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Abstract

Abstract

Infections with the highly contagious influenza A virus (IAV) cause a significant disease
and economic burden. Annual influenza vaccination is the best prevention of the
influenza disease. However, vaccination and antiviral therapy are limited by emerging
viral resistance. A promising antiviral modality are defective interfering particles (DIPs)
of IAV that are considered to be safe, effective and broadly-acting. Conventional DIPs
(cDIPs) harbor a large internal deletion in one of the eight viral RNA (VRNA) segments
of IAV and are replication-deficient. Upon co-infection with infectious standard virus
(STV), the missing protein is provided and DIPs can propagate. In a co-infection
scenario, DIPs suppress the spread of STVs. A cell culture-based process for
production of purely clonal cDIPs in the absence of STVs is available by
complementing the genetic defect in frans by genetically modified Madin-Darby canine
kidney (MDCK) suspension cells. This development eliminated safety and regulatory
concerns of previous DIP preparations that required the use of STV and subsequent
UV inactivation. Recently, the IAV DIP “OP7” was discovered, which has multiple point
mutations within segment (Seg) 7 of its vVRNA and exhibited superior antiviral activity
compared to cDIPs. Yet, cell culture-based OP7 production is still dependent on co-
infection with STVs.

In the first publication, an IAV DIP evolution study was performed to select highly
interfering natural DIP isolates and to investigate de novo generation and propagation
competition between DIPs. A small-scale two-stage cultivation system allowed for
long-term STV and DIP propagation. Data obtained from next-generation sequencing
demonstrated that the most competitive defective interfering (DI) vVRNAs occur on the
polymerase-encoding segments (Seg 1-3). Moreover, DI vVRNAs comprised a short,
but optimal length for replication. During long-term propagation, distinct DI vRNAs
accumulated to high fractions towards the end of cultivation, while others decreased.
DIPs harboring these highly abundant DI vRNAs showed a superior interfering efficacy
relative to known IAV cDIPs and could be very promising candidates for antiviral
therapy.
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The second manuscript describes the investigation of the replication dynamics on
intracellular and cell population level for a broad range of infection regimes of DIPs
and STVs using suspension cells. A high load of DIPs at low STVs input could prevent
virus-induced cell death and shut down STV propagation. The data was used by a
collaborating partner for establishment and validation of a mathematical multiscale
model of IAV STV and DIP infection, which enabled the prediction of an optimal DIP
dosing ratio.

In the third publication, the broad-spectrum antiviral activity of IAV DIPs was assessed
in vitro. Co-infection experiments in human lung cells (A549) revealed that IAV DIPs
suppress the replication of respiratory syncytial, yellow fever, and Zika virus. The
antiviral effect depended on innate immunity, more specifically, the Janus
kinase/signal transducers and activators of transcription (JAK/STAT) signaling
pathway. Results suggested that IAV DIPs are broadly-acting antiviral agents that
might also be used to combat interferon (IFN)-sensitive virus infections, especially of
respiratory viruses.

Further, a cell culture-based production system for OP7 chimera DIPs free of STVs
was investigated. A mixture of OP7 chimera DIPs and cDIPs was generated by
reverse genetics by a collaborating partner and used as DIP seed. Multiplicity of
infection (MOI) had a strong effect on virus titers, fraction of OP7 chimera DIPs, and
interfering efficacy (efficacy of DIPs to inhibit STV propagation in vitro or in vivo) for
production in genetically engineered suspension cells in shake flasks. Production at
an optimal MOI of 103 and 10 resulted in maximum interfering efficacies, yet, only
relatively low virus titers were achieved and only a part of the DIP harvest was OP7
chimera DIPs (78.7% and 38.3%, respectively). In addition, OP7 chimera DIP material
was tested in mice carried out by collaborating partners. OP7 chimera DIP material

exhibited a high tolerability and antiviral efficacy in vivo.

Next, a scalable cell culture-based production process for OP7 chimera DIPs free of
STVs was developed. A temperature decrease from 37°C to 32°C for virus production
resulted in the presence of almost pure OP7 chimera DIPs preparations (99.7%) and
an 11-fold higher total virus yields relative to the initial process. In addition, subsequent
process intensification by perfusion cultivation applying an alternating tangential flow
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filtration (ATF) system with perfusion rate control allowed for up to a 79-fold increase
in total virus yields relative to the initial batch-process in shake flasks. However, only
a subset of virus particles (26%) was able to pass through the hollow fiber membrane
(0.2 ym pore size, polyethersulfone).

Continuous virus harvesting would enable direct virus harvest cooling, thus, increasing
virus stability and virus yields. Hence, a proof-of-concept study was carried out to test
a tangential flow depth filtration (TFDF) system (pore size 2-5 pym) as a novel cell
retention system for intensification of virus production. Recombinant vesicular
stomatitis virus (rVSV)-based constructs were used as a virus test model. The TFDF
system did not only allow for high cell retention efficiencies and cultivations at high
viable cell concentrations, but also for continuous virus harvesting and clarification in

a single-step.

Taken together, results obtained clearly demonstrated that the development of a safe,
highly effective and broadly-acting IAV DIP treatment against respiratory virus
infections should be feasible. A production process under good manufacturing practice
(GMP), based on the process platform established in this thesis, is currently under

development to initiate (pre-) clinical trials.
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Kurzfassung

Infektionen mit dem hochansteckenden Influenza-A-Virus (IAV) verursachen
erhebliche gesundheitliche und wirtschaftliche Belastungen. Die beste Vorbeugung
gegen die Grippe stellt die jahrliche Grippeimpfung dar. Allerdings sind der Impfung
und antiviralen Therapien durch aufkommende Resistenzen im (genetischen Code
des) Virus Grenzen gesetzt. Ein vielversprechendes antivirales Therapeutikum sind
vom IAV abstammende defekte interferierende Partikel (DIPs), die als sicher, wirksam
und breit wirkend gelten. Konventionelle DIPs (cDIPs) weisen eine grof3e interne
Deletion in einem der acht viralen RNA-Segmente (VRNA) von IAV auf und sind nicht
replikationsfahig. Bei einer Koinfektion mit dem infektidsen Standardvirus (STV) wird
das fehlende Protein bereitgestellt und DIPs kdnnen sich vermehren. In einem
Koinfektionsszenario unterdricken DIPs die Ausbreitung von STVs. Ein
zellkulturbasiertes Verfahren zur Herstellung rein klonierter cDIPs in Abwesenheit von
STVs wurde dadurch ermdglicht, dass der genetische Defekt in trans durch genetisch
veranderte Madin-Darby canine kidney (MDCK)-Suspensionszellen erganzt wird.
Durch diese Entwicklung konnten die Sicherheits- und Zulassungsbedenken fruherer
DIP-Praparate, die den Einsatz von STV und eine anschlieBende UV-Inaktivierung
erforderten, ausgeraumt werden. Vor kurzem wurde das IAV-DIP "OP7" entdeckt, das
mehrere Punktmutationen im Segment (Seg) 7 seiner vRNA aufweist und im Vergleich
zu cDIPs eine hohere antivirale Aktivitat zeigte. Die Produktion von OP7 in Zellkulturen

ist jedoch nach wie vor von der Koinfektion mit STV abhangig.

In der ersten Veroffentlichung wurde eine |IAV-DIP-Evolutionsstudie durchgefuhrt, um
stark interferierende naturliche DIP-Isolate zu selektieren und die de novo Generation
und den Vermehrungswettbewerb zwischen DIPs zu untersuchen. Ein zweistufiges
Kultivierungssystem im kleinen Mal3stab ermdglichte die langfristige Vermehrung von
STVs und DIPs. Daten aus Next generation sequencing zeigten, dass die
wettbewerbsfahigsten defekten interferierenden (DI) vRNAs auf den Polymerase-
kodierenden Segmenten (Seg 1-3) auftreten. Daruber hinaus wiesen DI vRNAs eine
kurze, aber optimale Lange fur die Replikation auf. Wahrend der Langzeitvermehrung
reicherten sich bestimmte DI vVRNAs bis zum Ende der Kultivierung zu hohen Anteilen
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an, wahrend andere abnahmen. DIPs, die diese aufRerst haufigen DI vRNAs
enthielten, zeigten im Vergleich zu bereits bekannten IAV-cDIPs eine erhohte
interferierende Wirksamkeit und konnten vielversprechende Kandidaten flur eine
antivirale Therapie sein.

Das zweite Manuskript beschreibt die Untersuchung der Replikationsdynamik auf
intrazellularer Ebene und auf Ebene der Zellpopulationen fur ein breites Spektrum von
Infektionsregimen von DIPs und STVs unter Verwendung von Suspensionszellen.
Eine hohe DIP-Konzentration bei geringer STV-Konzentration konnte den
virusinduzierten Zelltod verhindern und die Vermehrung von STVs unterbinden. Die
Daten wurden von einem Kooperationspartner zur Entwicklung und Validierung eines
mathematischen Multiskalenmodells der IAV-STV- und DIP-Infektion verwendet,

welches die Vorhersage eines optimalen DIP-Dosierungsverhaltnisses ermoglichte.

In der dritten Veroffentlichung wurde die antivirale Breitbandaktivitat von IAV-DIPs in
vitro untersucht. Koinfektionsexperimente in menschlichen Lungenzellen (A549)
zeigten, dass I|AV-DIPs die Replikation vom Respiratorischen Synzytial-Virus,
Gelbfiebervirus und Zika-Virus unterdrucken. Die antivirale Wirkung hing von der
angeborenen Immunitat ab, genauer gesagt vom Janus kinase/signal transducers and
activators of transcription (JAK/STAT)-Signalweg. Die Ergebnisse deuten darauf hin,
dass IAV-DIPs breit wirkende antivirale Wirkstoffe sind, die auch zur Bekampfung von
anderen Interferon (IFN)-empfindlichen Virusinfektionen, insbesondere von

Atemwegsviren, eingesetzt werden konnten.

Daruber hinaus wurde ein zellkulturbasiertes Produktionssystem fur OP7-Chiméaren-
DIPs ohne STVs untersucht. Eine Mischung aus OP7-Chimaren-DIPs und cDIPs
wurde von einem Kooperationspartner durch reverse Genetik erzeugt und als DIP-
Saatgut verwendet. Die Multiplizitat der Infektion (MOI) hatte einen starken Einfluss
auf die Virustiter, den Anteil der OP7-Chimaren-DIPs und die interferierende
Wirksamkeit (Wirksamkeit der DIPs zur Unterdruckung der STV-Replikation in vitro
oder in vivo) bei der Produktion in genetisch veranderten Suspensionszellen in
Schittelkolben. Die Produktion bei einer optimalen MOI von 103 und 10 fiihrte zu
einer maximalen interferierenden Wirksamkeit, wobei jedoch nur relativ niedrige

Virustiter erreicht wurden und nur ein Teil der DIP-Ernte OP7-Chiméaren-DIPs waren
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(78,7 % bzw. 38,3 %). Dartuber hinaus wurde Material von OP7-Chimaren-DIPs in
Mausen von Kooperationspartnern getestet. Das Material von OP7-Chimeren-DIPs
zeigte eine hohe Vertraglichkeit und antivirale Wirksamkeit in vivo.

AnschlieRend wurde ein skalierbarer zellkulturbasierter Produktionsprozess fur STV-
freie OP7-Chimare-DIPs entwickelt. Eine Temperatursenkung von 37°C auf 32°C fur
die Virusproduktion fuhrte zu nahezu reinem Material an OP7-Chimeraren-DIPs
(99,7 %) und zu einer 11-fachen Steigerung der Gesamtvirusausbeute im Vergleich
zum ursprunglichen Prozess. Die anschlieende Intensivierung des Prozesses durch
Perfusionskultivierung unter Verwendung eines alternierenden
Tangentialflussfiltrationssystems (ATF) mit Regelung der Perfusionsrate ermaoglichte
eine bis zu 79-fache Steigerung der Gesamtausbeute an Viren im Vergleich zum
ursprunglichen Batch-Prozess in Schuttelkolben. Allerdings konnte nur eine
Teilmenge der Viruspartikel (26 %) die Hohlfasermembran (0,2 ym Porengrofe,
Polyethersulfon) passieren.

Eine kontinuierliche Virusernte wirde eine direkte Kihlung der Virusernte ermoglichen
und damit die Stabilitat der Viren und die Virusausbeute erhohen. Daher wurde eine
Machbarkeitsstudie durchgefuhrt, um ein Tangentialfluss-Tiefenfiltrationssystem
(TFDF) (PorengrofRe 2-5 ym) als neuartiges Zellrickhaltesystem zur Intensivierung
der Virusproduktion zu testen. Als Virustestmodell wurden rekombinante Konstrukte
auf Basis des vesikularen Stomatitis-Virus (rVSV) verwendet. Das TFDF-System
ermoglichte nicht nur hohe Zellrickhalteeffizienzen und Kultivierungen bei hohen
Lebendzellkonzentrationen, sondern auch eine kontinuierliche Virusernte und

Aufreinigung in einem einzigen Schritt.

Insgesamt zeigten die Ergebnisse deutlich, dass die Entwicklung einer sicheren,
hochwirksamen und breit wirkenden |IAV-DIP-Behandlung gegen Virusinfektionen der
Atemwege machbar sein sollte. Ein  Produktionsprozess unter guter
Herstellungspraxis (GMP), der auf der in dieser Arbeit etablierten Prozessplattform
basiert, wird derzeit entwickelt, um (pra-)klinische Studien zu initiieren.
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Introduction

1. Introduction

Human infections with influenza A virus (IAV) are characterized by respiratory disease,
and annual epidemics account for 300,000-500,000 deaths each year (Krammer et
al., 2018). In addition, IAV can cause sporadic pandemic outbreaks with excessive
mortality, the deadliest being the Spanish flu in 1918, which infected about 500 million
individuals and killed around 50 million worldwide (Martini et al., 2019). The best
prevention of influenza disease is vaccination despite its moderate vaccine
effectiveness (Javanian et al., 2021). However, rapid mutations of IAV result in new
IAV variants, which escape from neutralizing antibodies induced by vaccines (Han and
Marasco, 2011). Therefore, an annual reformulation of influenza vaccines is needed.
In addition, resistance to currently available antivirals is increasing, thereby reducing
drug efficacy (Lampejo, 2020, Sarker et al., 2022). Besides, there are strong efforts to
develop a universal influenza vaccine, yet, clinical studies are ongoing and ultimate
success remains to be seen (Wang et al., 2022). In addition to 1AV, many other virus
infections represent a tremendous health and economic burden, with only a limited
number of approved vaccines and antiviral agents. Consequently, new antiviral
approaches that are safe, effective, affordable, and have a broad-spectrum antiviral

activity are urgently sought as rapid countermeasure.

Defective interfering particles (DIPs) of IAV are considered as a promising new
antiviral agent targeting IAV and unrelated virus infections. DIPs hold an extremely
low risk for an emergence of resistance (Dimmock and Easton, 2015). IAV DIPs occur
in natural IAV infections. Conventional DIPs (cDIPs) harbor at least one internal
deletion in its segmented genome, which confers the defect in viral replication.
Recently, a new type of IAV DIP, named “OP7” with a hypermutated form of the viral
RNA (vVRNA) of segment (Seg) 7 was discovered (Kupke et al., 2019). OP7 displays
a superior antiviral activity relative to cDIPs (Hein et al., 2021a, Hein et al., 2021c,
Rand et al., 2021). The antiviral effect of DIPs is based on i) a replication advantage
relative to infectious standard virus (STV) and ii) stimulation of the innate immune

response. IAV DIPs inhibit the replication of many |IAV strains (homologous virus
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infection) (Dimmock et al., 2008, Kupke et al., 2019). Moreover, IAV DIPs suppress
unrelated virus infections including severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2) by their ability to induce innate immunity (Easton et al., 2011,
Rand et al., 2021, Scott et al., 2011). In animal trials, IAV DIPs were found to be safe
and effective for treatment of IAV infections (Dimmock et al., 2008, Hein et al., 2021a).
Therefore, 1AV DIPs could be deployed as broad-spectrum antiviral agents against
emerging interferon (IFN)-sensitive viruses and stockpiled for pandemic readiness. In
a pandemic scenario, when vaccines are not developed yet and other antiviral drugs
do not confer sufficient protection, IAV DIP treatment could provide a rapid

countermeasure to protect in particular elderly and immunocompromised individuals.

Initially, cDIPs were produced in embryonated chicken eggs in co-infection with STVs
to complement the defect (Dimmock et al., 1986, Duhaut and Dimmock, 2003). To
improve i) process control, ii) scalability, iii) sterility, and iv) flexibility regarding
manufacturing scale, our group developed cell culture-based production processes for
cDIPs upon co-infection with STVs (Tapia et al., 2019, Wasik et al., 2018). To
inactivate STVs present in DIP harvests, UV inactivation was required, which reduced
interfering efficacy. Moreover, potential residual STVs present in the inactivated DIP
harvests posed safety and regulatory concerns. Therefore, a genetically engineered
cell-based production system was developed to produce purely clonal cDIPs free of
STVs (Bdeir et al., 2019, Hein et al., 2021a). To increase productivity, a production
process in perfusion mode was established in a laboratory-scale stirred-tank
bioreactor (STR) (Hein et al., 2021b). However, the cause of the defective OP7
replication is yet unclear and the creation of a production system in the absence of
STVs was not possible. Thus, a cell culture-based OP7 production process was
developed that still relies on co-infection with STVs (Hein et al., 2021c).

This PhD thesis aimed to provide a basis towards GMP-production and initiation of
clinical trials of highly efficacious IAV DIPs. In order to achieve the presented major
goals, the initiation and management of collaborative research projects with various
partners was an important aspect of this doctoral thesis. Moreover, the work covered
in this dissertation led to six manuscripts (Fig. 1). The first aim of this thesis was the
in-depth characterization of IAV DIPs concerning e.g. DIP evolution and competition,



Introduction

deletion junction characteristics, DIP and STV interaction, and broad-spectrum
antiviral activity. In the first manuscript, data obtained from next-generation
sequencing (NGS) shed light on characteristics of the DIP population in a semi-
continuous culture. Moreover, novel cDIP candidates with improved antiviral activity
compared to known IAV cDIPs were screened during this long-term propagation.
Those cDIP candidates were, then, produced in the absence of infectious STVs and
evaluated for efficacious antiviral therapy (Pelz et al., 2021). In the second paper, the
replication of IAV DIPs and STVs for a broad range of DIP and STV inputs was
analyzed. This helped to assess the impact on virus-induced apoptosis and to calibrate
a mathematical multiscale model of IAV and STV infection (Daniel Rudiger, Max
Planck Institute for Dynamics of Complex Technical Systems, Research group
Bioprocess Engineering (MPI)) enabling the prediction of optimal dosing ratio for IAV
DIPs (Rudiger et al., 2021). The scope of the third manuscript was to investigate the
broad-spectrum antiviral activity of IAV DIPs by inhibiting the replication of IFN-
sensitive viruses (Pelz et al., 2023).

The second aim of this thesis was the establishment, optimization and intensification
of a scalable cell culture-based production process of highly efficacious OP7 (chimera
DIPs) free of STVs. In the fourth manuscript, a novel production system, developed
by Tanya Dogra (MPI), was optimized regarding virus titers, OP7 chimera DIP
fractions (as OP7 chimera DIPs and cDIPs are present), and interfering efficacy
(Dogra et al., 2023). In the fifth paper, the development of a scalable, more productive
and robust process for production in STR of highly efficacious and almost pure OP7
chimera DIP preparations is presented. Moreover, production was intended to be
maximized by exploring the possibility of process intensification for production of OP7
chimera DIPs in perfusion mode (Pelz et al., 2024). In the sixth manuscript, a proof-of
principle study to apply the tangential flow depth filtration (TFDF) module for high-titer
production of viruses with continuous virus harvesting and clarification was performed.
Results obtained indicate that an integration of the upstream and downstream process
might be feasible and more cost-effective and productive production platforms could
be established (Gobel et al., 2024).
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Theoretical background - Viruses

2. Theoretical background

As main topic of this doctoral thesis, a detailed overview on DIPs is given, with a
special focus on IAV DIPs, which is relevant for all manuscripts. In particular, their
structure, formation, interference mechanisms, and use for antiviral treatment is
highlighted. All viruses covered in this thesis, IAV (all manuscripts), flaviviruses (third
manuscript), respiratory syncytial virus (RSV, third manuscript), and VSV (sixth
manuscript) are shortly introduced. Subsequently, a background on the innate immune
response is given. This supports the interpretation of the study regarding broad-
spectrum antiviral activity of IAV DIPs against IFN-sensitive viruses in human cells
(third manuscript) and the study regarding testing the efficacy of IAV DIPs against IAV
in mice (fourth manuscript). To cover the overall goal of process development for DIP
manufacturing (fifth and sixth manuscript), information on virus production for
influenza vaccines and DIPs is given, and process intensification by perfusion

cultivation is explained.

2.1. Viruses

21.1. Influenza A virus

IAV is a member of the Orthomyxoviridae family, which consists of enveloped,
segmented, negative-stranded RNA viruses. Influenza viruses are classified in four
types: A, B, C, and D. In humans, seasonal epidemics are caused by types A and B,
and sporadic pandemics occur due to type A every 10-50 years. In total, 18 possible
hemagglutinin (HA) and 11 neuraminidase (NA) subtypes for IAV have been described
so far (Kosik and Yewdell, 2019). Three combinations of HA and NA have managed
to persist in the human host and triggered pandemic outbreaks. These combinations
are H1N1 (1918 and 2009), H2N2 (1957), and H3N2 (1968) (Morens et al., 2009).
Influenza virus infections cause a highly contagious respiratory illness with symptoms
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including headache, high fever, sore throat, runny nose, cough, myalgia, and malaise.
Severe and sometimes lethal influenza virus infection are more likely to occur in
patients with comorbidities and in pregnant women, in the elderly (>65 years), and in
very young infants (<1 year) (Klenk et al., 2013, Krammer et al., 2018). In this PhD
thesis, only IAV will be addressed, which is the main target for antiviral treatment of

humans.

21.11. Viral structure

IAV particles are spherical or filamentous and have an diameter of about 100 nm
(Bouvier and Palese, 2008). They consists of a viral envelope, an inner matrix layer,
and a viral core (Nayak et al., 2013) (Fig. 2). The viral envelope is formed by a lipid
bilayer derived from the host cell membrane and carries two glycoproteins known as
HA and the NA. The glycoproteins are important for viral attachment (HA), viral entry
(HA), and viral release (NA) and are the major antigens that trigger a host immune
response (Krammer et al., 2018). The matrix protein 2 (M2) spans the viral envelope
and is an ion channel protein that is crucial for viral replication. Underneath the
membrane, the inner matrix consists of matrix protein 1 (M1) (Nayak et al., 2013). The
viral genome resides within the viral core, comprising eight genomic vVRNA segments.
Each vRNA segment is associated with the vRNA-dependent RNA polymerase
(RdRp) at the 5" and 3" termini, consisting of the polymerase basic protein 1 and 2
(PB1, PB2) and polymerase acidic protein (PA), and a nucleoprotein (NP) scaffold,
forming a rod-shaped complex called the viral ribonucleoprotein (VRNP). The eight
VRNPs are arranged in a “7+1” configuration during the viral genome packaging, with
seven VRNPs surrounding one central vVRNP (Noda and Kawaoka, 2010, Noda et al.,
2012).
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Figure 2: Structure of IAV. The viral envelope is formed by a lipid bilayer, which is derived from the host cell
membrane, and harbors HA (encoded by Seg 4), NA (Seg 6) and M2 (Seg 7). The inner matrix, located below the
membrane, consists of M1 (Seg 7). Within the viral core, each of the eight vVRNA segments is associated with
multiple NPs (Seg 5) as well as the viral RNA-dependent RNA polymerase (PB2 (Seg 1), PB1 (Seg 2), and PA
(Seg 3)). Seg 8 encodes for the non-structural protein 1 (NS1 (IAV)) and not a component of the IAV particle
structure. Figure taken from (Krammer et al., 2018).

2.1.1.2. Genome organization

The eight negative-sense, single-stranded vRNAs (Bouvier and Palese, 2008) code
for at least 14 proteins (Pinto et al., 2021). The largest vRNAs are those of the
polymerase subunit. More specifically, the vVRNA Seg 1 encodes PB2, Seg 2 encodes
PB1, and Seg 3 encodes PA. At both the 3" and 5" ends, the noncoding regions
(NCRs) flank the coding regions (Krug and Fodor, 2013). The NCRs consist of a highly
conserved promoter region that initiate VRNA replication and transcription (Bouvier
and Palese, 2008). In the NCRs and terminal coding regions at both the 3" and 5" ends
of each VRNA reside the packaging signal. This signal is divided into the incorporation
signal within the NCR and the bundling signal at the terminal ends of the coding region.
The incorporation signal is important to guide the packaging of the vVRNA containing
the signal. The bundling signal ensures the incorporation of the complete set of the
eight vVRNA segments into the progeny virus (Goto et al., 2013).
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2.1.1.3. Viral replication cycle

In humans, IAV replication typically occurs in epithelial cells of the respiratory tract
(Krammer et al., 2018). The first step in the virus life cycle involves attaching to the
host cell (Fig. 3). To accomplish this, the HA glycoproteins of the virus interact with
the sialic acids of glycoproteins located on the host cell's membrane (Skehel and
Wiley, 2000). Following binding to the host cell, the virus enters the endosome via
receptor-mediated endocytosis (Samiji, 2009). The acidic environment within the
endosome (pH ~5) leads to the HA-mediated membrane fusion of the viral and cell
membrane (Hamilton et al., 2012). Upon fusion, release of the vVRNPs into the
cytoplasm occurs with subsequent transportation to the nucleus via the cellular
transport machinery (Martin and Helenius, 1991, Whittaker et al., 1996).

Inside the nucleus, viral replication and transcription take place and are catalyzed by
the viral RdRp. The viral replication is a two-step process, that does not require a
primer. Initially, a replication intermediate, called the complementary RNA (cRNA), is
synthesized. This cRNA assembles with RdRps and multiple NPs to form the
complementary ribonucleoprotein (cCRNP). Subsequently, the cRNA is used as a
template for the synthesis of vVRNA. Finally, the vRNA associates with RdRps and
multiple NPs, resulting in the formation of vVRNP (te Velthuis and Fodor, 2016).

For viral transcription, the viral RdRp transcribes the negative-sense VRNA into 5°
capped and 3" polyadenylated viral messenger RNA (mRNA) (Fodor and Te Velthuis,
2020). As the viral transcription is primer-dependent, a process called cap-snatching
is required to generate priming of the vRNA (Plotch et al., 1981). In this process, the
viral polymerase associates with the cellular RNA polymerase Il (Engelhardt et al.,
2005) to cleave the 5" capped primers from nascent host transcripts (Plotch et al.,
1981, Reich et al., 2014) to use this fragment as 5" cap and primer. The 5 cap also
facilitates escape from innate immunity (Furuichi and Shatkin, 2000) and cap-
snatching is associated with host shut-off by inhibiting cellular mRNA translation
(Bercovich-Kinori et al., 2016). Polyadenylation to the 3" end of the IAV mRNA occurs
by reiterative copying of a poly-U sequence near the 5° end of the VRNA template
(Poon et al., 1999, Robertson et al., 1981).
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The polyadenylated and capped viral mRNA is exported from the nucleus into the
cytoplasm, where the cellular machinery translates the information of the mRNA into
viral proteins. To support VRNA synthesis, the generated viral polymerase subunits
(PB1, PB2, PA) and NPs are transported into the nucleus (Krammer et al., 2018).
Translation of the viral surface proteins (HA, NA, and M2) occurs at endoplasmic
reticulum (ER)-associated ribosomes.

After folding and glycosylation in the ER, the viral surface proteins are trafficked
through the Golgi apparatus for post-translational modification. Subsequently, they are
transported to the apical plasma membrane for viral assembly and budding (Bouvier
and Palese, 2008, Nayak et al., 2009). Nuclear export of VRNPs to the cytoplasm
occurs via the cellular chromosomal region maintenance 1 (CRM1)-dependent
pathway (Huang et al., 2013) and is directed by interactions of CRM1, nuclear export
protein (NEP, adaptor protein) and viral M1 (bound to vVRNPs) (Cros and Palese, 2003,
Paterson and Fodor, 2012). Subsequently, the vVRNPs are transported from the
cytoplasm to the plasma membrane by interacting with the endosomal membrane
recycling system through Rab11a (Eisfeld et al., 2011). All viral components (all eight
VRNPs, HA, NA, M1, M2) assemble at the apical plasma membrane (Nayak et al.,
2013). To form an infectious virus particle, a full set of the eight different vVRNPs needs
to be packaged. In the past, the packaging was understood as a random process,
however, there is strong evidence for a selective packaging process mediated by the
packaging signal of the vRNA (Fuijii et al., 2003, Hutchinson et al., 2010, Noda, 2021).
The newly assembled IAV bud from the cell plasma membrane. Viral budding is a
multistep process and involves multiple viral proteins (HA, NA, M2, M1) (Rossman and
Lamb, 2011). To facilitate viral release, the enzymatic activity of the NA protein
removes the sialic acid from the glycoproteins on the cell surface and the progeny

virus to prevent viral attachment to the cell or viral aggregation (Krammer et al., 2018).
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Figure 3: Replication cycle of IAV. |AV attaches to the cell and enters via receptor-mediated endocytosis. The
VvRNPs are released into the cytoplasm and imported into the nucleus for viral replication (VRNA synthesis through
a cRNA intermediate) and viral transcription (MRNA synthesis). The mRNA is exported into the cytoplasm for viral
protein translation of the viral polymerase subunits (PB2, PB1, PA), NP, HA, NA, M2, M1, NEP, and NS1 (IAV). At
the plasma membrane, viral assembly and budding takes place. Figure taken from (Krammer et al., 2018).

2.1.2. Respiratory syncytial virus

RSV was discovered in 1957 and is a member of the pneumovirus genus in the family
Paramyxoviridae. RSV is spherical, enveloped and has a negative-sense, single-
stranded RNA as genome of 15.2 kb in size, encoding for 11 proteins (Fig. 4). The
genome is coated with the nucleoprotein (N), phosphoprotein (P), and large
polymerase (L) that form the nucleocapsid. The matrix protein of RSV (M (RSV)) is
located between the nucleocapsid and the lipid bilayer. Three surface proteins
protrude from the viral envelope, the fusion protein (F), the attachment glycoprotein
(G), and the small hydrophobic protein (SH). F is the main target of neutralizing
antibodies and highly conserved (McLellan et al., 2013). Two antigenically distinct
human RSV subtypes (A and B) are known, and their predominance alternates during
different epidemic seasons (Laham et al., 2017). RSV is a highly contagious virus that
causes respiratory infections. In infants and young children, RSV infections are the
most common cause of illness of the lower respiratory tract characterized by
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bronchiolitis and pneumonia (Nair et al., 2010). In children (< 5 years), 33 million cases
of RSV infections are estimated to occur annually worldwide, of which 10% lead to
hospitalization and up to 200,000 of deaths (Jha et al., 2016). RSV infection can also
pose severe lower respiratory illness in older adults or immunocompromised patients
(Falsey and Walsh, 2000).

Until recently, no RSV vaccine was licensed. This was because an incident halted
RSV vaccine development for over 30 years. An RSV vaccine (inactivated with
formalin) developed in 1960s did not protect against a natural RSV infection but even
led to increased RSV disease severity (Kapikian et al., 1969, Kim et al., 1969). This
was caused by a significantly higher induction of non-neutralizing than neutralizing
antibodies (Murphy et al., 1986), formation of immune complexes (Polack et al., 2002),
a lack of antibody affinity maturation (Delgado et al., 2009), and strong and
unbalanced cellular immune response (Openshaw et al., 2001). As alternative, a
humanized monoclonal antibody targeting the RSV F (palivizumab) was developed
and licensed 1999 for the European Union (EU) (IMpact-RSV-Study-Group, 1998).
However, escape from palivizumab has been reported (Adams et al., 2010, Zhu et al.,
2018) and the drug requires administration at 30 day intervals for 5 months (Rogovik
et al., 2010). As second immunoprophlaxis in pediatric use, nirsevimab was approved
2022 in the EU. The main advantage of nirsevimab involves the higher potency and
extended half-life, requiring only a single administration per RSV season
(Domachowske et al., 2018, Hammitt et al., 2022). In 2023, the Food and Drug
Administration (FDA) approved two recombinant subunit RSV vaccines Arexvy®
(GSK) and Abrysvo® (Pfizer) for older adults 60 years of age and older, both are
administered intramuscularly. Arexvy® contains the stabilized prefusion F protein
(RSVPreF3 OA vaccine) and Abrysvo® a stabilized bivalent RSV-A and RSV-B

prefusion F protein (RSVPreF vaccine).

In in vitro cell culture experiments, RSV remains highly associated to the cell
membrane (~95%), hence freeze-thaw cycles, vortexing, or sonication are typically
applied to increase infectious virus titers for seed virus production (Collins et al., 2013).
Moreover, RSV has a low thermostability, therefore, addition of excipients (e.g.
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sucrose) is beneficial to increase virus stability (Ausar et al., 2007). During RSV
infection, syncytia are formed in which infected cells fuse.

Rlbonuciepcap&d Inner envelope
proteins protein

N: Nucleoprotein M: Matrix

P: Phosphoprotein
L: Large polymerase

Envelope
proteins

~——— F: Fusion protein
—— G: Attachment protein

SH: Small hydrophobic protein

(-)ssRNA

Figure 4: Structure of RSV. The RSV genome is associated with N, P, and L that form the nucleocapsid. M of
RSV is located between the nucleocapsid and the lipid bilayer. Three glycoproteins are located on the surface of
the RSV virus. Figure taken from (Cérdova-Davalos et al., 2022).

2.1.3. Flaviviruses - Yellow fever virus and Zika virus

The genus Flavivirus of the family Flaviviridae consists of 56, mostly arthropod-borne
virus species. A large number of infections result from the yellow fever virus (YFV),
Zika virus (ZIKV), Dengue virus (DENV) and Japanese encephalitis virus (JEV). YFV
and ZIKV, which are in the focus of this PhD thesis, are both primarily transmitted to
humans via a bite of an infected Aedes species mosquito. Flavivirus particles are
spherical, enveloped and have a diameter of about 50 nm (Fig. 5). The positive-strand
RNA genome with a size of 10.8 kb encodes for a large polyprotein precursor, which
is processed into three structural (capsid (C), pre-membrane (prM)), and envelope (E))
and seven non-structural proteins (Lindenbach et al., 2020). Immature flavivirus
particles display prM and E on the virus surface. During the particle maturation
process, prM is cleaved into the pr peptide and membrane protein of flavivirus (M") by

the cellular protease furin, which is essential for the formation of an infectious virion
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(Li et al., 2008, Plevka et al., 2011). Moreover, C binds to the vRNA, forming the
nucleocapsid.

lliness after YFV infections in humans ranges from asymptomatic (55% of cases) or
mild (33%) to severe disease (12%) (Johansson et al., 2014). The incubation time is
three to seven days. When entering the first phase, fever, chills, muscle pain,
headache, and myalgia occur, which disappear after 3 to 4 days. However, around
15% of infected individuals enter the second phase with high fever, vomiting, epigastric
pain, and jaundice. Among patients entering the second phase, 20-50% die (Monath,
2008, Pierson et al., 2020). ZIKV infections are mostly asymptomatic, but febrile illness
occurs in 25-50% of cases (Pierson et al., 2020). Symptoms of ZIKV infections most
commonly include maculopapular rash, fatigue, fever, arthralgia or myalgia, and
conjunctivitis (Musso et al., 2018). ZIKV infection during pregnancy can lead to virus
transmission to the child (20-30%) and, thus, grave defects of the fetus and child. The
congenital Zika syndrome is characterized by malformations such as microcephaly
(Marban-Castro et al., 2021).

The recent emergence of ZIKV in the South Pacific area in 2013 (Cao-Lormeau et al.,
2014) and South America in 2015 (Campos et al., 2015, Zanluca et al., 2015) and re-
emergence of YFV (Faria et al., 2018, Giovanetti et al., 2019) requires the
development of safe and effective vaccines and antivirals. So far, no antiviral therapy
against flavivirus infections has been approved. Vaccines continue to be the most
cost-effective way to protect against flavivirus infections in the long-term (Dutta and
Langenburg, 2023). So far, only vaccines against YFV, JEV, tick-born encephalitis
virus and tetravalent DENV have been licensed for human use. The first developed
flavivirus vaccine was the live attenuated YFV-17D vaccine in 1937, which was
obtained by serial passaging of the Asibi YFV strain in mouse and chicken tissue,
resulting in reduced pathogenicity (Theiler and Smith, 1937). Two substrains of the
YFV-17D are currently produced, the YFV-17DD (higher passage number) for Brazil
and YFV-17D-204 for the other countries (de Miranda et al., 2022, Pierson et al.,
2020). Since 1937, 850 million doses of the safe and effective YFV-17D have been

administered demonstrating the great success of this vaccine (Kum et al., 2019).
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Figure 5: Structure of flaviviruses. The capsid protein binds to the positive-strand RNA genome forming the
capsid, which is located in a lipid-bilayer. Flavivirus particles exist in immature and mature forms. In the immature
form (left panel), the particle carries prM and E on its surface. During the maturation process, that generates the
mature form (right panel), prM is cleaved into the pr peptide and M". Image courtesy of Ethan Tyler. Figure taken
from (Pierson and Diamond, 2020).

2.2. Recombinant vesicular stomatitis virus-based

vectors

For both vaccines and oncolytic immunovirotherapy, recombinant vesicular stomatitis
virus (rVSV)-based vectors are very promising. Important characteristics are the rapid
and high-titer production in cell culture (Elahi et al., 2019, Kiesslich et al., 2021), low
viral pathogenicity, and rare pre-existing anti-vector immunity in humans (Ura et al.,
2021). Vesicular stomatitis virus (VSV) is a single-stranded negative-sense RNA virus
and belongs to the family Rhabdoviridae. rVSV-based vectors are generated by
replacement of its native envelope glycoprotein (VSV G) with distinct envelope
proteins of a heterologous virus (Tani et al., 2011). The first rVSV-based vector
vaccine against Ebola (ERVEBO®) has gained approval in 2019 in EU (EMA, 2019)
and USA (FDA, 2019), after being tested safe and immunogenic in humans in clinical
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trials (Suder et al., 2018). Vaccines based on rVSV also protected against e.g. SARS-
CoV-2 (Case et al., 2020), Lassa virus (Geisbert et al., 2005), Marburg virus (Jones et
al., 2005), Andes virus (Brown et al., 2011), IAV (Furuyama et al., 2020), ZIKV
(Emanuel et al., 2018), and DENV (Lauretti et al., 2016) in animal models by conferring
a rapid and robust immune response, and some are currently evaluated in clinical

trials.

In recent years, oncolytic viruses have gained importance in cancer therapy (Bishnoi
et al., 2018) as they kill tumor cells. The first product (Imlygic®), which is based on the
herpes simplex virus type 1, has been approved by the FDA in 2015 to treat melanoma
(FDA, 2023c). VSV is of special relevance for oncolytic immunovirotherapy due to its
high cytotoxicity, tumor-specific cell destruction, rapid replication kinetics, low viral
pathogenicity, but also its immunostimulatory effects (Bishnoi et al., 2018, Zhang and
Nagalo, 2022). One promising rVSV-based vector harbors the surface protein of
Newcastle disease virus (NDV) (rVSV-NDV) instead of the neurotoxic VSV G to
increase safety and confer fusogenicity. The latter is required that rVSV-NDV forms
syncytia and kills tumor cells through fusion that leads to intratumoral spread and
induction of antitumor immune responses (Krabbe and Altomonte, 2018). In animal
models, rVSV-NDV showed efficacy in cancer therapy (Abdullahi et al., 2018, Krabbe
et al.,, 2021). In our research group at the MPI, a production process in batch and
perfusion mode was developed for rVSV-NDV (Gobel et al., 2023, Gobel et al., 2022).

2.3. Defective interfering particles for IAV

Henle and Henle were the first to demonstrate that inactive viruses can interfere with
the influenza virus propagation (Henle and Henle, 1943). In the end of 1940s, Preben
von Magnus reported the occurrence of “incomplete forms” of influenza virus (Gard
and von Magnus, 1947). These incomplete forms arose during serial passaging of IAV
in embryonated chicken eggs, as indicated by a reducing ratio of infectious to total
virus titer over passages (von Magnus, 1951). In 1970, Huang and Baltimore
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introduced the term “defective interfering particles” and detailed their properties
(Huang and Baltimore, 1970).

2.3.1. Structure and formation of DI vRNAs

DIPs are naturally occurring viral mutants that arise during virus infections. Most RNA
and DNA virus families are known to form DIPs (Marriott and Dimmock, 2010, Nayak
et al., 1985, Vignuzzi and Lopez, 2019, Yang et al., 2019). Structurally, DIPs are
missing an important part in their vVRNA genome and are, thus, unable to self-replicate.
In general, DI vVRNAs are formed due to an error-prone replication of the viral
polymerase (Alnaji and Brooke, 2020). Upon coinfection with infectious STVs, the
lacking genetic function is supplied and, thus, DIPs have the ability to replicate while
interfering with STV propagation.

For the different virus families, several types of DI vRNAs have been reported
including internal deletions, rearrangements, point- and hypermutations, frameshift,
copy-back and snap-back as reviewed elsewhere (Vignuzzi and Lopez, 2019). IAV
DIPs can harbor either DI vRNAs with an internal deletion (Alnaji et al., 2019, Davis et
al., 1980, Nayak et al., 1982, Saira et al., 2013) or hypermutations (Kupke et al., 2019)
in at least one of their eight vYRNA segments (Fig. 6). Hence, those forms are the focus
of the present work. Two models for the formation of DI vVRNAs containing an internal
deletion, referred to as cDIPs, have been proposed: i) looping out and ii) template
translocation (Alnaji and Brooke, 2020). For the looping out model, the two sites of the
deletion junction are engaged by the formation of a loop and RdRp is able to “roll over”
to the opposite part, generating a truncation. The template translocation model
describes that a RNA structure or basepair mismatch leads to a pausing of the strand
synthesis, which starts again at a downstream point (Alnaji and Brooke, 2020). IAV
cDIPs typically harbor deletion junctions on the longest vVRNA Seg 1-3 (Davis and
Nayak, 1979, Duhaut and Dimmock, 1998, Jennings et al., 1983, Nayak et al., 1985,
Saira et al., 2013), encoding for the polymerase subunits. A prominent, well-
characterized cDIP having an internal deletion in VRNA Seg 1 is “DI244”, which
exhibits high antiviral efficacy in vivo (Dimmock et al., 2012a, Dimmock et al., 2008,
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Easton et al.,, 2011, Hein et al.,, 2021a). For in-depth characterization of cDIP
population, NGS is a useful tool by detecting and quantifying distinct DI vVRNAs. For
IAV cDIPs, an lllumina-based sequencing framework was developed recently. This
allowed e.g. to identify the presence of hundreds of different DI vRNAs that arise
during an IAV infection (Alnaji et al., 2019).

The truncated genome might also exclude parts required for replication and
packaging. For IAV, a selective packaging of the eight different vVRNAs segments have
been suggested (Hutchinson et al., 2010, Noda and Kawaoka, 2010), which is
governed by the segment-specific packaging signal located at the terminal ends of the
respective VRNA. This packaging signal comprises the incorporation signal (NCR,
including promoter region) and the bundling signal (at the terminal ends of the coding
region) (Goto et al., 2013). Previous work showed that the NCR and parts of the coding
region (Davis et al., 1980, Duhaut and Dimmock, 1998, Jennings et al., 1983, Nayak
and Sivasubramanian, 1983, Saira et al., 2013) of naturally occurring DI vRNAs are
typically retained, providing a sufficient signal for packaging (Dimmock and Easton,
2014, Hutchinson et al., 2010).

In our research group (MPI), a novel type of IAV DIP, named “OP7”, was discovered
previously by single-cell analysis of adherent Madin-Darby canine kidney (MDCK)
cells infected with the influenza virus strain A/PR/8/34 (H1N1), referred to as PR8.
Instead of an internal deletion, OP7 has a hypermutated form of the vRNA of Seg 7
with 37 point mutations residing in the NCR (includes the promotor region), packaging
signal, and coding region of the genome (Fig. 6) (Kupke et al., 2019). In cell culture-
based experiments, the presence of OP7 was indicated by an over-proportional level
of mutated Seg 7 of OP7 (Seg 7-OP7) vRNA relative to other segments (Hein et al.,
2021c, Kupke et al., 2019). Moreover, co-infection experiments revealed a very high
suppression of infectious STV formation of samples containing OP7 (Hein et al.,
2021c, Kupke et al., 2019). Two nucleotide substitutions G3A/C8U were identified in
the promotor region of Seg 7 VRNA, which were previously described to increase
VRNA replication (Belicha-Villanueva et al., 2012, Vreede et al., 2008). The over-

proportional Seg 7-OP7 vRNA in comparison to the other segments indicates the
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partial absence of other vVRNA segments in OP7, likely explaining the lack of viral
replication.

packaging signal packaging signal
| —— |

STV VRNA 3 -
.conventional* DI vVRNA
(internal deletion) \/
OP7 vRNA - |||
(multiple point mutations)

promoter region segmen.t -speciﬁc, coding region
non-coding region

Figure 6: Genome structure of different types of DI vRNAs of IAV DIPs. STV particles carry eight vVRNA
segments at full-length. In contrast, cDIPs have at least one VRNA segment with a large internal deletion. OP7
VRNA of Seg 7 contains 37 point mutations affecting the promoter region, NCR and coding region. Figure taken
from (Hein, 2022), which is adapted from (Kupke et al., 2019).

5!

