using different primers for the RT reaction.
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To summarize, we produced a seed virus at low MOI to obtain a stock virus with
low content of RSV DIPs. To preserve virus viability, the virus was always
handled on ice and kept at cold temperatures when possible, as well as being
snap frozen to avoid crystal formation that could break virus particles and lower
virus yields. Moreover, we determined that vortexing and sonicating the virus
material prior to centrifugation allowed us to achieve the greatest virus release

at the time of harvesting.
5.2 RSV infection dynamics

To investigate the propagation dynamics of RSV in A549 and Vero cells, we
carried out a replication study at MOI 10-2. As a result, we determined which
time points yield the greatest RSV infectious virus titers for establishment of a

coinfection assay.

The replication kinetics appeared to be faster in Vero cells. Our results are
congruent with those observed by Straub et al: at 24 hpi, they recorded a titer
of around 10! PFU/mL in A549 cells, and around 104 PFU/mL in Vero cells132,

At 72 hpi, we detected infectious virus titers of 1.27*107 TCIDso/mL in both cell
lines, while at 96 hpi, titers of 7.11*10° TCIDso/mL and of 2.25*107 TCIDso were
obtained in A549 and Vero cells, respectively. While Tran et al., Straub et al.
and Heumann et al. also reported considerably high titers at 72 and 96 hpi upon
Vero cells infection, with values ranging from 10° to 107 PFU/mL, the same
cannot be said for A549 cells'39-141, In the IFN-competent cell line, the infectious
virus titers reported in pre-existing literature were typically lower (104
PFU/mL)139.142 " This difference is probably to be attributed to the different
experimental setup of each study, as well as the different strains used -
respectively, RSV D46/6120 and RSV A/Tracy(GA1l). Each RSV strain is known
to have their characteristic infection dynamics, and the quality and integrity of
the seed virus can greatly affect the outcome of the experiment. For instance, a
higher content of natural DIPs in the seed virus can result in lower infectious
virus titers. The conditions upon such work is carried out can also have a
significant impact. Each cell cultivation presents biological differences, and cell

growth and confluency can have a major influence on virus production, as well
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as the MOI chosen for infection, and the composition and handling of the medium
selected for cell culture. Moreover, factors such as the coating of plastic
disposables for cell attachment can also generate variation in virus spreading
and therefore in detection of infectious virions.

In addition to this, our harvesting and freezing protocols for seed virus
production likely contributed to optimize RSV virions release and maintenance
upon freezing, whereas no particular methodology for harvest and virus

conservation was reported in the above mentioned studies.

In conclusion, both A549 and Vero cells were susceptible to RSV. We showed
that infectious RSV titers were considerably high both in A549 and Vero cells at
72 and 96 hpi. Because the titers were also comparable in between the two cell
lines, we established that sampling for the interference assays will be carried
out at these time points. Moreover, we stated that the number of infectious
virions released into the extracellular fluid can variate greatly depending on the

experimental setup.
5.3 Inhibitory effect of IAV DIPs in IFN competent cells

Based on the results of our dynamic study, we developed a coinfection assay to
assess the inhibitory effect of IAV DIPs DI244 and OP7 against RSV replication
in vitro. Since the antiviral effect of IAV DIPs is believed to be IFN-dependent,
experiments have been carried out both in IFN-competent (A549 cells) and in
IFN-deficient cells (Vero cells)?/63.69-71,

A549 cells hold the ability to secrete IFNs type I, II and III and to elicit an
immune response in the presence of an antigen!43. A549 cells were a particularly
prominent platform for this study, as RSV primarily infects epithelial cells of the

respiratory tract.

In our study, active DI244 and active OP7 strongly inhibited RSV propagation in
A549 cells. At 72 hpi, the infectious virus titer was reduced to 5.4*104 TCIDso/mL
with DI244, and an even further decrease was observed with OP7 (7.07*103
TCIDso/mL). Similar results were registered at 96 hpi. When cells were