‘Frl

nucleotide
substitution

2.3.2. Interference mechanisms

DIPs interfere at different stages of the IAV life cycle. In co-infected cells, the
shortened DI VRNA of cDIPs is preferentially replicated compared to its full-length (FL)
analog (Genoyer and Lopez, 2019, Laske et al., 2016, Mendes and Russell, 2021,
Nayak et al., 1985). In the case of OP7, a hypothesized “superpromotor” leads to an
enhanced VRNA replication (Kupke et al., 2019). Moreover, a competition for cellular
and viral proteins (RdRps, NPs, structural proteins, glycoproteins) required for
encapsulation, replication, and formation of progeny virions is present (Genoyer and
Lopez, 2019, Laske et al., 2016, Marriott and Dimmock, 2010, Wu et al., 2022). Thus,
DIPs interfere with and hinder replication and spread of STV and thereby exert an
antiviral effect. Bdeir et al. investigated the antiviral activity of DIPs containing two DI
VRNAs and found no increase relative to a single DI vRNA (Bdeir et al., 2021). Other
work suggested that DI vRNAs also interfere at the packaging step by inhibiting the
packaging of the FL vVRNA of the same (Duhaut and McCauley, 1996, Odagiri and
Tashiro, 1997) or another genome segment (Ueda et al., 1980). However, recent
studies proposed a disadvantage of small DI vRNAs during packaging relative to the
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FL vRNA (Alnaji et al., 2021, Mendes and Russell, 2021). Furthermore, the expressed
truncated protein encoded in the DI vRNA of Seg 1 further add to the antiviral effect
(Ranum et al., 2024).

DIPs have also been reported to stimulate an antiviral innate (Dimmock and Easton,
2014, Frensing et al., 2014, Ho et al., 2016, Lin et al., 2022, Mendes and Russell,
2021, Rand et al., 2021, Strahle et al., 2006, Tapia et al., 2013) and adaptive immune
response (Mercado-Lépez et al., 2013) and support viral persistence (Manzoni and
Lépez, 2018, Roux and Waldvogel, 1981, Schmaljohn and Blair, 1977, Xu et al., 2017).
Moreover, DIPs play an important role in modulating pathogenesis in vivo (Rabinowitz
and Huprikar, 1979, Santak et al., 2015, Sun et al., 2015). Due to their ability to
suppress infectious STV replication and to induce an immune response, DIPs are
considered as a promising antiviral agent for prophylaxis and treatment of influenza
infections (Dimmock et al., 2012a, Dimmock et al., 2008, Hein et al., 2021a, Huo et
al., 2020, Wu et al., 2022, Yang et al., 2019, Zhao et al., 2018), but also of unrelated
virus infection (Easton et al., 2011, Rand et al., 2021, Scott et al., 2011).

2.3.3. DIPs for antiviral treatment

IAV infections can be treated prophylactically with vaccines or therapeutically with
antiviral agents. However, the composition of |IAV vaccines has to be reformulated
annually in response to antigenic drifts, which poses the risk of vaccine mismatches
(Vogel and Manicassamy, 2020). Moreover, presently available antiviral drugs have a
limited efficacy. An increasing concern is that IAV strains have developed resistances
to the neuraminidase inhibitors oseltamivir and zanamivir (Paules and Subbarao,
2017) or the viral endonuclease inhibitor baloxavir marboxil (O'Hanlon and Shaw,
2019). Therefore, the development of effective antiviral agents is of great urgency.

2.3.3.1. Homologous virus infections

IAV DIPs are regarded as safe and effective antiviral agents for treatment and
prophylaxis of the influenza disease due to their interference with 1AV replication.
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Remarkably, 1AV DIPs suppressed the replication of a wide range of IAV strains
(homologous virus infection), that included seasonal, pandemic and highly pathogenic
avian IAV (Dimmock et al., 2012b, Dimmock et al., 2008, Huo et al., 2020, Kupke et
al., 2019, Zhao et al., 2018). Moreover, no DIP-resistance mutations have been
identified so far and the chance of occurrence of an escape mutant is estimated to be
1045 (Dimmock and Easton, 2015). IAV DIP co-treatment protected mice (Dimmock
et al., 2008, Hein et al., 2021a, Hein et al., 2021c, Scott et al., 2011) and ferrets
(Dimmock et al., 2012a, Dimmock et al., 2012b) from disease or death. In addition,
Dl244 conferred a higher antiviral effect than oseltamivir in ferrets against a pandemic
IAV infection (Dimmock et al., 2012a). Moreover, the intranasal administration of
DI244 and OP7 was very well tolerated, as demonstrated by an absence of body
weight loss and a total survival of mice (Hein et al., 2021a, Hein et al., 2021c).
Furthermore, a dual-functional peptide, which delivers three DI plasmid DNAs but
simultaneously stops endosomal acidification (confers an additional antiviral effect by
inhibiting the export of vVRNP into the cytoplasm), demonstrated high prophylactic and
therapeutic protection in mice against avian and seasonal IAV infections. A higher
antiviral effect could be found for this dual-functional peptide relative to treatment with
zanamivir (Zhao et al., 2018) underlining again the great potential for IAV DIPs for

treatment and prophylaxis.

A therapeutic effect could also be observed when IAV DIPs were administered after
an |AV infection. More specifically, intranasal administration of DI244 one day after a
lethal 1AV challenge rescued mice from death, weight loss and even disease. The
antiviral efficacy declined when DI244 was administered two days after the challenge,
but still delayed disease (Dimmock et al., 2008). Dimmock et al. investigated the
duration of the prophylactic effect of IAV DIPs given prior to a lethal 1AV challenge,
which was found to be maintained for at least one week after administration. The DI
VRNA could even be detected for up to three weeks (Dimmock et al., 2008). This
indicated that a higher DI vRNA input might protect mice even longer than one week
until the DI vRNA is degraded to a subprotective dose (Dimmock and Easton, 2015).
The DIP/STV ratio determines the level of antiviral efficacy in vitro and in vivo. More
specifically, full protection was lost when the DIP/STV ratio was lowered to below
30,000:1 for DI244 (Dimmock and Easton, 2015, Hein et al., 2021c).
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Two mechanisms are involved in interference of DIPs with homologous viruses: i)
“replication interference” and ii) induction of an antiviral state. IAV DIPs derived from
H5N1 generated in mast cells showed protection in mice against highly pathogenic
H5N1 IAV strain and multiple other IAV strains by stimulation of an innate immune
response (type-ll IFN) (Huo et al., 2020). IAV DIP-enriched virus stocks elicited an
early type-l IFN response in mice lungs that controlled IAV infection resulting in
survival of all mice and reduced weight loss (Penn et al., 2022). However, IAV DIPs
also protected mice independently of type-l IFNs (Easton et al., 2011) and even of
type-lI and lll IFNs (Wang et al., 2023). This suggests that yet unrevealed pathways
may take part in the induction of IFN-stimulated genes (ISGs) independently of IFN
(Arora et al., 2021, Easton et al., 2011, Wang et al., 2020). It has previously been
shown that ISG expression can be stimulated without IFN signaling (Schmid et al.,
2010, Wang et al., 2010). Wang and colleagues were able to identify a unique host
signature in mice lacking type-l and -lll IFN signaling that were protected by IAV DIPs
in @ homologous IAV infection (Wang et al., 2023). Penn et al. have shown that the
fraction of DI vVRNAs in a H5N1 seed virus that elicit an antiviral response has a critical
impact on the outcome of pathogenesis in mice. More specifically, a HS5N1 seed virus
enriched with DIPs, reduced IAV replication by stimulating an early type-lI IFN
response and was nonpathogenic indicating the high antiviral effect of IAV DIPs. In
contrast, a DIP depleted H5N1 seed virus, resulted in high DIP and STV accumulation,
leading to increased production of proinflammatory cytokines and severe disease
(Penn et al., 2022).

DIPs of other virus families have also been suggested and generated for antiviral
treatment, as an antiviral activity against homologous virus infections was found in
vitro and in vivo including Nipah virus (Welch et al., 2020), ZIKV (Rezelj et al., 2021),
DENV (Lietal., 2021), chikungunya virus (Levi et al., 2021), SARS-CoV-2 (Chaturvedi
etal., 2021, Girgis et al., 2022, Yao et al., 2021), human immunodeficiency virus (HIV)
(Tanner et al.,, 2019), RSV (Sun et al., 2015), poliovirus (Xiao et al., 2021), Ebola virus
(Smither et al., 2020), and canine distemper virus (Tilston-Lunel et al., 2021).
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2.3.3.2. Unrelated virus infections

IAV DIPs confer not only an antiviral effect against the replication of IAV, but also
against unrelated viruses such as SARS-CoV-2 (Rand et al., 2021), influenza B virus
(IBV) (Scott et al., 2011), and pneumonia virus of mice (PVM) (Scott et al., 2011) by
inducing an antiviral innate immunity. Thus, DIPs are considered as a potent
countermeasure with broad-spectrum antiviral activity against various IFN-sensitive
viruses. After DIP entry into host cells, pattern recognition receptors (PRR), e.g. the
retinoic acid-inducible gene-l-like receptor (RIG-l), senses pathogen-associated
molecular patterns (PAMPs) including the FL and DI vRNA (Baum and Garcia-Sastre,
2011, Rehwinkel et al., 2010). This initiate signaling cascades leading to the
production of IFNs and the expression of antiviral ISGs. Ultimately, the cell is brought

into an antiviral state to inhibit the viral replication.

Broad-spectrum antiviral activity was also reported for DENV DIPs against SARS-
CoV-2, RSV, YFV, and ZIKV (Lin et al., 2022) and different DENV subtypes (Li et al.,
2021, Lin et al., 2022). In addition, poliovirus DIPs conferred protection by innate
immunity activation against SARS-CoV-2, IAV and Coxsackivirus B3 (Xiao et al.,
2021). The prophylactic protection against unrelated virus infections lasts shorter than
against a homologous virus infection (more than one week) (Dimmock and Easton,
2014). A decrease in the prophylactic effect against unrelated PVM was observed
when DIPs were administered three or more days before virus challenge (Easton et
al., 2011). This indicates that rather the replication interference than the induction of
an antiviral state is the crucial player in the antiviral effect of IAV DIPs (Dimmock and
Easton, 2014).

Different works suggest that the mechanisms of action of IAV DIP-induced protection
against unrelated and homologous virus infections (already discussed) are different
(Easton et al., 2011, Wang et al., 2023). Only the protection against unrelated viruses
is dependent on IFN. For instance, protection against IBV infection was decreased in
type-lI IFN receptor knock-out mice (Scott et al., 2011). Moreover, intranasal
administration of D1244 protected wild-type (WT) mice against a lethal PVM challenge,
while only 17% of type-I IFN deficient mice survived this infection. As symptoms set in
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four days later in these knock-out mice, Easton and colleagues suggested that other
factors than IFN might be involved to confer an antiviral activity (Easton et al., 2011).

Because of their ability to confer an antiviral effect by replication interference
(homologous virus infections) and stimulation of innate immunity (homologous and
unrelated virus infection), IAV DIPs are being considered for protection against
respiratory virus infections (e.g. IAV, IBV, RSV, and SARS-CoV-2) in humans. |IAV
DIPs could be administered as nasal spray to combat those infections at the first
infection site, i.e. in the nose and throat, and reduce symptoms and virus transmission.
During a pandemic, IAV DIPs could be a very fast countermeasure to protect the
population, when no vaccines have yet been approved and other antiviral drugs are
ineffective. This applies in particular to the protection of elderly and
immunocompromised individuals and persons-at risk (e.g. hospital staff).

2.4. Innate immune response

Virus infections trigger an antiviral innate immune response, an early defense barrier
of the cells (Fig. 7). For this, the viral constituents are sensed, which stimulates
signaling pathways leading to expression of IFNs. Activation of IFN pathways lead to
the development of an antiviral state in the infected and neighboring cells. More
specifically, IFNs trigger the expression of antiviral ISGs and programmed cell death
to restrict viral replication (Malik and Zhou, 2020). However, 1AV, RSV, YFV, and ZIKV
provide different functions for evasion of innate immune responses in order to

replicate.
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Figure 7: IAV infection stimulates an antiviral innate immune response of cells. Upon viral entry, vVRNA is
sensed by PRRs, which leads to the activation of IRF3, IRF7 and NF-kB and, subsequently, the expression of type-
I and -lll IFNs. IFNs bind to their respective IFN receptor (IFNR), resulting in the activation of JAK1 and TYK2.
STAT1 and STAT2 are recruited, phosphorylated and form the ISGF3 complex together with IRF9. Ultimately,
ISGF3 translocates to the nucleus, binds to ISRE, and induces the expression of ISGs, which confers an antiviral
activity against IAV. Figure taken from (Chen et al., 2018b).

24.1. Recognition of IAV

AV infections are recognized by the cell, which initiates an innate immune response
(Fig. 7). PAMPs are conserved, small molecule motifs from the virus and enable
recognition by host PRRs. Typical PRRs involved in sensing IAV infections are RIG-I-
like receptors (RLR), toll-like receptors (TLR) and cyclic GMP-AMP synthase (cGas).
PRRs are activated by binding to PAMPs of IAV and initiate programmed cell death,
production of type-I IFNs and proinflammatory cytokines (Lee and Ryu, 2021).

The three distinct RLRs include RIG-I, melanoma differentiation-associated protein 5
(MDAS), and laboratory of genetics and physiology 2 (LGP2), which all contain a
DExD/H box helicase domain (Yoneyama et al., 2005, Yoneyama et al., 2004) and are

24



Theoretical background - Innate immune response

localized in the cytoplasm. RIG-I is activated by short double-stranded RNA (dsRNA)
with a 5°triphosphorylated RNA panhandle structure (Liu et al., 2015, Weber et al.,
2013) and MDAS by longer dsRNA. RIG-I does not only reside in the cytoplasm, but
was recently also found in the nucleus (Liu et al., 2018). Shorter vRNAs, such as DI
VRNAs, are thought to be preferentially recognized by RIG-I (Baum et al., 2010,
Rehwinkel et al., 2010). On the contrary, a recent study showed that IFN production
was not dependent on DI vRNA length (Mendes and Russell, 2021). This finding was
rather explained that occurring deletions generate perturbations in the RNA secondary
structure, which are effective RIG-I ligands, as seen for Sendai virus (Xu et al., 2015).
RIG-I and MDAS interact with MAVS, which leads to the activation of the transcription
factors interferon regulatory factor (IRF) 3, IRF7, and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). Finally, this leads to the expression of IFNs and
proinflammatory cytokines (e.g. interleukin-6 (IL-6)) (Honda et al., 2006, Malik and
Zhou, 2020).

TLRs include e.g. TLR3 (senses dsRNA), TLR7 (single-stranded (ssRNA)), and TLR8
(ssRNA) and are localized in the endosome and/or on the cell surface (Malik and Zhou,
2020). TLRs recruit an adaptor protein for signal transduction, which is myeloid
differentiation primary response protein 88 (MyD88) for all TLRs except TLR3, which
recruits Toll/interleukin-1 receptor domain-containing adapter inducing IFN-B (TRIF)
(Matsumoto and Seya, 2008). Signaling results in the expression of IFNs and
proinflammatory cytokines (Malik and Zhou, 2020). Activated RIG-l and TLR3 trigger
an early type-I IFN response in epithelial cells as first line of defense (Wu et al., 2015).

242, Interferon response

IFNs are cytokines and part of the innate immune response of the cells (Fig. 7).
Interference of IFNs with viral replication was originally identified by Alick Isaacs and
Jean Lindenmann in 1957 (Isaacs and Lindenmann, 1957). IFNs are classified into
three different types: Type-l (13 different a- and one p-isotype, several other
subtypes), type-ll (y), and type-lll (four A-subtypes). All cells with a nucleus can
produce type-l IFNs, but large amounts are produced by plasmacytoid dendritic cells
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(pDCs) (Fitzgerald-Bocarsly and Feng, 2007). In studies of this PhD thesis, A549 cells
(human lung epithelial cells, used for co-infection studies) and MDCK cells (co-
infection studies and production of IAV DIPs) were used, which are both able to
produce IFNs (Seitz et al., 2010, Wu et al., 2015). On the other hand, Vero cells
(African green monkey kidney epithelial cells, used for co-infection studies) are
deficient in producing IFNs (Emeny and Morgan, 1979, Vester et al., 2010) due to a
deletion in chromosome 12 that code for multiple type-I IFN genes (Osada et al.,
2014). Vero cells are, therefore, typically used as IFN-negative cell line for infection
experiments. Type-l IFN response is regulated via a positive feedback loop that is
directed by an interplay of IFN induction and signaling (Leviyang and Griva, 2018,
Michalska et al., 2018). IFN-a and -3 are the key IFNs in control of viral replication by
innate immunity and in stimulating adaptive immunity (Garcia-Sastre, 2011, Le Bon
and Tough, 2002).

Secreted IFNs bind to receptors in an autocrine (same cell) and paracrine (neighboring
cell) manner (Michael Lavigne et al., 2021). Signaling of type-l IFNs occurs through
the IFN-a/p receptor, which is present on a wide variety of human cells (de Weerd and
Nguyen, 2012). IFN-y is only secreted by immune cells (mainly by T cells and natural
killer cells (Schoenborn and Wilson, 2007)), mediate adaptive immune responses and
binds to the IFN-y receptor (Green et al., 2017). IFN-A is predominantly secreted by
epithelial cells, but also by macrophages, monocytes and pDCs (Kotenko et al., 2019)
and signals through the heterodimeric receptor complex, consisting of IFN-A
receptor 1 (IFN-AR1) and interleukin-10 receptor 2 (IL-10R2). Type-lll IFNs share
signaling pathways and transcriptional responses with type-l IFNs (Lazear et al.,
2019), but in comparison they reduce immunopathology while exerting antiviral activity
primarily on mucosal surfaces (Broggi et al., 2020).

Viruses can attenuate type-l IFN responses to facilitate replication and transmission
(Garcia-Sastre, 2011). For IAV, NS1 (IAV) plays a key role in inhibiting IFN production
(Hale et al., 2010, Quinlivan et al., 2005, Sol6rzano et al., 2005). RSV infections do
not induce a robust type-l IFNs response as non-structural protein 1 of RSV (NS1
(RSV)), non-structural protein 2 (NS2) and G impair IFN expression (Barik, 2013, Lo
et al., 2005, Moore et al., 2008, Spann et al., 2004). For flaviviruses, the non-structural
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protein 5 (NS5) has been reported to be an antagonist of type-I IFN response (Grant
et al., 2016).

Treatment with recombinant type-I IFN provided antiviral activity against IAV (Kugel et
al., 2009, Szretter et al., 2009), RSV (Dai et al., 1987, He et al., 2020, Sung et al.,
1993), and flavivirus infections (Caine et al., 2019, Julander et al., 2007, Pires de Mello
et al., 2018). In humans, pegylated IFN-a-2a has been approved to treat chronic
hepatitis B (without ribavirin) and C (in combination with ribavirin) (EMA, 2023, FDA,
2023d). In type-Il IFN deficient mice, the infection with avian IAV of the subtype H5N1
resulted in enhanced virulence and virus spread (Szretter et al., 2009) indicating the
significant role of type-l IFNs against e.g. IAV infections. Nevertheless, recombinant
type-l IFN therapies are expensive (Nguyen et al., 2019), have potential adverse
effects in a dose-dependent manner including flu like symptoms, fatigue, depression,
neutropenia and anemia (Borden and Parkinson, 1998, Hauschild et al., 2008,
Kirkwood et al., 2002), and limitations in stability and availability (Julander et al., 2011).

2.4.3. JAK/STAT signaling pathway

An IFN response results in the activation of the Janus kinase/signal transducers and
activators of transcription (JAK/STAT) signaling pathway, which is a key cascade for
signal transduction from the cell membrane to the nucleus and regulates the
expression of genes (Fig. 7). This signaling pathway mediates important cellular
processes such as hematopoiesis, immune fitness, inflammation, tissue repair,
adipogenesis, and apoptosis (Owen et al., 2019). Most of the involved molecular

components were identified in the 1990s (Hu et al., 2021).

Expressed type-l and -lll IFNs bind to their respective receptors on the plasma
membrane. This binding leads to the activation of Janus kinase 1 (JAK1) and tyrosine
kinase 2 (TYK2). Upon phosphorylation of tyrosine residues of the receptor, signal
transducer and activator of transcription 1 (STAT1) and signal transducer and activator
of transcription 2 (STATZ2) are recruited, phosphorylated and form a heterodimer. This
leads to the recruitment of IRF9 and the formation of the IFN-stimulated gene factor 3
(ISGF3) complex (contains STAT1, STAT2 and IRF9). ISGF-3 translocates to the
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nucleus, binds to IFN-stimulated response elements (ISRE), and stimulates the
expression of ISGs (Hu et al., 2021, Platanias, 2005, Stanifer et al., 2019).

Ruxolitinib is a pyrazole and a potent JAK1 and Janus kinase 2 (JAK2) inhibitor, which
downregulates the JAK/STAT signaling pathway. Research use of ruxolitinib allowed
to demonstrate that IAV DIPs confer antiviral activity against the replication of
unrelated viruses such as SARS-CoV-2, which depends on signaling through the
JAK/STAT pathway (Rand et al., 2021).

244, Interferon-stimulated genes

About 450 different ISGs are expressed upon stimulation by IFNs. ISGs have a broad
range of pathogen control activities such as sensing of pathogens (PRRs and IRFs),
IFN desensitization and antiviral effectors functions (Schneider et al., 2014). ISGs as
virus restriction factors exert an antiviral effect by targeting different stages of the viral
life cycle including suppression of viral entry, translation, replication, and egress
(Schneider et al., 2014, Schoggins, 2019).

2441, Mx

ISGs include e.g. Mx genes, which are present in almost all vertebrate species and
encode for family members of dynamin-like large GTPases. Induced by type-l and -lli
IFNs, Mx proteins provide resistance mainly against RNA viruses (Haller et al., 2007,
Verhelst et al., 2013). Multiple studies show that human and murine Mx proteins are
the key resistance factors against IAV infections independent of other IFN-induced
factors (Haller et al., 1979, Haller et al., 1980, Haller et al., 2010, Hefti et al., 1999,
Staeheli et al., 1986). Murine Mx1 protein is localized in the nucleus and is a potent
resistance factor against IAV infections by interference with the assembly of the RNP
complex (Verhelst et al., 2012). In contrast, the cytosolic murine Mx2 protein does not
suppress IAV replication, but that of VSV (Zircher et al., 1992). The human MxA
protein is a homologue of murine Mx1 (Horisberger et al., 1990, Thimme et al., 1995).

MxA is expressed in the cytoplasm and inhibits IAV infections by binding to NP and

28



Theoretical background - Innate immune response

preventing the viral transport into the nucleus (Pavlovic et al., 1992, Xiao et al., 2013).
Moreover, human MxB has a cytoplasmic and nuclear form, but shows no antiviral
effect against IAV but against human immunodeficiency virus type 1 (HIV-1) (Goujon
etal., 2013). MDCK cells are typically used for high-titer production of IAV and encode
for canine Mx1 and Mx2, which do not inhibit IAV propagation.

2442, IFITM

IFITM genes encode for small transmembrane proteins and are mainly induced by
type-I IFNs. As strong viral restriction factors, IFITM proteins suppress the infection of
IAV, RSV, DENV, SARS-CoV-2, and filoviruses, among others (Huang et al., 2011,
Zhang et al., 2015). Three human IFITM family members exert an antiviral effect with
IFITM1, IFITM2, and IFITM3. IFITM1 is exposed on the cellular surface and contains
a conserved intracellular loop domain, which is crucial for viral restriction (Smith et al.,
2019). IFITM2 and IFITM3 are localized to endosomes and lysosomes (Mudhasani et
al., 2013, Weston et al., 2014). The inhibition of infection occurs by targeting viral entry
and replication (Zhang et al., 2015). In IFITM1-deficient mice, RSV infection led to a

more severe outcome (Smith et al., 2019).

2.4.43. RSAD2 protein

The radical S-adenosylmethionine domain containing 2 (RSAD2) gene is also known
as virus inhibitory protein, ER-associated, IFN-inducible (viperin). The induction of this
ISG can occur by all three types of IFN (I, Il, and Ill) or IFN-independent (Seo et al.,
2011). RSAD2 proteins are present in the ER or in lipid droplets (Hinson and
Cresswell, 2009). A broad-spectrum antiviral activity of RSAD2 protein was found
against 1AV, ZIKV, JEV, West Nile virus, HIV-1, hepatitis C virus, human
cytomegalovirus, and herpes simplex virus 1, among others, and were, therefore,
proposed as antiviral medication. The catalytic activity of RSAD2 modulates cellular
metabolic pathways, which are necessary for the viral life cycle, (Honarmand

Ebrahimi, 2018) leading to a restriction of viral replication processes. For instance,
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interference with lipid raft metabolism was observed during IAV infection resulting in
an inhibition of IAV release (Wang et al., 2007).

2.5. Viral vaccines

Viruses are used as vaccines, vectors in gene therapy, for cancer treatment (Bin Umair
et al., 2022), or antiviral treatment (DIPs). In 1796, Edward Jenner observed that
infection with a cowpox virus protected a human from a deadly smallpox infection
(Stewart and Devlin, 2006). Finally, the vaccination resulted in the eradication of
smallpox, declared by the WHO in 1980, and was the basis for the development of an
increasing number of safe and effective viral vaccines. Vaccines are developed to
stimulate a durable and effective humoral and cellular response of the adaptive
immune system to protect against virus infections and control the spread of the virus
(Feng et al., 2021, Primorac et al., 2022). Several technology platforms including virus
or non-virus systems are used for production of about 966 vaccine candidates in the
R&D pipeline including recombinant proteins (22%), nucleic acids (18%), inactivated
viruses (14%), viral vectors (14%), conjugates (components of virus/bacteria, 11%),
live attenuated viruses (9%), virus-like particles (4%), and toxoids (3%) (Yue et al.,
2023).

2.5.1. Influenza vaccines

Due to the high mutation rate of IAV, changes in the HA and NA can occur, which is
referred to as antigenic drift. This leads to emergence of new |AV variants, which
escape the recognition by neutralizing antibodies (Han and Marasco, 2011).
Therefore, continuous global influenza surveillance and annual reformulation of
influenza vaccines to match circulating strains is required. This became clear when
the first licensed influenza vaccine in the United States in 1945 proved to be ineffective
against circulating strains during the 1947 influenza epidemic due to intrasubtypic
antigenic variations (Kilbourne et al., 2002). Annual reformulation is a difficult and
lengthy process and poses the risk of vaccine mismatch (Chen et al., 2021, Weir and
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Gruber, 2016). Therefore, there are strong research efforts to develop an universal
influenza vaccine that confer robust cross-protective immunity, and several clinical
trials are currently underway (Wang et al., 2022). Typically, an annual influenza
vaccine is composed of two influenza A strains (H1N1, H3N2) and one (trivalent) to
two (quadrivalent) influenza B strains, with a different composition for the Northern
and Southern hemisphere. Despite its moderate vaccine effectiveness, influenza
vaccination is the most effective means of preventing influenza disease (Javanian et
al., 2021). Currently used antiviral drugs for treatment target the viral neuraminidase
(oseltamivir, zanamivir, peramivir) or the viral endonuclease (baloxavir), but increasing

drug resistance occur reducing the drug efficacy (Lampejo, 2020, Sarker et al., 2022).

Most influenza vaccines are inactivated whole (treated with formaldehyde or B-
propiolactone), subunit (treated with detergents) or split (treated with ethyl ether or
sodium dodecyl) vaccines made from whole virus particles (Doroshenko and Halperin,
2009). Administration of inactivated influenza vaccines is typically intramuscular.
Today, inactivated influenza vaccines account for 89.6% of total production capacity
of seasonal influenza vaccines, while two further types with live attenuated influenza
vaccines (LAIVs) (5.0%) and recombinant vaccines (5.4%) are on the market (Sparrow
et al, 2021). The cold-adapted LAIV FluMist® replicate efficiently at lower
temperatures of 25°C, but its replication is greatly reduced in the respiratory tract
leading to no influenza-like illness (FDA, 2023b, Zhou et al., 2016). This vaccine is
administered as nasal spray and additionally triggers mucosal and cell-mediated
immunity leading to a broader protection against different influenza virus variants
(Belshe et al., 2000, Mendelman et al., 2004, Subbarao, 2021). The recombinant
influenza vaccine (Flublok® is produced in insect cells using the baculovirus
expression vector system and administered intramuscularly (Cox and Hollister, 2009).
Influenza vaccines based on the mRNA technology are an additional option and a
clinical study for a universal vaccine is currently conducted (FDA, 2023a).
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2.6. Production of influenza vaccines

Since the 1940s, the traditional production process involves embryonated chicken
eggs, but cell culture-based or recombinant influenza vaccines produced in insect cells
were also established. Embryonated chicken eggs are still heavily used for production
of seasonal influenza vaccines (84.5%) relative to virus grown in cell culture (15.5%)
(Sparrow et al., 2021).

2.6.1. Egg-based production

The production in embryonated chicken eggs is a standardized and low cost procedure
and egg-based vaccines have a long proven history of safety (Hegde, 2015). The seed
virus used for egg-based production can be isolated from clinical samples and
passaged in eggs. However, reassorting is necessary when the virus cannot be grown
to high titers. In this process, the new influenza strain is recombined in a co-infection
scenario or by using reverse genetics with a well growing laboratory adapted virus
(PR8) (Fulvini et al., 2011). Subsequently, the virus variants with the donor antigens
(HA and NA) are selected with antibodies. This results in a seed virus that yields high
titers during production and harbors the antigenic determinants of the donor strain
(Fulvini et al., 2011, Rajaram et al., 2020, Robertson et al., 1992). There are numerous
disadvantages of the labor-intensive egg-based production compared to cell culture.
One to two eggs are needed to manufacture one influenza vaccine dose (Manini et
al., 2017), which means that need for eggs is very high. Moreover, sterility is a
challenge for this way of influenza vaccine production using more than 100 million
embryonated chicken eggs (Rajaram et al., 2020). Moreover, eggs harbor avian
receptors (02,3-linked sialic acid), but human influenza vaccines bind preferentially to
a different receptor (02,6-linked sialic acid) present on mammalian cells (Rajaram et
al., 2020). Therefore, a process called egg adaptation is required for preferential
binding to the avian receptor and, thus, ensuring growth in eggs. The gained egg-
adaptive mutations can alter antigenicity of HA (Liang et al., 2022), which might reduce
the vaccine effectiveness (Kodihalli et al., 1995, Rajaram et al., 2020, Zost et al.,
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2017). Cell culture-based influenza vaccines do not require egg adaptation and might
be more effective than egg-based vaccines (Rajaram et al., 2020).

2.6.2. Cell culture-based production

Commercial cell culture-based influenza vaccine manufacturing uses MDCK cells
growing in suspension culture (Flucelvax® (Seqirus, 2023)). In addition, several other
suspension cell lines such as the human cell lines PER.C6 (Pau et al., 2001), CAP
(Genzel et al., 2013), and human embryonic kidney cell line HEK293-SF (Petiot et al.,
2011), the avian cell lines AGE1.CR and AGE1.CR.pIX (Lohr et al., 2009), the duck
embryonic stem cell line EB66 (Naruse et al., 2015), and the porcine kidney cell line
PBG.PK2.1 (Granicher et al., 2019) were described for high titer production of IAV. So
far, all could not reach the maximum cell-specific virus yields (CSVYs) exceeding
12,000 (virions/cell) for MDCK cells reported in research use (Bissinger et al., 2019).
For live attenuated influenza vaccine production, adherent MDCK and Vero cells have
been reported to be high producers (George et al., 2010, Ghendon et al., 2005, Liu et
al., 2009). Relative to egg-based virus growth, cell culture-based production offers i)
improved process control, ii) low sterility risks, iii) more flexibility in scaling up by using
suspension cells, iv) shorter production and supply times, v) moderately more effective

vaccines, and vi) no risk regarding loss of eggs during bird flu outbreaks.

First developed (large-scale) influenza vaccine production processes in bioreactors
involved the use of adherent cells growing on microcarriers (Genzel et al., 2006,
Kistner et al., 1998). Baxter Vaccines established a cell culture-based manufacturing
process for human influenza vaccines with adherent Vero cells in 1998. In 2001, a first
influenza vaccine (Influvac®TC) manufactured in adherent MDCK cells (American-
Type Culture Collection (ATCC), CCL-34) was licensed for Solvay Biologicals in the
Netherlands, but never brought to market (Doroshenko and Halperin, 2009). Vaccines
produced in Vero cells were licensed for EU in 2009 (Celvapan®) and 2010 (Preflucel®)
for Baxter, but were dropped in 2012 at the latest due to the risk of negative side
effects (Pérez Rubio and Eiros, 2018).
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Cultivations with adherent cells pose limitations in scale-up, which is limited by the
surface area rather than on volume as for suspension cells. Moreover, handling
adherent cells is more labor intense as e.g. cell detachment is required. Therefore,
production in suspension cells is preferred over adherent cells due to a better process
control and the possibility of intensified virus production in perfusion mode (see 2.8).
Therefore, the adherent MDCK cell line CCL-34 was adapted to grow in suspension
culture (MDCK 33016) in 1997 (Groner and Vorlop, 1997) and used as cell substrate
for the production of Optaflu® by Novartis, which was approved 2007 (Doroshenko and
Halperin, 2009). Currently, this cell line is used for the production of quadrivalent
Flucelvax® Tetra (Europe) and Flucelvax® Quadrivalent (United States) licensed for
Seqirus (Lamb, 2019). MDCK cell lines for scientific use are either derived from ATCC
or European Collection of Authenticated Cell Cultures (ECACC). Initial suspension
growth adapted MDCK cell lines grown in the chemically defined medium Smif8
showed only moderate cell growth with doubling times of 26 h, maximum VCC
(VCCmax) of 4-8x108cells/mL and maximum total virus vyields of
3.3 log10(HAU/100 pL). Moreover, cell aggregation was observed (Bissinger, 2020).
Adaptation to an optimized chemically defined medium (Xeno™, Shanghai BioEngine
Sci-Tech) resulted in suspension MDCK cell lines (MDCK(sus) derived from ECACC,
and MDCK(sus).A derived from ATCC) growing as single cells with doubling times of
21-22 h, VCCmax of 8-12 x 10% cells/mL and maximum total virus yields of
3.6 log10(HAU/100 pL) in batch mode in shake flasks (Bissinger, 2020). Further
process intensification by operation of STR in perfusion mode enabled cell growth up
to 50 x 10° cells/mL and a maximum HA titer of 4.4 logio(HAU/100 uL) (Wu et al.,
2021). Recent efforts focused on the establishment of a monoclonal MDCK
suspension culture using an automated single-cell cloning approach (Zinnecker et al.,
2024). Moreover, MDCK cells were engineered to enhance the isolation rates and
propagation of human influenza viruses (Matrosovich et al., 2003, Oh et al., 2008,
Takada et al., 2019). For instance, MDCK-SIAT1 cells overexpress the human a-2,6-
sialtransferase (SIAT1), which results in higher levels of a-2,6-linked sialic acid
receptors (Byrd-Leotis et al., 2022, Matrosovich et al., 2003), which are present on

mammalian cells.

34



Theoretical background - Production of defective interfering particles

The upstream process for suspension cell culture-based production of influenza
vaccines consists of two phases. First, the production bioreactor is inoculated with
cells, which were previously expanded during the seed train. Cells are, then,
exponentially grown to a certain VCC, typically between 1-4 x 108 cells/mL, at
predefined optimal cultivation conditions (e.g. temperature, pH, aeration). Addition of
fresh medium to the production bioreactor can help to supplement cells with limiting
substrates (e.g. glucose, glutamine) and dilute toxic byproducts such as ammonium
and lactate inhibiting cell growth and virus production (Schneider et al., 1996).
Furthermore, a temperature decrease from 37°C to 32-33°C prior to infection was
reported to be beneficial for IAV propagation (Hein et al., 2021b, Wu et al., 2021).
Subsequently, cells are infected with influenza virus at low multiplicity of infection
(MOI) to minimize the volume of seed virus material required. For virus propagation,
trypsin addition is required to facilitate the activation of influenza viruses by proteolytic
cleavage of HA (Seitz et al., 2012). After virus harvest at optimal time point, virus broth
is clarified by e.g. centrifugation and depth/micro filtration, DNA is digested, infectious
viruses are chemically inactivated, the virus is disrupted in the case of subunit or split
influenza vaccines, the material is purified and the vaccine is formulated (Milian and
Kamen, 2015).

2.7. Production of defective interfering particles

2.71. Influenza A virus

DIPs are deficient in replication and can only replicate in co-infection with infectious
STVs by complementation of the missing gene function. At low MOI, only a low number
of co-infection events occur, preventing the propagation of DIPs, while STVs can grow
unhindered leading to high STV concentrations. High MOI scenarios increases the
chance for co-infection, which favors a fast accumulation of DIPs (Frensing, 2015).
Concurrently, as DIPs possess a replication advantage relative to STVs (Laske et al.,
2016, Marriott and Dimmock, 2010, Nayak et al., 1985), STV propagation is inhibited,
which leads to a reduction of infectious virus titers. Serial passaging of 1AV led to

35



Theoretical background - Production of defective interfering particles

periodic oscillations in infectious and total virus titers over time, confirming the “von
Magnus effect”, with infectious virus titers dropping first (Bangham and Kirkwood,
1990, Kirkwood and Bangham, 1994).

Historically, multiple serial passages of IAV STVs at high MOl were conducted to
generate and accumulate IAV DIPs in embryonated chicken eggs (Dimmock et al.,
1986). Time points with a low ratio of infectious to total virus titer indicated the
presence of a high fraction of DIPs within the virus population. Moreover, UV
irradiation of the DIP material was needed to inactivate the infectious STVs prior to
testing in mice (Dimmock et al., 1986). However, the serial passaging approach led to
undefined DIP harvests due to the occurrence of a large variety of different DI vRNAs
(Davis and Nayak, 1979, Duhaut and Dimmock, 1998, Jennings et al., 1983).
Therefore, it was not possible to study the antiviral effect of one single DI vRNA in vitro

or in vivo.

The generation of well-defined IAV DIP seeds by using reverse genetics, originally
developed for IAV STV (Hoffmann et al., 2000, Neumann et al., 2000), circumvented
this problem (Duhaut and Dimmock, 2003, Fodor et al., 1999). To generate IAV DIPs,
Vero cells were transfected with a plasmid encoding for the DI vRNA and 17 plasmids
for the STV (A/WSN, H1N1) needed for DIP propagation. An additional passage in
embryonated chicken eggs after rescue was performed to boost DIP production
(Duhaut and Dimmock, 2003). In the following years, a transfection system for 1AV
DIPs derived from PR8, was established (Dimmock et al., 2008, Subbarao et al.,
2003), a virus backbone also used for high-titer viral vaccine production (Harvey et al.,
2010). This transfection system included plasmids encoding for the eight genomic
segments, expression plasmids for PB2, PB1, PA, and NP, one additional plasmid for
the defective interfering (DI) genome, the use of human embryonic kidney cells,
containing the SV40 large T antigen (HEK-293T) for transfection, and adherent MDCK
cells to increase virus titers. Again, supernatant was passaged two times in
embryonated chicken eggs still resulting in a large variety of different DI vRNAs
(Dimmock et al., 2008, Wasik et al., 2018). To improve process control, scalability,
sterility, and flexibility, our research group at the MPI developed a cell culture-based
production process for DI244 in the presence of STVs in batch mode using suspension
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AGE1.CR.pIX cells. The use of a seed virus depleted in DI vRNAs, which was
generated by several low MOI passages, reduced the variability of DI vRNAs present
in the DIP harvest (Wasik et al., 2018). Moreover, production of DI244 in continuous
mode (two-stage bioreactor system) was demonstrated (Tapia et al., 2019).
Nevertheless, the presence of infectious STVs would raise safety and concerns for
the regulatory authorities, and the required UV inactivation reduced interfering efficacy
of produced DIP materials (Hein et al., 2021c).

Therefore, a genetically engineered cell-based production system for generation of
purely clonal cDIPs, harboring a deletion in VRNA of Seg 1 (e.g. DI244), without
addition of STVs was developed (Bdeir et al., 2019, Hein et al., 2021a). For this,
adherent HEK-293T and MDCK cells were transduced by a retrovirus for stable
expression of the missing PB2 (deleted in corresponding cDIPs) to complement for
the defect in viral replication (Bdeir et al., 2019, Yamagata et al., 2019). Upon
transfection of HEK-293T-PB2(adh) and MDCK-PB2(adh) with one plasmid encoding
for the DI vRNA and seven plasmids encoding for the remaining full-length vVRNAs
(eight-plasmid reverse genetics system (Bdeir et al., 2019, Hoffmann et al., 2000)),
purely clonal DI244 was generated (Bdeir et al., 2019). To enhance DIP production
and scalability, suspension MDCK cells growing in Xeno™ stably expressing PB2
were generated, in the following referred to as MDCK-PB2(sus) (Hein et al., 2021a).
Production and interfering efficacy of DI244 in MDCK-PB2(sus) in shake flasks was
strongly dependent on the multiplicity of DIP (MODIP). The optimized DI244
production process in batch mode was transferred to a STR and a steric exclusion-
based chromatographic purification train was developed with a product yield of 92%
(Hein et al., 2021a). Subsequent process intensification in perfusion mode with
perfusion rate control enabled very high-titer production of DI244 at more than
20 x 108 cells/mL (Hein et al., 2021b). Importantly, the process yielded in reproducible
product quality as no apparent contamination with DI vVRNAs other than DI244 in all
eight segments was achieved. Furthermore, innocuity assays demonstrated the
absence of infectious STVs after two passages of purely clonal DI244 in adherent
MDCK cells (Hein et al., 2021a). The production strategy to produce Seg 1 cDIPs in
the absence of infectious STVs has been adopted by other research groups for IAV
DIPs (Alnaji et al., 2021, Wang et al., 2020, Wang et al., 2023).
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For OP7, no production system free of infectious STVs was available so far. Cell
culture-based production of OP7 in MDCK(sus) cells in shake flasks still relied on co-
infection with STVs and subsequent UV inactivation (Hein et al., 2021c). As OP7 seed
virus (PR8), a single-cell virus isolate was used (Kupke et al., 2019). Moreover, OP7
production yields and interfering efficacy again showed a dependency on MOI of
STVs. As OP7 suppressed viral replication, lower virus titers were achieved at higher
MOIs. On the contrary, lower MOls led to higher virus titers due to a decreased chance
for co-infection and, thus, reduced OP7 replication. Optimal OP7 production was
achieved at an intermediate MOI of 102 as the highest concentration of OP7 and

interfering efficacy of the material was obtained (Hein et al., 2021c).

2.7.2. Other viruses

Initially, DIPs were mainly studied to understand their formation and their role within
the virus population rather than to produce them for antiviral therapy in vivo (Vignuzzi
and Lopez, 2019). Typically, STVs were passaged at high MOI in cell culture to force
the generation and accumulation of DIPs as shown for RSV (Sun and Lopez, 2016),
VSV (Stauffer Thompson et al., 2009) and measles virus (Calain and Roux, 1988, Hall
et al., 1974). DIP separation/purification was often performed by gradient
centrifugation when DIPs have a lower density than the corresponding STVs (Hall et
al., 1974, Stauffer Thompson et al., 2009, Sun and Lopez, 2016). Yet, loss of RSV
infectivity was reported for ultracentrifugation in sucrose matrix (Gias et al., 2008,
Trépanier et al., 1981). Further developed molecular and genetic tools made it
possible to produce first clonal DI genomes and DIPs including Sendai virus (Calain
et al., 1992), mouse hepatitis virus (Groot et al., 1992), classical swine fever virus
(Meyers et al., 1996), and Semliki forest virus (Thomson et al., 1998).

In the upcoming years, interest in DIP studies increased, i.e. as an option for antiviral
therapy. In 2016, the INTERfering and Co-Evolving Prevention and Therapy
(INTERCEPT) program was initiated by Defense Advanced Research Projects
Agency (DARPA) of the United States Department of Defense. This program aimed to
develop platforms to produce safe and efficacious DIPs against multiple viral diseases
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caused by ZIKV (Rezelj et al., 2021), Chikungunya virus (Levi et al., 2021), poliovirus
(Xiao et al., 2021), Nipah virus (Welch et al., 2022, Welch et al., 2020), IAV (Hein et
al., 2021a, Hein et al., 2021b), HIV (Tanner et al., 2019), and SARS-CoV-2
(Chaturvedi et al., 2021). Serial passaging of STVs was typically conducted to
generate and select highly competitive DI genomes in a virus population, which were
considered to possess a high interfering efficacy. Subsequently, novel sequencing
(e.g. lllumina sequencing) and computational tools enabled the detection and
quantification of distinct DI vRNAs (Rezelj et al., 2021). Instead of selecting DI
genomes by viral evolution, studies also reported on artificial designs (Chaturvedi et
al., 2021, Tanner et al., 2019, Yao et al., 2021). Several biological production systems
were developed for STV-free DIP production including packaging DI genomes in virus-
like particles (VLPs) (Chaturvedi et al., 2021, Rezelj et al., 2021), packaging cell lines
(Xiao et al., 2021), cell lines continuously producing DIPs (Li et al., 2021, Lin et al.,
2022), and in vitro-transcription of RNA with packaging into lipid nanoparticles (LNPs)
(Chaturvedi et al., 2021). More specifically, a VLP-production system for ZIKV DIPs
was developed in which plasmids encoding for a DI genome, the structural proteins C,
PrM, E and the non-structural protein 1 of ZIKV (NS1 (ZIKV)) were transfected to HEK-
293T (Rezelj et al., 2021). The packaging cell line approach for poliovirus DIPs
included the electroporation of in vitro transcribed DI genomes into a HelLa S3 cell line
stably expressing the precursor of the poliovirus capsid (Xiao et al., 2021). A HEK-
293T cell line was designed to continuously produce DENV DIPs upon lentiviral and
retroviral transduction that express structural, non-structural proteins and the DI
genome (Li et al., 2021). The suspension adapted producer cell line was used to
produce DENV DIPs in a bioreactor and a purification process by column
chromatography was developed (Lin et al., 2022). For SARS-CoV-2 DIPs, packaged
RNA into LNPs enabled efficient RNA delivery into lungs upon intranasal
administration (Chaturvedi et al., 2021) and protected RNA from degradation by
ribonucleases (Eygeris et al., 2022).
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2.8. Process intensification by perfusion culture

In recent years, identification of a producer cell line (MDCK), its adaptation to
suspension growth in chemically-defined medium, its genetic engineering for STV-free
production of cDIPs and the implementation of reverse genetics to generate DIP seeds
have greatly increased VCCmax to >10 x 108 cells/mL in batch mode, CSVY and
product quality (purely clonal DIPs) for cell culture-based IAV DIP production. In the
case of a pandemic scenario, there is a very high demand for vaccines and viral
vectors. Gene therapies also depend on very large quantities of viral vectors, and
several of those have been approved and many are currently in clinical development
(Zhao et al., 2022). Optimization of the batch mode production can be carried out by
identification of optimal production conditions (temperature, pH, dissolved oxygen
(DO), stirring speed), infection conditions (MOI, time of infection (TOI), temperature
shift), trypsin concentration, and time of harvest (Pelz et al., 2022). To increase virus
yields, multiple batch mode bioreactors can be operated in parallel. Yet, more cost-
efficient and flexible strategies for production of biopharmaceuticals are desired today
(Chen et al., 2018a). Process intensification can be applied for an efficient production
by increasing space-time yield (STY) or even the volumetric virus productivity (VVP).
This can decrease the size of bioreactors and facility footprint (Chen et al., 2018a).

2.8.1. Cultivation at high viable cell concentrations

Process intensification is enabled by perfusion cultivation at high VCC to produce
significantly more virus while maintaining or even enhancing CSVY (Gallo-Ramirez et
al., 2015). In a perfusion cultivation, a cell retention device is coupled to a bioreactor.
At a constant bioreactor working volume spent medium is removed while retaining the
cells and addition of fresh medium. Thereby, cells are provided with sufficient
substrates and only low levels of inhibitory metabolites accumulate. VCCmax in the
range of 10-160 x 108 cells/mL have been reported for high-titer virus production
(Coronel et al., 2019, Coronel et al., 2020, Genzel et al., 2014, Gobel et al., 2023,
Granicher et al., 2021, Granicher et al., 2019, Granicher et al., 2020, Hein et al.,
2021b, Nikolay et al., 2018, Petiot et al., 2011, Tran and Kamen, 2022, Wu et al.,
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2021). Various cell retention devices have been described for perfusion cultivation
including membrane-based systems, acoustic filters, inclined settlers, centrifuges, and
hydrocyclones. Pharmaceutical industry also started to consider the use of perfusion
cultures as a process option of the future (Bielser et al., 2018). However, the
introduction of perfusion technologies for industrial virus production is slow and mainly
used in academia. Next to production at high VCC, perfusion can also be used for cell
banking to start from a higher initial cell number upon thawing (Tao et al., 2011) and
for the last seed train step previous to the production bioreactor (Bielser et al., 2018,
Woodgate, 2018), which is implemented for large-scale recombinant protein
production.

2.8.1.1. Membrane-based perfusion systems

Membranes are frequently used as cell retention device owing to their scalability, ease
of use, and high cell retention efficiency (Nikolay et al., 2020). Membrane-based
perfusion systems include alternating tangential flow filtration (ATF), tangential flow
filtration (TFF), TFDF, hollow fiber bioreactors, and spin filters. One major drawback
of using membranes for perfusion is filter fouling indicated by increased
transmembrane pressure (Voisard et al., 2003). A system designed to decrease the
risk of filter fouling is the TFF system. A centrifugal or peristaltic pump (Wang et al.,
2017) is connected to a membrane (typically a hollow fiber membrane) and the
bioreactor within a recirculation loop as illustrated in Fig. 8. The flow of the cell
suspension is unidirectional and tangential across the membrane at positive pressure.
Cell-free supernatant is removed by a peristaltic pump. Retention of recombinant
proteins was observed in the membrane for the TFF system (Karst et al., 2016). The
ATF system consists of a diaphragm pump and a filter housing for the membrane
(Fig. 8). An alternating flow of cell suspension is generated across the membrane
between the bioreactor and the diaphragm pump by an exhaust and pressure cycle.
The pulsating flow during the exhaust cycle creates a self-cleaning backflush from the
permeate side, which reduces filter fouling and, thus, decreases or prevents retention
of e.g. recombinant proteins (Clincke et al., 2013, Karst et al., 2016, Schwarz et al.,
2020).
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Typically, hollow fiber membranes with a cut-off of 0.2-0.65 ym are used, which often
leads to retention of viruses inside the bioreactor, despite the self-cleaning backflush
of the ATF or the tangential flow of the TFF (Genzel et al., 2014, Hein et al., 2021b,
Nikolay et al., 2020, Vazquez-Ramirez et al., 2019, Wu et al., 2021). In virus retention,
structural and physicochemical characteristics of the membrane play an important role
(Nikolay et al., 2020). Recently, the introduction of a new tubular membrane (pore size
~10 pym) allowed for continuous virus harvesting of DI244 and murine leukemia virus
(MLV) vectors by using the ATF system (Hein et al., 2021b, Hein et al., 2023).
Similarly, continuous virus harvesting of lentiviral vectors (LV) (Tona et al., 2023, Tran
and Kamen, 2022), adeno-associated viruses (AAV) (Mendes et al., 2022) and IAV
(Silva et al., 2023) was possible by using a TFDF system, which is operated similarly
to a TFF system but relies on a depth filter (pore size 2-5 ym) for cell retention.
Continuous virus harvesting was also shown for non-membrane-based retention
devices, more specifically acoustic filters (Gobel et al., 2023, Granicher et al., 2020,
Manceur et al., 2017) and inclined settlers (Coronel et al., 2020). However, both
systems have limited scalability, lower cell retention efficiency and a higher residence
time of cells and viruses (Coronel et al., 2020, Granicher et al., 2020). Continuous
virus harvesting through membranes would allow direct virus harvest cooling, which
typically increases virus stability and, thus, virus yields and productivity. Moreover,
integration of upstream and downstream processing could be realized to increase
cost-effectiveness, productivity, flexibility, and product quality (Bielser et al., 2018,
Granicher et al., 2021).
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Figure 8: Schematic illustration of perfusion systems comprising a TFF (a) and ATF (b) device. Both
perfusion systems consist of a pump, which drives the cell suspension across the hollow fiber membrane (HFM)
between the bioreactor and the pump. In the TFF system, the centrifugal or peristaltic pump is operated in
unidirectional flow. For the ATF system, an alternating flow is created by a diaphragm pump. For TFF and ATF,
cell-free harvest is removed by a peristaltic pump (not shown). Figure taken from (Hein, 2022).
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3. Manuscripts

This cumulative dissertation comprises six manuscripts, which are presented in the
following. The manuscripts cover the objectives listed in the introduction and include
the main results of the doctoral thesis project. All relevant topics were covered in the
theoretical background. The manuscripts were developed in collaboration with various
partners. Therefore, the initiation and management of these collaborations was an

important part of the doctoral thesis.
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3.1. First Manuscript

In the study of the first manuscript, data obtained from NGS shed light on
characteristics of the DIP population in a semi-continuous culture. Moreover, novel
cDIP candidates with improved antiviral activity compared to known IAV DIPs are
screened, produced free of infectious STVs, and evaluated for efficacious antiviral

therapy.

Pelz, Lars*; Rudiger, Daniel*; Dogra, Tanya*; Alnaji, Fadi G.; Genzel, Yvonne;
Brooke, Christopher B.; Kupke, Sascha Y.; Reichl, Udo

*Shared first authorship

Semi-continuous propagation of influenza A virus and its defective interfering

particles: Analyzing the dynamic competition to select candidates for antiviral therapy
Journal of Virology, 2021
(Pelz et al., 2021)

Reproduced with permission from American Society for Microbiology.
No changes were made.
https://creativecommons.org/licenses/by/4.0/

Individual contribution:

In the study of the first manuscript, | carried out the semi-continuous propagation of
IAV and DIPs (Figure 1), multiplication of new candidate Seg 1 DIPs in MDCK-
PB2(sus) cells and interference assay (Figure 7). In addition, | investigated the
processed NGS data for Figure 2, 3, 4, 5, 6 with Daniel Rudiger, who performed the

computational data analysis. Moreover, | wrote major parts of the manuscript.
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ABSTRACT Defective interfering particles (DIPs) of influenza A virus (IAV) are natu-
rally occurring mutants that have an internal deletion in one of their eight viral RNA
(VRNA) segments, rendering them propagation-incompetent. Upon coinfection with in-
fectious standard virus (STV), DIPs interfere with STV replication through competitive
inhibition. Thus, DIPs are proposed as potent antivirals for treatment of the influenza
disease. To select corresponding candidates, we studied de novo generation of DIPs
and propagation competition between different defective interfering (DI) VRNAs in an
STV coinfection scenario in cell culture. A small-scale two-stage cultivation system that
allows long-term semi-continuous propagation of IAV and its DIPs was used. Strong
periodic oscillations in virus titers were observed due to the dynamic interaction of
DIPs and STVs. Using next-generation sequencing, we detected a predominant forma-
tion and accumulation of DI vRNAs on the polymerase-encoding segments. Short DI
VRNAs accumulated to higher fractions than longer ones, indicating a replication
advantage, yet an optimum fragment length was observed. Some DI vVRNAs showed
breaking points in a specific part of their bundling signal (belonging to the packaging
signal), suggesting its dispensability for DI vVRNA propagation. Over a total cultivation
time of 21 days, several individual DI vRNAs accumulated to high fractions, while
others decreased. Using reverse genetics for AV, purely clonal DIPs derived from
highly replicating DI vVRNAs were generated. We confirm that these DIPs exhibit a
superior in vitro interfering efficacy compared to DIPs derived from lowly accumulated
DI vRNAs and suggest promising candidates for efficacious antiviral treatment.

IMPORTANCE Defective interfering particles (DIPs) emerge naturally during viral infection
and typically show an internal deletion in the viral genome. Thus, DIPs are propagation-
incompetent. Previous research suggests DIPs as potent antiviral compounds for many dif-
ferent virus families due to their ability to interfere with virus replication by competitive
inhibition. For instance, the administration of influenza A virus (IAV) DIPs resulted in a res-
cue of mice from an otherwise lethal IAV dose. Moreover, no apparent toxic effects were
observed when only DIPs were administered to mice and ferrets. IAV DIPs show antiviral
activity against many different 1AV strains, including pandemic and highly pathogenic
avian strains, and even against nonhomologous viruses, such as SARS-CoV-2, by stimula-
tion of innate immunity. Here, we used a cultivation/infection system, which exerted selec-
tion pressure toward accumulation of highly competitive IAV DIPs. These DIPs showed a
superior interfering efficacy in vitro, and we suggest them for effective antiviral therapy.

KEYWORDS influenza A virus, defective interfering particles, antiviral, next-generation
sequencing, continuous virus production

December 2021 Volume 95 Issue 24 e01174-21 Journal of Virology

Citation Pelz L, Ridiger D, Dogra T, Alnaji FG,
Genzel Y, Brooke CB, Kupke SY, Reichl U. 2021.
Semi-continuous propagation of influenza A
virus and its defective interfering particles:
analyzing the dynamic competition to select
candidates for antiviral therapy. J Virol 95:

€01174-21. https//doi.org/10.1128/JM.01174-21.

Editor Stacey Schultz-Cherry, St. Jude
Children’s Research Hospital

Copyright © 2021 Pelz et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Sascha Y. Kupke,
kupke@mpi-magdeburg.mpg.de.

Received 12 July 2021

Accepted 19 September 2021

Accepted manuscript posted online

22 September 2021
Published 23 November 2021

jvi.asm.org

1

Downloaded from https://journals.asm.org/journal/jvi on 02 March 2024 by 193.175.53.21.



Pelz et al.

early, on average, 400,000 people globally die from an infection with seasonal influ-

enza A virus (IAV) (1). Moreover, the potential emergence of pandemic strains is a
major threat to public health (2). The most effective prevention of the influenza disease is
vaccination with tri- or quadrivalent formulations, which provide protection against differ-
ent influenza virus strains (3, 4). However, influenza vaccines have to be reformulated
annually as a result of antigenic drifts (5). This is associated with a potential decrease in
vaccine efficacy due to false predictions and a vaccine mismatch to circulating strains (6).
Furthermore, antiviral drugs targeting the viral neuraminidase (oseltamivir, zanamivir) (7)
or the viral endonuclease (baloxavir) (8) may also be used. However, circulating strains
have already shown resistance against available antivirals (9-11). Therefore, the develop-
ment of effective prophylactic and therapeutic treatment options is urgently needed.

One promising approach for antiviral therapy is the application of defective interfering
particles (DIPs) (12-16). These naturally occurring viral mutants feature an internal deletion
in one of their eight viral RNA (VRNA) segments, which renders them defective in virus repli-
cation. In addition, a new species of IAV DIPs that showed point mutations on segment
(Seg) 7 VRNA was discovered recently (17). DIPs can only replicate in a coinfection with in-
fectious standard virus (STV), which complements the respective defect in the replication of
the DIPs. These viral mutants are believed to interfere by preferential and faster replication
of the defective interfering (DI) VRNA in comparison to the full-length (FL) VRNA, thereby
drawing away cellular and viral resources required for STV growth (18-20). Furthermore, in-
terference was shown at the packaging step, as DI VRNAs can selectively outcompete FL
VRNA packaging (21, 22). Notably, in mouse and ferret models, the administration of DIPs
resulted in a pronounced antiviral effect against IAV infection (13, 14, 23-26). Furthermore,
IAV DIP treatment also resulted in protection against heterologous interferon (IFN)-sensitive
respiratory virus infections (27, 28), including SARS-CoV-2 infection (29), by the ability of
DIPs to enhance stimulation of innate immunity upon coinfection.

Recently, we established a two-stage bioreactor system for cell culture-based pro-
duction of IAV (for vaccine manufacturing) (30) and production of a prototypic, well-
characterized DIP (“DI244") (23, 24, 27, 31). Here, uninfected cells (first bioreactor) were
continuously fed to a second bioreactor that contained virus-infected cells. However,
in such a continuous culture, the coinfection of STVs and DIPs typically results in peri-
odic oscillations of virus titers due to their dynamic interactions. Moreover, de novo
generation and accumulation of numerous DI VRNAs was observed (30, 31).

In the present study, a simplified, semi-continuous setup was used to thoroughly
investigate the generation and growth competition between DIPs during 21 days of
IAV infection. Assuming that DIPs showing exceptional propagation also show high
interfering efficacies, we anticipated identification of potent candidates for antiviral
therapy. For detection and quantification of the different deletion junction on the IAV
VRNA level, we used a recently published next-generation sequencing (NGS) frame-
work (32). We observed a small subset of highly accumulated DI vRNAs after 21 days
postinfection (dpi), while other deletion junctions showed a pronounced decrease in
their fractions in the same time frame. To generate corresponding purely clonal DIPs
harboring the promising candidate DI vVRNAs, we used reverse genetics for IAV. Indeed,
these DIPs displayed a superior in vitro interfering efficacy compared to DIPs derived
from lowly replicating DI vRNAs, indicating their potential for antiviral therapy.

RESULTS

Semi-continuous production of IAV results in periodic oscillations of virus
titers and strong accumulation of DIPs. In order to induce de novo generation and
accumulation of DIPs, an IAV strain, A/PR/8/34, of the subtype HIN1 (PR8, provided by
Robert Koch Institute, Berlin, Germany) was propagated in a semi-continuous small-
scale two-stage cultivation system (Fig. 1B). For infection, we used a seed virus that
was depleted in DI vRNAs as shown by segment-specific reverse transcription-PCR (RT-
PCR) (Fig. TA). Madin-Darby canine kidney (MDCK) cells growing in suspension culture
(MDCK][sus]) were seeded into the cell seeding shake flask (CSS) and virus shake flasks
(VS) at a viable cell concentration (VCC) of 0.6 x 10° cells/ml and grown in batch mode
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FIG 1 Semi-continuous propagation of influenza A virus and DIPs. (A) PR8 seed virus depleted in DI vRNAs was
used for infection. Results of segment-specific RT-PCR for Seg 1 to 8 followed by agarose gel electrophoresis
are shown. Signals corresponding to FL and DI vRNAs are indicated. The upper, middle, and lower thick bands
of the DNA ladder indicate 3,000, 1,000, and 500 bp, respectively. (B) Experimental setup of the small-scale
two-stage cultivation system in shake flasks (scheme adapted from Tapia et al. [68]). MDCK(sus) cells were
grown in the CSS and VS. After an initial batch and semi-continuous phase (CSS and VS not coupled), the cells
in the VS were infected with the seed virus (A) at an MOI of 0.1. The semi-continuous production mode was
initiated 0.5 dpi, where cells were transferred from the CSS into the VS (V,) at regular time intervals, while fresh
medium was added (V, or V,) and virus harvest was taken for monitoring (V,). (C) Periodic oscillations of total
and infectious virus titers during the production. The vRNA level of Seg 5 (indicating total virus particle
concentration) was quantified by real-time RT-qPCR and infectious virus titer by TCID,, assay. (D) Accumulation
of DI vVRNAs over the semi-continuous production time of 21 days. Results of the segment-specific RT-PCR are
shown for Seg 1, 2, and 3. Signals corresponding to FL and DI vRNAs are indicated. The illustration includes the
results of one experiment.

to about 3.0 x 10° cells/ml (-1.6 days postinfection [dpi]) (data not shown).
Subsequently, for both shake flasks, a calculated volume of cell suspension was dis-
carded, and fresh medium was added at regular time intervals (both shake flasks not
yet connected in series). This resulted in a residence time (RT) of 38.3 h for both vessels.
Note that preliminary studies showed a steady state in the VCC for this RT (data not
shown). Once the steady state was reached, cells in the VS were infected with PR8 at a
multiplicity of infection (MOI) of 0.1. At 0.5 dpi, both vessels were connected in series,
and from there on, cells were transferred semi-continuously from the CSS to the VS
(V,). In addition, fresh medium was added to both shake flasks (V, or V;) and virus
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harvest was taken (V,). The RT chosen was 38.3 h and 22.0 h for CSS and VS, respec-
tively, as this previously resulted in pronounced titer fluctuations and strong accumula-
tion of DIPs (31). Over the production time of 21 dpi, the steady state in the CSS was
kept with an average VCC of 2.6 x 10° cells/ml (standard deviation [SD] of £0.2 x 10°
cells/ml) (data not shown).

Strong periodic oscillations in the infectious virus titers (quantified by 50% tissue cul-
ture infective dose [TCIDs,] assay) and in the extracellular vRNA level of Seg 5 (quantified
by real-time reverse transcription-quantitative PCR [RT-qPCR]) were observed in the VS
(Fig. 1C). The extracellular vVRNA level of Seg 5 was taken as a measure of the total virus
concentration. DI VRNAs are mostly located on polymerase-encoding segments (20, 33—
36), so the occurrence of DIPs should not affect the detection of Seg 5 VRNA. Shortly after
infection at 0.5 dpi, a maximum infectious virus titer of 5.6 x 108 TCIDs,/ml was reached.
Here, high concentrations of STV (complying with a high MOI) increased the chance for
coinfections with DIPs. Thus, a strong DIP propagation likely occurred early in cultivation,
impeding STV propagation. Therefore, infectious virus titers decreased from 0.5 dpi
onward. Eventually, the declining infectious virus titers led to fewer coinfections. Thus, DIP
replication decreased, and the total virus particle concentration dropped as well.
Additionally, DIPs were out-diluted because of the semi-continuous feeding strategy.
Then, at a low infectious virus concentration (complying with a low MOI condition,
~4.0 dpi), the chance of DIP coinfections was supposedly significantly reduced. Under
these conditions, STVs could accumulate again as indicated by increasing virus titers to-
ward 5 dpi. In the following, further periodic oscillations in virus titers occurred based on
the DIP/STV interaction described above.

The dynamics in virus titers were well in agreement with results of the segment-specific
RT-PCR (indicating FL and DI vRNAs) (Fig. 1D). A rapid accumulation of DI vRNAs occurred
already at 0.5 dpi. Furthermore, the FL vRNA signal gradually dropped between 1 dpi and
2.5 dpi, suggesting the preferential production of DI vRNAs. Subsequently, DI vRNA replica-
tion decreased and DI vRNAs were washed out, as indicated by weaker band intensities of
DI vRNAs (e.g., at 8.5 dpi). Next, in agreement with the increase of infectious viral titers
(STVs), FL vRNA bands were visible again (e.g., at 9 dpi). Moreover, agarose gels indicated
the presence of DI vVRNA bands at the end of cultivation that may have been already pres-
ent in the seed virus, suggesting that some DI vRNAs were preserved. In addition, weak DI
VRNA bands as well as undefined, blurred bands emerged during the course of 1AV replica-
tion, suggesting the formation and accumulation of de novo-generated DI vVRNAs.

In summary, the semi-continuous production of IAV using a seed virus depleted in
DI vVRNAs led to the accumulation of DIPs. Thus, strong periodic oscillations in the total
concentration of virions and infectious virus titers were observed due to the dynamic
interaction of STVs and DIPs. Moreover, in the course of production, DIPs were exposed
to high- and low-MOI conditions that likely resulted in alternating selection pressures,
suitable for potential selection toward accumulation of highly interfering DIPs.

Next-generation sequencing results indicate predominant de novo formation and
accumulation of deletion junctions on polymerase-encoding segments. Segment-spe-
cific RT-PCR does not enable the detection and quantification of individual deletion
junctions. Therefore, to study the diversity of DI vVRNAs generated during semi-continu-
ous IAV propagation, samples were subjected to lllumina-based NGS and processed by
a bioinformatics pipeline (32). In doing so, sequences of VRNAs from the produced
progeny virions were obtained. Reads including a deletion junction (DI vRNA reads) do
not align to the corresponding reference genome. These NGS reads were processed by
the ViReMa algorithm to identify the position of individual deletion junctions (37).

The highest variation (i.e., number of different deletion junctions) was found on the
polymerase-encoding segments 1 to 3, which encode the polymerase basic protein 2
(PB2) and 1 (PB1) and polymerase acidic protein (PA), respectively (Fig. 2A). Figure 2B
shows the fraction of all deletion junctions located on a genome segment over time.
Here, polymerase-encoding segments showed the highest fraction. In contrast, dele-
tion junctions of non-polymerase-encoding segments showed a significantly lower
fraction, which increased slightly toward the end of cultivation but always remained
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shown in Fig. 1C) was quantified by real-time RT-gPCR. Samples not analyzed by NGS are indicated by open circles.

The illustration includes the results of one experiment.

below 2%. As non-polymerase segment deletion junctions occurred only in negligible
numbers, they were not considered any further in subsequent analyses.

Next, we investigated the de novo formation of DI vRNAs over the course of the cul-
tivation. Figure 2C shows, at specific time intervals, the number of de novo-generated
deletion junctions. De novo formation occurred mainly on the polymerase-encoding
segments. Interestingly, most de novo formations occurred within the first 1.5 dpi. In
addition, a considerable number of de novo DI vRNAs were detected between 3.5 and
5.5 dpi. However, de novo formation was significantly lower at later time points.
Moreover, an increase in the number of new deletions was highly correlated with an
increase in the total virus particle concentration (indicated by the vVRNA level of Seg 5)
(Fig. 2Q). This is consistent with a fast STV replication and, thus, likely with a higher
occurrence of the de novo formation of DI vVRNAs due to the error-prone nature of the
replication of the IAV RNA-dependent RNA polymerase.

In sum, our results show that DI vVRNAs are predominantly de novo formed and accu-
mulated on the polymerase-encoding segments during semi-continuous IAV infection.

Short DI vRNAs tend to accumulate to higher fractions than longer ones; yet
intermediate-length optima were observed as well. It was reported that DI vRNA
accumulation surpasses that of FL vVRNAs due to their shorter length resulting in a sup-
posedly faster replication (12, 20). Therefore, we speculated that shorter DI vRNAs may
also accumulate to higher abundances than longer DI vVRNAs. Figure 3 shows the frac-
tion of all individual deletion junctions and their corresponding DI vVRNA length.
Indeed, a bias toward accumulation of shorter DI VRNAs was observed, with short DI
VRNAs showing overall higher fractions than longer ones during semi-continuous IAV
production (Fig. 3). However, the highest fractions were not found for the shortest DI
VRNAs. Rather, it appeared that the highest fractions were distributed around a length
optimum. To visualize this optimum, we fitted a normal distribution function to the DI
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VRNA length and plotted the resulting mean as a dashed vertical line (Fig. 3). Over the
whole cultivation, the mean DI vRNA length ranged between 366 and 414 nucleotides
(nt), from 425 and 534 nt, and from 434 and 557 nt for Seg 1, 2, and 3, respectively.

Moreover, a few larger DI vRNAs (comprising a sequence length of up to 1,000 nt)
accumulated to high fractions, suggesting that the sequence and the position of the
deletion junction may be another factor to consider for replication of a DIP (Fig. 3).
Note that Fig. 3 only shows DI vVRNAs up to 1,000 nt in length, although we also
detected very long DI vRNAs (>2,000 nt) (data not shown). These DI vRNAs with very
short deletions may either not result in a defective vVRNA, comprise two deletions, or
represent technical artifacts. Due to their unknown origin and function and a lack of
description in the literature, defective VRNAs larger than 85% of their respective FL
length were excluded from analysis in this work.

Taken together, shorter DI VRNAs showed an overall stronger accumulation than
longer DI vRNAs. However, highest fractions were distributed around an optimum
length, indicating advantages for efficient DI vRNA replication and spreading.

The incorporation signal but not the entire bundling signal appears to be
required for propagation of DIPs. We next examined the position of the breaking
points of DI vVRNAs. Figure 4 illustrates the position of individual deletion junctions, as
indicated by the number of retained nucleotides prior to (DI vRNA 3’ length) and after
(DI vVRNA 5’ length) the deletion junction site. In the course of the semi-continuous
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cultivation, breaking points were mostly located in proximity to both ends of VRNA
(Fig. 4). This finding is in line with our observation of the predominant accumulation of
short DI vRNAs (Fig. 3). We also observed highly abundant medium-sized DI vRNAs on
Seg 3 in the seed virus (0.0 dpi), yet, the fraction of DI vRNAs carrying these deletions
decreased, or even disappeared, toward the end of cultivation (Fig. 3). Again, this indi-
cates that shorter DI vRNAs replicate faster and may outcompete longer ones.
Additionally, the 3’ length of the DI vRNA largely did not correlate with the 5’ length,
suggesting that deletion junctions are not preferably symmetrical.

While the lengths of the 3’ and 5’ ends ranged from below 100 nt to over 500 nt,
specific minimum lengths were retained in the DI VRNAs (Fig. 4). We then asked
whether the complete packaging signal (situated at the terminal ends of vRNA), which
is important for organized packaging into progeny virions (38), was unaffected by dele-
tions. A small percentage of breaking points was located in the packaging signal (on
Seg 1 and 2), yet the majority of the deletion junction sites were located outside it,
which is in line with the observation of an optimum in DI vRNA length (Fig. 3). For a
more thorough investigation of deletion junctions in the packaging signal, we high-
lighted the positions of the incorporation signal (noncoding region [NCR], including
the promoter region) and the bundling signal (terminal ends of the coding region)
(39). The incorporation signal was reported to lead the packaging of the vVRNA in which
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the signal is found. The second part of the packaging signal is the bundling signal,
which confers the selective packaging of all the eight different segments together (39).
We checked which part of the sequence at both ends was retained to infer a minimum
sequence length for functional replication and packaging of the truncated VRNAs,
assuming that only propagation-competent DI VRNAs can be detected. No deletion
junctions in the incorporation signal for the polymerase-encoding segments or for Seg
4 to 8 were identified (Fig. 4 and 5, respectively). Therefore, we suggest that the preser-
vation of the entire incorporation signal is crucial for the propagation of DIPs.

Interestingly, deletion junctions in the bundling signal (on Seg 1 and 2) could be
detected, indicating that the entire bundling signal of these segments is most likely
not required for propagation of DIPs. In particular, clusters of DI vVRNA breaking points
in the bundling signal were stable and present over the complete course of the semi-
continuous cultivation. In contrast, Seg 3 did not show any breaking points in both sig-
nals. We found a minimum sequence length of 84 nt (3’ end) and 100 nt (5" end), 25 nt
and 95 nt, and 82 nt and 95 nt for Seg 1, 2, and 3, respectively. Figure 5 shows the posi-
tion of deletion junction sites in Seg 4 to 8. Notably, although only very few individual
deletion junctions were detected, breaking points were found in the bundling signal
on Seg 6 (3’ end), Seg 7 (both ends), and Seg 8 (5" end) as well.

In summary, our results indicate that the complete incorporation signal is crucial for
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to the number of NGS reads of all deletion junctions located on all eight segments. (A) Fraction of individual DI vRNAs belonging
to the group of top five gains, losses, and gains (de novo) of the fraction over cultivation time. Top gains (de novo) indicate newly
formed deletion junctions with the highest fraction at the end of cultivation. (B) Deletion junction position of the top 15 gains,
losses, and gains (de novo). DI vRNA 3’ and 5’ lengths indicate the number of retained nucleotides prior and after the deletion
junction, respectively, at the corresponding VRNA ends. The packaging signal is indicated as gray areas and is divided into the
incorporation signal (dark gray area) and bundling signal (light gray area). The illustration includes the results of one experiment.

propagation of DIPs, yet only a part of the bundling signal in Seg 1 and 2 seems to be
required for DIP spreading.

Dynamic competition in propagation between DI vRNAs leads to selection
toward accumulation of highly interfering DIPs. In order to elucidate whether the
various DI vRNAs show differences in their propagation, we next studied the composi-
tion of deletion junctions over cultivation time. More specifically, we determined the
fraction of each individual deletion junction over time. Figure 6A shows these fractions
and highlights the top five deletion junctions that showed the highest gain or largest
loss in their fraction from the seed virus (0.0 dpi) to the end of cultivation (21 dpi).
Likewise, the top five gains of de novo-formed DI vRNAs are indicated. Interestingly, dif-
ferences between gains and losses were very pronounced, with a decreasing fraction
of the top five losses, while the top five gains (including de novo) showed a strong
accumulation. These trends were most prominent for Seg 3. Of note is also one dele-
tion junction on Seg 2 that was present at a very high fraction in the seed virus and
throughout the whole cultivation. Furthermore, pronounced shifts in the composition
of deletion junctions were found for 9 to 9.5 and 17 to 17.5 dpi, at best visible for Seg
3. The occurrence of DI VRNAs that accumulate faster and achieve higher fractions
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TABLE 1 Generated Seg 1 candidate DIPs and the respective deletion junction positions in
the 5" to 3’ cDNA sequence

DIP 5' Fragment size (bp) 3’ Fragment size (bp) DIP fragment size (bp)
Loss 129 166 295
Gain 217 138 355
Gain (de novo) 269 140 409

than other DI vRNAs suggests that there was a dynamic competition in the propaga-
tion between individual DI vRNAs.

Moreover, we examined whether top gains (including de novo) and losses show dif-
ferences in the deletion junction position (Fig. 6B). To obtain a better overview, we
expanded the number of the top candidates in each category to 15. However, it
appeared that no clear differences between the groups were present. For both gains
and losses, few deletion junction sites were located in the bundling signal for Seg 1
and 2 (although most were found outside [Fig. 6B]), but none for Seg 3. Therefore,
even for competitive DIPs (which require an efficient packaging process), we found a
shorter packaging signal than that of the FL VRNA on Seg 1 (both ends) and on Seg 2
(3" end). Please also note a few DI vRNAs (belonging to the top 15 losses) on Seg 3
showing a medium-sized DI vRNA length (~900 nt) (Fig. 6B, upper right corner), which
is in line with our observation that long DI vRNAs accumulate to low fractions (Fig. 3).
However, we also found two top 15 gains (de novo) on Seg 2 with a very long DI vRNA
(1,905 nt and 1,628 nt) (data not shown). This finding might suggest that not only the
sequence length but also the breaking point position and probably further unknown
regulatory effects are crucial for the efficient propagation of DI vRNAs.

In order to test the hypothesis, that fast-propagating DI vVRNAs show a higher interfer-
ing efficacy than slow-propagating ones, we reconstituted the corresponding DIPs and
tested them in an in vitro interference assay. More specifically, we rescued purely clonal
DIPs (in the absence of STV) harboring either the top gain, top loss, or top gain (de novo)
DI vVRNA of Seg 1 (Table 1) using a modified reverse genetics system for IAV DIPs (25, 40).
Next, we propagated these selected DIPs in genetically engineered MDCK-PB2(sus) cells,
expressing PB2, to allow multiplication of these DIPs (harboring a deletion in Seg 1) with-
out STV through complementation. Almost complete absence of contamination with
other DI vVRNAs was confirmed by results of segment-specific RT-PCR (data not shown).

In the in vitro interference assay (Fig. 7), adherent MDCK cells (MDCK[adh]) cells were
infected with STV at an MOI of 0.01 and coinfected with the different DIPs to evaluate the
inhibition of STV replication compared to infection with STV alone (NC). Here, the DIP input
for the interference assay was normalized through dilution based on the concentration of
DIPs to ensure a direct comparison between the DIPs. In addition, we compared the inter-
fering efficacy to a prototypic, well-characterized DIP named DI244 (23-25, 27). Indeed,
the DIPs derived from the top gains (including de novo) showed the highest interfering ef-
ficacy. The top gain (de novo) DIP reduced the infectious virus release by more than 5
orders of magnitude, the top gain by 5 logs, while top loss and DI244 showed a reduction
of only 4 orders of magnitudes (Fig. 7A). Reduction of the total virus particle release, indi-
cated by the hemagglutination (HA) titer, showed a similar trend (Fig. 7B).

In summary, our results indicate that the semi-continuous propagation of IAV led to
a dynamic competition in propagation between different DI vRNAs. We demonstrate
that DI vVRNAs showing the highest increase in the fraction over the cultivation period
result in the formation of DIPs that show a superior interfering efficacy compared to
DIPs containing slowly propagating DI vRNAs. These DIPs are, thus, promising candi-
dates for antiviral therapy.

DISCUSSION
IAV DIPs have been proposed as an effective antiviral agent for the influenza dis-
ease. In this study, we investigated the de novo generation and the competition in the
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FIG 7 Interfering efficacy of DIPs derived from DI VRNAs showing the highest gain, loss, or gain (de novo) in their
fraction during semi-continuous propagation of IAV. Purely clonal DIPs containing a deletion in Seg 1 (derived from DI
VRNAs showing the top gains and top loss) were generated using a modified reverse genetics methodology for
reconstitution of purely clonal IAV DIPs (40). Next, DIPs were multiplied in genetically engineered MDCK-PB2(sus) cells
(expressing PB2) in a shake flask at a multiplicity of DIP (MODIP). (A and B) Interference assay. MDCK(adh) cells were
infected with STV only at an MOI of 0.01 (NC) or coinfected with the corresponding DIP, resulting in a DIP/STV ratio
of 3,224 (number of DIPs, 425 x 10° virions; number of STVs, 1.32 x 10° virions, derived from the HA titer). For
comparison, DI244, a prototypic, well-characterized DIP (23-25, 27), was used. (A) Infectious virus release, quantified by
plaque assay. (B) Total virus particle release, measured by HA assay. The illustration includes the results of three
independent experiments (n = 3). Error bars indicate the SD. One-way analysis of variance (ANOVA) followed by
Tukey’'s multiple-comparison test (*, P < 0.05; ns, P > 0.05, not significant) was used to determine significance.

growth between a diversity of DIPs during long-term semi-continuous IAV infection in
order to identify strong candidates for antiviral therapy. In general, DIPs and STVs are
in a competition for cellular and viral resources in a coinfection scenario (19, 41). Due
to the replication advantage of DIPs, suppression of and interference with STV replica-
tion occurs (18-20). Moreover, it was shown that DIPs interfere with STV propagation
at the packaging step, as preferential incorporation of DI VRNAs over FL vVRNAs was
observed (21, 22). We thus hypothesized that DI vRNAs showing the strongest accumu-
lation during long-term coinfection possess the highest interference efficacy with STV
replication. In our experiments, a small subset of individual DI vRNAs was observed
that showed a pronounced accumulation, while the fractions of some other DI vVRNAs
strongly decreased (Fig. 6A). Next, DIPs harboring the most competitive DI vRNAs on
Seg 1 were generated, and we showed that these DIPs exhibit a higher interfering effi-
cacy than slowly propagating ones (Fig. 7). Strikingly, the interfering efficacy was also
higher in comparison to DI244, a prototypic and well-characterized DIP (23-25), sug-
gesting a huge potential of these candidates for antiviral treatment.

The antiviral mechanisms of IAV DIPs comprise (i) competitive inhibition during replica-
tion, i.e., “replication interference,” and (ii) inhibition of STV replication by the enhanced
stimulation of innate immunity upon DIP coinfection (12, 42). Regarding the latter mecha-
nism, the myxovirus resistance proteins (Mx) are thought to be a key player in the IFN-
induced antiviral activity (43). However, in the present study, MDCK cells were used, where
the canine Mx1 and Mx2 were shown to lack IFN-induced antiviral activity against IAV rep-
lication (44). In addition, trypsin (required for proteolytic activation of the viral hemaggluti-
nin, enabling efficient multicycle replication) was used for virus propagation, yet it was
shown that trypsin also strongly inhibits IFN signaling by proteolytic degradation of
secreted IFNs (45). Therefore, the IFN response has presumably not significantly contrib-
uted to the oscillating virus replication in the present study. Our cultivation system has,
rather, allowed for selection toward accumulation of DIPs showing a high “replication in-
terference.” In the context of a potential antiviral treatment in vivo, note that retinoic acid-
inducible gene I (RIG-I) preferentially associates with DI vRNAs over FL vRNAs (46), eventu-
ally resulting in an enhanced stimulation of the IFN response (47). We expect high DI
VRNA accumulation in a coinfection with highly competitive DIPs (identified in this study),
which may also result in a stronger stimulation of an antiviral innate immune response
(besides their stronger “replication interference”) than coinfections with lowly accumulated
DIPs. Corresponding experiments (in vitro and in vivo) are the subject of ongoing studies.
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Our data show that the most competitive DI VRNAs are derived from the polymer-
ase-encoding segments. Further, we found the highest variation, accumulation, and de
novo formation of DI vVRNAs on these segments (Fig. 2A, B, and C, respectively). This
confirms previous studies which showed that DI vRNAs are predominantly found on
Seg 1, 2, and 3 (20, 33-36). In agreement with this, a bias toward the emergence of DI
VRNAs on the polymerase-encoding segments was observed during production of 1AV
over 17 days in a fully continuous two-stage bioreactor system (30). Mathematical
modeling of the intracellular replication during STV and DIP coinfection also suggested
that DI vRNAs located on the polymerase-encoding segments are more competitive
than DI vRNAs on other segments (18). In particular, they even yielded high progeny
numbers in less advantageous infection scenarios, i.e., when STV coinfection was
delayed by several hours. Accordingly, in in vivo studies, DI244 containing a deletion
on Seg 1, or DI vVRNAs carrying a deletion in Seg 1, 2, or 3 showed a pronounced antivi-
ral effect upon administration against IAV replication in mice and in ferrets (14, 23-25).

Our results show that short DI vRNAs tended to accumulate to higher fractions than lon-
ger DI VRNASs (Fig. 3). In general, it is believed that the shorter length of DI vRNAs (in compar-
ison to FL VRNAs) leads to a replication advantage (18-20), which supports our findings.
However, our observation of a length optimum also indicates that specific DI vRNA lengths
are beneficial for DIP replication and spreading (Fig. 3). In agreement with this, the highly
potent DI244 (395 nt) shows a similar DI VRNA length (Fig. 3) (23-25, 27). Other studies
reported a similar mean DI vRNA length of 400 to 500 nt for Seg 1, 2, and 3 (12, 34). For DIPs
originating from clinical isolates, similar mean DI vVRNA lengths of 377 nt (Seg 1), 390 nt (Seg
2), and 490 nt (Seg 3) were found (36). Another investigation confirmed the finding of a rep-
lication advantage toward shorter VRNAs but additionally suggested that the sequence
(untranscribed regions [UTRs] and coding region) may also have an influence on VRNA com-
petition (41). This is consistent with previous work proposing that not only the length, but
also the sequence (or the deletion junction position) may drive the replication advantage of
DI vRNAs (20). This may explain our observation of few larger DI vVRNAs up to 1,000 nt, which
accumulated to high fractions (Fig. 3). In addition, two very long DI vRNAs (1,905 nt and
1,628 nt) were included in the top 15 gains (de novo) of DI vRNAs (data not shown). In fur-
ther agreement, the in vivo interfering efficacy of three clonal DIPs containing DI vRNAs with
a similar length (but diverse deletion junctions) differed significantly from each other (24).
We found no clear patterns between the deletion junction positions of top gains (including
de novo) and losses (Fig. 6B). These results may support the hypothesis that not only the DI
VRNA length, but also the deletion junction site and further unknown regulatory effects are
decisive factors for competitive DI vRNAs.

The packaging of progeny virions of 1AV is a complex process. The leading packag-
ing model postulates selective packaging of the eight different VRNA genome seg-
ments (48, 49). Decisive for correct and efficient packaging is a special vRNA sequence
(packaging signal), which was discovered using reverse genetics approaches (38). As
DIPs include a truncated segment, this packaging signal might equally be affected.
However, it was suggested that this packaging signal in the shortened segment typi-
cally remains intact (12, 48). The packaging signal is divided into two parts, the incor-
poration signal (NCR, including promoter region) and the bundling signal (located at
the terminal ends of the coding region). Our results show that the incorporation signal
is crucial for DIP propagation, as it was unaffected by deletions (Fig. 4). However, sev-
eral deletion junction sites were located in the bundling signal (Fig. 4, 6B, and 5).
Therefore, we suggest that DIPs require only a part of the bundling signal for efficient
replication and spreading. This finding does not agree with a previous study, which
implied that the entire packaging signal is crucial for DI vRNA stability (50) and for high
interference (51), yet only a few deletions were tested. The new insights obtained by
our approach can be explained (i) by the significantly higher throughput of DI vRNA
identification (in sum, on the order of 1,000) and (ii) by DIPs being challenged by alter-
nating high- and low-MOI conditions for 21 days, which allowed extensive de novo
generation and accumulation of new DIPs.
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Previous work showed that DI vRNAs interfere with FL vRNAs during the packaging
process, by selectively suppressing the packaging of either the parent segment (21, 22)
or the FL VRNA of another genome segment (52). However, one recent study showed
the opposite, in which DI vRNA were packaged less frequently than FL vRNA (previously
posted on a preprint server [53]). Furthermore, differences in the packaging rates were
found between individual DI vRNAs (21, 51). Thus, the highly abundant DI vRNAs found
in the present study may have an advantage in the entire propagation process over
others, including both replication and packaging. However, further in-depth studies are
required to better characterize the interference of DI vRNAs at the virus assembly step.

Taken together, our findings show that DIPs containing DI vRNAs with a superior
propagation rate also show a superior capacity to interfere with STV replication. These
DIPs are very interesting candidates for antiviral treatment. The highly competitive DI
VRNAs are predominantly located on the polymerase-encoding segments, display an
optimal DI vRNA length, and conserve the incorporation signal but do not require the
entire bundling signal. In addition, yet unidentified sequence motifs certainly also play
an additional role during DI vRNA propagation. Due to the complex features of highly
competitive DIPs, the best candidates for antiviral therapy are probably challenging to
design in silico. Thus, evolution studies are a more convenient screening tool as shown
for DIPs of other virus families (54-56).

MATERIALS AND METHODS

Cells and viruses. MDCK(adh) cells (ECACC, No. 84121903) were adapted in previous works to grow in sus-
pension culture (57) and then in chemically defined Xeno medium (58), in this work referred to as MDCK(sus)
cells. Further, this cell line was engineered to stably express the PB2 for the production of purely clonal DIPs har-
boring a DI VRNA in Seg 1 (25, 40) and is denoted MDCK-PB2(sus). Cultivation of both cell lines was conducted in
shake flasks at a working volume of 50 ml (125-ml baffled Erlenmeyer flask; Thermo Fisher Scientific, 4116-0125)
using an orbital shaker (Multitron Pro, Infors HT; 50 mm shaking orbit) at 185 rpm and 37°C in a 5% CO, environ-
ment. The medium was supplemented with 8 mM glutamine. For MDCK-PB2(sus) cells, puromycin (Thermo
Fisher Scientific, no. A1113803) was added at a final concentration of 0.5 wg/ml. Quantification of VCC, viability,
and diameter were performed using a cell counter (Vi-Cell XR; Beckman Coulter, no. 731050). MDCK(adh) cells
were maintained in Glasgow minimum essential medium (GMEM; Thermo Fisher Scientific, no. 221000093) sup-
plemented with 10% fetal bovine serum and 1% peptone at 37°C and 5% CO,. The corresponding adherent
MDCK cell line that stably expressed PB2 [MDCK-PB2(adh)] (40) was maintained in the presence of 1.5 wg/ml pu-
romycin. Adherent PB2-expressing HEK-293T (HEK-293T-PB2) cells (40) were maintained in Dulbecco’s modified
Eagle medium (DMEM; Gibco, no. 41966029) supplemented with 10% fetal bovine serum, 1% penicillin strepto-
mycin (10,000 units/ml penicillin and 10,000 ng/ml streptomycin; Gibco, no. 15140122), and 1 wg/ml puromycin
at 37°C and 5% CO,.

For virus infection during semi-continuous cultivation, PR8 (provided by the Robert Koch Institute,
Berlin, Germany) was used (58). The strain was adapted to MDCK(sus) cells, and depletion of DI vRNAs
was carried out over five passages at a very low MOI of 107°. For the interference assay in MDCK(adh)
cells, the same PR8 strain, but adapted to adherent MDCK cells, was used. In addition, we generated can-
didate DIPs containing a deletion in Seg 1 using reverse genetics as described in “Generation of Purely
Clonal DIPs Containing a Deletion in Seg 1,” below.