coinfected with inactivated DIPs, we also observed a 0.5 to 1 log reduction, and
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OP7 in particular displayed a considerable residual inhibitory effect. Overall, OP7
displayed a stronger antiviral potential than DI244. This was also observed by
Hein et al. in in vivo experiments®®.74, IAV DIPs have been thoroughly tested for
antiviral treatment of IAV, influenza B virus (IBV), SARS-CoV-2, pneumonia
virus and YFV66,71,74,77,118,144 Hein et al. carried out in vivo coinfection studies in
mice. When mice were infected with a dose of STV IAV of 1000 focus forming
units (FFU) alone, all subjects lost body weight and died after a short period of
time. However, mice that also received a dose of DI244 (1.5*10° PFU per mouse)
or OP7 (2.2*108 Seg7 OP7 vRNA copies/mice) reported improved clinical scores,
and they all survived the otherwise lethal infection as a result of the replication
interference of IAV DIPs against IAV®96.74.126_ Moreover, IAV DIPs can inhibit virus
propagation through interferon induction. Easton et al. reported that, when a
single dose of DI244 was administered to mice who had been intranasally
injected with 10 LDso of pneumovirus, all animals survived!!8, Recently, the
antiviral potential of DI244 and OP7 has been assessed in vitro against SARS-
CoV-2 and YFV. Both studies reported an almost complete inhibition of the
respective viruses upon coinfection with active IAV DIPs, and a residual
inhibitory effect was observed when cells were coinfected with UV-inactivated
DIPs’177. Altogether, DI244 and OP7 substantially inhibited RSV replication;
nonetheless, they presented a lower inhibitory effect against RSV compared to
what Rand et al. observed in regard to SARS-CoV-2 and to what Marsall et al.
reported for YFV’1.77, One reason to this is that RSV displays a multitude of
mechanisms that hinder the host’s antiviral responses. For instance, NS1 and
NS2 viral proteins can block the activation of IRFs, suppress RIG-I-mediated
antiviral signaling and generally hinder IFN type I and type IlI-dependent
signaling through the formation of a NS-degradasome. Furthermore, they can

facilitate virus growth and suppress early apoptotic processes in infected
ceII526'78194195.

In our experimental setup, we included cotreatment with IFN-B1a, IFN-A1 or
ribavirin as positive controls. In previous years, therapy with IFN has been
proposed as a treatment for RSV infection: although Sung et al. reported

promising results in infants, Higgins et al. did not register any beneficial effect
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in the adult population4>:146, Moreover, IFN therapy presents many side effects,
and it is thus not commonly used as antiviral agent due to safety issues14/-149,
We reported a significant reduction ranging between 0.5 and 1.5 orders of
magnitude in the infectious virus titer of A549 cells cotreated with 2000 U/mL of
IFN-B1la or with 10 or 100 ng/mL of IFN-A1, with the type I IFN displaying the
greatest inhibitory effect. Zhang et al. cotreated Hep-2 cells with increasing
concentrations of IFN-B at an MOI of 10-! and observed a great reduction in the
number of VRNA copies upon cotreatment with 2000 U/mL of IFN-B112,
Furthermore, Okabayashi et al. reported significant reduction of infectious virus
titer following cotreatment of telomerase reverse transcriptase-transfected
human primary nasal epithelial cells (hnTERT-NECs) with RSV and IFN-A113,
Ribavirin is the only licensed drug for the treatment of RSV infection. It has been
reported to be particularly effective in inhibiting RSV propagation in numerous
in vitro studies, as well as in vivo ones3%.150-154 When we cotreated cells with
409 uM of ribavirin, we obtained an infectious virus titer of only 6 TCIDso/mL.
Thus, ribavirin almost entirely inhibits virus replication. In line with our results,
Dunn et al. report an almost complete inhibition of RSV following treatment with
100 pM of ribavirinil4,

We showed that the antiviral effect of IAV DIPs against RSV was IFN-dependent
by cotreating cells with ruxolitinib, a JAK1/2 inhibitor. Rand et al. also included
this condition in their experimental setup and showed that ruxolitinib
administration to IFN-competent cells resulted in a complete inhibition of the
antiviral effect of IAV DIPs’!. In accordance with Rand et al., we also stated that
there is no significant statistical difference between cotreatment of A549 cells
with RSV, active IAV DIPs and ruxolitinib and RSV only infection. To further
confirm our results, we also report that cotreatment of cells with ruxolitinib has
been proposed as a method to maximize production of IFN-sensitive viruses!1>,
Lastly, no cell or virus toxicity was detected via microscopy or TCIDsg assay upon

cotreatment with EtOH, and this can thus be used to dissolve ruxolitinib.

In the future, it might be beneficial to investigate the antiviral effect of IAV DIPs

in @ high MOI coinfection scenario, as well as the pre-treatment of host cells
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prior to infection. Easton et al. report that, when IAV DIPs are administered 48
hours following pneumovirus injection, mortality in mice was increased
compared to when DI244 was administered at the time of infection18, This
suggests that early administration of the antiviral drug is crucial for successful
virus inhibition and positive clinical outcome. Pre-treatment has been reported
to be beneficial in increasing the efficacy of protection against viruses and in

reducing disease severity in mouse models!44,

Overall, our findings indicated that IAV DIPs could be an optimal antiviral for the
treatment and prophylaxis of RSV, as well as heterologous IFN-sensitive viruses.
Interestingly, OP7 reported the greatest antiviral potential. Moreover, treatment
with ruxolitinib strongly suggested that the inhibitory effect of IAV DIPs is
JAK/STAT-dependent.

5.4 Inhibitory effect of IAV DIPs in IFN deficient cells

In our coinfection assay, Vero cells were used as a negative control. While A549
cells can secrete IFNs, this cell line presents mutations - of which the most
prominent is a 9 mega base pair (Mb) deletion on chromosome 9 - that affect
the cells’ ability to secrete class I and class III IFNs122.124.155 Because we believe
the inhibitory effect of IAV DIPs to be IFN-dependent, we hypothesized that
DI244 and OP7 should not interfere with RSV propagation in Vero cells.

In our study, we showed that IAV DIPs did not inhibit RSV propagation in Vero
cells. These results are in line with what Marsall et al. reported in their study:
upon coinfection with IAV DIPs, no interference against YFV replication was
observed throughout the course of the experiment’’. Moreover, to ensure that
no IFN-dependent inhibition of IAV DIPs is observed in Vero cells, we also
included a negative control in our experimental setup. Cells were cotreated with
ruxolitinib and coinfected with active IAV DIPs, and they revealed infectious virus
titers comparable to those of cells infected with RSV alone or coinfected with IAV
DIPs. This evidence strongly suggested that a functioning IFN system is of crucial
importance to elicit an antiviral response in the host when DI244 and OP7 are

administered.
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Vero cells present a large deletion on chromosome 12 that results in the cell
line’s inability to secrete type I IFNs. However, the cells still preserve type I IFN
receptors, and are supposedly able to elicit an antiviral response upon
administration of exogenous type I IFNs124, For instance, Hart et al. showed that
IFN-B treatment can substantially inhibit Middle East respiratory syndrome
coronavirus (MERS-CoV) replication in Vero cells>®. In accordance with this, our
results revealed that the infectious virus titers were significantly reduced
following cotreatment of Vero cells with 2000 U/mL of IFN-B1a.

Ribavirin is a guanosine analog with broad spectrum antiviral activity. Upon
uptake, ribavirin is metabolized via 5’-phosphorylation by cellular kinases into
ribavirin mono-, di- or triphosphate!>7.158, In our study, we observed a limited
inhibitory effect of ribavirin against RSV propagation. Following cotreatment, the
infectious virus titer was 2.58*10° TCIDso/mL, extremely close to that of cells
infected with RSV only. Previous research highlighted that some lineages of Vero
cells can present differences in metabolizing ribavirin, which ultimately result in
limited ribavirin cell uptake and limited antiviral activity. Shah et al. reported
this issue upon ribavirin treatment of Vero cells following vesicular stomatitis
virus and sendai virus infection!>8, Moreover, Morgenstern et al. and Falzanaro
et al. reported the same observation following treatment of Vero cells infected
with SARS-CoV and human betacoronavirus, respectively!>°:160, The mechanism
underlying this phenomenon is not yet clear; however, cotreatment of cells with
both ribavirin and class I IFNs has been proposed as a possible treatment for

ribavirin-resistant cells1¢0,

To summarize, IAV DIPs were unable to inhibit RSV replication in IFN-deficient
Vero cells. However, when cells were treated with recombinant exogenous IFN-
Bla, a reduction in the infectious virus titer could be observed. These results
strongly implied that DI244 and OP7 can elicit an antiviral response by
stimulating an innate immune response in the host. Moreover, we confirmed that
a functioning host’'s IFN-system is crucial in successfully inhibiting RSV

replication.
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5.5 Innate immune response stimulation by IAV DIPs