Small-scale two-stage cultivation system for semi-continuous STV/DIP propagation. For the
semi-continuous propagation of PR8, a two-stage cultivation system was used, which consisted of
two baffled shake flasks (250-ml baffled Erlenmeyer flask; Thermo Fisher Scientific, 4116-0250) con-
nected in series (Fig. 1B). The CSS and the VS were operated at a working volume of 90.00 ml and
77.52 ml, respectively. MDCK(sus) cells in the exponential growth phase were seeded at a VCC of
0.6 x 10° cells/ml and were cultivated in batch mode at 185 rpm and 37°C in a 5% CO, environment
for 2 days. When the VCC reached approximately 3.0 x 10° cells/ml, at —1.6 dpi, a calculated volume
of cell suspension was harvested every 12 h, while prewarmed fresh medium was added manually to
obtain an RT (inverse of the dilution rate) of 38.3 h (both CSS and VS). Please note that both shake
flasks were not yet connected in series. After steady state was achieved, the cells in the VS were
infected with PR8 at an MOI of 0.1, and trypsin (Thermo Fisher Scientific, no. 27250-018) was added
(final activity of 20 U/ml). At 12 h postinfection (hpi), semi-continuous production was started by
transferring cells from the CSS to the VS (V,). Furthermore, virus was harvested (V,), and both shake
flasks were filled with prewarmed fresh medium (V, or V,) to obtain an RT of 38.3 h and 22.0 h for
CSS and VS, respectively. It is important that the fresh medium, which was added to the VS, con-
tained 60 U/ml trypsin to reach 20 U/ml in the VS. The respective transferred volumes are indicated
(equations 1 to 4). The RT of 22.0 h for the VS was chosen, as previously published data showed a
pronounced DIP/STV replication dynamic (31). In addition, samples were taken from the virus har-
vest at every volume transfer for analysis. Cell-free supernatants (300 x g, 4°C, 5 min) were stored at
—80°C for further analysis.
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TABLE 2 Primers used for segment-specific RT-PCR

Reaction Target Primer name Sequence (5'—3’)
RT All segments Uni 12 AGCAAAAGCAGG
PCR Segment 1 S1 Uni for AGCGAAAGCAGGTCAATTAT
S1 Unirev AGTAGAAACAAGGTCGTTTTTAAAC
Segment 2 S2 Uni for AGCGAAAGCAGGCAAACCAT
S2 Unirev AGTAGGAACAAGGCATTTTTTCATG
Segment 3 S3 Uni for AGCGAAAGCAGGTACTGATCC
S3 Unirev AGTAGAAACAAGGTACTTTTTTGG
Segment 4 S4 Uni for AGCAAAAGCAGGGGAA
S4 Uni rev AGTAGAAACAAGGGTGTTTT
Segment 5 S5 Uni for AGCAAAAGCAGGGTAGATAATC
S5 Unirev AGTAGAAACAAGGGTATTTTTC
Segment 6 S6 Uni for AGCGAAAGCAGGGGTTTAAAATG
S6 Uni rev AGTAGAAACAAGGAGTTTTTTGAAC
Segment 7 S7 Uni for AGCGAAAGCAGGTAGATATTG
S7 Unirev AGTAGAAACAAGGTAGTTTTTTAC
Segment 8 S8 Uni for AGAAAAAGCAGGGTGACAAA
S8 Uni rev AGTAGAAACAAGGGTGTTTT
Vi = (ts = ta-1) - Vass - Dess (1)
Vy = Vi = (ty = ts-1) - Vess - Dess (2)
Vi = (t; = ta—1) - (Vs - Dys — Vcss - Dess) (3)
Vi = (ty = ty—1) - Dys - Vs (4)

where t, denotes the sample time point, and t,_,, the previous sample time point. V. is the volume of
the CSS, V, is the volume of VS, D is the dilution rate of CSS, and D, is the dilution rate of VS. Vg,
Dcss, and Dy were predefined as mentioned above. V, was set as 0.5 x V, to ensure a sufficient volume
of fresh medium in the VS. This assumption was applied to calculate the volume of V.

Virus quantification. Quantification of the infectious virus titer was performed by TCID,, assay as
described previously (59) with a measurement error of + 0.3 log,, (60). The active DIP titer (required for calcu-
lation of a multiplicity of DIP [MODIP] for production of candidate DIPs in shake flasks; see “Rescue and
Production of DIPs,” below) was quantified by plaque assay using MDCK-PB2(adh) cells (measurement error
of = 0.2 log,,) (25). To determine the infectious virus titers in the interference assay (“Interference Assay,”
below), MDCK(adh) cells were deployed in the same plaque assay (25). In addition, an HA assay was used to
quantify the total number of virions in the supernatant with a measurement error of +0.15 log,(HAU/100 wl)
(61). The concentration of DIPs (c,,;,) and concentration of STVs (cs,,) were derived from the HA titer and deter-
mined according to equation 5, where ¢y denotes the concentration of red blood cells (2.0 x 107 cells/ml).

logHA
cprp = 10™0A - cRpc (5)

PCR measurements. Genomic VRNA in progeny virions was examined using PCR. In brief, isolation
of VRNA from 150 ul cell-free supernatants was carried out with the NucleoSpin RNA virus kit
(Macherey-Nagel, 740956) as described in the manufacturer’s instructions. In order to analyze the pres-
ence of FL VRNA and DI vRNA (truncated form), a segment-specific RT-PCR was performed (see
“Segment-Specific RT-PCR,” below). Real-time RT-gPCR was applied for absolute quantification of Seg 5
VRNA from the progeny virions (see “Real-Time RT-gPCR,” below).

Segment-specific RT-PCR. A recently described method was utilized for segment-specific RT-PCR (17,
30). In brief, isolated VRNA was reverse transcribed into cDNA using universal primers that bind at the con-
served terminal regions of all eight IAV genome segments (Table 2). Subsequently, segment-specific pri-
mers were used for amplification of the respective genome segment sequence by PCR (Table 2). Finally,
PCR products were analyzed by agarose gel electrophoresis.

Real-time RT-qPCR. A recently reported method for the specific detection and quantification of
influenza viral RNA segments using real-time RT-qPCR was employed (17, 62, 63). Briefly, RNA refer-

TABLE 3 Primers used for reference standard generation

Target Primer name Sequence (5'—3')
Seg 5 S5 uni for AGCAAAAGCAGGGTAGATAATC
S5 uni T7 rev TAATACGACTCACTATAGGGAGTAGAAACAAGGGTA C
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TABLE 4 Primers used for RT

Target Primer name Sequence (5'—3')
Seg 5 S5 tagRT for ATTTAGGTGACACTATAGAAGCGAGTGATTATGAGGGACGGTTGAT

ence standards were in vitro synthesized for absolute quantification (primers required for generation
are listed in Table 3). Isolated VRNA of the samples was used for reverse transcription, along with a
dilution series of the reference standards (primers listed in Table 4), followed by real-time qPCR
(primer sequence in Table 5). Calculation for absolute quantification of vRNA of Seg 5 was conducted
as previously described (17, 63).

NGS and data processing. Sample preparation, NGS library preparation, and sequencing analysis of
deletion junctions was performed according to a recently published study (32).

Analysis of deletion junctions. Deletion junctions refer to the DI vRNAs in the viral population,
while deletion junction sites refer to the start and end position of the breaking points in the viral ge-
nome. Deletion junctions that did not accumulate to levels above 14 NGS reads in at least one sampling
time point were removed from the data set for higher accuracy (32). Furthermore, defective vRNAs that
showed more than 85% of the length of FL vRNA were excluded from analysis in this work. DI vRNA 3’
and 5’ length indicated the number of retained nucleotides prior and after the deletion junction at the
respective VRNA end. Of note is that the DI vVRNA sequence was reported in negative-sense and 3’ to 5’
orientation. The calculation of the DI VRNA length comprised the following sequence lengths: Seg 1
(2,341 nucleotides [nt]), Seg 2 (2,341 nt), Seg 3 (2,233 nt), Seg 4 (1,775 nt), Seg 5 (1,565 nt), Seg 6
(1,413 nt), Seg 7 (1,027 nt), and Seg 8 (890 nt). The number of nucleotides of the incorporation signal
(NCR) and the bundling signal (terminal ends of coding region), which together form the packaging
signal, were taken from a recent review (64).

Generation of purely clonal DIPs containing a deletion in Seg 1. To generate purely clonal Seg
1-derived DIPs (top gain, loss, gain [de novo]) in the absence of STV, we used a previously established
plasmid-based reverse-genetics system (40). More specifically, to complement the missing PB2 to allow
DIP production without STV, we used a coculture of HEK-293T-PB2 cells and MDCK-PB2(adh) cells for
reconstitution.

Generation of plasmids. Plasmids harboring specific deletions were generated as described previ-
ously (40). In brief, pHW191 encoding the PR8-derived PB2 gene (65) was used as a template for PCR
amplification (Phusion Hot Start Il DNA polymerase; Thermo Fisher, no. F549L). Here, the desired 5’ frag-
ment (containing overhangs complementary to the 3’ fragment) of a specified deletion junction (Table 1)
was amplified, using a 5’-specific forward and reverse primer set (Table 6). Similarly, a set of 3’-specific pri-
mers were used to amplify the desired 3’ fragment (containing overhangs complementary to the 5’ frag-
ment) of a specified deletion junction from the pHW191 template DNA. Next, the 5’ fragments hybridized
with the overlapping 3’ fragments, resulting in PCR products with the individual deletion junctions (splice-
overlapped products) after subsequent amplification cycles at an annealing temperature of 62°C. Lastly,
the internally spliced PB2 sequence was inserted in pHW2000-GGAarl using Golden Gate cloning (66, 67).
All plasmids were sequenced to confirm the generated deletion junctions.

Rescue and production of DIPs. For rescue of purely clonal DIPs containing a deletion in Seg
1 (40), we cotransfected a coculture of adherent HEK-293T-PB2 cells (0.2 x 10° cells/well) and
MDCK-PB2(adh) cells (0.2 x 10° cells/well) with corresponding plasmids harboring a deletion in
the PB2 sequence (50 ng) and 1 ug of each pHW192-pHW198 plasmid (encoding the remaining
gene segments of PR8 IAV) using the calcium phosphate method in a 6-well format. DIP-contain-
ing supernatants were harvested at 4, 6, 8, 10, and 12 days posttransfection and stored at —80°C
for further use. Larger stocks (seed viruses) of purely clonal Seg 1 DIPs were generated in
MDCK-PB2(sus) cells in shake flasks.

The production of Seg 1 DIPs in MDCK-PB2(sus) cells was conducted according to a recently pub-
lished paper (25). In brief, MDCK-PB2(sus) cells cultivated in shake flasks were centrifuged (300 x g,
5 min, room temperature) and used to inoculate a new shake flask at 2.0 x 10° cells/ml with fresh me-
dium and trypsin (final activity of 20 U/ml). Subsequently, cells were infected at an MODIP of E-2. Cell-
free supernatants (3,000 x g, 4°C, 10 min) were stored at —80°C for further analysis.

Interference assay. To measure the efficacy of DIPs to suppress STV replication, we performed an in
vitro coinfection assay in MDCK(adh) cells following a previously published description (26). To summa-
rize, MDCK(adh) cells, cultivated in 6-well plates, were washed twice with phosphate-buffered saline
(PBS). Next, cells were either infected with STV only (MOI of 0.01, based on the TCID,, titer) or coinfected
with STV and 125 ul of the produced DIP material (diluted for normalization). Wells were filled up to
250 ul with infection medium (GMEM; 1% peptone, 5 U/ml trypsin), and incubation was conducted for
1 h at 37°C and 5% CO,. Subsequently, the inoculum was aspirated, the cells washed with PBS, and 2 ml

TABLE 5 Primers used for real-time gPCR

Target Primer name Sequence (5'—3’)
Introduced tag sequence VRNA tagRealtime for ATTTAGGTGACACTATAGAAGCG
Seg 5 Seg 5 Realtime rev CGCACTGGGATGTTCTTC
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TABLE 6 Splice overlap extension PCR primers
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Target Primer name Sequence (5'—3’)

Annealing temp for overlap PCR (°C)

Gain 5’ fragment For

CGGTCACCTGCCAGTGGGAGCGAAAGCA

Rev ACGTCTCCTTGCCCAATTATCCTCTTGTCTGCTGTA
Gain 3’ fragment For TACAGCAGACAAGAGGATAATTGGGCAAGGAGACGT

Rev CCCACCTGCGCGCTATTAGTAGAAACAAGGTCGTTTTTAAACTATT
Loss 5’ fragment For CCCACCTGCCAGTGGGAGCGAAAGCAG

Rev GCCTTCTCTCCTTTCGCGTACTTCTTGATTATGGCCA
Loss 3’ fragment For TGGCCATAATCAAGAAGTACGCGAAAGGAGAGAAGGC

Rev CCCACCTGCGCGCTATTAGTAGAAACAAGGTCGTTTTTAAACTA

Gain (de novo) 5’ fragment For

CAGTCACCTGCCGATGGGAGCGAAAGCAGGT

Rev CCACGTCTCCTTGCCCAATTA ACTCCATAAAGTTTGTCCTTGC
Gain (de novo) 3’ fragment For GCAAGGACAAACTTTATGGAGTAAAATAATTGGGCAAGGAGACGTGG
Rev CCCACCTGC ATTAGTAGAAACAAGGTCG AAACTATTC

66

67

67

of infection medium was added. Cells were incubated for 24 h at 37°C and 5% CO,. The supernatant was
harvested and stored at —80°C until further analysis by plaque assay and HA assay.

Data availability. The reference sequence of the PR8 genome used for alignment can be found
under the following NCBI accession numbers: AF389115.1 (PB2), AF389116.1 (PB2), AF389117.1 (PA),
AF389118.1 (HA), AF389119.1 (NP), AF389120.1 (NA), AF389121.1 (M), AF389122.1 (NS). The complete
NGS data set is available under the BioProject accession number PRINA743179.
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3.2. Second Manuscript

In the study of the second manuscript, the replication of IAV DIPs and STVs for a
broad range of DIP and STV inputs is analyzed. This helps to assess the impact on
virus-induced apoptosis and to calibrate a mathematical multiscale model of IAV and

STV infection enabling the prediction of optimal dosing ratio for IAV DIPs.
Rudiger, Daniel*; Pelz, Lars*; Hein, Marc D.; Kupke, Sascha Y.; Reichl, Udo
*Shared first authorship

Multiscale model of defective interfering particle replication for influenza A virus

infection in animal cell culture
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Abstract

Cell culture-derived defective interfering particles (DIPs) are considered for antiviral therapy
due to their ability to inhibit influenza A virus (IAV) production. DIPs contain a large internal
deletion in one of their eight viral RNAs (vRNAs) rendering them replication-incompetent.
However, they can propagate alongside their homologous standard virus (STV) during
infection in a competition for cellular and viral resources. So far, experimental and modeling
studies for IAV have focused on either the intracellular or the cell population level when
investigating the interaction of STVs and DIPs. To examine these levels simultaneously, we
conducted a series of experiments using highly different multiplicities of infections for STVs
and DIPs to characterize virus replication in Madin-Darby Canine Kidney suspension cells.
At several time points post infection, we quantified virus titers, viable cell concentration,
virus-induced apoptosis using imaging flow cytometry, and intracellular levels of vVRNA and
viral mRNA using real-time reverse transcription qPCR. Based on the obtained data, we
developed a mathematical multiscale model of STV and DIP co-infection that describes
dynamics closely for all scenarios with a single set of parameters. We show that applying
high DIP concentrations can shut down STV propagation completely and prevent virus-
induced apoptosis. Interestingly, the three observed viral mRNAs (full-length segment 1 and
5, defective interfering segment 1) accumulated to vastly different levels suggesting the
interplay between an internal regulation mechanism and a growth advantage for shorter
viral RNAs. Furthermore, model simulations predict that the concentration of DIPs should
be at least 10000 times higher than that of STVs to prevent the spread of IAV. Ultimately,
the model presented here supports a comprehensive understanding of the interactions
between STVs and DIPs during co-infection providing an ideal platform for the prediction
and optimization of vaccine manufacturing as well as DIP production for therapeutic use.
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Author summary

Influenza viruses replicate inside their hosts after infection. Along with the release of wild-
type standard virus (STV), they can also generate specific kinds of particles that have dele-
tions in their genome. These so-called “defective interfering particles” (DIPs) are unable
to replicate on their own. However, during co-infection with STV they can interfere with
the viral life cycle suppressing STV production and instead release a large number of prog-
eny DIPs. Recent studies have shown promising results regarding their potential as antivi-
ral agents. To characterize the interactions between STVs and DIPs during co-infections,
we infected animal cell cultures using 12 different multiplicities of infection for STVs and
DIPs, respectively. We measured intra- and extracellular infection dynamics and show
that STV replication can be suppressed completely using high amounts of DIPs. Then, we
developed a mathematical model that describes co-infection dynamics closely using a sin-
gle set of parameters. We used this model to predict optimal dosing ratios for DIPs to sup-
press STV infections and for cell culture-derived production of DIPs for antiviral therapy.

Introduction

Infectious diseases continue to pose significant and unpredictable risks for human and animal
life despite enormous preventive and therapeutic efforts taken over the last 100 years. The cur-
rent COVID-19 pandemic clearly demonstrates that newly emerging viruses can lead to mil-
lions of deaths and severe impacts on the global economy [1]. Influenza A virus (IAV) has the
potential to produce equally dangerous epi- and pandemics due to its high mutation rate and a
natural reservoir in various species [2,3]. Prevention and treatment strategies focus mostly on
vaccination and the administration of antiviral drugs. However, emerging resistances to cur-
rent antivirals may limit treatment approaches [4,5], which emphasizes the need for an
improvement and expansion of the therapeutic catalogue.

Defective interfering particles (DIPs) are structurally similar to their corresponding stan-
dard virus (STV), but replication-incompetent due to a large internal deletion in at least one of
their eight viral genome segments [6-10]. During co-infection with the STV, which acts as a
helper virus by providing the missing genomic information, they can generate progeny DIPs
as well as reduce production and release of STV particles strongly. The decrease in STV pro-
duction was theorized to be related to a growth advantage of the defective interfering (DI)
genome over its full-length (FL) counterpart [7,11,12]. Currently, the shorter length of DI
RNA is a prominent hypothesis for the source of this advantage [7], however, the underlying
mechanisms are still not understood completely. Besides IAV, nearly all RNA viruses produce
DIPs [8,13]. Based on their inhibiting effect during co-infection, DIPs are considered promis-
ing candidates for antiviral therapy. Previous animal studies showed that the administration of
DIPs could successfully prevent and treat IAV infections in mice and ferrets [14-18]. How-
ever, the exact mechanisms of DIP interference, the structural requirements for a potent inhi-
bition of IAV infection and the selection of an optimal dose for therapeutic application remain
elusive. In addition, the design and optimization of the production of DIP preparations for
manufacturing of antivirals is a challenge. Therefore, a comprehensive mathematical model
describing the interplay between STVs and DIPs in cell culture during co-infection on a sys-
tems level could support further research into these areas.

Previous model-based studies of DIP infection examined mostly in vitro virus propagation
on the cell population level [19-22]. However, the competition for cellular resources and inhi-
bition of STV production and release occurs during intracellular virus replication. While few
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studies also focused specifically on the effect of DIPs on the intracellular level [23,24], the
spreading of DIPs in cell populations was not taken into account. Finally, some previously
developed models considered both levels of infection [25,26]. However, these contained rather
basic representations of the intracellular virus replication dynamics. A general outcome of
model-based DIP infection studies was the impact of the ratio between STVs and DIPs for
inhibition, i.e., the applied multiplicity of infection (MOI) and multiplicity of DIPs (MODIP).

Besides DIP production-related issues, a better understanding of the interaction between
these two virus populations could also contribute to the development of innovative therapeutic
approaches. Applying different MOIs and MODIPs for an infection of animal cells can influ-
ence the dynamics of virus propagation significantly. Using vast amounts of both STV's and
DIPs leads to more co-infections, which favor DIP production. In contrast, for low MOI and
MODIP conditions, only few co-infections occur and, consequently, the STVs can replicate
unhindered and overcome inhibition by DIPs. In addition, the MOI can change drastically
during the course of an infection as more and more virions are released [27], which is expected
to also apply to the MODIP. Therefore, the interplay between the infection conditions on the
cell population level and the resulting effects on intracellular replication could be a key factor
to understand DIP inhibition dynamics.

To elucidate the complex interactions between STVs and DIPs, we conducted a compre-
hensive set of experiments using various combinations of MOI and MODIP, and analyzed the
infection dynamics on the intracellular and population level in Madin-Darby Canine Kidney
suspension (MDCKsus) cells. In addition, we developed a multiscale model for STV and DIP
co-infection on the cellular and the population level. As a starting point we considered two
previously published models; one focusing on virus replication at the single-cell level [23], the
other describing STV replication and propagation for different MOIs [27]. We introduced
populations of cells infected only by DIPs and co-infected cells on the population level as well
as specific viral mRNA regulations and viral genomic RNA synthesis suppression dynamics on
the intracellular level. Then, we utilized the obtained experimental data to calibrate the multi-
scale model and to predict the impact of different MOI/MODIP conditions on the infection
dynamics.

Results

High DIP loads suppress STV infection and prevent virus-induced
apoptosis

To examine how a variation of MOI and MODIP affects the overall replication dynamics dur-
ing STV and DIP co-infection, we infected MDCKsus cells with different combinations of
STV (A/PR/8/34, HIN1) and purely clonal DIP input. We selected MOIs of 1072, 3, 30 and
MODIPs of 0, 1072, 3, 30 to create 12 different infection conditions (Fig 1A). For our experi-
ments, we used a prototypic, well-characterized DIP referred to as DI244 [28]. DI244 particles
contain a deletion on the virus genome segment 1 encoding for polymerase basic protein 2
(PB2). The applied MOIs and MODIPs ranged over four orders of magnitude to cover highly
different infection scenarios.

For all 12 infection conditions (Fig 1A), we measured the dynamics of viral mRNA and
genomic viral RNA (VRNA) on the intracellular level (Figs 2 and S5-510) using real-time
reverse transcription qPCR (real-time RT-qPCR). On the extracellular level, we determined
the yield of infectious particles (quantified by plaque assay) and the total yield of STVs and
DIPs (quantified by real-time RT-qPCR). Furthermore, we measured the fraction of infected
and apoptotic cells using imaging flow cytometry (S3 and S4 Figs).
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Fig 1. Addition of defective interfering particles (DIPs) can prevent virus-induced apoptosis and protect MDCKsus cells from standard
virus (STV) infection. (A) Schematic depiction of the 12 different MOI and MODIP conditions used for infection experiments. (B) Viable
cell concentration and (C) the fraction of apoptotic cells for infections with MOI 10~ and MODIPs of 0, 10, 3 and 30. Results for all
infection conditions are shown in S1 Fig.

https://doi.org/10.1371/journal.pchi.1009357.g001

Our experimental results show that MDCKsus cells were protected from virus-induced cell
death when infected at a low MOI of 10~ combined with MODIPs of 3 and 30 (Fig 1B). These
two infection conditions will from here on be referred to as L3 (MOI 10> + MODIP 3) and
L30 (MOI 10~° + MODIP 30). For L3, the cells continued to grow until 38 hours post infection
(hpi), while for L30 less cell growth occurred which seemed to be affected by the higher con-
centration of DIPs (Fig 1B). In contrast, all other infection conditions lead to virus-induced
apoptosis and cell death after addition of STVs (S1 Fig). Interestingly, for L3 and L30 condi-
tions, the apoptosis level stayed below 20% (Fig 1C) although the cells were infected by high
amounts of DIPs. This is likely caused by a significant reduction of intracellular virus replica-
tion, especially the low accumulation of VRN As (Fig 2), whereby apoptotic processes are not
triggered.

Both infectious and total virus titers were reduced significantly for L3 and L30 (S3 Fig).
Virus replication still occurred on a low level, however, compared to the other conditions a
reduction of the infectious virus titer at 26 hpi by five to six orders of magnitude was observed
in L3 and L30, respectively.

In sum, the addition of high amounts of DIPs during a STV infection at a low MOI can pro-
tect cells from virus-induced cell death and reduce viral titers severely.

DIP infection leads to considerable viral mRNA transcription even in the
absence of co-infections

On the intracellular level, we focused on the dynamics of viral RNAs. Negative-sense VRNAs
contain the genomic information and enter the cellular nucleus during infection. There, they
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https://doi.org/10.1371/journal.pcbi.1009357.g002

act as templates for the synthesis of two positive-sense RNAs, i.e., viral mRNA and comple-
mentary RNA (cRNA). The former is required to perform viral protein translation and the lat-
ter is a replicative intermediate that can be transcribed to produce progeny vRNAs. We
measured the levels of VRNA and viral mRNA for three different genome segments, i.e., the FL
segment 1, the truncated DI244 segment 1 and segment 5 (S5).
The maximum levels of viral mnRNA show clear differences between the three measured

segments. S5 mRNA reaches the highest levels and FL mRNA levels are reduced by over one
order of magnitude (Fig 2). DI mRNA achieves levels between the other two segments. This
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implies that there is a fundamental mechanism that regulates the mRNA accumulation of dif-
ferent segments as this behavior is replicated over all infection conditions (S5-S7 Figs).

The levels of viral mRNA are reduced strongly for the low MOI, high MODIP conditions
L3 and L30. FL mRNA is not produced in L30 (Fig 2A) and increases slowly over time in L3.
Interestingly, DI and S5 mRNA initially accumulate to similar levels as for other infection con-
ditions using high MOI or MODIP until 2 hpi. Then, their increase stagnates and they stay at
this level until at least 45 hpi. Due to the low MOI and high MODIP for conditions L3 and
L30, the vast majority of cells were infected only by DIPs and not by STVs. Therefore, the
observed levels of DI and S5 mRNA were generated by DIP-only infected cells and did not
require a co-infection by STVs providing missing genomic information.

The accumulation of VRNA for all three observed segments is suppressed completely for
L30 but shows a slow and steady increase for L3 (Fig 2). Because of the defective genome in
DI244, PB2 cannot be produced in cells only infected by DIPs. PB2 is a subunit of the viral
RNA-dependent RNA polymerase (RARp) which is essential for virus replication. Therefore,
in cells only infected by a DIP and no STV, the synthesis of progeny VRNA is prevented. For
the other conditions, FL and S5 vVRNA show typical accumulation dynamics. However, both
vRNA and viral mRNA trend towards reduced levels with increasing MODIPs.

Taken together, the DI244 used in our experiments is capable of viral mRNA transcription
at considerable levels without the STV functioning as a helper virus.

Developing a multiscale model of STV and DIP co-infection

The mathematical model presented comprises basic aspects of two of our previously published
models but expands their scope by including viral RNA replication phenomena observed for
DIP propagation in this study. The model structure is based on an MOI-sensitive multiscale
model of STV infection in animal cell culture [27]. For the description of the data obtained in
our experiments, we expanded this model by considering the dynamics of DIPs on the cell
population level and the intracellular level using an adapted model of intracellular DIP replica-
tion [23].

To this end, we introduced cells only infected by DIPs (Ipp) and co-infected cells (Ico) to
the existing uninfected (T), STV-only infected (Isv), uninfected apoptotic (T,4) and infected
apoptotic cells (I4) on the population level (Fig 3, Eqs (11)-(16)). We assumed that DIP-only
infected cells are incapable to produce progeny virions due to missing genomic information
and, therefore, neglected virus entry, replication and release on their intracellular level. On the
other hand, co-infected cells release both progeny STVs and DIPs. In accordance with the
description of STV-only infected cells (Eq (13)), co-infected cells were also represented as an
age-segregated population Ico(t, 7) (Eq (14)). Additionally, DIPs themselves (D) as well as
their different binding and endocytosis states, i.e., attached DIPs (DQ“) and DIPs in endosomes
(DE™), were implemented analogous to STV particles (Eqs (559)-(S69)).

On the intracellular level the DIP entry and nuclear import, the replication of the DI seg-
ment and the release of progeny DIPs were considered. We modified the model structure
slightly in accordance with specific assumptions used in the original multiscale model [27].
Therefore, we modified the STV and DIP release kinetics by including a maximum release rate
of infected cells (Eqs (7)-(10)).

The fraction of infectious virions released (FIVR, Fp,,) by infected cells was crucial in the
development of the original multiscale model as it determined how rapidly an infection can
spread when low MOI concentrations are used [27]. In the original model, the FIVR had to be
adjusted for application for different infection conditions as it showed a reduced value for high
MOI (Fp,, = 0.034) compared to low MOI scenarios (Fp,, = 0.26). We speculated that this
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virus-induced apoptosis of all infected cells and the lysis of apoptotic cells. STVs are released from STV-only infected and co-infected cells,
DIPs are only released from co-infected cells and both are cleared via virus degradation. (Bottom) Virus entry, nuclear import, viral RNA
and protein synthesis, nuclear export and progeny virion release in STV-only infected cells and co-infected cells is simulated using the same
intracellular model. Figure adapted from [29].

https://doi.org/10.1371/journal.pcbi.1009357.g003

variation was most likely induced by DIPs, which affect STV replication more strongly in high
MOI conditions. For the development of our model of STV and DIP co-infection, we applied
a single value for the FIVR, because the impact of DIP interference was implemented in the
model itself.

To take into account the specific impact of MOI and MODIP conditions as well as their
dynamics over time, we consider the current virus concentrations explicitly when calculating
intracellular dynamics. In the original multiscale model, the initial conditions for the simula-
tion of the intracellular level were based solely on the MOI at time of infection. For the model
developed in this study, we use varying initial conditions, which are adapted to the current
concentrations of STVs and DIPs in the cell culture to simulate intracellular dynamics. While
this increases computational burden, it considers the dynamic changes of MOI and MODIP
during infection.

The original multiscale model [27] relied on experimental data obtained from a different
cellular system (adherent MDCK cells). The seed virus used in this study, however, was
adapted to MDCKsus cells that show overall faster infection dynamics. Therefore, a re-evalua-
tion of various process parameters that may have been affected by this change in the cell line
was required. Additionally, the model was adapted to utilize infectious STV titer measure-
ments obtained via plaque assay (PFU/mL) instead of the previously used tissue culture infec-
tion dose (TCIDs,) assay [30] that typically results in higher titers.
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The basic model of STV and DIP co-infection was calibrated to the intra- and extracellular
data of 12 infection conditions (Figs 1 and 2). However, for most infection conditions, model
simulations showed large deviations to the measured values (S2 Fig). Especially for low MOI
conditions, large deviations for the observed intracellular properties were apparent (S11 Fig).
Therefore, we were not able to obtain a set of parameters describing all measured dynamics
simultaneously. Most likely, this is due to the inherent complexity of the interaction of STV
and DIPs during infection.

In sum, we established a mathematical multiscale model of STV and DIP co-infection by
taking into account DIP replication and spreading on the intracellular and cell population
level, respectively, to describe the infection dynamics observed in our experiments (Fig 1).
However, estimating a set of parameters that describes all infection conditions could not be
achieved with this basic model.

Extension of the basic model of STV and DIP co-infection

To address the observed discrepancies between our basic model and the measured dynamics
during STV and DIP co-infection in animal cell culture, we implemented several targeted
changes to the model equations.

First, we wanted to address the discrepancies observed between the levels of the three differ-
ent viral mRNAs (Fig 4A). Although the overall dynamics of viral mRNA accumulation could
be captured, the levels of FL and DI mRNA were overestimated, while the levels of S5 mRNA
were underestimated. Previously, a clear distinction was postulated for segments encoding for
proteins of the viral polymerase RdRp, i.e., segment 1 to 3, and the other segments 4 to 8 [31-
33]. The polymerase segments seemed to accumulate to significantly lower levels. Therefore,
we decided to implement this effect by a simple parameter f, that reduces mRNA transcrip-
tion in polymerase segments including the DI segment (Eq (2)). This clearly improved the
description of our experimental data compared to the basic model and enabled the representa-
tion of the different levels of accumulated viral mRNA (Figs 4B and S5-S7).

Another significant deviation between the simulation of the basic model and the experi-
mental data could be observed for the levels of DI and S5 mRNA in low MOI, high MODIP
conditions L3 and L30 (Fig 4C). These two mRNAs still accumulated to considerable numbers,
although nearly all infected cells should have been infected with a DIP but no STV as a helper
virus. We assumed initially that cells just infected by DIPs do not produce any viral RNAs. Yet,
previous IAV infection studies showed that the “primary transcription” of viral mRNAs by
incoming parental vVRNAs can lead to significant levels [34-36].

To implement this hypothesis, we used a modified version of the intracellular equation
describing viral mRNA kinetics (Eq (1)) for DIP-only infected cells. In this simplified equation
(Eq (3)), the negative feedback induced by RdRp is removed, because cells only infected by
DI244 cannot synthesize functional PB2, which is essential for RdRp formation. Furthermore,
the primary transcription now depends on the raw input of viral ribonucleoprotein (VRNP)
templates per cell from the initial infection. Using this simple description, we can capture the
level of viral mRNA accumulation in L30 closely (Figs 4D and S5-S7). For L3, the combination
of primary transcription and the regular viral mRNA generation in co-infected cells also
describes the initial plateau and the following increase.

Then, we focused on the vVRNA dynamics, which were not represented completely (S11
Fig). Therefore, we fixed every model parameter except k;\", which describes the rate of vVRNA
synthesis, and calibrated the model to the experimental data. Thus, we identified that k;" was
estimated to very similar values for low initial DIP concentrations, i.e., MODIP 0 and 1073, but
showed a clear reduction when MODIP 3 and 30 were used for infection (Fig 4E). Specifically,
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blue dash-dotted line represents the dependency of k3" on the MODIP-to-MOI ratio for high MODIP conditions (full circles).
The vertical black line separates infections only using STV's from infections with MODIP > 0. (F) Dynamics of the viable cell
concentration for low MOI, high MODIP conditions L3 and L30. Experimental data for all other infection conditions are
shown in S1 and S3-S10 Figs.

https://doi.org/10.1371/journal.pchi.1009357.9004

we observed a direct relation of the parameter value to the applied ratio of MODIP to MOL.
Consequently, we introduced a dependency of the parameter k3" on the MODIP-to-MOI
ratio used during infection (Eq (4)). Fortunately, this modification to the model did not only
enable the description of STV and DIP co-infection for all conditions using a single set of
parameters, but also improved the description of our experimental data considerably (52-S10
Figs).
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Additionally, we considered that the cell growth observed for low MOI, high MODIP con-
ditions L3 and L30 seemed to be lower with increased MODIP (Figs 1B and S1). Therefore, we
introduced a factor f, that reduces the specific cell growth rate during infection depending on
the initial DIP concentration (Eq (19)). While the fraction of apoptotic cells did not increase
when infected with a large quantity of DIPs (Fig 1C), they nevertheless showed an impaired
cell growth. By using this additional factor, we were able to describe the differing growth
dynamics for conditions L3 and L30 (Fig 4F).

Finally, the extended model of STV and DIP co-infection (Eqs (S1)-(S74)) was fitted to
measurements from 12 different combinations of MOI and MODIP conditions (Table 1).
Model simulations capture experimental data on the intracellular and cell population level
closely (Figs 5 and S3-510). Especially the effects of STV suppression for low MOI, high
MODIP conditions L3 and L30 can be described well (Fig 5L). On the intracellular level, the
balance between VRNA and viral mRNA can be captured for nearly all conditions. Further-
more, viral titers and cell population dynamics are described well. The extended model com-
prises 132 ODEs and 73 parameters (basic model: 130 ODEs, 68 parameters). For 8 out of 12
experiments fitted, the extended model showed lower values for the Akaike information crite-
rion (S1 Table) and is, therefore, preferable [37]. This applies, in particular, for MOI 102 com-
bined with a low MODIP, where the experimental data could not be described using the basic
model (S11 Fig). Furthermore, for high MOI combined with high MODIP conditions the data
is fitted better by the extended model. Overall, while the basic model displays a certain advan-
tage to describe some infection conditions, the extended model is able to capture all conditions
simultaneously.

In summary, we extended our basic model of STV and DIP co-infection by considering (I)
segment-specific viral mRNA production, (II) the primary transcription of viral mRNA in
DIP-only infected cells, (III) a reduction of vRNA synthesis depending on the applied

Table 1. Parameters estimated from the experimental data in S1 and S3-S10 Figs.

Parameter Value Confidence interval (95%)*
Fpr(0) () 3.6x107° (0.3-48.9)x107°
Faav () 0.32 0.07-0.84
Fn () 0.12 0.006-0.53
F, () 0.63 0.2-1
KA () 1.18x1072 (0.1-1.3)x1072
K™ (b 58.3 9.5-258.8
K;(h") 0.27 0.05-0.35
K () 0.16 0.02-0.5
K (molecules) 7.8x10° (1.1-30.9)x10°
KR (h™) 4.1x107* (0.7-16.1)x107*
KR! (virions - h") 6.15x10° (0.9-19.3)x10°
Ky (b 20.1 4.7-78.5
Kyra (virions) 1.8 0.3-6.8
Tapo (h) 6.65 5.0-18.0
v (=) 5.2 2.0-47.7
v2(-) 0.1 0.002-0.23 "

#95% confidence intervals were obtained from the Q0.025 and Q0.975 quantiles of 1250 bootstrap iterations [38].

® Estimates reached lower bootstrap parameter bounds.

https://doi.org/10.1371/journal.pchi.1009357.t001
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Fig 5. The extended multiscale model captures infection dynamics on the intracellular and cell population level for all measured infection conditions.
Curves depict simulations of the extended model fitted to (A-C) cell-specific viral mRNA, (D-F) cell-specific VRNA, (G-I) cell population and (J-L)
extracellular virus titers measured in MDCKsus cell cultures infected with different amounts of influenza A/PR/8/34 (HIN1) and defective interfering
particles (DI244). Results for MOI 10~ and MODIP 0 (first column), 30 and 3 (second column), and 10~> and 30 (third column) are shown. The figures
presenting cell population dynamics (G-I) show fits to uninfected non-apoptotic, infected non-apoptotic, as well as the sum of uninfected and infected
apoptotic cells. The extended model is based on Riidiger et al. [27] and Laske et al. [23], but additionally considers primary transcription of viral mRNA,
segment-specific viral mRNA production, a reduced vRNA synthesis for high MODIP conditions and a DIP-induced reduction of cell growth. Simulation
results for all other infection conditions are shown in S3-S10 Figs.

https://doi.org/10.1371/journal.pcbi.1009357.9005
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MODIP-to-MOI ratio, and (IV) DIP-induced cell growth reduction. The extended model
describes all examined infection conditions using a single set of parameters.

Model simulations predict the ratio of MODIP to MOI required to reduce
infectious STV titers significantly

In a next step, the extended model was used to predict the optimal infection conditions for the
successful suppression of STV propagation and the generation of large DIP quantities. These
two scenarios are especially relevant regarding the production of DIPs for antiviral therapy
and their potential application against STV infection.

Generally, high doses of DIPs are required for strong inhibition of STV infection (Fig 6A).
However, also low doses of DIPs can show an inhibiting effect when the MOI is significantly
lower than the MODIP. Our simulations predict that using ratios of MODIP to MOI of 1:1
enables a reduction of infectious STV titers by a factor of 10 compared to a DIP-free infection.
To induce a strong reduction of infectious virus titers, i.e., by at least four orders of magnitude,
a ratio of 10*:1 is required.

A infectious STV log,o B total DIP log,,
5 production (virions/mL) 5 production (DIPs/mL)
10 A 8 10? e '
- + <+ 5 1 10
__10' __10"] A
B o i+ 4 8,0l
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Fig 6. STV infection suppression and DIP production are strongly affected by the infection conditions. (A+B) Infections of MDCKsus cells
were simulated with the extended model using MOIs and MODIPs in the range of 10~%~10% and 10™*-107 respectively. The predicted
concentrations of (A) infectious STVs and (B) total DIPs at 48 hpi determine the color of the heat map. The experimentally observed infection
scenarios (+) are depicted. The solid red line indicates (A) an MODIP-to-MOI ratio of 101 and (B) the optimal multiplicity ratios for DIP
production. For the switch between regular and reduced vRNA synthesis for low and high initial DIP concentrations a threshold value of Fyiopip
=107 was used. Grey areas indicate that no production of either STVs or DIPs did occur. (C) The predicted fold-change for yields of infectious
STVs and total DIPs at 24 hpi depending on a reduction or increase in the replication advantage of DI cRNAs over their FL counterpart is
presented. The parameter Fyq, was varied in the range of 0 to 1000% of its estimated value. The vertical red line indicates the replication
advantage estimated during model calibration, i.e., Fogy = 0.32.

https://doi.org/10.1371/journal.pchi.1009357.9006
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Our model predicts that the highest DIP amount can be produced using large quantities of
both MOI and MODIP during infection (Fig 6B). However, this would require a lot of virus
seed material for infection, rendering this option unattractive for large scale DIP manufactur-
ing. Very good yields could also be achieved by lower virus input, i.e., an MOI of 0.01 and an
MODIP of 0.25, which reaches over 50% of the predicted maximum DIP production using a
150 times lower seed virus concentrations for infection. In general, applying slightly higher
DIP than STV concentrations during infection resulted in the best results for DIP production.

Furthermore, we investigated the effect of the intracellular parameter Fq,, the replication
advantage of DI cRNA over its FL counterpart, on infectious STV inhibition and DIP propaga-
tion. For an MODIP of 1072, no significant impact of this parameter on infectious STV titers
(Fig 6C) could be determined. When combining high STV and DIP concentrations, an
increase of the parameter Faq4, could lead to decreased infectious STV titers. A reduction of
the replication advantage would in turn lead to improved STV production in this scenario.
The release of DIPs could be improved when the parameter Fyq, is increased, however, after
reaching an optimal value the model predicts a decrease for higher values (Fig 6C). For equi-
molar virus particle concentrations, i.e., when both MOI and MODIP are either 107> or 30,
this optimal value regarding DIP production is Fa4y = 1.8. Using MOI 30 and MODIP 107>,
Fagy = 2.5 is predicted to be optimal for DIP production.

Taken together, the extended multiscale model of STV and DIP co-infection predicts that a
MODIP-to-MOI ratio of about 10*:1 has to be used to restrict STV production and spreading
significantly. Furthermore, an increase of the replication advantage of DI cRNAs could
improve both the suppression of STV release and the production of DIPs.

Discussion

IAV infection is an intricate biological process in which the virus and the host cell interact on
multiple levels. Typically, only STV replication is considered but the influence of DIPs present
at time of infection or emerging continuously adds an additional layer of complexity to the
underlying system. Current experimental and computational techniques facilitate a profound
investigation of such processes. In this study, we conducted a series of STV and DIP co-infec-
tion experiments and developed a mathematical multiscale model, which captures the mea-
sured intra- and extracellular dynamics closely. We used this model to predict virus
propagation for a wide range of infection conditions and estimated optimal settings for STV
suppression and DIP production.

Our experiments with different MOIs and MODIPs show that STV production can be
reduced significantly for specific infection conditions. Additionally, the fraction of apoptotic
cells for low MOI and high MODIP scenarios remained at a very low level and cells survived
for over 60 hpi. Interestingly, even the generation of over 10° viral mRNAs per cell and the
putative translation of viral proteins in DIP-only infected cells did not lead to an augmented
cell death response. Therefore, another trigger has to cause this cellular defense mechanism
against infection. As discussed in [39], previous studies clearly suggested that the intracellular
concentration of vVRNA is a critical factor for apoptosis induction. Our experimental results
support these findings and indicate that only the replication of large amounts of viral genomes
in the nucleus, i.e., VRNA, will lead to virus-induced apoptosis in MDCKsus cells.

Furthermore, the wide range of applied infection conditions enables a comprehensive char-
acterization of the effect of MOI and MODIP on virus production. In a recent study, Martin
et al. [40] showed that the MOI strongly affects dynamics of STV replication in adherent
MDCK cells. They observed higher virus titers and an earlier onset of virus particle release
with increasing MOIs. While our experimental results of MDCKsus cell infections support a
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faster release of both STVs and DIPs with higher MOIs (S3 Fig), we did not observe an overall
improvement of virus titers using a larger STV input. The highest concentrations of infectious
and total STV were achieved in low MOI conditions (S3A and S3B Fig). Similar results have
been reported previously for adherent MDCK cells [41,42]. The maximum DIP titers in our
experiments were found for an equimolar STV and DIP input (S3G and S3L Fig). This indi-
cates that the ratio between MOI and MODIP might play a larger role than the total virus
input for optimal DIP production conditions.

By measuring STV and DIP co-infection kinetics on the intracellular and cell population
level for 12 different infection conditions, we obtained a multitude of experimental data,
which provides a deep look into the interaction between these two viruses. However, to
describe the dynamics of all observed infection conditions with a single set of parameters, we
had to extend the initially developed basic multiscale model of STV and DIP co-infection by
considering various steps of viral mRNA synthesis in more detail. Specifically, we introduced
an internal regulation between segments, i.e., a lower transcription rate for segments encoding
for RdRp-related proteins compared to structural proteins, as observed in previous replication
studies [31-33]. Interestingly, for infection conditions using equal amounts of STVs and DIPs,
the DI mRNA levels are exactly between FL and S5 mRNA levels (Fig 4B). This indicates that
due to the replication advantage of DIPs their viral mRNA can overcome their STV counter-
part, but not reach the levels of S5 and potentially other segments.

Furthermore, our experiments show that cells only infected by DIPs are able to produce
high concentrations of viral mRNA for scenarios with very few co-infections, i.e., low MOI
conditions. A baseline level of viral mMRNA was detected, which correlates with a primary tran-
scription mediated only by the infecting DIP. However, since segment 1 encoding for a sub-
unit of RARp is defective (DI244), the replication of vVRNA and with that the amplification of
the viral genome did not occur. A highly interesting aspect in this regard is, if cells are capable
to perform vRNA replication in case that they are solely infected by DIPs with deletions in seg-
ments not encoding for RARp. In a recent study, Phan et al. [33] investigated the levels of viral
RNAs during infection for two different defective influenza viruses in A549 cells. One of them
was lacking FL segment 2, which encodes for a subunit of RARp, and showed an accumulation
of viral mRNA but no replication of VRNA similar to our experimental results for condition
L30. An infection with the second virus, which was lacking FL segment 4 encoding for the
structural protein hemagglutinin, resulted in VRNA and viral mRNA levels similar to a wild-
type infection. This indicates that the de novo synthesis of RdRp is critical for virus replication,
while the genome-bound RdRp provided by virions entering during initial infection is suffi-
cient for viral mRNA transcription.

The extended model was calibrated to measurements on the intracellular and cell popula-
tion level simultaneously and was able to capture the observed dynamics closely (S3-S10 Figs).
An important factor to capture all infection dynamics simultaneously was the introduction of
an MODIP-to-MOI ratio-dependent rate of VRNA synthesis resulting in a reduction of VRNA
levels in the presence of high DIP concentrations. Experimental data clearly demonstrated that
higher MODIPs lead to a reduction of vVRNA levels (S8 and S10 Figs). This interaction could
describe a “self-interference” that has been reported previously [25,43] and was also predicted
by mathematical modeling [23]. Specifically, due to high DIP levels, the viral replication is
restricted and, thus, the amplification of both STVs and DIPs is affected. However, the exact
mechanism of this effect and the factors involved in such a reduction cannot be clarified using
a mathematical model. Our hypothesis regarding the underlying interactions is that viral repli-
cation is limited due to a strong competition for viral proteins caused by high DIP concentra-
tions. If DI genomes occupy most RdRp, the transcription of FL mRNA could be reduced
significantly and fewer functional viral proteins would be synthesized. This would ultimately
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lead to a reduction of viral replication for both STVs and DIPs. To elucidate such interdepen-
dencies, further experiments focusing on the effect of high DIP levels on viral RNA replication
are required.

In our model prediction, we showed that an MODIP-to-MOI ratio of at least 10*1 is
required to reduce STV titers by over four orders of magnitude and enable a suppression of
STV infection in MDCKsus cells (Fig 6A). In line with our model prediction, recent infection
experiments in mice using varying STV and DIP concentrations provided similar results
[16,44]. In these studies, the complete protection induced by DIP administration was over-
come when the MODIP-to-MOI ratio was reduced from 3.4x10*1 to 3.4x10:1 and from
4.4x10*%1 to 2.2x10"1, respectively.

For infections in humans, about 0.6 to 3 infectious units were reported for successful air-
borne transmissions [44]. Extrapolating our findings from cell culture experiments, the
administration of 3 x 10* DIPs, e.g. via nasal spray, could be sufficient to limit infection spread
severely. However, as the preferred target tissues of IAV in humans do not correspond to a
well-mixed cultivation system, the administration of higher doses is likely necessary. If we
assume that the complete respiratory tract consists of about 4 x 10® cells [45] and that at least
an MODIP of 10™" should be achieved to induce strong infection suppression at such low
MOIs, 4 x 107 DIPs would be required for a strong inhibiting effect. This amount of DIPs
would also theoretically protect against up to 4000 infectious units, which is 1300 times the air-
borne infectious dose. However, if we consider an advanced infection already subject to strong
virus replication, high MOI conditions could be induced. Assuming MOIs of 1 or above, at
least 4 x 10"* DIPs would be necessary to achieve a strong inhibition according to our pre-
dicted MODIP-to-MOI ratio. Most likely, the application of such high DIP doses would not be
reasonable due to safety concerns. Therefore, the use of DIP preparations shows the biggest
promise shortly after infection or for prophylaxis. Previous in vivo experiments, which admin-
istered DIPs to mice at varying times before and after infection, support this hypothesis [28].

In addition, the innate immune response induced by DIPs was shown to play a major role
for their therapeutic effect [46]. This concerns, in particular, their antiviral activity against
influenza B virus [47], pneumovirus [48] and SARS-CoV-2 [49]. Obviously, DIPs could also
improve the defense against STVs by other means than high DI RNA replication rates and
competition for intracellular resources. To evaluate such effects, a different cell line should be
used. While MDCK cells show a strong interferon response following STV infection, the sub-
sequently produced myxovirus resistance protein 1 shows a lack of activity against the human
IAV due to its canine origin [50]. Moreover, it was reported that the trypsin added to the culti-
vation medium to facilitate the IAV entry into the cells also degrades interferon [51].

Lastly, the model predicts that for the cell culture-based production of large amounts of
DIPs relatively low amounts of virus material are sufficient for infection. Aslong as STVs and
DIPs are provided in more or less equimolar concentrations and the initial MODIP is kept
above 0.1, high levels of DIPs are obtained (Fig 6B). Generally, the predicted DIP production
was highest when slightly more DIPs than STVs were provided. An additional factor that
should be considered for the generation of higher DIP titers in co-infections is the replication
advantage of DI over FL genomes [7]. By using an optimal factor for this advantage, which is
implemented as an increased synthesis rate of DI cRNA over its FL counterpart in our model,
up to 3.6 times more total DIPs could be produced in simulations (Fig 6C). Furthermore,
model predictions suggest a more prominent replication advantage could also improve STV
titer reduction in high virus concentration scenarios. A potential strategy to obtain DIPs with
higher advantages over the STV is the selection of strongly accumulating DIPs from long-term
continuous bioreactor cultivations [52]. Such DIPs consistently replicated at high levels indi-
cating an increased advantage over their competition, i.e., other emerging DIPs.
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Further model extension towards description of in vivo infections could support the explo-
ration of strategies to prevent virus spreading in tissues and organs. To achieve such goals, the
model would require an expansion to describe virus spread in the second or third spatial
dimension. Additionally, the immune system, especially the innate immune response, would
need to be considered explicitly. Finally, the multiscale model developed in this study is well
calibrated to optimize cell culture-based DIP production and provides a solid basis for the
analysis of DIP application strategies for prophylaxis and treatment of IAV infections.

Materials and methods
Model of the intracellular level

The description of the intracellular dynamics of STV and DIP co-infection is based on a model
developed recently in our group [23]. Briefly, this model consists of a set of ordinary differen-
tial equations that represent virus entry, viral mRNA and protein synthesis, virus genome rep-
lication, packaging of viral genomes and progeny virion release for STVs and DIPs (Egs (S1)-
(545)). To link this model with the model established on the cell population level and to cap-
ture the infection dynamics observed in cell cultures closely, we modified various equations in
the original intracellular model. For the complete set of equations see S1 Appendix.

First, we incorporated additional regulation mechanisms during viral mRNA synthesis, i.e.,
(I) the inhibition of mRNA transcription activity by RdRp as suggested in [53,54], and (II) a
reduction of RARp-related viral mRNA transcription as shown in [31-33]. To that end, we
adjusted the viral mRNA dynamics to

M Syn y7.Nuc
N L ()
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with Fj; as a reduction factor for RdRp-related viral mRNA synthesis, the concentration of
unbound viral polymerase Prqgrp, and Kg denoting the amount of free viral polymerase
required to reduce mRNA transcription by 50%. Viral ribonucleoprotein Vp™"“ is the template
for transcription and L, represents the length of the viral mRNA for segment i. The DI segment
is referred to as segment i = 9. Viral mRNA synthesis and degradation rates are described by
k™ and ki, respectively.

In our experiments, we unexpectedly observed the significant accumulation of viral mRNA
in cells only infected by DIPs for low MOI, high MODIP conditions L3 and L30 (Fig 4C). To
describe these dynamics, we implemented primary viral transcription events, discussed in
[34-36], for DIP-only infected cells on the population level. Therefore, we assume that the
viral VRN As entering the nucleus during initial infection enable the production of large
amounts of viral mRNA. However, as we used a DIP with a deletion in a genome segment
related to RdRp, the replication of vVRNA cannot take place (Fig 2). We implemented the pri-
mary viral mRNA transcription similar to Eq (1) as
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where fj is the reduction factor for RdRp-related viral mRNA synthesis (Eq (2)). Here, the
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tial infection t;. The inhibition of mRNA synthesis by RdRp is not applied in these equations,
because we used a DIP containing a deletion in segment 1 encoding for PB2.

Additionally, we introduced a regulatory mechanism that affects VRNA synthesis depend-
ing on the MODIP-to-MOI ratio. Experimental results indicated a clear reduction of vVRNA
levels when high DIP concentrations were used for infection while no such effect could be
detected when using low DIP concentrations (Fig 4E). Therefore, we modified the parameter
k3", which is used in Eq (S17) and describes the synthesis rate of vVRNA, to

templates for transcription in an individual cell

are the DIPs provided at the time of ini-
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where Ky denotes the maximum vRNA synthesis rate and #; describes the time point at which
a cell got infected. The parameters v; and v, describe the effect of the MODIP-to-MOI ratio
% on the parameter k" (t,). To calculate the MODIP-to-MOI ratio, the extracellular concen-
trations of STV (V(#;)) and DIPs (D(t;)) at the time of infection are utilized. If the MODIP is
above a threshold value Fyoprp When a cell is infected, the vRNA synthesis is reduced. Based
on our experiments, we determined this value to be in the range of 10 to 3. For model predic-
tion in Fig 6 we assumed a value of Fyjoprp = 1073,

Furthermore, the virus release kinetics were adjusted to bring them in line with the model of
the population level [27] and to consider non-infectious virus particles. To enable the descrip-
tion of the infectious and total amount of virus particles, we introduced the FIVR Fp,,(7), which
describes what percentage of released virions has the capacity to infect new cells. It is defined as

Tow _ i, ©
with kX, denoting the decrease of infectious virus particle release over the life span of an infected
cell. In [27] the FIVR needed to be changed depending on the infection conditions decreasing
with higher MOIs. Here, we apply the same FIVR for all 12 infection conditions. Using the FIVR,
we adjust the equations for infectious virions released from either STV- or co-infected cells to
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where je{HA, NA, M1, M2}, m&{Isrv, Ico} represents the type of cells which release virus parti-
cles, and P; denotes the available viral proteins. The amount of VRNP-complexes for either STV

( cPlx) or DIPs (DCplx) determines the release of progeny virions. The infection age of a cell, which

represents the time that has passed since cells were infected, is described by 7. The parameters

Ky and N, 3 denote the amount of viral complexes necessary to achieve half the maximum virus

release rate and the number of viral proteins required for the formation of virus particles, respec-
tively. Therefore, the parameter k" acts as a maximum value for the rate of virus release. Using
these equations, we can describe the dynamics of infectious virions, total STVs and total DIPs
released during the infection of an animal cell culture.

Model of the population level

The extracellular kinetics describing STV and DIP co-infection are based on a recently pub-

lished multiscale model of IAV infection [27], which expanded conventional cell population

dynamics by using a logistic infection age-dependent apoptosis rate. In short, a set of ordinary
differential equation is coupled with integro-partial differential equations to describe infection
dynamics on the cell population level. This model describes (I) growth, infection and apoptosis
of uninfected cells, (II) infection-induced apoptosis of infected cells, and (III) attachment,
endocytosis, production and degradation of virus particles (Eqs (S47)-(S74)). To describe the
interactions of DIPs with the STV dynamics, we expanded this model by introducing DIP-
related cell and virus populations. For a detailed description of the population dynamics, the

reader is referred to S1 Appendix.

Based on the original model, ODEs describing the time course of uninfected target cells T,

STV-only infected cells Isry and their apoptotic forms T4 and I, respectively, were expanded
to handle DIP-only infected Ipip and co-infected cells Ico

dT
= HT =y T = T = KT (11)
dI o
dI;lP = i;ipT + ulpp — rg}'fvlmp - kl;P Iow (12)
oI, oI, N o
% % = [ %)pr + kAp ( )] STV(t7 T) (13)
oI oI, o
8Ct0 B;O = —k* (D)o (1, 7) (14)
dT
d—t‘* = kT — T, — T, — KT, (15)
dl ApO Apo Inf Inf Lys
fo ki Wy (8, T) + Ieo(t, T)]dT + k™ Iy + ravy Ty + 1o Ty — K7L, (16)
Crot(t) = T(t) + T, (t) + Ipp(t) + ﬂ]ooIsTv(t> T)dt + f()mlco(t7 T)dt +I,(t) (17)
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with

) = (122 T~ 0] (18)

Max +

and

’ (19)
L[V(0) + D(0)]Cry(0) " < 6,

I

{F ,[V(0) + D(0)]Cy (0) ™" > 6,

Uninfected and DIP-only infected cells get apoptotic with the same rate k3™ and grow with
the specific rate g, with a maximum value gy, This specific rate is affected by very high virus
concentrations during infection via the factor F,. While suspension cell growth is generally not
restricted severely by the available space in a vessel, we utilized the maximum cell concentra-
tion Typax = 107 cells/mL measured in our experiments as an upper limit. The infection of cells
by STVs and DIPs is described by the rates riat, and rfs,, respectively. Target cells and their
apoptotic counterpart can get infected by either STVs or DIPs, however, re-infection of STV-
and DIP-only infected cells is only possible by the opposing virus particle. Additionally, STV-
only infected cells are protected from re-infection after reaching an infection age of 3 h to con-
sider superinfection exclusion, which is mediated by neuraminidase [55,56]. Following the
implementations in [29] and [27], the infection age T of STV- and co-infected cells is consid-
ered and both populations undergo apoptosis with an infection age-dependent apoptosis rate
ki*°(z). Cell lysis of apoptotic target and apoptotic infected cells is described by the rate k™.

Furthermore, we added DIPs on the population level following the description of STVs and
defined them as

dD — [°[,Rel Rel Deg Dis TyAtt tt pD
a5 = o b, (DI (8,7) + iy (oo (8 0)ldT = kp*D + 32, (kD" — KZIBD) (20)

DIP,Igy DIP,Ico

with 784 (1) as the age-dependent DIP release rate of m&{Isry, Ico} cells. The age-segregated
cell populations Isrv(t, ) and Ico(t, 7) can both produce DIPs and degradation occurs with a
rate of ky®. The dissociation and association of DIPs from cells is described by kP and kA
with ne{hi, lo}, respectively. B? refers to the amount of virus binding sites on the cell surface
to which DIPs can attach. DIPs attached to cells (DA") and inside cellular endosomes (D)

were implemented analogous to the corresponding STV versions (Eqs (566)-(S69)).

Simulation approach and parameter estimation

Generally, model simulation was performed based on previously published multiscale models
[27,29]. However, the intracellular and population model are not decoupled anymore, because we
assume that the extracellular level has an impact on intracellular events. As before, the intracellular
and population models are linked by the virus release rates, i.e., roa, and ris,. These rates are calcu-
lated on the intracellular level depending on the infection age 7 and determine virus release on the
population level (Eqs (S42)-(S45)). In addition, we assume that the current number of STVs (V(¥),
VAY($), VE*(#)) and DIPs (D(t), D"(t), D*"(#)) on the extracellular level dictates the initial condi-
tions for cells infected at this specific time t. In contrast to the previous approaches, we did not uti-
lize a reduced intracellular model and simulated the intracellular model directly based on the state
of the population level. This change increased computational burden considerably, however, it
also enables the representation of infections with highly dynamic virus concentrations.
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The intracellular model (Eqs (S1)-(S45)) was solved numerically using the CVODE routine
from SUNDIALS [57] on a Linux-based system. The Systems Biology Toolbox 2 [58] was employed
in MATLAB (version 9.2.0.556344, R2017a) to process model files and experimental data. The pop-
ulation model (Egs (S47)-(S74)) and Eq (S46) were calculated using Euler’s method with a step size
dt = 0.1 h. In case this step size lead to rapidly oscillating behavior, e.g. when the concentration of
uninfected target cells reached values close to zero, it was reduced to dt = 0.02 h. The integrals in
Egs (555)-(556), (S59)-(S60), (S62), (S64)-(S65), (S71) and (S73) were calculated by substituting Eq
(S51) for Isrv(t, 7), Eq (S52) for Ico(t, T) and applying the rectangle rule to approximate results.

As in [27], we assume that cells are infected in the moment a virus genome enters their
cytoplasm and that at least one complete STV or DIP is required for infection. Therefore, the
initial values for V'(0) and D''(0), which describe the amount of STVs and DIPs in the cyto-
plasm before nuclear import, are set to 1 for simulation of the intracellular model. The other
initial conditions, i.e., viral species V**(0), VA*(0), V**(0), D**(0), D**(0) and D"*(0), are
taken from the current state of the population model. For simulation of cells only infected by
STVs, all DIP-related initial values are set to 0.

Furthermore, we assume that the minimum release from an infected cell is one complete
virus particle. To that end, all values in the infection age-dependent release rates rie, (1),
Ty 1ot () 1hep(7), and 5, - (7) that are below 1 are set to 0. This introduces a certain delay
between the infection of cells and the subsequent release of virions, which prevents an unrea-
sonably rapid virus spread in short time intervals, especially for low MOI conditions.

For parameter calibration, the intracellular and the population model were fitted simulta-
neously to experimental data from all 12 infection conditions (S1 and S3-S10 Figs). On the intra-
cellular level, we obtained VRNA and viral mRNA measurements. Cell population dynamics and
viral titers for infectious STVs, total STVs and total DIPs were determined on the extracellular
level. To estimate a single set of parameters, which enables the description of all infection condi-
tions at the same time, we used the evolutionary optimization algorithm CMA-ES [59]. During
model calibration, intermediate estimation results were assessed by normalizing errors to their
respective maximum measurement value. Then, the SSRs determined on the intracellular and pop-
ulation level were divided by the corresponding number of data points and added to evaluate the
quality of fits. For simulated values of vVRNAs and viral mRNAs, the first measured data point was
added as an offset to accommodate for a background signal in the real-time RT-qPCR analysis.

The final parameter values are presented in S2 Table and S3 Table. An overview of the local
sensitivity for all model parameters, which was calculated based on Heldt et al. [60], is provided in
S4 Table. The confidence intervals shown in Table 1 were calculated using a bootstrapping
method [38] considering a standard deviation of 55% for qPCR measurements and a standard
deviation of 40% for cell population data based on experiments from [61]. Additionally, an error
of 40% for the infectious STV titer was applied based on test runs using the PFU assay.

Model prediction

For the prediction of infectious STV and total DIP release for various infection conditions (Fig
6), we simulated the extended multiscale model using the parameters calibrated to our experi-
mental data. The amount of initially available STVs and DIPs on the population level was
adjusted to the intended values by multiplying the corresponding MOI and MODIP with a via-
ble cell concentration of T(0) = 2.2x10° cells/mL. The values in Fig 6 show the maximum con-
centration of progeny STVs and DIPs on the population level until 48 hpi.

To evaluate the impact of the replication advantage of DI cRNA on STV and DIP release,
we simulated the multiscale model using adjusted parameter values (Fig 6C). Therefore, we
varied the parameter Fyq4, between 0 and 1000% of its estimated value and performed model
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simulations for different MOI and MODIP conditions. The fold-change shown in Fig 6C was
calculated by comparing the resulting virus titers at 24 hpi with simulation outcomes obtained
by using the unmodified parameter Faq4, = 0.32.

Cells and viruses

An adherent Madin-Darby Canine Kidney (MDCK) cell line (ECACC, No. 84121903),
adapted first to growth in suspension [62] and subsequently to growth in the chemically
defined medium Xeno [63], in the following referred to as MDCKsus cells, was used. The
medium was supplemented with 8 mM glutamine. Cells were cultivated in shake flasks (125
mL baffled Erlenmeyer Flask, Thermo Fisher Scientific, 4116-0125) at a working volume of 50
mL in an orbital shaker (Multitron Pro, Infors HT; 50 mm shaking orbit) at 185 rpm, 37°C,
5% CO,. The parental adherent MDCK cells (“MDCKadh”, ECACC, No. 84121903) used for
determination of infectious STV titers (PFU/mL, see below) were cultured in Glasgow mini-
mum essential medium (GMEM, Thermo Fisher Scientific, #221000093) containing 1% pep-
tone and 10% fetal bovine serum at 37°C and 5% CO..

For STV infection, an influenza A virus strain A/PR/8/34 of subtype HIN1 (PR8) (provided
by Robert Koch Institute, Berlin, Germany), adapted to MDCKsus cells and Xeno medium
[63] was used. Infectious virus titer (0.8 x 10° TCIDso/mL) of the seed virus was quantified via
TCIDs, assay [30]. Generation of purely clonal DI244 was conducted according to [64] and
production as specified in [15]. “Active DIP titer” of the seed virus (1.5 x 10® PFU/mL) was
determined as described in [15]. Depletion of DIPs in the seed virus was controlled by seg-
ment-specific PCR according to [20,65].

Infection

MDCKsus cells were infected with different STV doses (corresponding to MOIs of 1073, 3, 30)
and DI244 doses (MODIPs of 0, 107>, 3, 30), as shown in Fig 1. We calculated the MOIs based
on the TCIDs, titer, while MODIPs were calculated based on the “active DIP titer” as
described in [15]. For infection, we added trypsin at a final activity of 20 U/mL. After inocula-
tion with virus, cells were washed at 0.75 hpi with pre-warmed phosphate-buffered saline
(PBS) (300xg, 5 min, room temperature), and cells were provided with fresh infection medium
containing trypsin for subsequent cultivation.

Sampling for analytics

For sampling at indicated time points post infection, viable cell concentration was measured
via a cell counter (Vi-Cell XR, Beckman coulter, #731050). Next, 1 x 10° cells were centrifuged
(300xg, 5 min, 4°C), and supernatant was discarded. Cell pellets were lysed with 350 uL lysis
buffer “RA1” (from “NucleoSpin RNA” kit, Macherey-Nagel, 740955) supplemented with 1%
(v/v) B-mercaptoethanol and stored at -80°C until real-time RT-qPCR analytics. In addition,
aliquots of cell suspensions were centrifuged (300xg, 5 min, 4°C) and supernatants were stored
at -80°C until virus titration or real-time RT qPCR analytics. The remaining cell pellet was
fixed with paraformaldehyde (1% (w/v)), and processed according to a previously published
protocol for cell sampling required for imaging flow cytometry analysis [61,65].

Plaque assay

Quantification of the “active DIP titer” of the DI244 seed virus by plaque assay followed an
established protocol [15]. Furthermore, the plaque assay using MDCKadh cells was applied to
determine the course of STV titers.
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Real-time RT-qPCR

vRNAs in supernatants were isolated using the “NucleoSpin RNA virus” kit (Macherey-Nagel,
740956), and vRNAs in cell pellets utilizing the “NucleoSpin RNA” kit (Macherey-Nagel,
740955) according to the manufacturers’ instructions. A previously published method
[61,65,66] was used for the absolute quantification of VRNAs and mRNAs using real-time
reverse transcription qPCR (real-time RT-qPCR). Primers for reference standard generation
and specific detection of FL segment 1 and DI244 vRNA [67], and S5 VRNA and viral mRNA
[61,65] were used. Primers of FL segment 1 and DI244 vRNA and viral mRNA are listed in S5
Table and S6 Table.

Imaging flow cytometry

An established protocol for imaging flow cytometric analysis of cells was utilized [61,65]. In
brief, cells were stained for NP using a monoclonal mouse anti-NP mAb61A5 (provided by
Fumitaka Momose) at a dilution of 1:100 and a secondary antibody Alexa Fluor 647-conju-
gated polyclonal goat anti-mouse (Thermo Fisher, #A21235) at a dilution of 1:500. DAPI was
added for nuclear staining. Acquisition of 10,000 single cells for each sample was performed
using the ImageStream X Mark I (Luminex). For data analysis, IDEAS software was utilized.
VRNP positive cells (infected cells) were determined based on a gate set on mock infected cells
(1% threshold). Apoptotic cells were detected based on image analysis, evaluating chromatin
condensation, nuclear fragmentation and cell shrinkage [61,65,68]. Furthermore, we deter-
mined fractions of the whole cell population that were (I) infected and apoptotic, (II) infected
and non-apoptotic, (II) non-infected and apoptotic, and (IV) non-infected and non-apoptotic
[27,29].

Supporting information

S1 Appendix. Full list of equations for the multiscale model.
(DOCX)

S1 Data. Experimental data used for model calibration.
(XLSX)

S1 Fig. Cell concentration and fraction of apoptotic cells for all MOI and MODIP condi-
tions. Measurements of (A-C) viable cell concentration and (D-F) the fraction of apoptotic
cells for infections with MOI 107>, 3 and 30 using different MODIPs.

(TIF)

S2 Fig. Model extension significantly improves description of experimental measurements.
The sum of squared residuals for each individual measured property is depicted. Logarithmic
errors of each variable were normalized to the respective maximum measurement value. The
(A) basic model and the (B) extended model were calibrated to a wide range of experimental
data. Measured properties include vRNA and mRNA of full-length (FL) segment 1, defective-
interfering (DI) segment 1 and segment 5 (S5), the concentration of uninfected, infected and
apoptotic cells, total and standard virus (STV) titers as well as DIP titers.

(TIF)

S$3 Fig. Experimental data and model simulations for virus titers. Model fits to measure-
ments of the infectious STV titer, the total amount of STVs and the total amount of DIPs for
MDCKsus infections with MOI 107, 3 and 30 using different MODIPs.

(TIF)
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S4 Fig. Experimental data and model simulations for cell populations. Model fits to mea-
surements of the fraction of uninfected, uninfected and apoptotic, infected, infected and apo-
ptotic cells for MDCKsus infections with MOI 1073, 3 and 30 using different MODIPs.

(TIF)

S5 Fig. Experimental data and model simulations for FL mRNA dynamics. Model fits to
measurements of the intracellular levels of FL mRNA for MDCKsus infections with MOI 1072,
3 and 30 using different MODIPs.

(TIF)

S6 Fig. Experimental data and model simulations for DI mRNA dynamics. Model fits to
measurements of the intracellular levels of DI mRNA for MDCKsus infections with MOI 1073,
3 and 30 using different MODIPs.

(TIF)

S7 Fig. Experimental data and model simulations for segment 5 mRNA dynamics. Model
fits to measurements of the intracellular levels of segment 5 mRNA for MDCKsus infections
with MOI 107, 3 and 30 using different MODIPs.

(TIF)

S8 Fig. Experimental data and model simulations for FL vRNA dynamics. Model fits to
measurements of the intracellular levels of FL vRNA for MDCKsus infections with MOT 107,
3 and 30 using different MODIPs.

(TIF)

S9 Fig. Experimental data and model simulations for DI vRNA dynamics. Model fits to
measurements of the intracellular levels of DI vVRNA for MDCKsus infections with MOI 1073,
3 and 30 using different MODIPs.

(TIF)

S10 Fig. Experimental data and model simulations for segment 5 VRNA dynamics. Model
fits to measurements of the intracellular levels of segment 5 VRNA for MDCKsus infections
with MOI 107, 3 and 30 using different MODIPs.

(TIF)

S11 Fig. The basic model fails to describe virus replication and propagation dynamics for
all infection conditions. Curves represent model simulations of the basic model calibrated to
(A-C) cell-specific vVRNA, (D-F) cell-specific viral mRNA, (G-I) cell population and (J-L) virus
titer data measured in MDCK suspension cell cultures infected with different amounts of
influenza A/PR/8/34 (HIN1) and defective interfering particles (DI244). Results from MOIs
and MODIPs of 107> and 0 (first column), 30 and 3 (second column), 10> and 30 (third col-
umn) are shown. The basic model describes IAV and DIP replication and propagation based
on Ridiger et al. [5] and Laske et al. [1] without considering additional model adaptations.
(TIF)

S1 Table. Evaluation of the model fits performed for the basic and the extended model for
individual infection conditions.
(DOCX)

S$2 Table. Parameters of the intracellular model.
(DOCX)

§3 Table. Parameters of the cell population model.
(DOCX)
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$4 Table. Sensitivity of intracellular and cell population model parameters.
(DOCX)

S5 Table. Primers used for real-time RT qPCR of mRNA.
(DOCX)

$6 Table. Primers used for reference standard generation of mRNA.
(DOCX)
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Abstract: New broadly acting and readily available antiviral agents are needed to combat existing
and emerging viruses. Defective interfering particles (DIPs) of influenza A virus (IAV) are regarded
as promising options for the prevention and treatment of IAV infections. Interestingly, IAV DIPs also
inhibit unrelated viral infections by stimulating antiviral innate immunity. Here, we tested the ability
of IAV DIPs to suppress respiratory syncytial, yellow fever and Zika virus infections in vitro. In
human lung (A549) cells, IAV DIP co-infection inhibited the replication and spread of all three viruses.
In contrast, we observed no antiviral activity in Vero cells, which are deficient in the production of
interferon (IFN), demonstrating its importance for the antiviral effect. Further, in A549 cells, we
observed an enhanced type-I and type-IIT IFN response upon co-infection that appears to explain the
antiviral potential of IAV DIPs. Finally, a lack of antiviral activity in the presence of the Janus kinase
1/2 (JAK1/2) inhibitor ruxolitinib was detected. This revealed a dependency of the antiviral activity
on the JAK/signal transducers and activators of transcription (STAT) signaling pathway. Overall, this
study supports the notion that IAV DIPs may be used as broad-spectrum antivirals to treat infections
with a variety of IFN-sensitive viruses, particularly respiratory viruses.

Keywords: respiratory syncytial virus; yellow fever virus; Zika virus; defective interfering particles;
broad-spectrum antiviral

1. Introduction

Viral infections pose a serious health burden. Respiratory syncytial virus (RSV) infections
represent the second-most common cause of infant death [1] but can also result in considerable
disease in older adults [2,3]. For prophylaxis, two vaccines based on the RSV prefusion F
protein are recommended for elderly people [4], and one is recommended for infants [5].
However, only antivirals can be used to treat acute infections. For instance, the small-molecule
drug ribavirin is applied for the treatment of severe RSV infections in high-risk immuno-
compromised infants [6]. However, ribavirin is associated with a low antiviral effect, high
costs, possible toxicity in patients, and risks for health care workers [6-10]. Infections with
flaviviruses are another concern as they can result in high morbidity and mortality. Further-
more, as vector-born RNA viruses that can emerge unexpectedly in human populations,
they constitute a serious global health challenge. Most infections are caused by yellow
fever virus (YFV), Zika virus (ZIKV), dengue virus (DENV), and West Nile virus, which
are primarily transmitted via mosquitoes to humans [11]. Vaccines are only approved for
YFV, DENV, and Japanese encephalitis virus. No small molecule antiviral agents have been
approved to treat acute flavivirus infections so far [12]. In a mouse infection model, the
antibiotic fidaxomicin [13], which binds and inhibits the ZIKV polymerase, was shown to

Viruses 2023, 15, 1872. https:/ /doi.org/10.3390/v15091872

https://www.mdpi.com/journal/viruses



Viruses 2023, 15,1872

20f 17

suppress ZIKV propagation. In addition, it was demonstrated that the nucleoside analog
ribavirin [14] could be of potential use for treatment of humans.

Interferons (IFNs) of type-I (e.g., IFN-oc and -f3) and type-III (e.g., IFN-A) are considered
an option to inhibit flavivirus and RSV infections [15,16]. For instance, the treatment with
type-I and -III IFNs resulted in inhibition of ZIKV infections [17]. In addition, treatment
with type-I IFN negatively correlated with disease severity for RSV [16], raising the potential
for antiviral treatment. Nevertheless, recombinant type-I IFN therapies are costly [18] and
pose the risk of adverse effects [19-21]. Therefore, the development of new antivirals with
broad-spectrum activity which are safe, effective, and affordable is in high demand.

One such option is the use of defective interfering particles (DIPs) [22-25]. DIPs
are naturally arising viral mutants that are found in a variety of RNA viruses [26-37],
including influenza A viruses (IAV) [38-48]. Conventional IAV DIPs have a large internal
deletion in one of their eight viral RNA (VRNA) segments, leading to a defect in virus
replication. Furthermore, IAV DIPs inhibit IAV propagation in the context of a co-infection
via “replication interference”. Here, the defective interfering (DI) vRNA is preferentially
replicated relative to the full-length (FL), infectious standard virus (STV) counterpart. This
leads to a depletion of cellular and viral resources and results in the inhibition of STV
replication [47,49-51]. As a result, IAV DIPs suppress many strains, including seasonal,
pandemic, and highly pathogenic avian IAV [39,41,42,52,53].

Next to replication interference, IAV DIP infection results in the induction of an antiviral
state and suppresses not only the replication of IAV [42,54,55] but also the replication of unre-
lated viruses including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [22],
pneumonia virus of mice [23], and influenza B virus [24]. In line with this, DIPs of DENV have
been shown to confer an antiviral effect against ZIKV, YFV, RSV, SARS-CoV-2 [25], and various
DENYV subtypes [56], while DIPs of poliovirus inhibited SARS-CoV-2, Coxsackivirus B3, and
TIAV infections [33]. In this context, it was suggested for IAV DIPs that host-cell-derived pattern
recognition receptors (PRRs) recognize pathogen-associated molecular patterns (PAMPs) such
as FL and DI vRNAs [57,58]. This initiates a signaling cascade that activates IFN expression.
Finally, IFN-stimulated genes (ISGs) are expressed, with some of the proteins conferring antiviral
activity. These include myxovirus resistance protein 1 (Mx1), radical S-adenosyl methionine
domain containing 2 (RSAD2), and IFN-induced transmembrane protein 1 (IFITM1).

To investigate whether IAV DIPs can also be used to treat other relevant viral infections,
we studied their antiviral activity against the replication of the IFN-sensitive RSV, YFV,
and ZIKV in co-infection experiments in vitro in human lung cells. For this, we used
the IAV DIP “DI244” [39,59], a well-characterized DIP harboring a deletion in segment
(Seg) 1. In addition, we tested “OP7”, a new type of IAV DIP that shows multiple point
mutations in the VRNA of Seg 7 instead of an internal deletion [52]. DIP preparations were
generated in cell cultures using laboratory-scale bioreactors [38,60]. We demonstrate that
IAV DIPs inhibit RSV, YFV, and ZIKV propagation in vitro via stimulation of the innate
antiviral immunity. Our results suggest that IAV DIPs might be a promising option for use
as broad-spectrum antivirals to treat infections of many different IFN-sensitive viruses.

2. Materials and Methods
2.1. Cells and Viruses

Adherent human lung epithelial (A549, American Type Culture Collection (ATCC),
#CCL-185) cells were maintained at 37 °C and 5% CO; in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Merck, Darmstadt,
Germany, #F7524). Adherent African green monkey kidney epithelial (Vero) cells (European
Collection of Authenticated Cell Cultures (ECACC), #88020401) and porcine stable kidney
(PS) cells (provided by M. Niedrig, Robert Koch Institute (RKI), Berlin, Germany) were
routinely cultivated in Glasgow Minimum Essential Medium (GMEM) supplemented
with 10% FBS and 1% peptone at 37 °C and 5% CO;. For YFV and ZIKV seed virus
generation, Vero cells were cultivated in VP-SFM (Thermo Fisher Scientific, Waltham,
MA, USA, #11681020) and GMEM (10% FBS, 1% peptone), respectively. Adherent HeLa-



Viruses 2023, 15,1872

30f17

derived Epithelial Carcinoma (HEp-2) cells (ATCC, #CCL-23) were maintained in DMEM
supplemented with 10% FBS, or without FBS (infection medium) for RSV seed virus
production. Hep-2 cells were cultivated in RPMI1640 medium (Thermo Fisher Scientific,
#21870084) supplemented with 2 mM L-glutamine and 10% FBS, or without FBS (infection
medium) for 50% tissue culture infectious dose (TCIDs) assay.

For infections, live attenuated YFV-17D (provided by M. Niedrig, RKI, Berlin, Ger-
many) was used. ZIKYV, originally isolated from whole blood specimens of ZIKV-positive
adults in State of Espirito Santo, Brazil, was provided by Oswaldo Cruz Foundation,
Brazil. Human RSV strain A2 (RSV A2) was obtained from ATCC (#VR-1540). OP7 and
DI244 preparations (active and inactive, Table 1) were produced in a cell culture-based
process, as described previously [38,60]; steric exclusion chromatography was used for
purification [61,62].

Table 1. IAV DIP material used for co-infection experiments.

Description HA Titer ! DI vRNA Concentration
P (log1o HAU/100 pL) (DI vRNAs/mL) 2
Active OP7 (8 min UV) 3.53 1.60 x 1011
Inactive OP7 (24 min UV) 3.52 2.85 x 1010
Active DI244 (no UV) 3.89 8.89 x 1010
Inactive DI244 (24 min UV) 3.85 1.03 x 10°

1 Hemagglutination assay (HA) [63]. 2 OP7: Seg 7-OP7 vRNAs/mL, DI244: Seg 1-DI244 vRNAs/mL.

2.2. Co-Infection Experiments

A549 and Vero cells were seeded at 0.5 x 10° cells/well and 0.4 x 10° cells/well,
respectively, in 6-well plates and incubated for 24 h. Cells were washed prior to infection
with 1x phosphate-buffered saline (PBS). Cells were infected with indicated viruses alone
at a multiplicity of infection (MOI) of 1072, or co-infected with 100 uL of active or inactive
IAV DIPs (Table 1) at indicated dilutions. Cells were co-treated with ruxolitinib (Cayman
Chemical, Ann Arbor, MI, USA, #11609), IFN-3-1a (PBL assay Science, Piscataway, NJ,
USA, #11410), ribavirin (Cayman Chemical, #16757-5), and fidaxomicin (MedChemExpress,
Monmouth Junction, NJ, USA, #HY-17580) at indicated concentrations. For RSV infection,
additional pre-treatment (3 h) with ruxolitinib was conducted.

For ZIKV infections, wells were incubated with 2000 pL. of serum- and sodium-
bicarbonate-containing medium (A549: DMEM, 10% FBS, 1% sodium bicarbonate; Vero:
GMEM, 10% FBS, 1% peptone, 5% sodium bicarbonate) containing the virus(es) and/or
antivirals. YFV infections were conducted in 500 uL of serum-free medium, and incubation
was performed for 4 h at 37 °C. Subsequently, YFV infected cells were washed with 1x PBS,
and 2000 uL of corresponding serum-free medium was added. For YFV infections, pH was
adjusted manually through the addition of 7.5% sodium bicarbonate to prevent pH from
decreasing below 6.8. Supernatants were harvested at 48 h post-infection (hpi), and 72 hpi
for YFV and ZIKV infections, respectively. After centrifugation at 2000 g, 5 min and 4 °C,
cell-free supernatants were stored at —80 °C until virus quantification.

For RSV infections, wells were incubated with 250 uL of serum-free medium containing
indicated virus(es) and antivirals and incubated for 2 h. Then, 1750 pL infection medium
was added. Samples were taken at 72 hpi, followed by centrifugation at 300x g, 5 min, 4
°C. Next, cell-free supernatants were snap frozen in liquid nitrogen.

For intracellular RNA extraction, remaining cells were washed with 1x PBS and lysed
with 350 uL of RA1 buffer (Macherey Nagel, Diiren, Germany, #740961) containing 1% of
[-mercaptoethanol. Purification of RNAs was conducted according to the manufacturers’
instructions. RNAs were stored at —80 °C.

2.3. Virus Quantification

For experiments with YFV and ZIKYV, infectious virus titers were quantified via plaque
assay as described recently [64] with few modifications. In brief, PS cells (0.2 x 10° cells/well)
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were added to 24-well plates two days prior to infection. Cells were infected with 170 uL.
of serially diluted samples (each 1:10, two replicates per sample) and incubated for 4 h
at 37 °C and 5% CO,. Subsequently, 600 pL of 1.6% carboxymethyl cellulose in GMEM
(supplemented with 10% FBS and 1% peptone) was added to the virus-containing medium.
Cells were then incubated (37 °C, 5% CO,) for 96 h (YFV) or 64 h (ZIKV). For fixation, 300 puL
of glyoxal solution was used (15 min) and cells were stained with 300 uL of naphthalin black
solution (30-60 min). Finally, plaques were counted and infectious virus titers expressed as
plaque-forming units (PFU)/mL calculated based on the Spearman and Karber method [65].

Quantification of infectious RSV titers were conducted by TCIDs assay in accordance
to a previously published protocol [66] with few modifications. In brief, HEp-2 cells
(0.2 x 10° cells/well) were seeded to 96-well plates two days prior to infection. For
infection, cells were washed with infection medium and 25 pL of serially diluted samples
(each 1:5, eight replicates per sample) were added. After incubation (2 h, 37 °C, 5% COy),
75 uL of infection medium was added to each well and cells were incubated for 96 h. Wells
that showed the presence of syncytia and/or lytic cell death under the light microscope
were scored positive for RSV. For detection of lytic cell death, cells were stained with
50 uL of crystal violet solution. The infectious virus titer was determined according to the
Spearman and Kéarber method.

2.4. Gene Expression Analysis

To measure mRNA expression levels, a real-time reverse transcription-quantitative
PCR (RT-qPCR) method was utilized [22,52]. Purified RNA was reverse transcribed using
Maxima H minus reverse transcriptase (Thermo Fisher Scientific, #£P0751) and an oligo (dT)
primer according to the manufacturers’ instructions. Next, real-time qPCR was performed
with gene-specific forward and reverse primers (Table 2) and 2 x QuantiNova SYBR green
PCR master mix (Qiagen, Hilden, Germany, #208056). The fold change in gene expression
(relative to untreated, uninfected cells (mock infection control)) was calculated using the
AACt method [67] using the reference housekeeping gene of glycerinaldehyd-3-phosphat-
dehydrogenase (GAPDH).

Table 2. Primers used for real-time RT-qPCR (gene expression).

Target Gene Primer Name Sequence (5’ —3)
RIG-I RIG-I for GGACGTGGCAAAACAAATCAG
[68] RIG-Irev GCAATGTCAATGCCTTCATCA
IFN-B-1 IFN-f-1 for CATTACCTGAAGGCCAAGGA
[69] IFN-3-1 rev CAGCATCTGCTGGTTGAAGA
IFN-A-1 IFN-A-1 for GGTGACTTTGGTGCTAGGCT
[69] IFN-A-1 rev TGAGTGACTCTTCCAAGGCG
Mx1 Mx1 for GTATCACAGAGCTGTTCTCCTG
[69] Mx1 rev CTCCCACTCCCTGAAATCTG
IFITM1 IFITM1 for ATCAACATCCACAGCGAGAC
[70] IFITM1 rev CAGAGCCGAATACCAGTAACAG
RSAD2 RSAD2 for CCCCAACCAGCGTCAACTAT
[69] RSAD2 rev TGATCTTCTCCATACCAGCTTCC
GAPDH GAPDH for CTGGCGTCTTCACCACCATGG
[69] GAPDH rev CATCACGCCACAGTTTCCCGG

RIG-I: retinoic acid-inducible gene-I.

2.5. Quantification of Intracellular IAV vRNAs

To quantify intracellular genomic VRNAs of IAV, a previously described real-time
RT-qPCR method was used [22,52,60,71] with a different reagent for qPCR (2x QuantiNova
SYBR green qPCR master mix, Qiagen, #208056). The method employs a primer system
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that allows gene-specific detection of individual IAV vRNAs [72]. RNA reference standards
were used to facilitate absolute quantification.

3. Results
3.1. IFN-Dependent Inhibition of YFV Propagation by IAV DIP Co-Infection

To study whether IAV DIPs suppress YFV propagation, we performed in vitro co-
infection experiments in A549 (IFN-competent) and Vero cells (IFN-deficient [73-78]) (Figure 1).
Cells were infected with YFV alone (untreated, UT) at a MOI of 10~2 or co-infected with
purified and concentrated IAV DIPs (DI244 or OP?7, diluted to 1:20) derived from cell culture-
based production [38,60]. Co-treatment with active DIPs (aDI244 and aOP7, see Table 1)
resulted in a strong inhibition of infectious YFV release in A549 cells, as no plaque titer was
detected (Figure 1A). As expected, inactive DIPs (iDI244 and iOP7) conferred no apparent
antiviral activity. Note that iDI244 and iOP7 were UV irradiated for 24 min, which results in
an inactivation and degradation of DI vVRNAs [38,60]. In Vero cells that are deficient in IFN
production [74,76], co-infections with active and inactive DIPs did not display any antiviral
activity (Figure 1B).
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Figure 1. Inhibition of YFV replication and spread by IAV DIP co-infection in vitro in IFN-competent
and -incompetent cells. Cells were infected with YFV alone at a MOI of 1072 (UT, untreated) or co-
infected with 100 uL of active (a) or inactive (i) IAV DIPs DI244 or OP7. Infections in IFN-competent
A549 cells (A) or IFN-deficient Vero cells (B). The DIP material used was diluted to 1:20. Infectious
virus release is indicated by the YFV plaque titer (PFU/mL) at 48 hpi. The figure depicts the results
of three independent experiments. Dashed horizontal line shows the limit of detection (LOD). Error
bars indicate the standard deviation (SD).

We next studied host cell gene expression during inhibition of YFV replication by IAV
DIP co-infection in A549 cells to identify mechanism of protection. For this, we investigated
the expression of type-I and -III IFNs (IFN-f3-1 and IFN-A-1, respectively) and the ISGs Mx1
and RSAD?2 using real-time RT-qPCR quantification (Figure 2). Co-treatment with active
DIPs induced an increased expression of all genes at early time points (6 hpi, 24 hpi) relative
to YFV infection alone (Figure 2, upper panel). The early upregulation of gene expression
was independent on the infection with YFV, as infection with only IAV DIPs showed similar
dynamics and levels (Figure 2, lower panel). A much less pronounced early upregulation
of antiviral innate immunity was observed for infection with inactive DIPs, in agreement
with the absence of inhibition by inactive DIPs (Figure 1A). For comparison, YFV infection
without TAV DIPs resulted in relatively low IFN and ISG gene expression levels at early
times. This suggests that the antiviral activity of IAV DIPs against YFV infection is caused
by the early and strong upregulation of the type-I and -III IFN responses.
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Figure 2. Induction of IFN-induced antiviral gene expression by IAV DIP infections. A549 cells
were infected with YFV alone at a MOI of 10~2 or co-infected with 100 pL of active (a) or inactive (i)
IAV DIPs DI244 or OP7. The DIP material used was diluted to 1:20. Cells were lysed at indicated
time points for subsequent intracellular RNA isolation. Gene expression was quantified using real-
time RT-qPCR and expressed as fold change (relative to untreated, uninfected cells (mock infection
control)). The figure depicts the results of three independent experiments. Error bars indicate the
SD. Upper panel: Two-way ANOVA (or mixed-effects model for IFN-A-1) followed by Dunnett s
multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05; not significant, p > 0.05) was used to
determine statistical significance compared to the untreated group. Lower panel: Two-way ANOVA
followed by Tukey ‘s multiple comparison test was used to determine statistical significance between
respective active and inactive DIP material.