Defective interfering particles are known to elicit an innate immune response in
the host, and they have been proposed as a heterologous treatment for IFN-
sensitive viruses’%.71.118  Although the exact mechanism has not yet been
elucidated, it is believed that the truncated vRNAs of IAV DIPs can be recognized
by PRRs such as RIG-I receptors. This elicits increased production of type I and
type III IFNs, which ultimately triggers the expression of hundreds of ISGs via
JAK/STAT signaling®©.61,69,70,144 ' Tn this study, we assessed the gene expression
levels of RIG-I, IFN-B1, IFN-A1, Mx1 and IFITM1 induced by IAV DIPs and RSV
via RT-gPCR.

RIG-I, a cytosolic PRR, recognizes short dsRNAs linked to specific secondary
structures’883, Coinfection of A549 cells with IAV DIPs resulted in strong
upregulation of RIG-I at early time points of infection - specifically, at 6 and 24
hpi — compared to RSV infection alone, which did not significantly induce RIG-I
expression. These findings were consistent with those of Marsall et al. in regard
to inhibition of YFV propagation’’. From 48 hpi, gene expression levels were the
same for both IAV DIPs coinfection and RSV only infection. At 2 dpi, RSV reached
high viral loads, and therefore all genes linked to the innate immune response
were highly upregulated due to abundant presence of viral progeny. When cells
were infected with active IAV DIPs alone, we observed constant upregulation of
RIG-I for the whole course of the experiment. However, no significant
upregulation was detected when the infection was carried out with inactivated
DI244 and OP7. Easton et al. also reported that UV inactivation damages the
VRNA of DI244, ultimately leading to complete loss of antiviral activity!18,

It is very likely that early overexpression of RIG-I triggered by IAV DIPs leads
to an antiviral response, thus implying that RIG-I is a key component for RSV
abrogation. While we can hypothesize that DI244 is successfully recognized by
RIG-I due to its large deletion on Seg1l of the vVRNA, the same cannot be reported
for OP72. In fact, OP7 does not present a truncated genome, but rather 37 point
mutations that do not affect the length of the VRNA segment3. The mechanism

by which OP7 is recognized by RIG-I remains elusive but, due to the high
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incorporation of Seg 7-OP7 by the superpromoter, it is possible that
overexpressed short segments are recognized by RIG-I, hence eliciting the
upregulation of this PRR3:161, In this regard, it would be interesting to investigate
gene expression levels of other PRRs such as MDAS5, to examine a possible
correlation between their gene upregulation and the antiviral activity of IAV
DIPs.

Overall, we reported that RSV does not trigger high RIG-I expression levels,
whereas active IAV DIPs hold the ability to strongly upregulate the PRR’s gene,

leading to the stimulation of the innate immune response.

Following RIG-I activation, type I and type III antiviral IFNs are secreted. IFNs
act on host cells both in an autocrine and a paracrine way, leading to the
activation of the innate immune response88°0.125162  We reported significant
upregulation of IFN-B1 and IFN-A1 upon active IAV DIPs coinfection. When cells
were infected with DIPs alone, active DI244 and OP7 triggered high gene
expression levels over the whole course of the experiment, whereas no
significant upregulation was observed upon inactive IAV DIPs infection. In this
study, it was not possible to determine AACt values for IFN-A1 because the gene
expression levels of IFN-A1 in the mock controls were below the limit of
detection. This this reason, Ct values were alternatively plotted and analyzed.
Even though type I IFNs are believed to be the main host factor contributing to
virus abrogation, the importance of type III IFNs in the inhibitory process has
been highlighted, particularly in the case of RSV infection. Type III IFNs have
been reported to limit RSV replication, as well as reduce RSV-related
symptoms69.78,113,

Our findings were in line with what Rand et al. and Marsall et al. reported in their
studies on SARS-CoV-2 and YFV7177: significant uptake by host cells of active
DI244 and OP7 resulted in concomitant upregulation of type I and type III IFNs
at early time points of infection, thus motivating the inhibitory potential of active
IAV DIPs.