Next, we measured the intracellular IAV vRNA levels of the respective DI vVRNA and
of FL vRNA of Seg 5 and 8 in co-infections with DI244 and OP7 (Figure 3). Moreover, we
measured the gene expression of RIG-I, a host-derived PRR that detects VRNA and has a
crucial role in initiating a cellular innate immune response. We found high levels of DI and
FL vRNAs after co-infection (Figure 3A,B) and a concurrent early upregulation of RIG-I
expression (Figure 3C). At 24 hpi, we detected an increase by factors of 29 (YFV + aOP7) and
24 (YFV + aDI244) in the expression of RIG-I for IAV DIP co-infections compared to YFV
infection alone. This may explain the upregulation of type-I and -III IEN response relative
to the infection without IAV DIPs (as shown in Figure 2). The same upregulation of RIG-I
was observed after infection with only IAV DIPs (Figure 3D). Moreover, lower vRNA levels
were observed for co-infections with inactive DIPs, and no DI vRNAs could be detected
for inactive DI244 co-infections (Figure 3A,B). This indicates an efficient degradation of
vRNAs by UV inactivation. Accordingly, lower RIG-I expression levels were observed upon
inactive IAV DIP infections (Figure 3C,D), which may explain their lack of IFN-induced
antiviral activity (Figure 1A). Furthermore, we detected no increase of IAV genomic FL and
DI vRNAs over time, indicating the defect in virus replication of IAV DIPs.
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Figure 3. Intracellular levels of DI and FL vRNA and RIG-I expression after IAV DIP infections. A549
cells were infected with YFV alone at a MOI of 102 or co-infected with 100 uL of active (a) or inactive (i)
IAV DIPs DI244 (A) or OP7 (B). The DIP material used for infection was diluted to 1:20. Cells were lysed
at indicated time points for subsequent intracellular RNA isolation. (A,B) DI and FL vRNA levels were
quantified using real-time RT-qPCR. (C,D) Gene expression of RIG-I was quantified using real-time
RT-gPCR and expressed as fold change (compared to untreated, uninfected cells (mock infection control)).
The figure depicts the results of three independent experiments. Error bars indicate the SD. (C) Two-way
ANOVA followed by Dunnett’s multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05; not
significant, p > 0.05) was used to determine statistical significance compared to the untreated group.
(D) Two-way ANOVA followed by Tukey “s multiple comparison test was used to determine statistical
significance between respective active and inactive DIP material.

Taken together, IAV DIP co-infections resulted in an inhibition of YFV replication,
which was dependent on the production of IFNs. Furthermore, we found that IAV DIP
infection enhanced the type-I and -III IFN response, which appears to be initiated by
sensing of DI and FL IAV vRNAs by RIG-I. The early and enhanced cellular innate immune
response by IAV DIP infection likely explains their antiviral effect against YFV infection.

3.2. IAV DIP Infection Inhibits ZIKV Replication via JAK/STAT Signaling

Next, we investigated the inhibition of ZIKV replication by IAV DIPs (Figure 4).
Therefore, we infected A549 cells and Vero cells at a MOI of 10~2 with ZIKV alone (UT) or
co-infected with IAV DIPs. For active DIPs (aDI244, aOP?), different dilutions ranging from
undiluted (1) to 1:100 dilutions were tested. Here, active DIPs showed antiviral activity
against ZIKV propagation in a dose-dependent manner (Figure 4A). For instance, undiluted
material of active OP7 and DI244 reduced the infectious virus titer by more than three and
two orders of magnitude, respectively. The antiviral activity of IAV DIPs against ZIKV
replication appeared to be lower relative to the inhibition of YFV replication (Figure 1A).
This may be due to the use of a live attenuated strain YFV-17D and its increased sensitivity
to IFN treatment [79]. Moreover, we found a residual antiviral activity of inactive DIPs
against ZIKV replication (Figure 4A). This is likely mediated by a weak stimulation of the
IFN-induced antiviral gene expression upon infection with inactive IAV DIPs only (also see
Figure 2).
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Figure 4. Inhibition of ZIKV replication and spread by IAV DIP co-infection in comparison to small
molecule antiviral or IFN treatment. Infections in IFN-competent A549 cells (A,C) and in IFN-deficient
Vero cells (B,D). Cells were infected with ZIKV alone at a MOI of 10~2 (UT, untreated), co-infected
with 100 pL of active (a) or inactive (i) IAV DIPs DI244 or OP7 at indicated dilutions (A) or without
dilution (B). In addition, ZIKV-infected cells were co-treated with antiviral drugs (C,D) at indicated
concentrations. Infectious virus release is indicated by the ZIKV plaque titer (PFU/mL) at 72 hpi. The
figure depicts the results of three independent experiments or two experiments for ribavirin (409 uM)
in (C). Dashed horizontal line shows the LOD. Error bars indicate the SD. One-way ANOVA followed
by Dunnett ’s multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05; not significant, p > 0.05)
was used to determine statistical significance compared to the untreated control group.

In Vero cells, co-treatment with IAV DIPs did not result in an inhibition of ZIKV
replication, indicating the dependence of the antiviral effect on the production of IFN
(Figure 4B). Next, we tested different relevant antivirals (i.e., fidaxomicin (Fidaxo) [13],
ribavirin [14,80], and IFN-$3-1a [81,82]) against ZIKV infection (Figure 4C,D). As expected,
the different drugs conferred an antiviral activity in a dose-dependent manner. In A549
cells, fidaxomicin at 100 tM showed very high inhibitory activity as no infectious virus
titer could be detected anymore (Figure 4C). In comparison, a concentration of 409 pM
of ribavirin and 2000 U/mL of IFN-f3-1a reduced the infectious virus titer by almost four
and more than two orders of magnitude, respectively. The inhibition conferred by the
three different antivirals were less pronounced in Vero relative to A549 cells, indicating a
lower sensitivity to treatment of the former (Figure 4D). Although Vero cells are unable to
produce IFN [74,76], we found a residual inhibition of ZIKV replication during IFN-f3-1a
treatment (Figure 4D). This may be explained by the fact that Vero cells bear functional IFN
receptors and can, thus, respond to exogenous IFN treatment [83,84].

To confirm that the inhibition of ZIKV replication is caused by the ability of DIPs to
stimulate the IFN system, we used the Janus kinase 1/2 (JAK1/2) inhibitor ruxolitinib in
co-infection experiments (Figure 5). JAK1/2 is a crucial player in the JAK/STAT signaling
pathway. Following binding of type-I IFNs to the IFN-a/ 3 receptor, the associated JAK
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would stimulate activation of STAT, ultimately leading to expression of antiviral ISGs. For
co-treatment with ruxolitinib, we observed no inhibition of infectious ZIKV release by IAV
DIPs in A549 cells. In conclusion, the inhibition of ZIKV by IAV DIPs was dependent on
IFN production and on signaling through the JAK/STAT pathway.

Infectious virus titer (log4g PFU/mL)

Figure 5. Antiviral activity of IAV DIPs against ZIKV propagation under JAK1/2 inhibition. A549
cells were infected with ZIKV alone at a MOI of 10~2 (UT, untreated) or co-infected with 100 uL of
active (a) AV DIPs DI244 or OP7. The DIP material used was non-diluted. As indicated, co-infections
were performed in the presence of ruxolitinib (2 uM). Infectious virus release is indicated by the ZIKV
plaque titer (PFU/mL) at 72 hpi. The figure depicts the results of three independent experiments. Error
bars indicate the SD. One-way ANOVA followed by Tukey’s multiple comparison test (*** p < 0.001;
** p <0.01; * p < 0.05; not significant, p > 0.05) was used to determine statistical significance between
co-infections with and without ruxolitinib.

3.3. IFN-Dependent Inhibition of RSV Replication by IAV DIPs Relies on JAK/STAT Signaling

Finally, we tested the antiviral activity of IAV DIPs against RSV replication. For this,
we infected A549 cells and Vero cells at a MOI of 10~2 (UT) or co-infected with IAV DIPs
(diluted to 1:20) (Figure 6). RSV-infected A549 cells showed an infectious virus titer of
2.6 x 10° TCIDsy/mL at 72 hpi. Co-treatment with active DI244 (aDI244) and active OP7
(aOP7) suppressed the infectious virus release to 5.4 X 10 and 7.1 x 10° TCIDsp/mL,
respectively (Figure 6A). Furthermore, two clinically relevant antivirals, i.e., IFN-$-1a
(2000 U/mL) and ribavirin (409 uM), were tested for comparison. Treatment with IFN-f3-1a
showed an inhibition of infectious virus release to 1.2 x 10* TCIDsy/mL, whereas ribavirin
treatment almost shut down RSV propagation (6 x 10° TCIDsp/mL) in A549 cells.

An early and enhanced upregulation of IFN-induced antiviral gene expression (indi-
cated by RIG-I, IFN-$-1, Mx1, and IFITM1) was observed in A549 cells for the treatment
with DIPs only and the co-infection with RSV in comparison to infection with RSV only
(Figure 7). The residual antiviral activity of inactive DIPs against RSV infection (Figure 6A)
may be explained by the intermediate upregulation of IFN and ISGs (Figure 7).

Next, we tested the inhibitory activity of IAV DIPs in Vero cells (Figure 6B). As
expected, no suppression of the infectious virus titer was found for active or inactive AV
DIPs. However, treatment with IFN-3-1a led to a reduction in infectious virus titers from
4.9 x 10° TCIDsy/mL (UT) to 2.3 x 10* TCIDsy/mL, as Vero cells still express an IFN
receptor. Further, a lower inhibition (compared to A549 cells, Figure 6A) was observed for
ribavirin treatment (reduction to 1.9 x 10° TCIDso/mL).

To investigate whether the inhibition of RSV infection by active IAV DIPs is dependent
on signaling through the JAK/STAT pathway, A549 cells were co-infected with aDI244 or
aOP7 in the presence or absence of the JAK1/2 inhibitor ruxolitinib (Ruxo) (Figure 8). No
suppression of the infectious virus titer was found in presence of ruxolitinib. Taken together,
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we show that IAV DIPs inhibit RSV propagation in an IFN-dependent manner. Moreover,
the antiviral activity was promoted via signaling through the JAK/STAT pathway, which
results in IFN-induced antiviral gene expression.
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Figure 6. Inhibition of RSV replication and spread by IAV DIP co-infection in comparison to ribavirin or
IFN treatment. Infections in IFN-competent A549 cells (A) or IFN-deficient Vero cells (B). Cells were
infected with RSV alone at a MOI of 10~2 (UT, untreated), co-infected with 100 uL of active (a) or
inactive (i) IAV DIPs DI244 or OP7. In addition, RSV-infected cells were co-treated with antiviral drugs
(IFN--1a (2000 U/mL) or ribavirin (409 uM)). The DIP material used was diluted to 1:20. Infectious
virus release is indicated by the RSV TCIDs titer (TCIDsy/mL) at 72 hpi. The figure depicts the results
of three independent experiments. Dashed horizontal line shows the LOD. Error bars indicate the SD.
One-way ANOVA followed by Dunnett s multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05;
not significant, p > 0.05) was used to determine statistical significance compared to the untreated group.
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Figure 7. Induction of IFN-induced antiviral gene expression by IAV DIP infections. A549 cells were
infected with RSV alone at a MOI of 10~2 or co-infected with 100 uL of active (a) or inactive (i) IAV DIPs
DI244 or OP7. The DIP material used was diluted to 1:20. Cells were lysed at indicated time points
for subsequent intracellular RNA isolation. Gene expression was quantified using real-time RT-qPCR
and expressed as fold change (relative to untreated, uninfected cells (mock infection control)). The
figure depicts the results of three independent experiments. Error bars indicate the SD. Upper panel:
Two-way ANOVA followed by Dunnett’s multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05;
not significant, p > 0.05) was used to determine statistical significance compared to the untreated group.
Lower panel: Two-way ANOVA followed by Tukey’s multiple comparison test was used to determine
statistical significance between respective active and inactive DIP material.
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Figure 8. Antiviral activity of IAV DIPs against RSV propagation under JAK1/2 inhibition. A549 cells
were infected with RSV alone at a MOI of 10~2 (UT, untreated) or co-infected with 100 uL of active
(a) IAV DIPs DI244 or OP7. The DIP material used was diluted to 1:20. As indicated, co-infections
were performed in the presence of ruxolitinib (2 uM, after pre-treatment for 3 h). Infectious virus
release is indicated by the RSV TCIDs titer (TCIDso/mL) at 72 hpi. The figure depicts the results of
three independent experiments. Error bars indicate the SD. One-way ANOVA followed by Tukey “s
multiple comparison test (*** p < 0.001; ** p < 0.01; * p < 0.05; not significant, p > 0.05) was used to
determine statistical significance between co-infections with and without ruxolitinib.

4. Discussion

IAV DIPs are considered for use as broad-spectrum antiviral agents to treat not only
infections of different IAV strains [39,41,42,52,53] but also those of unrelated viruses [22-24].
Our study shows that IAV DIPs also inhibit the replication of IFN-sensitive RSV, YFV, and
ZIKV infections in vitro by their ability to upregulate the IFN response that acts antivirally.
The availability of such broadly acting antivirals may increase our pandemic preparedness.

Our study supports other work that suggests that IFN induction is a key player for
the antiviral activity of DIPs against the replication of unrelated viruses [22-25,33,42,54,55].
IAV DIPs showed a lower antiviral activity against ZIKV than for YFV replication. In
our study, we used YFV-17D, a live-attenuated vaccine strain, and wild-type (WT) ZIKV.
Previously, it has been shown that in type-I IFN-deficient mice, type-II IFN restricted the
replication of YFV-17D, but not that of WT YFV [79], suggesting that YFV-17D is more
sensitive to IFN treatment than WT YFV. With respect to the present study, this may explain
the higher antiviral activity of IAV DIPs against YFV-17D compared to antiviral activity
against WT ZIKV replication, a phylogenetically related virus. Accordingly, other viruses
that demonstrate higher IFN antagonism ability (like the more virulent WT YFV [79])
should be less susceptible to inhibition by IAV DIPs.

DI and FL vRNAs of IAV DIPs are potent RIG-I ligands [43,57], which is a cytosolic
PRR that can initiate an IFN response. In line with this, we observed an upregulation of
RIG-T upon infection with IAV DIPs, consistent with previous reports [22]. We also tested
infections with IAV DIPs that were inactivated by UV light, which results in photodimeric
lesions [85] or unspecific chain breaks [86,87] of their vRNAs. Here, we observed no or a
very weak antiviral effect, likely due to the reduced activation of RIG-I. Accordingly, the
residual antiviral activity of inactive IAV DIPs against ZIKV replication may be explained
by the weak stimulation of the IFN response observed in our studies.

Next, we showed that the antiviral effect against ZIKV and RSV was dependent on an
IFN-induced innate immune response that involved the JAK/STAT pathway, confirming
previous IAV DIP co-infection studies with SARS-CoV-2 [22]. Furthermore, the ISGs Mxl1,
RSAD?2, and IFITM1 were upregulated early after infection with IAV DIPs compared to
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infections with YFV or RSV only. This early stimulation of an antiviral state likely explains
the antiviral effect of IAV DIPs against unrelated viruses, as suggested previously [22], and
also for DENV DIPs [25].

In agreement with this body of evidence, we observed an absence of antiviral activity
against RSV, YFV, and ZIKV in Vero cells, which are deficient in IFN production [74,76]
due to a deleted region in chromosome 12 encoding for numerous type-I IFN genes [78].
Previously, Easton et al. showed that mice were protected from death after administration
of DI244 and an otherwise lethal dose of pneumonia virus of mice. In type-I IFN deficient
mice, only 17% survived, but a delayed onset of symptoms was observed [23]. Moreover,
a reduced protection in type-I IFN-deficient mice was found against influenza B virus
infection [24]. Nevertheless, yet unidentified pathways may also be involved for IAV
DIPs inducing an antiviral state in an IFN-independent manner [23], as also speculated by
others [88,89].

The inhibition of infectious RSV and ZIKV release by IAV DIPs was comparable
to IFN-p-1a treatment. With respect to clinical studies, partial positive effects of type-I
IFN treatment on RSV infection were observed [90,91], but other studies resulted in no
effects [92,93]. For RSV A2 infections, little inhibition by IFN treatment was observed [94].
Inhibition of ZIKV replication by exogenous IFN-f and -A-1 treatment in human vaginal
and cervical epithelial cells was modest [17]. Disadvantages involved in the therapy with
recombinant type-I IFN are the high costs [18] and the risk of adverse effects such as flu-like
symptoms, fatigue, depression, neutropenia, and anemia [19-21]. Compared to treatment
with recombinant IFN, it is suggested that IAV DIPs can stimulate a more physiological IFN
response in target tissues [22]. In line with this, the administration of IAV DIPs is typically
very well tolerated in mice, resulting in no apparent adverse or toxic effects [38,39,60].
Furthermore, high-yield, cell culture-based production and purification of IAV DIPs is
feasible [38,60,95]. This suggests that IAV DIPs can be produced in an economical manner,
and thus, we anticipate relatively low prices per dose.

In our experiments, we observed that the small molecule antivirals ribavirin (in ZIKV
and RSV infection) and fidaxomicin (ZIKV infection) conferred a higher antiviral activity
than IAV DIPs. However, ribavirin approved for treatment of RSV infection in humans
is associated with high costs and possible toxic effects [8,10]. Moreover, fidaxomicin
and ribavirin are not approved for treatment of humans infected with ZIKV. Next, we
showed that ribavirin and fidaxomicin treatment resulted in higher antiviral effects in
A549 cells than in Vero cells. For ZIKV infection, no antiviral effect was observed for
ribavirin treatment of Vero cells. These results suggest that Vero cells are less sensitive to
antiviral treatment, as already reported for ribavirin for suppression of ZIKV replication [13].
This cell-dependent antiviral activity underlines the importance of the selected testing
system concerning the antiviral effect observed in vitro. However, this may not necessarily
represent the degree of inhibition in vivo and thus may not allow for a relevant comparison
of different antivirals considered for human use. Therefore, it is mandatory to perform
additional studies to compare the tested antiviral agents, including the IAV DIPs, in animal
models and carefully designed clinical trials. In this manner, the antiviral activity and
side effects at different doses with different routes and times of administration can be
investigated to draw conclusions about their comparability and applicability.

The main application of IAV DIPs could be the intranasal application to treat IFN-
sensitive respiratory virus infections, including that of IAV [39,96], SARS-CoV-2 [22] and
RSV (this study). For instance, in mice and ferrets, this route of administration resulted
in an antiviral effect against IAV [38,39,53,60]. The inhibition of YFV and ZIKV as shown
in the present study may be regarded as a result from an in vitro model that indicates
that IAV DIPs also exhibit antiviral activity against the replication of other IFN-sensitive
viruses. The optimal route of administration of IAV DIPs and antiviral efficacy in animal
experiments against such systemic viral infections, however, remain to be elucidated.

In the future, the availability of broadly acting antivirals like IAV DIPs could allow
for a rapid countermeasure to protect susceptible people and persons at risk and help to
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contain the spread of newly emerging IFN-sensitive viruses in case of a pandemic, when
vaccines or other antivirals are not available yet.

5. Patents

A patent for the use of OP7 as antiviral agent for treatment of IAV infection is approved
for USA and pending for European Union and Japan. Patent holders are S.Y.K. and
U.R. Another patent for the use of DI244 and OP7 as an antiviral agent for treatment of
coronavirus infection is pending. Patent holders are S.Y.K., U.R., and M.D.H.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15091872/51.
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fractions (as OP7 chimera DIPs and cDIPs are present), and interfering efficacy. In
addition, material for subsequent testing in animals regarding tolerability and antiviral
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Generation of "OP7 chimera”
defective interfering influenza
A particle preparations free

of infectious virus that show
antiviral efficacy in mice

Tanya Dogra?, Lars Pelz?, Julia D. Boehme?3, Jan Kuechler?, Olivia Kershaw*,
Pavel Marichal-Gallardo?, Maike Baelkner?3, Marc D. Hein®, Achim D. Gruber*,
Dirk Benndorf*®, Yvonne Genzel?, Dunja Bruder?3, SaschaY. Kupke'** & Udo Reichl**

Influenza A virus (IAV) defective interfering particles (DIPs) are considered as new promising antiviral
agents. Conventional DIPs (cDIPs) contain a deletion in the genome and can only replicate upon
co-infection with infectious standard virus (STV), during which they suppress STV replication. We
previously discovered a new type of IAV DIP “"OP7” that entails genomic point mutations and displays
higher antiviral efficacy than cDIPs. To avoid safety concerns for the medical use of OP7 preparations,
we developed a production system that does not depend on infectious IAV. We reconstituted a mixture
of DIPs consisting of cDIPs and OP7 chimera DIPs, in which both harbor a deletion in their genome.
To complement the defect, the deleted viral protein is expressed by the suspension cell line used for
production in shake flasks. Here, DIP preparations harvested are not contaminated with infectious
virions, and the fraction of OP7 chimera DIPs depended on the multiplicity of infection. Intranasal
administration of OP7 chimera DIP material was well tolerated in mice. A rescue from an otherwise
lethal IAV infection and no signs of disease upon OP7 chimera DIP co-infection demonstrated the
remarkable antiviral efficacy. The clinical development of this new class of broad-spectrum antiviral
may contribute to pandemic preparedness.

Influenza A virus (IAV) is a major human pathogen. Infections cause annual epidemics, which lead to excessive
morbidity and mortality'. When novel strains emerge, IAV infections may result in a severe pandemic, which is
considered an imminent threat. For instance, more than 40 million deaths were reported during the “Spanish flu”
in 1918% Annual prophylactic vaccination is the most effective measure to prevent seasonal influenza infection®.
Yet, the selection of strains as well as the manufacturing and release of seasonal vaccines requires several months.
Thus, small-molecule drug antivirals are also used, for instance, to treat acute infections'. However, circulating
human IAV strains have acquired resistance against many current antivirals’. Therefore, new broadly-acting
antiviral treatment options should be considered not only to complement annual vaccination schemes but also
to act as a first line of defense for pandemic preparedness.

Defective interfering particles (DIPs) are regarded as a promising new class of antivirals*'”. In particular,
DIPs resulted in a high tolerability and antiviral efficacy in animal studies™'®'*-%*, and were therefore proposed
as prophylactic and therapeutic antivirals'®?>-?”. JAV DIPs typically contain a large internal deletion in one of
the eight genomic viral RNA (VRNA) segments*!*16-22252628-30 The missing genomic information results in the
expression of a truncated viral protein®. Therefore, DIPs are defective in virus replication and cannot propa-
gate in mammalian cells. In a co-infection with an infectious standard virus (STV), however, the missing gene
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function (i.e., the full-length (FL) protein) is provided, and DIPs can propagate. Interestingly, this results in a
strong interference with STV replication. With respect to this antiviral effect, it is suggested that the short defec-
tive interfering (DI) vRNASs replicate faster and accumulate to higher levels than the FL vRNAs. Thereby, cellular
and viral resources are depleted, which suppresses infectious virus replication®?-*%. DIP co-infections also result
in a strong induction of the interferon (IFN) system®-%%, and it was shown that this stimulation of the innate
immunity also contributes to their antiviral effect??>%, As a consequence, IAV DIPs display a broad-spectrum
antiviral activity that is not only directed against a wide range of IAV strains'®*">>*% but even against unrelated
viruses, including SARS-CoV-2%738:4142,

Previously, we developed a cell culture-based production process'®* for a well-known DIP called “DI244”
that harbors a deletion in segment 1 (Seg 1)>>?. DI1244 is unable to express the viral polymerase basic protein 2
(PB2, encoded from Seg 1) and can be propagated in genetically engineered PB2-expressing Madin-Darby canine
kidney (MDCK) suspension (MDCK-PB2(sus)) cells'®****. In addition, using a modified reverse genetics work-
flow for IAV that is specific for DIP rescue, clonal DI244 without STV could be reconstituted for production®.
Therefore, considering the use of DIPs as an antiviral, the absence of infectious STV’ is expected to alleviate
potential safety and regulatory concerns.

We previously discovered a new type of IAV DIP, called “OP7” that contains multiple point substitutions on
segment 7 (Seg 7) VRNA instead of a large internal deletion®*. OP7 showed a higher antiviral activity compared
to Seg 1 conventional DIPs (¢DIPs) including DI1244 as shown in in vitro and in vivo experiments'®!*¥. As the
source of the defect in virus replication of OP7 is yet unknown, designing a cell line that could complement the
defect of OP7 was not feasible, so far. Instead, we recently established a cell culture-based production process for
OP?7 in the presence of infectious STVs to complement the unknown defect'®. However, infectious STVs had to
be UV-inactivated, which also reduced the antiviral activity of OP7. Moreover, even after UV treatment, the risk
of contamination with residual STVs should raise safety concerns concerning medical application.

In the present study, we devised a genetically engineered cell culture-based production system for OP7, which
does not require the addition of any infectious STV. Trials in mice suggest that the produced OP7 preparations
can be used as a safe and potent antiviral, and further steps towards clinical development seem promising.

Results

Reconstitution of OP7 chimera DIPs without infectious STVs

Previously, OP7 was produced in cell culture in the presence of infectious STVs'. To obtain an OP7 virus without
infectious STVs (STV-free), we modified a plasmid-based reverse genetics system for the reconstitution of Seg
1-derived cDIPs based on the IAV strain A/PR/8/34 (PR8) as described previously*. As Seg 1 cDIPs contain a
large internal deletion in Seg 1 and are unable to express the viral PB2 protein, the STV-free reconstitution of
clonal Seg 1 cDIPs requires PB2-expressing cells (Fig. 1A-C). Here, a co-culture of adherent PB2-expressing
human embryonic kidney (HEK-293T-PB2(adh)) and MDCK-PB2(adh) cells (Fig. 1B) were co-transfected
with eight plasmids encoding for the deleted Seg 1 and the remaining seven wild-type (WT) segments (Fig. 1A).
After reconstitution, such Seg 1 ¢cDIPs (Fig. 1C) could be propagated in cell culture using PB2-expressing cells,
as shown previously!'$4345,

To reconstitute OP7 chimera DIPs without infectious STVs, we added a ninth plasmid encoding for the
mutated Seg 7 of OP7 (Seg 7-OP7) (Fig. 1D) for transfection. This resulted in the rescue of a population of two
types of DIPs: (i) Seg 1 cDIPs (Fig. 1C) and (ii) OP7 chimera DIPs (Fig. 1E). Accordingly, the Seg 1 ¢cDIPs con-
tained a truncated Seg 1 vVRNA and seven WT vRNAs (Fig. 1C) and OP7 chimera DIPs contained Seg 7-OP7
VRNA, a truncated Seg 1 VRNA, and the remaining six WT vRNAs (Fig. 1E). Owing to a deletion in Seg 1
(encoding for PB2), both DIPs could be propagated in MDCK-PB2(sus) cells (Fig. 2). Furthermore, it has to be
assumed that the OP7 chimera DIPs (Fig. 1E) are defective in virus replication in PB2-expressing cells, as they
contain the mutated and defective Seg 7-OP7 vVRNA. Accordingly, for propagation, OP7 chimera DIPs require
complementation with Seg 1 cDIPs (Fig. 1C) as they provide the functional Seg 7-WT vRNA (Seg 7-WT).
Moreover, as both DIPs (Fig. 1C,E) are replication deficient in non-PB2 expressing cells, we eliminate the need
for post-production UV inactivation due to the lack of infectious STVs. Note that the deleted Seg 1 sequence used
in the present study was previously identified by us (“Seg 1 gain”), where corresponding DIPs showed a superior
in vitro interfering efficacy compared to the well-known DI244%. A seed virus stock was generated from the
reconstituted OP7 chimera DIP material by serial passaging in MDCK-PB2(adh) followed by MDCK-PB2(sus)
cells. This seed virus was used for subsequent cell culture-based production (Fig. 2). The absence of infectious
STVs in the produced OP7 chimera DIP material was evaluated by two serial passages in adherent WT MDCK
(MDCK(adh)) cells (innocuity assay). Both passages showed no virus titer, thus confirming no infectious STV
replication (data not shown).

In summary, we reconstituted OP7 chimera DIPs in a mixture with Seg 1 cDIPs without the addition of any
infectious STVs. Seg 1 ¢cDIPs can complement the defect of the OP7 chimera DIPs in PB2-expressing MDCK
cells, allowing for cell culture-based production.

Cell culture-based production of OP7 chimera DIP preparation in shake flasks shows a strong
dependence on the multiplicity of infection

As indicated above, OP7 chimera DIPs are defective in virus replication in MDCK-PB2(sus) cells and propaga-
tion requires co-infection with Seg 1 cDIPs. Previously, in a similar production system, we produced OP7 in the
presence of infectious STVs in WT MDCK(sus) cells. As expected for virus production, total virus yields were
multiplicity of infection (MOI) dependent’®. High MOI conditions increased the likelihood of co-infection of
STVs and OP7, resulting in preferential production of OP7 that suppressed STV propagation and thus, total
virus yields. In contrast, in a low MOI scenario, more single hit infections occurred. Therefore, STV growth
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Figure 1. Plasmid-based reconstitution of OP7 chimera DIPs free of infectious STVs. Rescue of Seg 1
conventional DIPs (cDIPs). The reverse genetics system comprises (A) eight plasmids that encode for a deleted
Seg 1 VRNA and Seg 2-8 wild type (WT) vRNAs. (B) Co-transfection of a co-culture of PB2-expressing
HEK-293T-PB2(adh) (high transfection efficiency) and MDCK-PB2(adh) (high virus titers) cells results in
reconstitution of (C) clonal Seg 1 cDIP free of infectious standard viruses (STV). Rescue of OP7 chimera DIPs:
addition of a (D) ninth plasmid that encodes for the mutated Seg 7-OP7 vRNA results in the reconstitution

of a mixture of DIPs including (E) OP7 chimera DIPs and (C) Seg 1 cDIPs. This mixture of viruses can be
propagated in MDCK-PB2(sus) cells (Fig. 2). Image was created with BioRender.com.

occurred predominantly and the propagation-incompetent OP7 was out-diluted, resulting in higher total virus
titers with a concomitant lower fraction of OP7'. We expected that the DIP mixture containing OP7 chimera
DIPs and Seg 1 ¢cDIPs would show the same MOI dependency in PB2-expressing cells. Thus, to optimize total
virus yields and the fraction of OP7 chimera DIPs within the mixture, we performed infections in shake flasks
using MDCK-PB2(sus) cells at different MOIs ranging from 1E-2 to 1E-5 (Fig. 2).

After infection at 2.1 x 10° cells/mL, cells continued to grow (Fig. 2A). The viable cell concentration (VCC)
post infection at an MOI of 1E-2 peaked fastest (3.0 x 10 cells/mL, 18 hpi) before there was a decrease in VCC.
With decreasing MOlIs, the maximum VCC increased and cell death started later. As expected, the hemagglutinin
(HA) titer (indicating total virus yield) reached lower values at higher MOIs relative to lower MOIs (Fig. 2B),
likely due to the inhibition caused by the increasing accumulation of OP7 chimera DIPs towards higher MOIs.
This is in line with greater fractions of OP7 chimera DIPs at higher MOIs (Fig. 2C,D). For instance, we found a
fraction of OP7 chimera DIPs of 94.4% (MOI 1E-2) and 24.2% (MOI 1E-5), calculated based on the extracellular
vRNA concentration of Seg 7-OP7 and Seg 7 of the WT virus quantified by reverse transcription real time PCR
(RT-qPCR) (Fig. 2C). In addition, quantification of IAV proteins by a new mass spectrometry (MS) method
developed in our group* showed similar fractions of 90.2% (MOI 1E-2) and 19.0% (MOI 1E-5). Here the frac-
tion was calculated based on the concentration of the extracellular matrix protein 1 (M1, encoded on Seg 7) of
OP7 (M1-OP7) and of the WT virus (M1-WT) (Fig. 2D). Further, the total virus concentration (as indicated by
the extracellular Seg 5 VRNA concentration (Fig. 2C) and calculated from the nucleoprotein (NP) concentration
(Fig. 2D)) showed higher values for lower MOIs in line with HA titers (Fig. 2B). Previously, biological activity
of IAV particles decreased over time as seen by a drop in the infectious virus titers towards late process times*,
which is important for selecting the optimal harvest time point (Fig. 2B). Accordingly, for DIP harvesting, we
selected the time point at which the HA titer almost plateaued to ensure maximum virus release and biological
activity of the DIPs (MOI 1E-2: 25 hpi, MOI 1E-3: 32 hpi, MOI 1E-4: 40 hpi, MOI 1E-5: 48 hpi). Furthermore,
harvesting was performed no later than the onset of cell death (Fig. 2A) to avoid excessive levels of cell debris and
host cell DNA in the supernatant that would otherwise interfere with the subsequent downstream purification
process. Further, final viral harvests were DIP depleted as we did not observe a strong accumulation of other DI
vRNAs in Seg 2-8 as suggested by results from RT-PCR (Fig. 3).

Taken together, our results demonstrate that the MOI has a strong effect on OP7 chimera DIPs production.
At high MO, high fractions of OP7 chimera DIPs were present along with low total virus titers suggesting that
OP7 chimera DIPs impeded virus propagation. On the other hand, higher total virus titers, but lower fractions
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Figure 2. Cell culture-based production of OP7 chimera DIP enriched material in shake flasks. Genetically
engineered MDCK-PB2(sus) cells cultivated in 125 mL shake flasks (50 mL working volume), were infected

at multiplicity of infections (MOIs) ranging from 1E-2 to 1E-5 after a complete medium exchange. (A) Viable
cell concentration (VCC) and viability. (B) Hemagglutinin assay (HA) titer. (C) Fraction of OP7 chimera

DIPs (calculated based on extracellular Seg 7-OP7 and Seg 7-WT vRNA concentrations, quantified by reverse
transcription real time PCR (RT-qPCR). Total virus concentration is indicated by the extracellular Seg 5 vVRNA
concentration. (D) Fraction of OP7 chimera DIPs (calculated based on extracellular M1-OP7 and M1-WT viral
protein concentrations, quantified by Mass spectrometry (MS). Total virus concentration was calculated from
the protein concentration of nucleoprotein (NP), encoded by Seg 5. The optimal harvest time points (MOI 1E-2:
25 hpi, 1E-3: 32 hpi, 1E-4: 40 hpi, 1E-5: 48 hpi) were analyzed for C and D. The figure depicts the results of one
experiment.
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Figure 3. Purity of produced OP7 chimera DIP material with respect to contaminating DIPs. OP7 chimera
enriched DIPs were produced at different MOIs in shake flasks (Fig. 2). Samples from 48 hpi were subjected to
segment-specific reverse transcription PCR (RT-PCR) and gel electrophoresis. (A) MOI 1E-2, (B) MOI 1E-3,
(C) MOI 1E-4, and (D) MOI 1E-5. The indicated signals correspond to FL and DI vRNAs. Upper thicker band
of the ladder: 3000 bp, middle thicker band: 1000 bp, lower thicker band: 500 bp. Cropped gels are shown;
original gels are presented in Supplementary Fig. S1.
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of OP7 chimera DIPs were found at lower MOIs. Infections at intermediate MOIs of 1E-3 and 1E-4 appear to be
a good compromise for achieving high OP7 chimera DIP fractions and high virus titers.

The MOI used for production affects the in vitro interfering efficacy

To identify the optimal MOI yielding OP7 chimera DIP material showing the highest in vitro interfering efficacy
per product volume an in vitro interference assay (Fig. 4) was carried out. In brief, WT MDCK(adh) cells were
either infected with STV's only at a MOI of 10 (negative control, NC) or co-infected with 125 pL (fixed volume)
of DIP material produced at different MOIs (Fig. 2).

Our results indicated the strongest interfering efficacy for the OP7 chimera DIP material produced at a MOI
of 1E-3 and 1E-4. This was shown by a suppression of the infectious virus release by more than two orders of
magnitude (quantified by the plaque assay), which was significantly more than the decrease of only a factor of
two, observed for the material produced at a MOI of 1E-2 (p <0.0001, One-way analysis of variance (ANOVA)
followed by Tukey's multiple comparison test), and significantly different to the reduction of one log for the
material produced at a MOI of 1E-5 (p <0.001) (Fig. 4A). For the total virus release, as expressed by the HA titer
(Fig. 4A) and extracellular Seg 5 vRNA concentration (Fig. 4B), this trend was less pronounced. Further, co-
infections with highly interfering DIP material, produced at a MOI of 1E-3 and 1E-4, resulted in a pronounced
OP?7 phenotype, i.e. an overproportional extracellular Seg 7-OP7 vRNA concentration in comparison to other
gene segments'>?, indicating the preferential replication of Seg 7-OP7 vRNA during virus propagation (Fig. 4B).
Similarly, an overproportional M1-OP7 concentration relative to M1-WT was found in progeny virions (Fig. 4C).

In summary, the interfering efficacy of OP7 chimera DIP preparations strongly depended on the MOI for
production with intermediate MOIs of 1E-3 and 1E-4 representing the optimum.
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Figure 4. In vitro interference assay with OP7 chimera DIP enriched material produced at different MOIs.
MDCK(adh) cells were infected with STV alone at a MOI of 10 (NC) or co-infected with 125 pL of indicated
DIP material produced at different MOIs in shake flasks (Fig. 2). (A) Infectious virus release, indicated by
plaque titer, and total virus release, indicated by HA titer, at 16 hpi. PFU, plaque-forming units; HAU, HA units.
(B) Extracellular vRNA concentration, quantified by RT-qPCR. (C) Protein concentration, quantified by MS.
NP, nucleoprotein. Interference assay was performed in three independent experiments, corresponding samples
were quantified in a single measurement. Error bars indicate the standard deviation (SD). Samples of the
optimal harvest time points (Fig. 2) were analyzed.
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High in vivo tolerability and antiviral efficacy of OP7 chimera DIP material

To test the tolerability and antiviral efficacy of produced OP7 chimera DIP enriched material in a mouse infection
model, DIP material produced in shake flasks and purified by steric exclusion chromatography (SXC)!#!%4849
was used. The material was produced at MOI 1E-4 (8.96 x 10° virions/mL, calculated based on Seg 5 VRNA
concentrations; OP7 chimera DIP fraction of 60.07%, calculated based on Seg 7-OP7 and Seg 7-WT vRNA
concentrations). As a negative control, an OP7 chimera DIP preparation that was inactivated with UV light for
24 min was utilized, which typically does not show an interfering efficacy in vitro'®!°.

First, to test for the tolerability of the OP7 chimera DIP preparations, we administered 20 pL of active OP7
chimera DIPs (diluted to 1:2 and 1:20, corresponding to 8.96 x 107 and 8.96 x 10° virions per mouse, respectively)
intranasally to the animals (Fig. 5A-C). Similar to PBS treatment, OP7 chimera enriched DIP treatment was
well-tolerated, as indicated by the absence of weight loss (Fig. 5A) and clinical scores (Fig. 5B). Moreover, serum
albumin levels in bronchoalveolar lavage (BAL) samples of PBS and OP7 chimera DIP-treated mice were com-
parable, indicating that OP7 chimera DIP administration did not compromise lung integrity (Fig. 5C), which
is otherwise typically observed in influenza-infected mice®-*2 This was further confirmed by histopathological
examination of the lungs. For mice treated with PBS (Fig. 6A), only minimal interstitial pneumonia located near
the hilus and affecting less than 5% of the lung tissue was observed; a finding that can be typically attributed to
intranasal application of liquid to the lungs. Mice treated with OP7 chimera DIPs (1:2 and 1:20 dilution) showed
a minimal increase in inflammatory infiltration with rare lymphocytes detectable in the interstitium and few
macrophages and neutrophils in the alveoli (Fig. 6A,B middle and right column) affecting only small parts
of the lung tissue at the hilus, too. Yet, no histopathological changes that appear to be clinically relevant were
observed, which is in line with the presentation of the clinical scores (Fig. 5B). Together, these data demonstrate
that intranasal administration of OP7 chimera DIPs alone is well-tolerated.

Next, we treated mice with a lethal dose of 1000 focus-forming units (FFU) of IAV STV (strain PR8) together
with either active OP7 chimera DIPs (1:2 and 1:20), inactive OP7 chimera DIPs (1:2) or PBS (1:2) in a total
volume of 20 pL. As expected, severe body weight loss and 100% IAV-induced mortality was observed in PBS
co-treated mice (Fig. 5D,F). Further, similar to PBS co-treatment, mice co-treated with inactive OP7 chimera
DIPs showed the same high infection-induced morbidity (Fig. 5D,E) and mortality (Fig. 5F), indicating the
absence of protective efficacy by UV inactivated DIPs. In strong contrast, no body weight loss was observed
when active OP7 chimera DIPs (1:2 diluted) were co-administered, while a higher dilution (1:20) resulted in
a modest loss of body weight (approx. 16%). Importantly, all mice co-applied with active OP7 chimera DIPs
(1:2 and 1:20) survived the otherwise lethal STV infection (Fig. 5F). Intriguingly, co-administration of active
OP7 chimera DIPs (1:2) together with a lethal STV dose completely prevented the development of clinical signs
(Fig. 5E) related for influenza infection compared to PBS treatment only (Fig. 5B). Even co-administration of
active OP7 chimera DIPs diluted to 1:20 together with a lethal dose of STV was highly effective in preventing a
severe course of influenza disease (Fig. 5E). In line with these findings, histopathological analysis revealed only
a low-grade pneumonia characterized by mild perivascular and interstitial lymphocytic infiltration, pneumo-
cyte type I hyperplasia and alveolar histiocytosis of mice co-administered with a lethal dose of STVs and OP7
chimera DIPs at a dilution of 1:2 (Fig. 6B middle column). In comparison, a lethal dose of STV of strain PR8
typically resulted in hyper-inflammatory immune responses in infected lungs**. Even the co-application of the
low (1:20) dose OP7 chimera DIPs was sufficient to protect the animals from a lethal outcome of pneumonia
(Fig. 6B right column). Histopathologically, similar qualitative changes were identified in the animals of this
group, but the lesion extent was significantly greater with additional onset of interstitial fibrosis and, in isolated
cases, low-grade, florid suppurative inflammation.

Taken together, intranasal application of only the OP7 chimera DIP material is very well-tolerated in mice.
Furthermore, the co-administration of OP7 chimera DIPs mediated full protection against an otherwise lethal
TAV STV infection. These data demonstrate the safety and remarkable antiviral efficacy of the produced OP7
chimera DIPs in vivo.

Discussion

Previous studies of our group showed that the MOI used for cell culture-based production of DIPs affects total
virus yields'®!*3%% and interfering efficacy'®'. Likewise, in the present work, we found the highest interfering
efficacy for material produced at intermediate MOIs of 1E-3 and 1E-4 (Fig. 2). Here, a balanced trade-off between
the fraction of OP7 chimera DIPs and total virus yields in the produced material appears to be decisive for the
optimal interfering efficacy observed in vitro.

In this study, we also evaluated the tolerability and efficacy of OP7 chimera DIP preparations harvested from
shake flasks using a mouse model. Most laboratory mouse strains lack the MxI gene, which is an important
IFN-induced restriction factor against IAV infections in mice and in humans. Therefore, we used a mouse model
expressing a functional Mx1I gene, called D2(B6).A2G-Mx1"*. Accordingly, this model better represents the
immune response in humans to IAV infections. Intranasal administration of high doses of only OP7 chimera DIP
enriched preparations did neither result in disease, nor in clinically relevant histopathological changes in mice
lungs, indicating a high tolerability after OP7 chimera DIP treatment (Fig. 5A,B,C and Fig. 6A). These results (and
those of other groups>©20-2>4) clearly suggest that common concerns regarding adverse effects (e.g., cytokine
storm, lung damage) due to DIP administration in animals can be abandoned and that DIPs, as defective, non-
replicating viral particles might also be suitable for safe clinical applications in humans. Moreover, co-infection
with a lethal dose of STV together with OP7 chimera DIPs resulted in 100% survival of the mice (Fig. 5F), and
these animals did not even show signs of clinical disease (Fig. 5E). A similarly high antiviral activity (against
lethal STV infection) was found for DIPs derived from IAV and from other viral species in different animal
models>!®18-2>4_ Earlier investigations on the use of DIPs as prophylactic antiviral agents have shown promising
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Figure 5. In vivo tolerability and antiviral efficacy of OP7 chimera DIP preparations in a mouse infection
model. (A-C) 20 pL of active OP7 chimera DIP material diluted to 1:2 (8.96 x 107 virions/mouse) or 1:20
(8.96 x 10° virions/mouse), or 20 uL PBS was intranasally administered to 12-24 weeks old female D2(B6).
A2G-Mx1"" mice (n=5). (A) Mean body weight loss. Two-way ANOVA and Tukey correction for multiple
comparison did not reveal a significant difference between groups (p>0.05). (B) Clinical score. (C) Serum
albumin concentrations in bronchoalveolar (BAL) fluid were measured by ELISA at 14 dpi. One-way ANOVA
did not reveal a significant difference between means (p>0.05). (D-F) Mice were treated with a lethal dose

of 1000 FFU of IAV STV (strain PR8) together with either active OP7 chimera DIPs, diluted to 1:2 (n=10) or
1:20 (n=9), inactive OP7 chimera DIPs diluted to 1:2 (n=10) or PBS (n=5) in a total volume of 20 pL. (D)
Mean body weight loss. The differences between the mean body weight of mice co-treated with 1:2 (mixed-
effects model and Tukey correction for multiple comparison, p <0.0001) or 1:20 OP7 chimera DIPs (p <0.05)
were significant relative to co-treatment with PBS. (E) Clinical score. (F) Kaplan-Meyer curve representing the
survival rate. The differences between the survival of mice co-treated with 1:2 (log-rank test for two groups,
p<0.0001) or 1:20 OP7 chimera DIPs (p <0.0001) were significant relative to co-treatment with PBS. (F)
Clinical score. (A-F) Error bars indicate the standard error of the mean (SEM).

results®*?’. Here, mice were intranasally pre-treated with DI244 (a well-characterized Seg 1 cDIP) seven days
before infection with a lethal dose of 1AV, and the DIP pre-administration continued to provide protection®.
Also, it was proposed to use DIPs as a therapeutic treatment due to its early onset of antiviral activity. Again,
DI244 administered one or two days after lethal IAV challenge rendered full or partial protection, respectively?.

In light of imminent pandemic threats, new broadly-acting antivirals that are readily available at low costs
are required. IAV DIPs typically suppress a wide range of IAV strains including contemporary human epi-
demic, pandemic and even highly pathogenic avian IAV as demonstrated in vitro and in mouse and ferret
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Figure 6. Histopathological changes in mouse lung sections after administration of OP7 chimera DIP enriched
preparations and co-administration of STV with OP7 chimera DIP enriched preparations. (A) 20 pL of active
OP7 material diluted to 1:2 (8.96 x 107 virions/mouse) or 1:20 (8.96 x 10° virions/mouse), or 20 uL PBS was
intranasally administered to 12-24 weeks old female D2(B6).A2G-Mx1"" mice (n=>5). Histopathological
pictures of the lungs (14 days post infection) after hematoxylin-eosin (H&E) staining in overview (top row,
bar=1 cm) and peripheral lung in detail (bottom row, bar =50 um). All lungs appear almost unchanged

with only minimal interstitial pneumonia located near the hilus (arrows, for detail see image in the bottom
row). (B) Mice were co-treated by administering 20 uL volume containing a lethal dose of 1000 FFU of STV
(strain PR8) with either active OP7, diluted to 1:2 (6.5 x 10® virions/mouse) or 1:20 (6.5 x 107 virions/mouse).
Histopathological pictures of the lungs after H&E staining in overview (top row, bar=1 cm) and areas of
pneumonia in detail (bottom row, bar = 20 um) with minimal interstitial pneumonia located near the hilus after
treatment with PBS (left image), few multifocal foci of inflammation after treatment with active OP7, diluted

to 1:2 (middle image) and multifocal to confluent inflammatory infiltration after treatment with active OP7,
diluted to 1:20 (right image). Arrowheads: alveolar histiocytosis; encircled: neutrophils; arrows: pneumocyte
type II hyperplasia; double arrows: perivascular and interstitial lymphocytic infiltration; b: blood vessel.
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experiments!®22>3%40 Surprisingly, IAV DIPs can even suppress unrelated virus replication. This unspecific
protection is mediated by the ability of DIPs to stimulate innate immunity and to establish a so-called antiviral
state. For instance, mice were rescued from a lethal dose of influenza B virus and pneumonia virus of mice by
DIP co-administration®®*!. In addition, we demonstrated a pronounced antiviral effect against SARS-CoV-2%" and
against respiratory syncytial, yellow fever and Zika virus replication in vitro*. Such broad protective immunity
against many different unrelated viruses was also observed for dengue and poliovirus DIPs***¢. This suggests
that DIPs could be used as broadly-acting antiviral agents to treat viral infections as a fast countermeasure to
protect people at risk and restrict virus spreading, e.g., in the case of a pandemic.

In future studies, a scalable cell culture-based production and purification process for OP7 chimera enriched
DIPs should be established to achieve even higher titers and improve the purity of OP7 chimera DIP prepara-
tions. To leverage the antiviral potential of OP7 chimera DIPs, e.g. for use as an intranasal droplet spray**?/, the
establishment of a good manufacturing practice (GMP) production process would then be the base for toxicology
and safety studies, clinical trials and later on to market approval.

Materials and methods

Cells and viruses

MDCK(adh) cells (obtained from ECACC, #84121903) and MDCK-PB2(adh) cells (expressing IAV PB2, gen-
erated by retroviral transduction, as described previously**) were maintained in Glasgow Minimum Essential
Medium (GMEM, Thermo Fisher Scientific, #221000093) supplemented with 10% fetal bovine serum (FBS,
Merck, #F7524) and 1% peptone (Thermo Fisher Scientific, #211709). Puromycin (Thermo Fisher Scientific,
#A1113803) was added to a concentration of 1.5 pug/mL for MDCK-PB2(adh) cells. HEK-293T-PB2(adh) cells
(expressing IAV PB2, generated previously*!) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS, 1% penicillin/streptomycin (10,000 units/mL penicillin and 10,000 pg/mL strep-
tomycin, Thermo Fisher Scientific, #15140122) and puromycin at a concentration of 1 pg/mL. All adherent cells
were maintained at 37 °C and 5% CO,.

MDCK-PB2(sus) cells (expressing IAV PB2, previously generated by retroviral transduction'®**) were grown
in chemically defined Xeno™ medium (Shanghai BioEngine Sci-Tech), supplemented with 8 mM glutamine
and 0.5 ug/mL puromycin. Cultivation of the suspension cells was performed in shake flasks (125 mL baffled
Erlenmeyer flask with vent cap, Corning, #1356244) in 50 mL working volume in an orbital shaker (Multitron
Pro, Infors HT; 50 mm shaking orbit) at 185 rpm, 37 °C and 5% CO,. To quantify VCC, viability and diameter
of cell, Vi-cell” XR (Beckman Coulter, #731050) was used. IAV strain PR8 (provided by Robert Koch institute,
#3138) was used for the interference assay. MOIs were based on the TCIDx, titer for STV?’ (interference assay)
or the plaque assay (OP7 chimera DIP material production).

Rescue of OP7 chimera DIP

The generation of OP7 chimera DIPs was based on a previously established plasmid-based reverse genetics
system for the rescue of PR8-derived Seg 1 ¢cDIPs*!. Here, to complement the missing PB2 protein (deleted
in Seg 1 cDIPs), a co-culture of HEK-293T-PB2(adh) cells and MDCK-PB2(adh) cells were used for plasmid
transfections. For rescue of OP7 chimera DIPs, a pHW-based plasmid®® harboring the sequence of Seg 7-OP7
(GenBank accession number: MH085234) was newly generated and kindly provided by Stefan P6hlmann and
Michael Winkler (German Primate Center, Goettingen, Germany). 50 ng of this plasmid was co-transfected with
500 ng of a pHW-based plasmid harboring the deleted Seg 1 sequence of a previously described cDIP (“Seg 1
gain™*) and 1 g of the remaining plasmids for Seg 2-6 and 8 (pHW192-pHW196 and pHW198%, respectively)
via the calcium phosphate-mediated transfection method. After reconstitution, OP7 chimera DIP material was
amplified in MDCK-PB2(adh) cells and later used to infect MDCK-PB2(sus) cells for seed virus production.

OP7 chimera DIP material production in shake flasks

Production of OP7 chimera DIP preparations in shake flasks using MDCK-PB2(sus) cells was conducted with
complete medium exchange prior to infection as described previously'®*. In brief, cells in exponential growth
phase were centrifuged (300xg, 5 min, room temperature) and resuspended in fresh medium (without puro-
mycin) containing trypsin (final activity 20 U/mL, Thermo Fisher Scientific, #27250-018) at 2.0 x 10° cells/mL.
Cells were infected at different MOIs ranging from 1E-2 to 1E-5 at 37 °C and 5% CO,. At indicated time points,
samples were centrifuged (3000xg, 4 °C, 10 min) and supernatants were stored at -80 °C until further analysis.
RNA of progeny virions was extracted from supernatants using the NucleoSpin RNA virus kit (Macherey-Nagel,
#740956) according to the manufacturer’s instructions and stored at -80 °C until PCR-based analysis.

OP7 chimera DIP material for mouse infection studies was produced in shake flasks at a MOI of 1E-4. Har-
vested DIP material was clarified (3000xg, 10 min and 4 °C) and sucrose (Merck, #84097) was added at a final
concentration of 4%. Next, the material was purified and concentrated by SXC as previously described'®*%.
Part of the purified, concentrated and sterile filtered DIP material was UV inactivated for 24 min. Active (no
UV inactivation), inactive (UV inactivated) DIP material and PBS spiked with sucrose (4% final concentration)
were stored at — 80 °C until further use.

Virus quantification

Infectious virus titers were quantified using the plaque assay as previously described'®'*** using MDCK (adh) cells
(interfering assay) or MDCK-PB2(adh) cells (determination of OP7 chimera DIP containing seed virus titer).
Infectious virus titers were expressed as plaque-forming units (PFU)/mL. Furthermore, total virus concentra-
tions were quantified using the HA assay as previously described®.
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Segment-specific RT-PCR

To detect contaminating DI vRNAs in Seg 2-Seg 8 in progeny virions, purified extracellular RNA was subjected
to segment-specific PCR as described previously**”. In brief, RNA was reverse transcribed to cDNA using a
universal “Uni12” primer® that binds to all eight genome segments. The resulting cDNA samples were used to
amplify each genomic segment individually using segment-specific primers. PCR products were analyzed by
agarose gel electrophoresis.

RT-qPCR

In order to quantify the vRNAs purified from progeny virions, we used a previously described RT-qPCR method
that enables polarity- and gene-specific quantification of individual VRNAs!'*****, For this, a methodology involv-
ing tagged primers was employed®'. Primers used for quantification of the vRNA of Seg 5 are listed in***, for
Seg 7-OP7 in*’, and for Seg 7-W'T, new primers were designed for the present study (for reverse transcription,
Seg 7-WT tagRT for: 5-ATTTAGGTGACACTATAGAAGCGTCTCGCTATTGCCGCAAA-3' and for qPCR,
Seg 7-WT realtime rev: 5-CCTTTCAGTCCGTATTTAAAGC-3'). In order to allow for absolute quantification,
RNA reference standards were used. VRNA concentrations were calculated based on calibration curves.

Interference assay

The produced OP7 chimera DIP material was tested for the interfering efficacy in vitro according to a previ-
ously established protocol'*. Here, we assessed the inhibition of STV propagation upon co-infection with OP7
chimera DIP preparations. After infection, supernatants were analyzed for infectious and total virus titers using
the plaque and HA assay, respectively. RT-qPCR and MS were used for quantification of vVRNA and viral protein,
respectively, of the progeny virions.

Quantification of IAV proteins

MS analysis was used for absolute quantification of M1-W'T, M1-OP7 and NP according to a method described
previously®. For this, we used isotopically labelled peptides of synthetic origin of corresponding proteins that
were added as an internal standard before tryptic digestion of the samples for absolute quantification (AQUA).
For M1-OP?7, a peptide containing one mutation, which is not present in the M1-WT (EITFYGAK) was used.
For quantification of M1-WT, two peptides exclusive for M1-WT (LEDVFAGK, QMVTTTNPLIR) were used.
In brief, supernatant samples containing DIPs were heat inactivated (3 min, 80 °C) for further processing. Next,
total protein concentration was determined using a Pierce® BCA protein assay (Thermo Fisher Scientific, #23227)
according to the manufacturer’s protocol. Sample preparation for MS analysis was performed by using filter-
aided sample preparation as described previously*®®2. After drying of the eluted peptides, 80 uL of mobile phase
A (LC-MS-grade water, 0.1% trifluoroacetic acid) and 20 pL (=2 pmol of each peptide) of peptide standard
mix containing isotopically labelled peptides of synthetic origin for M1-WT, M1-OP7 and NP were added to
each sample. Subsequently, MS analysis was carried out as described before. Raw files from Bruker timsTOF
Pro were analysed by using Skyline (vs. 19.1)%. Absolute protein copy numbers and virus concentrations were
calculated as described previously*.

Mouse infection experiments

D2(B6).A2G-Mx1"" mice were generated by backcrossing DBA/2JRj mice for 10 generations onto congenic
B6.A2G-MxI11/r mice as described previously®’. Mice were bred and maintained in individually ventilated cages
in a specific pathogen-free environment as per relevant guidelines and regulations (animal facility, Helmholtz
Centre for Infection Research, Braunschweig Germany); food and water were provided ad libitum. Female, age-
matched (12-24 weeks) D2(B6).A2G-Mx1"" mice that harbor a functional MX dynamin-like GTPase 1 (Mx1)
resistance gene were randomly allocated into experimental groups. Following intraperitoneal injection of keta-
mine/xylazine, mice were intranasally administered with 20 pL of active OP7 chimera DIPs or PBS at indicated
concentrations to test for the tolerability. Moreover, antiviral efficacy was studied by inoculation with a lethal
dose of 1000 FFU of IAV STV strain PR8 and co-treatment with active OP7 chimera DIP enriched preparations
at indicated concentrations, inactive OP7 chimera DIP enriched preparations or PBS in a total volume of 20 uL.
Determination of the FFU titer was conducted as described elsewhere®. Following administration, health status
(body weight, appearance of fur, posture, activity) of mice was monitored at least once per day. In case humane
endpoint criteria were reached, animals were humanely euthanized (via isoflurane inhalation and subsequent
exsanguination) and the infection was recorded as lethal (AVMA guidelines were adhered). BAL samples were
harvested as described previously®. Serum albumin concentrations in BAL fluids were measured by ELISA
(Fortis Life Sciences, #E90-134).

Histopathological analysis

Complete lungs of the mice were routinely fixed in 4% formalin and embedded in paraffin. Sections with 5 pm
thickness were cut, dewaxed, and stained with hematoxylin-eosin (H&E). Histopathological evaluation was
performed in a blinded manner by a veterinary pathologist certified by the European College of Veterinary
Pathologists.

Statistical analysis
All the statistical analysis and graph generation were performed using GraphPad Prism 9 software.
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Approval for animal experiments

Animals were maintained and treated as per ARRIVE guidelines. All in vivo experiments were conducted
after review and approval of the study protocol by institutional (Helmholtz Centre for Infection Research) and
regional ethical bodies (Niedersaechsisches Landesamt fuer Verbraucherschutz und Lebensmittelsicherheit,
LAVES 33.19-42502-04-18/2922).

Data availability
Data generated during this study can be requested from the corresponding co-author upon request.
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Abstract

Defective interfering particles (DIPs) of influenza A virus (IAV) are suggested for use as broad-spectrum antivirals. We
discovered a new type of IAV DIP named “OP7” that carries point mutations in its genome segment (Seg) 7 instead of a
deletion as in conventional DIPs (cDIPs). Recently, using genetic engineering tools, we generated “OP7 chimera DIPs” that
carry point mutations in Seg 7 plus a deletion in Seg 1. Together with cDIPs, OP7 chimera DIPs were produced in shake
flasks in the absence of infectious standard virus (STV), rendering UV inactivation unnecessary. However, only part of the
virions harvested were OP7 chimera DIPs (78.7%) and total virus titers were relatively low. Here, we describe the estab-
lishment of an OP7 chimera DIP production process applicable for large-scale production. To increase total virus titers, we
reduced temperature from 37 to 32 °C during virus replication. Production of almost pure OP7 chimera DIP preparations
(99.7%) was achieved with a high titer of 3.24 log,;,(HAU/100 uL). This corresponded to an 11-fold increase relative to the
initial process. Next, this process was transferred to a stirred tank bioreactor resulting in comparable yields. Moreover, DIP
harvests purified and concentrated by steric exclusion chromatography displayed an increased interfering efficacy in vitro.
Finally, a perfusion process with perfusion rate control was established, resulting in a 79-fold increase in total virus yields
compared to the original batch process in shake flasks. Again, a very high purity of OP7 chimera DIPs was obtained. This
process could thus be an excellent starting point for good manufacturing practice production of DIPs for use as antivirals.

Key points

e Scalable cell culture-based process for highly effective antiviral OP7 chimera DIPs
e Production of almost pure OP7 chimera DIPs in the absence of infectious virus

e Perfusion mode production and purification train results in very high titers

Keywords Influenza A virus - Defective interfering particles - Antiviral - Cell culture - Perfusion - Alternating tangential
flow filtration

Introduction

Influenza A virus (IAV) is a respiratory pathogen, which
contains a negative-sense, single-stranded RNA genome
with eight viral RNA (vVRNA) segments (Krammer et al.
2018). Each year, IAV infections lead to a high disease

>4 Sascha Young Kupke burden with up to 290,000-650,000 deaths globally (WHO
kupke@mpi-magdeburg. mpg.de 2023). Current preventive measures include annual flu vac-
B4 Yvonne G"'T{ZEI cination and the use of antivirals. However, the update in the
genzel @mpi-magdeburg mpg.de composition of seasonal vaccines for the northern and south-
' Max Planck Institute for Dynamics of Complex Technical ern hemisphere is a time-consuming process that involves
Systems, Bioprocess Engineering, Magdeburg, Germany the risk of poor vaccine effectiveness due to a mismatch of
2 Otto Von Guericke University Magdeburg, Bioprocess vaccine strains (reviewed by Chen et al. (Chen et al. 2021)).
Engineering, Magdeburg, Germany Moreover, the use of presently available antivirals like
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neuraminidase or M2 ion channel inhibitors has resulted in
the emergence of resistant IAV strains (Chen et al. 2021).
Consequently, further options for flu disease prevention and
treatment would be highly appreciated.

Defective interfering particles (DIPs) of AV are natu-
rally occurring viral mutants that inhibit infectious stand-
ard virus (STV) propagation of AV (Dimmock et al. 2008;
Hein et al. 2021a; Huo et al. 2020; Pelz et al. 2021; Zhao
et al. 2018). In addition, DIPs with antiviral activity exist
for many other virus families (Chaturvedi et al. 2021; Levi
et al. 2021; Rezelj et al. 2021; Smither et al. 2020; Welch
et al. 2020). Therefore, DIPs were suggested as promising
antivirals (Bdeir et al. 2019; Frensing 2015; Genoyer and
Lopez 2019; Karki et al. 2022; Vasilijevic et al. 2017). Con-
ventional IAV DIPs (cDIPs) contain a large internal deletion
in one of the eight VRNAs (Dimmock and Easton 2015). The
short defective interfering (DI) vRNAs are believed to repli-
cate faster than the parental full-length (FL) vRNA in a co-
infection with STV, thereby drawing away cellular and viral
resources from STV (i.e., “replication inhibition”) (Laske
et al. 2016; Marriott and Dimmock 2010; Nayak et al. 1985;
Riidiger et al. 2021). As a result, IAV DIPs can suppress
a variety of IAV strains including epidemic and pandemic
human, and even highly pathogenic avian IAV as shown in
in vitro and in animal experiments (Dimmock et al. 2008,
Dimmock et al. 2012b; Huo et al. 2020; Kupke et al. 2019;
Zhao et al. 2018). Simultaneously, they strongly stimulate
the interferon (IFN)-induced antiviral activity against IAV
infections (Frensing et al. 2014; Huo et al. 2020; Penn et al.
2022). Furthermore, this unspecific innate immune response
stimulation can also suppress replication of unrelated viruses
including severe acute respiratory syndrome coronavirus
(SARS-CoV-2) (Easton et al. 2011; Pelz et al. 2023; Rand
et al. 2021; Scott et al. 2011). Previously, we discovered a
new type of IAV DIP named “OP7”. OP7 harbors multiple

d OP7 chimera DIP

.
.
B

Multiple point
mutations

217 bp

nucleotide substitutions in segment (Seg) 7 VRNA instead
of the large internal deletion of cDIPs. The 37 point muta-
tions involve promoter regions, genome packaging signals,
and encoded proteins (Kupke et al. 2019). Relative to cDIPs,
OP7 exhibited an even higher interfering efficacy in vitro
and in vivo, highlighting its potential for use as an antiviral
(Hein et al. 2021a, 2021c; Rand et al. 2021).

Recently, we established a cell culture-based production
system for “OP7 chimera DIPs” that harbor both, nucleotide
substitutions in Seg 7 VRNA plus a large internal deletion
in Seg 1. In the presence of cDIPs, the addition of STV
is not required for their propagation, and DIP harvests do
not contain any infectious material. This renders UV inac-
tivation unnecessary and alleviates safety and regulatory
concerns with respect to medical application (Dogra et al.
2023). For this, we modified a reverse genetics workflow
(Bdeir et al. 2019; Hein et al. 2021a) and reconstituted a
population of two types of DIPs: OP7 chimera DIPs (Fig. 1a)
and Seg 1 cDIPs (Fig. 1b). OP7 chimera DIPs harbor Seg 7
of OP7 (Seg 7-OP7) vRNA, a truncated Seg 1 vRNA, and
the remaining six FL. vVRNAs. Seg 1 cDIPs contain a dele-
tion in Seg 1 vRNA and seven FL vRNAs. To complement
for the defect in virus replication, suspension Madin-Darby
canine kidney (MDCK) cells were genetically engineered
that express the viral polymerase basic 2 (PB2) protein
(encoded on Seg 1) (Bdeir et al. 2019; Hein et al. 2021a)
and are used for cell culture-based production. First results
with OP7 chimera DIP material harvested from shake flasks
suggest a high tolerability and high antiviral efficacy after
intranasal administration in mice. These initial experiments,
however, only resulted in relatively low total virus titers with
OP7 chimera DIP fractions of 78.7% (Dogra et al. 2023).

In the present work, we developed a scalable labo-
ratory-scale process in a stirred tank bioreactor (STR)
for high-yield production of almost pure OP7 chimera

b  Seg1cDIP

138 bp

SII=e T [,

Seg 7-OP7 vRNA

2341 bp lsv Full-length :l

Seg 1 vRNA encoding PB2

Fig. 1 Scheme of OP7 chimera DIPs and Seg 1 cDIPs. Reverse genet-
ics was used to generate a mixture of a) OP7 chimera DIPs and b)
Seg 1 cDIPs. Both together replicate without addition of infectious
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DIPs preparations. In perfusion mode, we even achieved
a 79-fold increase in total virus yields compared to the
original batch process in shake flasks. Together with a
steric exclusion-based chromatographic purification train,
this process may be adopted towards good manufacturing
practice (GMP) production for safety and toxicology stud-
ies and clinical trials.

Materials and methods
Cells and viruses

MDCK cells growing in suspension culture (Lohr et al.
2010) and stably expressing PB2 (encoded by Seg 1) (Bdeir
et al. 2019; Hein et al. 2021b), referred to as MDCK-
PB2(sus) cells, were used. These cells were cultivated in
Xeno™ medium (Shanghai BioEngine Sci-Tech) supple-
mented with 8 mM glutamine and 0.5 pg/mL puromycin as
selection antibiotic and maintained in shake flasks (125 mL
baffled Erlenmeyer flask with vent cap, Corning, #1356244)
in 50 mL working volume (Vyy). Cultivations of cell cul-
tures were performed in an orbital shaker (Multitron Pro,
Infors HT; 50 mm shaking orbit) at 185 rpm, 37 °C, and
5% CO, environment. MDCK(adh) cells grew in Glasgow
Minimum Essential Medium (GMEM) supplemented with
10% fetal bovine serum (FBS, Merck, #F7524) and 1%
peptone (Thermo Fisher Scientific, #211709). For adher-
ent MDCK cells (ECACC, #84121903) expressing PB2
(MDCK-PB2(adh), generated by retroviral transduction, as
described in (Bdeir et al. 2019)), the medium was supple-
mented with 1.5 pg/mL puromycin. Human alveolar epithe-
lial Calu-3 cells were provided by Dunja Bruder (Helmholtz
Centre for Infection Research, Braunschweig, Germany) and
cultivated in Minimum Essential Medium (MEM) with 10%
FBS, 1% penicillin/streptomycin, and 1% sodium pyruvate at
37 °C and 5% CO,. Viable cell concentration (VCC), viabil-
ity, and cell diameter were quantified by a cell counter (Vi-
Cell™ XR, Beckman coulter). Metabolite concentrations
(glucose, lactate, glutamine, ammonium) were quantified
with a Cedex Bio® Analyzer (Roche).

IAV strain A/PR/8/34 HIN1 (STV PR8) was provided by
the Robert Koch Institute (Berlin, Germany, #3138) (seed
virus: infectious virus titer 1.1x 10° 50% tissue culture
infectious dose ((TCIDs,)/mL). The OP7 chimera DIP seed
virus (4.5x 10° plaque-forming units ((PFU)/mL) was pre-
viously produced in MDCK-PB2(sus) cells in batch mode
after a complete medium exchange (CME) in shake flasks
at a multiplicity of infection (MOI) of 107 at 37 °C (Dogra
et al. 2023). MOlIs reported in the following are based on the
TCIDs, titer (Genzel and Reichl 2007) (interference assay)
or the plaque titer (OP7 chimera DIP production).

Production of OP7 chimera DIPs in shake flasks

For infection experiments in shake flasks, 250-mL shake
flasks (baffled Erlenmeyer flask with vent cap, Corn-
ing, #1356246) with 100 mL V, were used. To produce
OP7 chimera DIPs in batch mode, cells were infected
at 2.0 x 10° cells/mL either by direct inoculation after a
CME, or by 1:2 dilution with fresh medium (MD) of a
culture grown to 4.0 x 10° cells/mL. Production with CME
was performed as described recently (Hein et al. 2021a). In
brief, MDCK-PB2(sus) cells in exponential growth phase
were centrifuged (300X g, 5 min, room temperature (RT)).
The cell pellet was resuspended in fresh medium (without
puromycin) containing trypsin (final activity 20 U/mL,
Thermo Fisher Scientific, #27250-018). Subsequently,
cells were seeded into shake flasks and infected at a MOI
of 107 at about 2.0 x 10° cells/mL at 37 °C. For produc-
tion with MD, cells were centrifuged (300 X g, 5 min, RT)
and resuspended at 0.6 x 10° cells/mL in fresh medium
(without puromycin). Next, cells were cultivated up to
about 4.0 x 10 cells/mL and then diluted (1:2) with fresh
medium containing trypsin (final activity of 20 U/mL) for
subsequent infection at 37 °C or at 32 °C using indicated
MOIs. For sampling, aliquots of cell suspensions were
centrifuged (3000 g, 4 °C, 10 min) and supernatants were
stored at -80 °C until further analysis. From these super-
natants, VRNAs of progeny virions were purified using the
NucleoSpin RNA virus kit (Macherey—Nagel, #740956)
according to the manufacturers’ instructions, and stored
at -80°C until real-time reverse transcription-quantitative
PCR (real-time RT-qPCR).

Batch mode production of OP7 chimera DIPs
inaSTR

Cells grown in shake flasks were centrifuged (300 x g,
5 min, RT), resuspended in fresh puromycin-free medium
and used to inoculate a 1 L STR (DASGIP® Parallel
Bioreactor System, Eppendorf AG, #76DG04CCBB) at
0.5 x 10° cells/mL (400 mL V). The STR was equipped
with an inclined blade impeller (three blades, 30° angle,
50 mm diameter, 150 rpm) and a L-macrosparger. A mix-
ture of air and oxygen was provided to control the dis-
solved oxygen above 40% air saturation. pH control (pH
7.6, reduced to 7.4 as soon set point pH 7.6 could no
longer be maintained) was achieved by CO, sparging and
addition of 7.5% NaHCOj;. During the cell growth phase,
temperature was set to 37 °C and cells were grown to about
4.0 x 10° cells/mL. Prior to infection, temperature was
reduced to 32 °C, MD (1:2 dilution with fresh medium)
was performed (final Vy, about 700 mL) and cells were
infected at a MOI of 107* and pH of 7.4.
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Production of OP7 chimera DIPs in a STR
in perfusion mode

An alternating tangential flow filtration (ATF2) system
with C24U-v2 controller (Repligen), equipped with a hol-
low fiber membrane (polyethersulfone (PES), 0.2 pm pore
size, Spectrum Labs) was coupled to the 1 L STR described
above (final Vy; about 700 mL) for perfusion cultivation.
Cells were inoculated at 1.2 x 10° cells/mL and cultivated
for 1 day in batch mode. Subsequently, perfusion was started
and the recirculation rate was set to 0.9 L/min. For perfusion
rate control, a capacitance probe connected to an ArcView
Controller 265 (Hamilton) was utilized (Gobel et al. 2023;
Griénicher et al. 2021; Hein et al. 2021b, 2023; Nikolay et al.
2018; Wu et al. 2021). Using linear regression, the permit-
tivity signal was converted to the VCC and used to control
the permeate flow rate of a connected peristaltic pump (120
U, Watson-Marlow). The cell factor in the ArcView con-
troller was re-adjusted after every sample taking to keep a
cell-specific perfusion rate (CSPR) of 200 pL/cell/day as
described previously (Hein et al. 2021b). The feed flow rate
was controlled based on the weight of the bioreactor. Prior
to infection, one reactor volume (RV) was exchanged with
fresh medium and temperature was lowered to 32 °C. After
infection at a MOI of 107, the permeate flow rate was set
to 0 RV/day for 1 h, kept constant at 2.4 RV/day until 30 h
post infection (hpi) and finally increased to 2.6 RV/day. In
order to prevent oxygen limitation during cell growth phase
(Hein et al. 2021b), 0.5 L/h of air was provided 77.2 h after
inoculation using an additional microsparger.

Membrane-based steric exclusion chromatography

Harvested OP7 chimera DIP material was clarified (3000 g,
10 min, 4 °C) and spiked with sucrose (5%, 84097, Merck).
Next, consecutive filtration steps with regenerated cellulose
membranes (1.0 pm, #10410014; 0.45 pm, #10410214;
0.2 pm, #10410314, Cytiva) were performed for clarifica-
tion using a bottle top system coupled to a vacuum pump. To
remove host cell DNA, the clarified OP7 chimera DIP mate-
rial was supplemented with MgCl, (2 mM final concentra-
tion, #M8266, Merck) and treated with an unspecific nuclease
(40 U/mL final activity, Denarase®, #2DN100KU99, Sarto-
rius Stedim Biotech) for 4 h under mixing. Purification was
done by membrane-based steric exclusion chromatography
(SXC) (Marichal-Gallardo et al. 2017, Marichal-Gallardo et al.
2021) as described recently (Hein et al. 2021a, 2021c). An
AKTA Pure 25 system (Cytiva) was used for chromatography
at RT. UV monitoring was performed at 280 nm and virus
particles were monitored using a NICOMPTM 380 (Particle
Sizing Systems) at 632.8 nm. The filter unit (in the follow-
ing referred to as “column”) was packed with regenerated
cellulose membranes (1.0 pm pore size, 20 layers, 100 cm?
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total surface) and installed in a 25 mm stainless steel filter
housing. The flow rate was 10 mL/min. For equilibration, the
column was washed with water and then with binding buffer
(8% PEG-6000 in PBS, #81260, Merck). Next, the sample was
injected (in-line mixing with 16% PEG-6000 in PBS to achieve
8% PEG-6000). Subsequently, the column was washed with
binding buffer until baseline UV absorbance was reached. Elu-
tion was conducted with 20 column volumes of elution buffer
(PBS). The eluate was dialyzed overnight at 4 °C against PBS
(sample to buffer ratio of 1:1000) using cellulose ester dialysis
tubing (300 kDa cut-off, #GZ-02890-77). Subsequently, the
material was spiked with sucrose (5%). Finally, the material
was sterile filtered (0.2 pm, cellulose acetate syringe filter,
#16534-K, Sartorius Stedium Biotech).

Virus quantification

Real-time RT-qPCR was used to quantify purified VRNAs of
progeny virions as described previously (Kupke et al. 2019).
Primers used for quantification of the VRNA of Seg 7-OP7
are listed in (Hein et al. 2021c) and, for Seg 7 of the wild-type
(WT) virus (Seg 7-WT), in (Dogra et al. 2023). The plaque
assay was carried out to quantify infectious virus titers with
MDCK(adh) cells (interference assay) and MDCK-PB2(adh)
cells (seed virus titer of OP7 chimera DIP preparation) as
described previously (Hein et al. 2021a, 2021c; Kupke et al.
2020) with a measurement error of +0.2 log,,. A hemag-
glutination assay (HA assay) was used to determine total
virus titers (log;,(HAU/100 puL)) with a measurement error
of +0.15 log,,(HAU/100 pL) (Kalbfuss et al. 2008).

The accumulated HA titer (log,,(HAU/100 pL)) was esti-
mated from the HA titer of the harvest in the bioreactor vessel
plus the virus particles collected after the hollow fiber mem-
brane (detected in the permeate line) and quantified according
to Eq. 1. HA denotes the HA titer of the sample taken at the
optimal harvest time point in the bioreactor vessel, Vv, (mL)
of the bioreactor vessel, HAp the average HA titer of material
collected in the permeate line between the sample time point
t, and the previous sample time point t,_; with the harvested
volume (Vp)‘

1074 x Vi, + 3 (10747 x V)

HAacc = logl() vV (1)
w

The concentration of DIPs (cpp, virions/mL) was calcu-
lated using Eq. 2, where cyp denotes the concentration of red
blood chicken cells used in the HA assay (2.0 x 107 cells/mL).

_ lolf’gm(%) )
Cpip = " X Crpe

The total number of produced virus particles vir,,, (viri-
ons) was determined according to Eq. 3. ¢y denotes the cpyp
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in the bioreactor vessel at the optimal harvest time point, and
¢, the average cpp in the permeate line between t, and t, ;.

Vit = cg X Vig+ Y cp X Vp 3)

The cell-specific virus yield (CSVY, virions/cell) was
calculated using Eq. 4, where VCC,,, (cells/mL) denotes
the maximum VCC after time of infection (TOI).

CSVY = — ot
T Vee,, x vy “)

The space—time yield (STY, virions/L/day) was deter-
mined using Eq. 5. t,, (day) denotes the total time from
inoculation until the optimal harvest time point.

STY = VI 1 )
VW X trot

The volumetric virus productivity (VVP, virions/L/day)
was estimated according to Eq. 6, where V, denotes the
total volume of the spent medium during cell growth and
virus production phase.

Vi,

VWP = —— 6
Viot X tior ©

The percentage of virus particles that passed the pores
of the hollow fibers (Pp,,,, %) was determined according to
Eq. 7. n denotes the total number of sample time points, HAp

the HA titer in the permeate line at t;, and HA the HA titer
in the bioreactor vessel at t,.

1 10M4r
PPerm = ; Z (IOHAB> x 100% (7)
Interference assay

To determine the in vitro interfering efficacy of the pro-
duced OP7 chimera DIP material, an interference assay
was used. Specifically, we evaluated the inhibition of STV
propagation after co-infection with OP7 chimera DIPs. Co-
infections were performed in MDCK(adh) cells (Hein et al.
2021a, 2021c¢) or in Calu-3 cells. Calu-3 cells were seeded
at a concentration of 3.0x 10° cells/well in a 12-well plate
and incubated for 24 h prior to infection. For infection, cells
were washed with PBS and infected with STV PR8 at a MOI
of 0.05 or co-infected with 125 pL of the produced OP7
chimera DIP material in a total volume of 250 pL of media.
After 1 h, we filled up to 2 mL with medium. Supernatants
were harvested at indicated time points, centrifuged at
3000 % g for 10 min at 4 °C and cell-free supernatants stored
at -80°C until virus quantification. To extract intracellular
RNAs, 350 pL of RA1 buffer (Macherey Nagel, #740961),

1% p-mercaptoethanol was added to cells remaining in wells
for lysis. RNA purification from these lysates was carried
out according to the manufacturer’s instructions and samples
were stored at -80°C until real-time RT-qPCR to monitor
IFN-p gene expression as described previously (Kupke et al.
2019; Rand et al. 2021). Fold changes were calculated using
the AAct method.

Statistical analysis and data visualization

GraphPad Prism 9 (GraphPad Software) was used for sta-
tistical analysis and data visualization. Either one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple
comparison test, two-way ANOVA followed by Dunnett’s
multiple comparison test, or unpaired t test were used to
determine significance.

Results

Medium dilution impairs yields, whereas
infection at 32 °Cincreases OP7 chimera DIP titers
and fractions in shake flasks

Previously, a CME prior to infection has been performed for
cell culture-based production of OP7 chimera DIPs (Dogra
et al. 2023). However, this is difficult to implement at larger
scales without cell retention devices. Therefore, following a
cell growth phase until about 4.0x 10° cells/mL, we added
fresh medium (MD, 1:2 dilution) to supply substrates and
reduce the level of inhibitors accumulated as by-products. To
investigate whether a reduction in temperature has a positive
effect on virus replication and yields (Hein et al. 2021b; Wu
et al. 2021), two cultivations were performed at 37 °C and
32 °C with MD; in addition, one cultivation at 37 °C with
CME was performed as a control.

The infection with MD at 37 °C resulted in a simi-
lar VCC dynamics relative to the production with
CME (Fig. 2a). However, a slightly lower maximum
HA titer of 2.05 log,((HAU/100 pL) compared to
2.20 log,((HAU/100 pL) was found (Fig. 2b). The lower
total virus titer is likely associated with an increased ammo-
nium (inhibitor) concentration and a depletion of glutamine
during the infection phase (Fig. S1). A low OP7 chimera
DIP fraction of 31.6% (MD) relative to 71.2% (CME) was
reached (Fig. 2c, based on the extracellular vRNA con-
centration of Seg 7-OP7 and Seg 7-WT quantified by real-
time RT-qPCR). Lowering the temperature to 32 °C before
infection counterbalanced this negative effect of MD and
resulted in higher HA titers (Fig. 2b). Here, a maximum of
3.24 log,((HAU/100 pL) was observed at 44 hpi correspond-
ing to an 11-fold increase relative to the production at 37 °C
with CME. In addition, virus production at 32 °C resulted in
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Fig.2 Batch mode production of OP7 chimera DIPs in shake flasks
with MD and temperature decrease to 32 °C. MDCK-PB2(sus)
cells, cultivated in 250 mL shake flasks (100 mL Vy,) at 37 °C,
were grown to about 4.0x 10° cells/mL. Subsequently, the suspen-
sion culture was diluted (MD, 1:2) with fresh medium (100 mL Vyy),
cells were infected at a MOI of 10™* and temperature was reduced
to 32 °C. For comparison, two cultivations were performed at
37 °C, one with MD at an optimal MOI of 1073, one with CME at
an optimal MOI of 10*. a) VCC. b) HA titer. ¢) Fraction of OP7
chimera DIPs, calculated using the extracellular Seg 7-OP7 and

reduced concentrations of ammonium (< 3.6 mM, Fig. S1),
which should also favor IAV propagation. Finally, the
OP7 chimera DIP fraction was greatly increased to 99.7%
(Fig. 2¢), an almost pure OP7 chimera DIP preparation.
To demonstrate reproducibility of this optimized produc-
tion, a second production run was carried out subsequently
(Fig. S2) that confirmed these findings.

Next, we tested the interfering efficacy of the produced
material in vitro, in which we assessed the inhibition of STV
PRS replication during co-infection with different produced
OP7 chimera DIP materials. For this, we used samples at the
respective optimal harvest time points (37 °C CME: 44 hpi,
37 °C MD: 52 hpi, 32 °C MD: 44 hpi) (Fig. 2d). Here, the
HA titer almost plateaued and biological activity of the

@ Springer

mm Plaque titer
HA titer

Seg 7-WT vRNA concentrations, quantified by real-time RT-qPCR.
a-c depict the results of one experiment. d) Interference assay. WT
MDCK(adh) cells were infected with STV PR8 at a MOI of 10
(negative control, NC) or co-infected with 125 pL of indicated OP7
chimera DIP material. Infectious virus particle release is indicated
by the plaque titer and total virus particle release by HA titer (16
hpi). Interference assay was performed in three independent experi-
ments. Error bars indicate standard deviation (SD). The optimal har-
vest time point (37 °C CME: 44 hpi, 37 °C MD: 52 hpi, 32 °C MD:
44 hpi) was analyzed for ¢ and d

virus particles sampled is assumed highest before onset of
unspecific degradation over time (Genzel et al. 2010). For
material produced at 32 °C and MD, we observed a strong
reduction of the infectious STV PRS titer (more than three
orders of magnitude), which was significantly different to
the small reduction observed for material produced at 37 °C
and MD (p <0.001, one-way ANOVA followed by Tukey’s
multiple comparison test). In addition, the reduction of the
infectious virus titer was significantly higher than for mate-
rial produced at 37 °C and CME (p <0.01). Overall, this
confirms a high interfering efficacy of OP7 chimera DIP
preparations produced at 32 °C and MD. Regarding the total
virus particle release, as expressed by the HA titer, this trend
was less pronounced.
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Fig. 3 OP7 chimera DIP production in batch mode in a 1 L STR ver-
sus shake flask production and interfering efficacy of produced mate-
rial after purification by SXC. MDCK-PB2(sus) cells were grown
inal L STR (400 mL Vy, 37 °C). After growth to about 4.0X 10°
cells/mL, cells were diluted (1:2) with fresh medium (approx. 700 mL
final Vy), temperature was set to 32 °C, pH was set to 7.4, and cells
were infected at a MOI of 107*. In total, three independent produc-
tions were carried out in STR (STR 1-3) and compared to two inde-
pendent productions in shake flasks (SF 1-2, 100 mL Vy,) for com-
parison (also shown in Fig. 2 and Fig. S2). a) VCC. b) HA titer. ¢)

Previous studies suggested clearly that OP7 chimera DIP
production and interfering efficacy strongly depend on the
MOI (Dogra et al. 2023). Therefore, only productions per-
formed at the optimal MOIs were shown in Fig. 2. Interest-
ingly, however, MOI dependency on total virus titers, OP7

Fraction of OP7 chimera DIPs (see Fig. 1). d) Interference assay with
MDCK(adh) cells was performed in seven independent experiments
for NC, and three experiments for STRs and SFs. e) Interference
assay with MDCK(adh) cells of purified (SXC) vs non-purified mate-
rial. Dilutions of the tested materials are indicated. Interference assay
was performed in three independent experiments. Error bars indi-
cate the SD. The optimal harvest time point (STR 1: 52 hpi, STR 2:
46 hpi, STR 3: 58 hpi, SF 1: 44 hpi, SF 2: 44 hpi) was analyzed for c,
dande

chimera DIP fraction and interfering efficacy was negligible
for MD and 32 °C (Fig. S3).

In summary, the optimized production at 32 °C with MD
(1:2) resulted in an increase of total virus yields by 11-fold
compared to the previous processes operated at 37 °C and
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CME. In addition, a production of almost pure OP7 chimera
DIP preparation was achieved.

Batch mode production of OP7 chimera DIPs
in a bioreactor and purification by SXC

In order to show that production of OP7 chimera DIPs at
larger scale is possible, the process was transferred to a
STR with 700 mL Vyy. Three independent productions were
performed (STR 1, STR 2, and STR 3) and compared to
two productions in shake flasks (SF 1 (Fig. 2), and SF 2
(Fig. S2)).

MDCK-PB2(sus) cells were seeded into the STR at
approx. 0.5x 10 cells/mL and cultivated (400 mL, 37 °C)
until a VCC of about. 4.0x 10° cells/mL (Fig. 3a) was
obtained. As in SF, cultivations were performed at 32 °C
and MD (1:2) (final Vy; about 700 mL). Cells were infected
at a MOI of 107*. After infection, cells continued to grow
(Fig. 3a), with STR 1-3 and SF 2 showing very similar
growth curves before onset of virus-induced cell lysis (max.
VCC 2.8-3.6 x 10° cells/mL). SF 1 revealed a peak VCC
of 5.9x 10° cells/mL likely due to a more rapid growth
and higher VCC at TOI. HA titers were similar (p >0.05,
unpaired t test) (Fig. 3b) for all STR runs compared to SF
productions. (Note that STR 2 and 3 were terminated at
46 hpi and 58 hpi, respectively, for virus harvest.) In addi-
tion, all cultivations showed very high OP7 chimera DIP
fractions (98.5-99.7%) at the optimal harvest time point
(Fig. 3c). Finally, results from the in vitro interference assay
(Fig. 3d) showed no significant difference in the reduction of
infectious virus particle release (p > 0.05, one-way ANOVA
followed by Tukey’s multiple comparison test) and total
virus particle release (HA titer) (p > 0.05).

For virus purification, material harvested from STR 2
was subjected to SXC. The purified material was tested for
antiviral efficacy in comparison to the non-purified mate-
rial using the in vitro interfering assay (Fig. 3e). There
was no significant reduction in infectious virus particle
release for purified material (STR 2, 1.1 X 10° PEU/mL)
compared to non-purified material (STR 1, 4.1 x 10° PFU/
mL) (p>0.05) (Fig. 3d and e). Yet, a higher interfering effi-
cacy of the purified material was found for diluted samples
(1:50) that showed a significantly higher decrease in the
release of infectious virus particles (STR 2, 2.0 x 10° PEU/
mL) compared to the diluted non-purified material (STR 1,
1.3x 108 PFU/mL) (p <0.001) (Fig. 3e).

Next, we investigated the antiviral activity of the
purified OP7 chimera DIP material in vitro in human
alveolar epithelial (Calu-3) cells (Fig. 4). In contrast to
MDCK(adh) cells used for this assay before (Figs. 2d,
3d and e), Calu-3 cells have a functional innate immune
response against human IAV (Hsu et al. 2011; Seitz et al.
2010) including an IFN response that induces a cellular

@ Springer

antiviral state. Accordingly, MDCK cells were used to
only monitor replication inhibition caused by DIP co-
infections, whereas the use of Calu-3 cells allowed addi-
tional contribution of innate immunity. With the Calu-3
cell assay, we observed a strong suppression of infectious
virus particle release (by roughly two orders of magni-
tude) upon co-infection with non-purified OP7 chimera
DIP preparations produced in SF at 37 °C and CME
(original process) (Fig. 4a). After process optimization
(32 °C MD DSP), including STR production at 32 °C and
SXC purification, the preparations appeared to interfere
slightly stronger (three instead of two orders of magnitude,
Fig. 4a), but this difference was statistically not significant
(p=0.07, one-way ANOVA followed by Tukey’s multi-
ple comparison test). In addition, we observed an early
and enhanced upregulation of IFN-f gene expression for
both materials compared to STV PRS infection alone at
6 hpi (p <0.0001, two-way ANOVA followed by Dunnett’s
multiple comparison test) (Fig. 4b). This early stimula-
tion may explain part of the inhibitory effect during OP7
chimera DIP co-infection in Calu-3 cells. (Note: There was
not enough purified DIP material available that was pro-
duced at 32 °C and MD at 48 hpi to perform an analysis.)