Finally, we measured gene expression levels of 1SGs84.28:163 Specifically, we

investigated Mx1, which serves as an inflammasome sensor in epithelial airway
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cells, and plays a critical role in inhibiting viral replication and
transcription104.106,107 ' Moreover, we assessed gene expression levels of IFITM1,
which interferes with virus-endosome fusion at the cell entry199.102_ Both genes
were found to be extremely upregulated at 6 and 24 hpi following coinfection
with active IAV DIPs, and particularly with OP7. Infection with RSV alone did not
result in overexpression of either Mx1 or IFITM1, suggesting that RSV did not
elicit a strong innate immune response until 48 hpi, when high presence of
progeny virions resulted in general upregulation of antiviral genes. Upon
infection with IAV DIPs alone, we reported a strong gene upregulation elicited
by active DI244 and OP7, which confirmed our coinfection findings. Moreover,
infection with inactivated DIPs did not trigger significant gene overexpression.
Our results were in compliance with those of Kupke et al., who also reported
significant Mx1 upregulation in MDCK cells following OP7 coinfection3. Moreover,
Hein et al. also stated that IAV DIPs present a strong inhibitory effect on IAV
propagation in in vivo experiments, and that Mx1 is crucial for mice survival and
IAV DIPs effectiveness®®.74, Furthermore, Wang et al. reported that upregulation
of IFITM proteins results in inhibition of IAV in A549 cells164,

In future studies, it would be interesting to assess gene expression levels of
other genes linked to the innate immune response, such as other PRRs and ISGs,
to gain a better understanding of the immune processes underlying RSV
inhibition by IAV DIPs. It would also be beneficial to get an insight of gene
expression levels in Vero cells, particularly to elucidate defects in type I and type
ITI IFNs. As OP7 stimulated greater gene expression levels than DI244 at 6 hpi,
it would be beneficial to further investigate if such difference at very early time

points motivates the strongest inhibitory effect of OP7 compared to DI244.

In conclusion, we state that RIG-I, type I and type III IFNs, Mx1 and IFITM1
were all strongly upregulated from early time points upon coinfection with active
IAV DIPs. This confirms that the antiviral effect of IAV DIPs in JAK/STAT-
dependent. Although further research must be carried out, specifically in animal
models, IAV DIPs could represent a cost-effective antiviral for the treatment and

prophylaxis of RSV infection. Due to the promising data on IAV DIPs inhibitory
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potential against IFN-sensitive viruses, it would be beneficial to also investigate
their antiviral potential against replication of viruses such as herpes simplex

virus and hepatitis C virus.
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6. Conclusion and Outlook

In this study, we produced a seed virus of RSV with a low content of RSV DIPs.
The replication dynamics of RSV were assessed in A549 and Vero cells. In vitro
coinfection studies were carried out to determine the antiviral potential of DI244
and OP7 against RSV propagation. In addition, we performed host cell gene
expression analysis to confirm that the inhibitory effect of IAV DIPs is JAK/STAT-

dependent.

We report that harvesting the virus by vortexing and sonicating the cell pellet
prior to centrifugation enabled the highest virus release. To preserve virus
viability, the virus material was additioned with sucrose and snap frozen. Virus
integrity was investigated via RT-PCR and gel electrophoresis to select a seed
virus with a low content of RSV DIPs, to evaluate the suppressive effect of IAV
DIPs alone. Next, we established an in vitro interference assay at MOI 10-2.
Coinfection experiments were carried out in IFN-competent and IFN-deficient
cells. IAV DIPs could substantially inhibit RSV propagation in A549 cells, whereas
no antiviral effect was observed upon coinfection of Vero cells. In particular, OP7
achieved greater infectious virus titer reductions than DI244, demonstrating
remarkable antiviral potential. Finally, we confirmed that the inhibitory effect of
IAV DIPs is likely dependent on JAK/STAT signaling. By RT-qPCR, we measured
the gene expression levels of antiviral genes RIG-I, IFN-B1, IFN-A1, Mx1 and
IFITM1. IAV DIPs could elicit early upregulation of all our designated targets,
hence demonstrating that they can stimulate the host's innate immune

response.

Further in vitro and in vivo studies must be carried out to confirm whether DI244
and OP7 could become a suitable antiviral for treatment and prophylaxis of RSV
infection. For instance, coinfection experiments at high MOI should be carried
out, as well as pre- and post-treatment assays. Moreover, it would be beneficial
to assess gene expression levels of additional innate immune response-related
targets. If future research will display positive outcomes, IAV DIPs could
constitute a cost efficient treatment that could save thousands of lives each year,

especially in low income countries.
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