In summary, the transfer of production from a SF to a
STR resulted in similar HA titers, purity and very compara-
ble interfering efficacies of OP7 chimera DIP harvests. SXC
purification of the material obtained from STR resulted in
a higher in vitro interfering efficacy in MDCK(adh) but not
in Calu-3 cells. These results indicate that further scale-up
to higher reactor volumes (e.g., industrial scale) should be
easily accomplished.

Perfusion mode production in a bioreactor leads
to high cell concentrations, superior yields, and high
OP7 chimera DIP purity

Next, we evaluated the possibility of process intensifica-
tion by cultivation in perfusion mode for OP7 chimera
DIP production to achieve higher cell concentrations and
thus, higher total virus yields (Bissinger et al. 2019; Wu
et al. 2021). Therefore, we implemented a perfusion sys-
tem using an ATF2 system (Hein et al. 2021b).

Cells were seeded at 1.2 x 10° cells/mL into the STR
(700 mL V) (Fig. 5a) and perfusion mode was initi-
ated 24 h after inoculation. During the cell growth phase
(-97 to -2 hpi), a cell-specific growth rate of 0.031 h~!
was achieved, which is comparable to batch production
with MD in STR (0.032-0.036 h~!) (Fig. 3a). In addition,
viability remained above 97% (Fig. 5a). This indicates
that the use of an ATF2 system has no negative impact on
cell growth and survival. During the cell growth phase,
the perfusion rate was controlled at a predefined CSPR
of 200 pL/cell/day. The linear regression of the offline
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Fig.4 Interfering efficacy in human alveolar epithelial Calu-3 cells
of OP7 chimera DIP material purified by SXC. Calu-3 cells were
infected with STV PR8 alone at a MOI of 0.05 (NC) or co-infected
with 125 pL of indicated OP7 chimera DIP material. a) Infectious
virus particle release, shown by the plaque titer (24 hpi). b) Fold
change in IFN-B gene expression, quantified by real-time RT-qPCR.

measured VCC and the online permittivity signal during
the cell growth phase showed a R? of 0.997 (Fig. S4).

After 97 h, cells were infected at 24.9 x 10° cells/mL (as
suggested by Hein et al. (Hein et al. 2021b) at a MOI of 107,
Before infection, one RV was exchanged with fresh medium
(Fig. 5b and c) by employing an average perfusion rate of
17.6 RV/day for 1 h; in addition, the temperature was low-
ered to 32 °C. Following infection, the perfusion rate was set
at 0 RV/day for 1 h to avoid virus particle wash-out. Subse-
quently, medium was fed constantly (2.4 RV/day, increased
to 2.6 RV/day at 30 hpi) (Fig. 5b). Over process time,
neither a glucose nor a glutamine limitation was detected
(Fig. 5¢). Maximum lactate and ammonium concentrations
were 34.7 mmol/L and 2.5 mmol/L, respectively (Fig. 5c).
After infection, VCC remained constant until 37 hpi, after
which cell lysis started (Fig. 5a). At 45 hpi, the HA titer
peaked with 4.04 log,,(HAU/100 pL) in the bioreactor ves-
sel (Fig. 5d). Also note that until time of optimal harvest part
of the virus particles passed the pores of the hollow fiber
membrane (0.2 pm) (Pp,,,,, =26%) (Fig. 5d) resulting in an
accumulated HA titer (HA,) of 4.10 log,,(HAU/100 uL).
This corresponded to more than 14-fold higher total virus
yields compared to the STRs operated in batch mode with
MD (all below 3 log,,(HAU/100 uL)) (Fig. 3b). After
time of optimal harvest, decreasing total virus titers were
observed in the permeate line (Fig. 5d), likely due to mem-
brane fouling. Importantly, no cells passed the hollow fiber
membrane (data not shown).

Table 1 summarizes HA, ., the total number of produced
virus particles (vir,), CSVY, space—time yield (STY)
and volumetric virus productivity (VVP), which were all
increased compared to the STR batch process performed
at 32 °C and MD, except for the VVP. Further, these

Results of six independent experiments for NC, or three experiments
for the co-infection are shown. Material produced in shake flasks
at 37 °C with CME (37 °C CME, Fig. 2) was compared to material
produced in a STR at 32 °C with MD and further SXC purification
(32 °C MD Downstream Processing (DSP), Fig. 3e). Error bars indi-
cate the SD

coefficients were slightly increased for the perfusion pro-
cess when virus particles in the permeate line were taken
into account as well, relative to harvesting the bioreactor
vessel alone. In addition, very high OP7 chimera DIP frac-
tions (99.8%) were present in both the bioreactor vessel and
permeate line (Fig. Se). Ultimately, the in vitro interfering
efficacy was evaluated in MDCK(adh) cells (Fig. 5f). At a
dilution of 1:50, the material produced in the perfusion cul-
ture showed a significantly higher reduction of the infectious
virus particle release compared to the batch process with
MD (STR 1, Fig. 3) (» <0.001, one-way ANOVA followed
by Tukey’s multiple comparison test).

Overall, we demonstrate the successful establishment of
a perfusion process for cell culture-based production of OP7
chimera DIPs free of contaminating infectious STV. Besides,
an increase in total virus yields and a CSVY exceeding those
of conventional batch processes and very high purity of OP7
chimera DIPs (99.8%) was obtained.

Discussion

IAV DIPs are regarded as a highly interesting option for
future broad-spectrum antiviral therapy (Dimmock et al.
2008, 2012b; Easton et al. 2011; Huo et al. 2020; Kupke
et al. 2019; Rand et al. 2021; Scott et al. 2011; Zhao et al.
2018). We recently established a cell-culture-based pro-
duction of OP7 chimera DIPs together with cDIPs in the
absence of infectious STVs. Yet, only relatively low total
virus yields and OP7 chimera DIP fractions were achieved
for production in shake flasks (Dogra et al. 2023). Here,
we present results for scalable processes in laboratory-scale
STRs including batch- and perfusion mode strategies that
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Fig.5 Production of OP7 chimera DIPs in a 1 L STR (700 mL
Vy) in perfusion mode. Inoculation of MDCK-PB2(sus) cells at
1.2x10° cells/mL, perfusion start after 24 h of batch mode by using
an alternating tangential flow filtration system (ATF2) with a hollow
fiber membrane (0.2 pm pore size). Perfusion rate during cell growth
controlled by capacitance probe measuring of VCC. Before infection
at a MOI of 107, one RV was exchanged with fresh medium and tem-
perature was reduced to 32 °C. a) VCC. b) Perfusion rate. ¢) Glucose,

yielded up to a 79-fold increase (perfusion) in total virus
yields compared to an original batch process in shake flasks.
In addition, we demonstrate the production of almost pure
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HA titer

Medium Dilution

lactate, glutamine and ammonium concentration. d) HA titer. e) Frac-
tion of OP7 chimera DIPs. a-e depict the results of one experiment.
The optimal harvest time point (45 hpi) was analyzed for e and f. f)
Interference assay with MDCK(adh) cells. For comparison, mate-
rial produced in batch mode using medium dilution (MD) (STR 1) is
shown (Fig. 3). Interference assay was performed in three independ-
ent experiments. Error bars indicate the SD

OP7 chimera DIP preparations (up to 99.8%), which is
advantageous with respect to regulatory requirements for
GMP production towards clinical development.
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Table 1 Summary of OP7 chimera DIP production in a 1 L STR in batch mode (with medium dilution) and perfusion mode

Spent medium®  VCC,,,.* HA,.° virg! CSVY® STY' VVP#
mL x 109 cells/mL  log,,(HAU/100 uL) virions virions/cell  log,(virions/L/ log,(virions/L/
day) day)
Batch STR 1 692 33 2.94 12x10"% 5289 12.6 12.6
Batch STR 2 691 3.0 291 1.1x10% 5423 12.6 12.6
Batch STR 3 707 2.8 2.74 7.9%102 4039 12.3 12.3
Perfusion STR4 B" 8804 24.9 4.04 1.5x10' 8789 13.6 12.5
Perfusion STR4 B+P' 8804 24.9 4.10 1.9x10™ 10,648 137 12.6

“Batch: Vy, at TOL. Perfusion: Vy, plus spent medium volume until time of optimal harvest (45 hpi)

®Maximum VCC (VCC,,,,) after TOI
“Accumulated HA titer (HA,..) according to Eq. 1

94Total number of produced virus particles (vir,,) was derived from the HA titer according to Eq. 3
€Cell-specific virus yield (CSVY) was derived from the HA titer according to Eq. 4

Space-time yield (STY) was derived from the HA titer according to Eq. 5

£Volumetric virus productivity (VVP) was derived from the HA titer according to Eq. 6

"Calculations based only on virus particles in the bioreactor vessel

iCalculations based on virus particles in the bioreactor vessel plus in the permeate

Effect of temperature reduction on DIP titers, purity
and interfering efficacy

Our data confirms other studies reporting that a temperature
reduction during the virus production phase can increase
TAV yields (Fig. 2b) (Hein et al. 2021b; Wu et al. 2021).
Similar findings were obtained for vesicular stomatitis virus
(VSV) (Elahi et al. 2019), Newcastle disease virus (NDV)
(Jug et al. 2023) and recombinant adenovirus (Jardon and
Garnier 2003). In contrast, other studies did not see a posi-
tive effect of temperature reduction on the replication of
viruses, e.g., for recombinant VSV-NDV (Gobel et al. 2023)
and yellow fever virus (YFV) production (Nikolay et al.
2018). Furthermore, a reduction of temperature during virus
production might also be beneficial regarding virus degrada-
tion as shown for YFV, Zika virus and IAV (Nikolay et al.
2018; Petiot et al. 2011). At lower temperatures, enzyme
activities are reduced and the degradation of infectious virus
particles by, e.g., proteases released by lysed cells, can be
partly prevented. Eventually, a reduction in temperature to
32°C can support a shift in cellular metabolism, resulting
in a reduced accumulation of ammonium, lactate and other
inhibitory metabolites released in the supernatant. In our
study, increased concentrations of ammonium (>4 mM)
were likely associated with lower total virus yields for OP7
chimera DIP production at 37 °C (Fig. S1d). This is in line
with a review reporting that ammonium and lactate concen-
trations at 2-3 mM and above 20-30 mM, respectively, can
affect cell growth and virus yield, depending on the cell line
(Schneider et al. 1996). The higher purity of OP7 chimera
DIPs (up to 99.8%) for all performed runs at 32 °C might be
explained by increased virus replication. As a result, OP7

chimera DIPs likely overgrew Seg 1 cDIPs due to the repli-
cation advantage of Seg 7-OP7 vRNA. The higher interfer-
ing efficacy of material produced with MD at 32 °C relative
to 37 °C can be attributed to the higher total virus yield and
fraction of OP7 chimera DIPs.

Previously, we showed for cultivations with CME per-
formed at 37 °C that production and interfering efficacy of
OP7 chimera DIPs was highly dependent on MOI (Dogra
et al. 2023). For MD and 32 °C, however, total virus titers,
OP7 chimera DIP fraction and interfering efficacy were
almost not affected by MOI. This suggests that the selection
of the optimal MOI is less important under this production
condition, and process robustness could be improved. Using
lower MOlIs for production could reduce costs required for
seed virus generation.

Process intensification using perfusion mode
cultivation

Through process intensification, we achieved a high total
virus yield of the OP7 chimera DIPs in perfusion culture
(24.9 % 10° cells/mL) with strongly increased total num-
ber of virus particles and STY (up to 23-fold) relative to
the batch process (2.8-3.3 X 10° cells/mL), while VVP
was comparable (Table 1). Moreover, we produced simi-
lar yields of virus particles (4.10 log,((HAU/100 pL), a
CSVY of 10648 virions/cell, 24.9 x 10 cells/mL, 32 °C)
compared to a production of STV IAV in perfusion mode
with a different suspension MDCK cell line derived from
an adherent MDCK cell line originating from the Amer-
ican-Type Culture Collection (ATCC, MDCK ATCC
CCL-34) (>4.37 log,;,(HAU/100 pL), > 9299 virions/
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cell, >43 x 10° cells/mL, 33 °C) (Wu et al. 2021). An often
described phenomenon in virus production is the so-called
“cell density effect”—a reduction of CSVY with an increase
in VCC (Nadeau and Kamen 2003). This effect is often
attributed to the exhaustion of nutrients and the accumu-
lation of inhibitory by-products of metabolism including
ammonium or lactate, but can be prevented by cultivation
in perfusion mode (Bock et al. 2011; Genzel et al. 2014;
Henry et al. 2004). The about 2-fold higher CSVY compared
to the batch process (Table 1) confirmed that the “cell den-
sity effect” is not relevant for perfusion mode cultivations.
Clearly, the relatively high CSPR (200 pL/cell/day) and the
exchange of one RV with fresh medium prior to infection
was sufficient to prevent the depletion of substrates and
avoid the accumulation of ammonium and lactate as inhib-
iting metabolic by-products. Similar results were already
reported for the production of DI244, a well-known cDIP of
TAV (Dimmock et al. 2008, 2012a; Hein et al. 2021a) using
the same cell line (Hein et al. 2021b). Furthermore, for other
suspension MDCK cells (ATCC) cultivated in the same
medium in perfusion culture, a CSPR of only 40-60 pL/
cell/day was sufficient to achieve good process performance
(Wu et al. 2021). Although, the applied high perfusion rate
resulted in higher costs, the increased STY achieved relative
to the batch process possibly should help to overcome this
disadvantage (Gobel et al. 2022). Nevertheless, additional
studies should be performed regarding optimal setting of the
CSPR for manufacturing at final process scale.

During the cell growth phase, the perfusion rate was con-
trolled using a capacitance probe to improve process robust-
ness and reduce medium use as already demonstrated for
other cell lines (Grinicher et al. 2021; Hein et al. 2021b;
Nikolay et al. 2018; Wu et al. 2021). Recent studies reported
that the presence of trypsin in the virus production phase
influences the permittivity signal (Petiot et al. 2017; Wu
et al. 2021). To avoid an interference of trypsin on the perfu-
sion rate control, which is based on the permittivity signal,
we decided to set a constant perfusion rate after virus infec-
tion as also done by others (Hein et al. 2021b; Vazquez-
Ramirez et al. 2018).

Filter fouling is a typical phenomenon to be considered
for use of retention devices including hollow fiber mem-
branes (Genzel et al. 2014; Hein et al. 2021b; Nikolay et al.
2020). For virus retention, not only the nominal pore size,
but also the membrane material itself plays a crucial role
(Nikolay et al. 2020). Furthermore, the temperature during
production can affect virus retention. For [AV production at
37 °C, only a very low fraction of virus particles passed a
PES hollow fiber membrane (0.2 pm pore size) (Wu et al.
2021) as expected (Genzel et al. 2014). However, reduc-
ing the temperature to 33°C at TOI allowed harvesting of a
considerable percentage of virus particles via the permeate
(Wu et al. 2021), as also shown in our study (Pp,,,, =26%)
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at a production temperature of 32 °C. In contrast, for the
production of DI244, virus particles did not seem to pass
the hollow fiber membrane at 32 °C. However, virus quan-
tification in the referred study was only carried out at very
late time points of production in the permeate line, so that
number of virus particles passing the membrane most likely
was underestimated largely (Hein et al. 2021b). Neverthe-
less, filter fouling could not be prevented at later time points
in our study (Fig. 5d). Recently, a novel tubular membrane
(about 10 pm pore size, Artemis Biosystems) with an ATF-2
system was successfully tested for continuous virus harvest-
ing of DI244 with a very high cell retention efficiency (Hein
et al. 2021b). Continuous virus harvesting was also demon-
strated by using the Tangential Flow Depth Filtration system
(TFDF, Repligen) for lentiviral vector (Tona et al. 2023;
Tran and Kamen 2022) and adeno-associated virus (Mendes
et al. 2022) production in perfusion mode. In general, con-
tinuous virus harvesting through a membrane that allows
for direct cooling of produced virus material with a first
clarification improves virus stability and, therefore, yields.
The use of an acoustic settler (Grénicher et al. 2020; Henry
et al. 2004) or an inclined settler (Coronel et al. 2020) would
be alternative options. Regarding the former, a more than
1.5-fold higher CSVY and VVP compared to an ATF sys-
tem with a PES hollow fiber membrane (0.2 pm pore size)
was be obtained for harvesting IAV (Grénicher et al. 2020).
For the production of OP7 chimera DIPs in perfusion mode,
the use of a membrane or the implementation of another
perfusion system that allows for continuous virus harvest
over the complete production time would likely be beneficial
and should be envisaged in the design and optimization of a
GMP-ready manufacturing process.

Overall, a scalable and high-yield cell culture-based pro-
duction process in perfusion mode for OP7 chimera DIPs not
contaminated with infectious STV and almost free of Seg 1
cDIPs is now available. Together with the encouraging data
obtained from recent animal studies of OP7 chimera DIPs,
this paves the way towards GMP-process development and
clinical studies.
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Abstract

Cell culture-based production of vector-based vaccines and virotherapeutics is of increasing interest. The vectors used not
only retain their ability to infect cells but also induce robust immune responses. Using two recombinant vesicular stomatitis
virus (rVSV)-based constructs, we performed a proof-of-concept study regarding an integrated closed single-use perfusion
system that allows continuous virus harvesting and clarification.

Using suspension BHK-21 cells and a fusogenic oncolytic hybrid of vesicular stomatitis virus and Newcastle disease virus
(rVSV-NDV), a modified alternating tangential flow device (mATF) or tangential flow depth filtration (TFDF) systems
were used for cell retention. As the hollow fibers of the former are characterized by a large internal lumen (0.75 mm; pore
size 0.65 pm), membrane blocking by the multi-nucleated syncytia formed during infection could be prevented. However,
virus particles were completely retained. In contrast, the TFDF filter unit (lumen 3.15 mm, pore size 2-5 pm) allowed not
only to achieve high viable cell concentrations (VCC, 16.4-20.6x10° cells/mL) but also continuous vector harvesting and
clarification. Compared to an optimized batch process, 11-fold higher infectious virus titers were obtained in the clarified
permeate (maximum 7.5x10° TCIDs,/mL).

Using HEK293-SF cells and a rVSV vector expressing a green fluorescent protein, perfusion cultivations resulted in a maxi-
mum VCC of 11.3x10° cells/mL and infectious virus titers up to 7.1x10'° TCIDs/mL in the permeate. Not only continuous
harvesting but also clarification was possible. Although the cell-specific virus yield decreased relative to a batch process
established as a control, an increased space-time yield was obtained.

Key points

e Viral vector production using a TFDF perfusion system resulted in a 460% increase in space-time yield
e Use of a TFDF system allowed continuous virus harvesting and clarification

o TEDF perfusion system has great potential towards the establishment of an intensified vector production

Keywords Tangential flow depth filtration - Alternating tangential flow filtration - Bioreactor - Perfusion - Recombinant
VSV-based vectors - Oncolytics - Vaccines
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Introduction

In the relentless pursuit to combat infectious diseases,
recombinant vector-based vaccines produced in cell culture
have gained popularity during the last decade. Compared to
other vaccine platforms, viral vector-based vaccines retain
their ability to infect cells, thereby inducing robust immune
responses by increasing both humoral and cellular immu-
nity (Ura et al. 2014). Successful large-scale applications
of adenoviral-based vectors against SARS-CoV-2 (Men-
donca et al. 2021) combined with their potential applica-
tion against a wide array of infectious diseases, resulted in
tremendous research efforts to develop new recombinant
vector-based vaccines (accounting for 14% of global R&D
vaccine landscape in 2023 (Yue et al. 2023)) and to improve
current manufacturing processes. One such vector is based
on the recombinant vesicular stomatitis virus (rVSV). Due
to its broad tropism, fast replication kinetics to high titers,
low viral pathogenicity, rare pre-existing anti-vector immu-
nity in humans, and ease of genetic manipulation, rVSV
has gained popularity for both vaccine and oncolytic appli-
cations (Ura et al. 2021). Replacing the native glycoprotein
of rVSV to any glycoprotein of interest allows delivery
of foreign antigens to elicit robust humoral and cellular
immunity for vaccine applications, while simultaneously
reducing the manufacturing-associated biosafety standards
(e.g., for highly pathogenic viruses) (Zhang and Nagalo
2022). Various vaccine candidates manufactured using a
rVSV production platform have shown prophylactic effects
against Ebola (Suder et al. 2018), SARS-CoV-2 (Ura et al.
2021), Marburg virus (Jones et al. 2005), Lassa virus
(Geisbert et al. 2005), Andes virus (Brown et al. 2011),
hepatitis B virus (Cobleigh et al. 2010), Yersinia pestis
(Palin et al. 2007), respiratory syncytical virus (Kahn et al.
2001), dengue virus (Lauretti et al. 2016), chikungunya
virus (van den Pol et al. 2017), Nipah virus (DeBuysscher
et al. 2016), Zika virus (Emanuel et al. 2018), human papil-
lomavirus (Liao et al. 2008), and influenza virus (Roberts
et al. 1998) in animal models; and some are being tested
in clinical trials. Despite the well-demonstrated prophylac-
tic efficacy, currently only one VSV-based vaccine against
Zaire ebolavirus (rVSV-ZEBOV) gained FDA and EMA
approval in 2019 (EMA 2019; FDA 2019). Usage of rVSV
as oncolytic agents is particularly interesting, as its high
cytopathogenicity, fast replication cycle, non-integration
into the host genome, IFN-sensitivity, selective infection,
and potent induction of apoptosis in cancer cells fulfill all
critical features for virotherapy (Zhang and Nagalo 2022).
Further genetic modification approaches such as pseudo-
typing innate glycoproteins with heterologous fusion gly-
coproteins, generating chimeric constructs that can convey
fusogenic-based viral propagation, further enhance the
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oncolytic abilities of rVSV-based constructs (Abdullahi
et al. 2018). One such novel rVSV-based construct con-
tains the fusogenic mutant proteins of Newcastle disease
virus (NDV) and has shown promising pre-clinical efficacy
in various cancer models (Abdullahi et al. 2018; Krabbe
et al. 2021).

To address the unprecedented demand, as well as the high
input doses required for many rVSV-based therapies, current
batch-based manufacturing strategies need to be intensified.
Usage of suspension cell lines in chemically defined media
allows for the design of processes that are easier to scale-
up, for higher cell concentrations and for smaller footprints
compared to traditional adherent-based manufacturing (Pelz
et al. 2022). By the establishment of perfusion cultures,
where depleted medium is continuously exchanged with
fresh medium, while the cells are retained in the bioreac-
tor by the use of a cell retention device, even higher cell
concentrations can be achieved. Process intensification in
perfusion mode to increase virus titers, cell-specific virus
yields (CSVYs), space-time yield (STY), and volumetric
virus productivity (VVP) have already been elaborated for
different viruses and vectors such as for Zika virus (Nikolay
etal. 2018), influenza A virus (IAV) (Wu et al. 2021), lenti-
viral vectors (LV) (Tran and Kamen 2022; Tona et al. 2023),
adeno-associated virus (AAV) (Mendes et al. 2022), rVSV-
COV-2 (Yang et al. 2023), rVSV-NDV (Gobel et al. 2023a),
and modified vaccinia virus Ankara (Gréanicher et al. 2021a;
Grinicher et al. 2021b). However, by targeting higher cell
concentrations, the CSVY might be decreased (high-cell
density effect) thus lowering the STY and VVP (Bock et al.
2011; Nadeau and Kamen 2003).

For high-cell concentration cultivations, membrane-based
systems, i.e., alternating tangential flow (ATF) and tangen-
tial flow filtration (TFF) modules are widely employed. One
major drawback of these systems is the risk of filter fouling
(despite the self-cleaning backflush of the ATF) and reten-
tion of virus particles, which leads to unwanted accumula-
tion of virus inside the bioreactor within the cell environ-
ment until full harvest of the bioreactor broth is possible
(Genzel et al. 2014; Hadpe et al. 2017; Nikolay et al. 2020;
Nikolay et al. 2018; Tona et al. 2023; Vazquez-Ramirez
et al. 2019). As virus release typically leads to cell lysis,
cell debris and DNA increase over time, equally increas-
ing viscosity of the culture broth and further increasing the
risk of membrane clogging. Prolonged retention inside the
bioreactor can have a negative impact on virus infectivity
due to a release of cellular proteases, adsorption of virions
to cellular debris, and viral temperature sensitivity (Aunins
2003; Eccles 2021; Genzel et al. 2010; Gobel et al. 2023a;
Grinicher et al. 2020; Wu et al. 2021). Additionally, fuso-
genic oncolytic constructs such as rVSV-NDV that lead to
the formation of large multi-nucleated syncytia (>100 pm)
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in perfusion cultures are likely to block the small lumen
sizes of commonly used hollow-fiber membranes (Gobel
et al. 2023a). One approach to overcome this issue is the
use of non-membrane-based systems such as an acoustic
filter (Gobel et al. 2023a; Grinicher et al. 2020; Manceur
et al. 2017) or an inclined settler (Coronel et al. 2020); how-
ever, these systems are often complex or not compatible with
industrial size bioreactors and have a lower cell retention
efficiency. Alternatively, membranes that allow virus parti-
cles to pass through could be used. This has been recently
demonstrated for the production of IAV defective interfering
particles utilizing a tubular membrane (VHU, pore size ~10
pm) coupled to an ATF system (Hein et al. 2021). Using
tangential flow depth filtration (TFDF) perfusion modules
(pore size 2-5 pm), continuous harvest of LV as well as
AAV has been already shown (Mendes et al. 2022; Tona
et al. 2023; Tran and Kamen 2022). This allows for shorter
residence times of infectious virus particles and the pos-
sibility to immediately store harvested material in cooled
tanks to increase virus stability and, thus, virus yields and
productivity. For instance, continuous virus harvest using
an acoustic settler for IAV production enhanced CSVY and
VVP by a factor of 1.5 relative to a perfusion run with a hol-
low fiber membrane with PES (0.2 pm cut-off) (Grénicher
et al. 2020). Moreover, the TFDF module can combine con-
tinuous virus harvest and clarification in a single step, reduc-
ing the number of unit operations and therefore saving time
and money (Mendes et al. 2022). All in all, this could allow
for a direct integration of upstream (virus production) and
downstream processing (virus purification), further reducing
costs while increasing flexibility and productivity (Grénicher
et al. 2021a; Moleirinho et al. 2020).

In this study, we evaluated the applicability of the TFDF
perfusion system as a novel cell retention device and virus
transmission away for the host cell environment for both
perfusion cultivation and continuous harvest filtration with
clarification (turbidity reduction) in a single operation. The
process intensification of the production of two different
rVSV-based vectors, one which induces classical cytopathic
effects and one that mediates cell fusion reactions, was com-
pared to optimized batch processes.

Materials and methods
Cell lines, media, and viral seed stock

Baby hamster kidney (BHK-21) cells (CEVA Animal
Health) were cultivated in protein expression medium (PEM)
(Gibco, USA) supplemented with 4-mM pyruvate and 8§ mM
L-glutamine (Sigma-Aldrich, USA). Cells were sub-cultured
to 0.5 x 10° cells/mL twice a week using vented, baffled
125-mL shake flasks (50 mL working volume (WV)) at 37

°C and 5% CO, with controlled agitation (185 rpm, shaken
diameter of 50 mm, Infors HT, Switzerland). Human embry-
onic kidney (HEK293-SF) cells were kindly provided by
National Research Council of Canada (NRC, Montreal, Can-
ada) and grown in vented, non-baffled 125-mL shake flasks
(TriForest Enterprises, USA) in HyClone HyCell TransFx-H
medium (Cytiva, USA) supplemented with 6 mM glutamine
and 0.1% Koliphor P188 (Merck, USA). HEK293-SF cells
were passaged three times a week at 0.2x10% or 0.5x10°
cells/mL and grew in a humified Multitron orbital shaker
(shaking diameter of 25 mm, Infors HT, Switzerland) at
135 rpm, 37 °C, and 5% CO,. Adherent Huh7 cells were
cultivated at 37 °C and 5% CO, in T75 flasks in high glu-
cose Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
USA), supplemented with 1 mM sodium pyruvate (Gibco,
USA), 1x non-essential amino acids (Gibco, USA), and 10%
FCS. Adherent HEK293 cells were maintained in T75 or
T175 flasks in DMEM (Wisent Bioproducts, Canada) sup-
plemented with 10% FCS (Wisent Bioproducts, Canada)
at 37 °C and 5% CO, in a humidified incubator and sub-
cultured twice a week by using TrypLE Express (Thermo
Fisher Scientific, USA). Adherent AGE1.CR.pIX cells were
maintained at 37 °C, 5% CO, in T75 flasks in DMEM-F12
medium (Gibco, USA).

For infections, the previously described BHK-21-derived
virus seed (rVSV-NDV) with a titer of 1.33x10° 50% tissue
culture infectious dose (TCIDs,)/mL was used (Gobel et al.
2023a). Moreover, we used rVSV-green fluorescent protein
(GFP) virus seed with a titer of 2.12x10° TCIDs,/mL, which
was derived from suspension HEK293 cells and kindly pro-
vided by NRC. Aliquots of the stocks and clarified samples
were stored at —80 °C and were used once for each experi-
ment or assay to prevent loss of infectivity due to repeated
freeze-thaw cycles.

Perfusion mode production of rVSV-NDV
in an orbitally shaken bioreactor

To evaluate applicability of membrane-based cell retention
for production of fusogenic oncolytic viruses, a perfusion
run employing a modified alternating tangential flow filtra-
tion device (mATF) as a cell retention device was carried
out. Here, a SB10-X orbital shaken bioreactor (OSB) (Adolf
Kiihner AG) was used with the novel 3 L modular adapter
and standard 3-L single-use bags. BHK-21 cells were inoc-
ulated at 0.9x10° cells/mL with 2.4 L WV at 37 °C and
shaken at 100 rpm (50-mm shaking diameter). Aeration was
solely carried out through headspace gassing using 300 mL/
min air/O,. By automatic adjustments of the gas composition
in the output flow, dissolved oxygen (DO) and pH were con-
trolled at 80% and 7.20, respectively. Perfusion was initiated
once viable cell concentration (VCC) reached 4—10° cells/
mL. The perfusion rate was manually increased over time
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to maintain a cell-specific perfusion rate (CSPR) of 115 pL/
cell/day. For virus production, temperature was decreased
to 34 °C, and the perfusion rate was set to 1.8 RV/day. Cou-
pling of the 3-L single-use bag to a hollow fiber membrane
(0.65-pm modified polyethersulfone (mPES), 1075 cm?,
Repligen, USA) connected to the mATF (Repligen, USA)
was carried out as described previously (Coronel et al.
2019). Exchange flow rates of the diaphragm pump were
set to 1.5 L/min. As the ATF2 module was placed below the
SB10-X, a height differential of 40 cm was set, while other
parameters were kept as given by the supplier.

Perfusion mode production of rVSV-NDV in a STR

Bioreactor perfusion cultivations were performed using a
3-L stirred tank bioreactor (STR) (DASGIP, Eppendorf AG,
Germany) equipped with two pitched blade impellers (50-
mm diameter; 180 rpm) and a L-drilled hole sparger, as well
as a microsparger for gas supply. The DO setpoint of 50%
was maintained by varying the gas flow rates (3—9 L/h) and
the percentage of O, in the gas mixture (21-100%). pH was
controlled at 7.20 by sparging CO,. Temperature was set
to 37 °C for the growth phase and 34 °C for the infection
phase. BHK-21 cells were inoculated at 0.8x10° cells/mL
at 1.3 L WV, and the cells were grown in batch mode until
a VCC of 4.0x10° cells/mL was reached. Then, perfusion
was started, and medium was exchanged with a CSPR of 130
pL/cell/day for BHK-21 cells. For cell retention, a 30-cm?
TFDF cartridge (polypropylene and polyethylene terephtha-
late, pore size 2-5 pm, Repligen) connected to a Krosflo
TFDF system (Repligen) was used. Using the KrosFlo’s inte-
grated flow sensor and weight control system, the recircula-
tion rate and WV were maintained at 0.9 L/min and 1.3 L,
respectively. Permeate flow rates were either updated daily
based on VCC and the CSPR or controlled automatically
through a capacitance probe and pre-amplifier connected
to the ArcView controller 265 (Incyte Hamilton, USA), as
described previously (Gobel et al. 2023a). A “cell factor” of
0.25 was used to set the cell volume-specific perfusion rate
(CVSPR) of 0.06 pL/um?/day. At time of infection (TOI),
an RV was exchanged by temporarily increasing the perme-
ate flow rate to 8—10 mL/min, and cells were subsequently
infected with a multiplicity of infection (MOI) of 1E-4.
After infection, permeate flow was paused for up to 2 h and
then fixed to 1.8 RV/day (1.7 mL/min). The clarified per-
meate was collected continuously into sterile polyethylene
terephthalate bottles, previously filled with sucrose equal
to 5% final concentration, at room temperature. The final
one-step bioreactor harvest was carried out using a modi-
fied concentration-diafiltration-concentration (C1/DF/C2)
process (Table S1), where the permeate flow was paused
during the diafiltration step. Furthermore, either sterile PBS
(TFDF1) or supplemented medium (TFDF2) was used for

@ Springer

diafiltration. The overall setup including devices for control
of perfusion is shown in Fig. 1.

Other analytics for rVSV-NDV experiments

VCC and viability were quantified using the automated cell
counter ViCell (Coulter Beckman, USA). A pH7110 poten-
tiometer (Inolab, USA) was used to measure off-line pH,
and metabolite concentrations (glucose, lactate, glutamine,
glutamate, ammonium) were determined by a Cedex Bio
Analyzer (Roche, Switzerland). Titration of rVSV-NDV
was carried out using adherent AGE1.CR.pIX cells and
the previously described TCIDs, assay (Gobel et al. 2022a,
2022b). Oncolytic viral potency was confirmed using the
previously described half maximal inhibitory concentration
(IC50) potency assay in Huh7 cells (Gobel et al. 2023a;
Gobel et al. 2022a). Taking into account only the error of
the TCIDs, assay (—50%/+100% on a linear scale), the
CSVY was calculated as previously described by Grénicher
et al. 2020. Total DNA and protein were quantified using
the Quant-iT™ PicoGreen dsDNA assay kit (Thermo Fisher
Scientific, USA) and with Pierce™ BCA assay kit (Thermo
Fisher Scientific, USA), respectively, according to the manu-
facturer’s instructions. The solution turbidity of bioreactor
and permeate samples was measured using a turbidimeter
(2100 Qis Portable, HACH).

Production of rVSV-GFP in shake flasks

For production of rVSV-GFP in batch mode using shake
flasks, HEK293-SF cells growing in exponential growth phase
were centrifuged (300xg, 5 min, room temperature (RT)),
supernatant was discarded, and cells were resuspended in
penicillin/streptomycin (Pen/Strep)-containing fresh medium.
Subsequently, cells were seeded at 0.4x10° cells/mL into
a shake flask and grown to 1.1x10° cells/mL. Cells were
infected at an MOI of 1E-3, and temperature was reduced
from 37 to 34 °C. Supernatant samples were centrifuged
(1200xg, 5 min, 4 °C) and stored at —80 °C for analytics.

Batch mode production of rVSV-GFP in a STR

Production of rVSV-GFP in batch mode was conducted in
a3L (2100 mL WV)or 1L (700 mL WV) STR (Applikon
Biotechnology, Netherlands), which was equipped with two
(3 L STR) or one (1 L STR) marine impeller(s) (100 rpm).
Continuous surface aeration (12.5 mL/min), with sparging
of O, (microsparger) when necessary, was used to control
dissolved oxygen above 40% DO. The pH set point of 7.15
was controlled by CO, injection into the headspace of the
bioreactor or addition of 9% NaHCO;. HEK293-SF cells
cultured in shake flasks were centrifuged (300xg, 5 min,
RT), resuspended in fresh Pen/Strep-containing medium
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Fig.1 Scheme of the TFDF setup for perfusion cultivations with
manual adjustment (I) or automated (II) perfusion control (adapted
from (Gobel et al. 2022b)). BHK-21 cells were continuously pumped
through a 30-cm? TFDF cartridge (pore size 2—5.0 pm) by a levitro-
nix impeller pump in unidirectional flow. Flow rates for feed and inlet
were controlled using balances and KrosFlo’s integrated flow sensor,

and inoculated at about 0.3x10° cells/mL into the STR.
HEK?293-SF cells were grown at 37 °C up to 1.2-1.3x10°
cells/mL. Prior to infection, the temperature was reduced to
34 °C, and cells were infected at an MOI of 1E-3.

Perfusion mode production of rVSV-GFP in a STR

For perfusion mode production of rVSV-GFP, a 3 L STR was
used at 2100 mL WV. Standard bioreactor setup and process
parameters are similar to those described in the previous
chapter. Before inoculation, recirculation was started with a
recirculation rate of 1.0 L/min. HEK293-SF cells growing in
shake flasks in the exponential growth phase were centrifuged
(300xg, 5 min, RT), resuspended in fresh Pen/Strep-containing
medium, and seeded at 0.8x10° cells/mL. After a cell growth
phase in batch mode for 24 h, perfusion was initiated with a
permeate flow rate of 0.9 mL/min (0.6 RV/d). In the follow-
ing, the permeate flow rate was adjusted manually based on
a CSPR of 115 pL/cell/day. The bioreactor weight was used
to control the feed flow rate. Prior to infection, one RV with
medium was exchanged by temporarily increasing the perme-
ate flow rate to 20-33 mL/min. Temperature was reduced to
34 °C, and HEK293-SF cells (10><106 cells/mL) were infected

Levitronix pump

--------- Weight cONtrol ««=««««eseesmemnasmmmnnnnannatonanan Feed pump ......eeeeeeeeeeibieeaans Weight control -===---*
control

Balar_'uce 1

respectively. For the cell growth phase, the permeate flow was either
manually adjusted (I, using the KrosFlo controller) or controlled (II,
using a capacitance probe). Larger orange circles indicate cells, black
ellipses indicate virus particles, and dashed lines indicate different
types of signal transmission

at an MOI of 1E-3. Following infection, the permeate flow
was stopped for 1 h, and then set at a constant rate of 2.2 mL/
min (1.5 RV/day). Supernatant samples were taken from the
bioreactor and permeate line. After infection, the accumulated
clarified permeate in the permeate bottle was stored on ice and
transferred to a storage bottle (stored at 4 °C) at each sample
taking. Lastly, a final “pool sample” was taken from the stor-
age bottle containing the entire volume of collected permeate,
without the final harvest step. For final one-step harvest at 31-h
post infection (hpi), the recirculation rate was increased to 2.1
L/min to prevent filter fouling and promote self-cleaning. In
more detail, a C1/DF/C2 process was conducted (Table S2).
In the first step, 980 mL cell broth was pumped (31.3 mL/min)
from the bioreactor through the TFDF filter into the harvest
bottle. Next, 1049 mL medium was pumped (31.3 mL/min)
into the bioreactor for washing, while harvest continued. In the
last step, feeding of medium was stopped, while another 491
mL of suspension was pumped from the bioreactor through
the TFDF filter into the harvest bottle. Supernatant samples
were centrifuged (1200xg, 5 min, 4 °C) and stored at —80
°C until further analysis. For metabolite measurements, virus
was removed using a Vivaspin 500 (Cytiva, USA, molecular
weight cut-off of 100 kDa, 10,000xrpm, 5 min).
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Other analytics for rVSV-GFP experiments

Quantification of VCC, viability, and cell diameter was
performed using a cell counter (Vi-Cell™ XR, Beckman
Coulter, USA). Metabolite concentrations were quantified
by Bioprofile® FLEX 2 (Nova Biomedical, USA). A TCIDs,
assay was used to quantify infectious virus titer of rVSV-
GFP samples. In brief, adherent HEK293 cells were seeded
at a concentration of 0.2x10° cells/well (100 pL per well)
in 96-well plates using DMEM (10% FCS, 1% Pen/Strep),
followed by incubation for 24 h at 37 °C. Prior to infection,
medium was gently removed from wells by a vacuum
aspirator (8-channel adaptor). Cells were infected (infection
medium: 2% FCS, 1% Pen/Strep) with eight replicates (100
pL/well) per dilution (serial dilution of 1:10) and incubated
for 7 days at 34 °C. Wells containing cytopathic effect under
standard light microscope were considered as positive.
Spearman/Kérber method was used to calculate TCIDs,
titer. Each sample was quantified twice in independent
TCIDs assays.

Calculations

Metabolite consumption/production rates (g,), CSVY
(TCIDs/cell), volumetric virus productivity (VVP; TCIDsy/L/
day), space-time yield (STY, TCIDsy/L/day), and cell retention
efficiency (CRE) were calculated as follows:

%=y (1)
x/s
_x(t,) = x(t,y) o

Yx s = 7 N /.
/ cs(tn—l) —Cy (tn)

where y is the cell-specific growth rate (1/h), Y, is the bio-
mass yield, x is the VCC (cells/mL) at the cultivation time n
(t,), and c, the metabolite concentration (mM).

Vir,. is the accumulated number of infectious virus par-
ticles (TCIDs;) and was calculated for different production

modes as follows:

Batch @ viry,. = C,;; pr X Vg (3)

C\ir, pr 1s the infectious virus concentration (TCIDsy/mL)
in the bioreactor. Vg (mL) is the working volume of the cul-

tivation vessel.

Coirpnt Coirpue
ATF,AS : Vifye, = Cpype X Vi + (Coinpnt Cutrpnt)

5 X Vy
“4)
Cyir.p.nand C,;, p ,_ are the infectious virus concentra-

tions in the permeate between ¢, and ¢,_,, respectively. Vy

represents the harvest volume collected between ¢, and 7,,_.

@ Springer

TEDF : viry.. = Cjppyr X Vi + Z Chirn X Vi Q)

C,;r. rir 18 the infectious virus concentrations of the final
harvest step. Vyy represents the volume of the final harvest
step. C;y. g, and C,;, p ,_, are the infectious virus con-
centrations in the harvest bottles, which were exchanged
every sample time point for ’VSV-NDV. V;  represents the
volume in the harvest bottle. For the TFDF run with rVSV-
GFP, the collected permeate (stored at 4 °C) was sampled
combined, and final harvest step was sampled individually.
For the TFDF run with rVSV-NDYV, all harvest bottles were
sampled individually and not combined.

CSVY = — Ve
B Xinax X VBR (6)
Vir,
VVPp = —— &€
V(,IL'C X ttl)[ (7)
STY = Vifico ®)
Vir X o

Xnay (cells/mL) is the maximum viable cell concentration
reached post-infection in the cultivation vessel. V.. (mL) is
the accumulated medium spent during the entire process, and
t,, (h) is the total process time until maximum vir,,, is reached.

Percentage of infectious virus (Pp,,,,) passing through the
membrane was calculated as follows:

PPerm = % Z <

Cell retention efficiency (CRE), shear rate (y), and perme-
ate flux (J) were calculated as follows:

c,
L > x 100% )
Cvir,BR,n

Xy
CRE=(1-—+] x100 (10)
‘xBr
_4x0
J/_z><7r><R3 an
1%
J " (12)

where x;; and xz are the measured VCC in the permeate line
and in the bioreactor, respectively. Q represents the volumetric
recirculation rate (m3/s, based on the exchange flow rate of
the ATF system or recirculation rates of the TFDF system),
R the internal radius of the fiber (m), and z the number of
hollow-fibers of the ATF/TFDF membrane. The permeate flux
is calculated as the ratio of the permeate flow rate V,,(L/h) to
the total filtration area of the hollow-fiber membrane A (m?).
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Results
rVSV-NDV production using mATF

To evaluate the virus retention of commonly used hollow-
fiber membranes and the applicability for fusogenic onco-
lytic viruses forming large multi-nucleated syncytia, an ini-
tial perfusion run using the novel 3-L modular adapter on a
SBX-10 OSB with a 0.65-pm mPES membrane connected to
a mATF was carried out. Previously, it has been shown that
OSB and STR bioreactors perform similarly for cell growth
and, therefore, to demonstrate all possible applications, an
OSB was chosen (Coronel et al. 2019; Gobel et al. 2023b)
for this study. To prevent potential syncytia from blocking
the hollow fibers, a membrane with fiber lumen larger than
previously observed syncytia (120-140 pm) was chosen
(0.75-mm internal fiber lumen). Following inoculation at
0.8x10° cells/mL at 2.4 L WV, perfusion was initiated once
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VCC reached 4x10° cells/mL. Manual adjustment of the
perfusion rate allowed growth to 44.5x10° cells/mL with
viabilities above 98% (Fig. 2A) without any limitations
in glucose and glutamine (data not shown); however, the
CSPR could not be controlled stably (Figure 2B). In order
to conserve medium, no medium exchange prior to infection
was carried out for this run. Cells were directly infected
at an MOI of 1E-4 once cells reached a VCC of 44.5x10°
cells/mL, temperature was reduced to 34 °C, and perfusion
was paused for 4 h. Following re-initiation of perfusion,
VCC stagnated until 36 hpi, after which viability and VCC
slowly declined (Fig. 2A). Maximum infectious virus titers
of 3.2x10° TCID5,/mL were reached at 42 hpi in the bio-
reactor, corresponding to a CSVY of 67 TCIDs/cell and a
VVP of 4.0x10'° TCID/L/day (Table 1).

To assess the virus retention by the 0.65-pm hollow fiber
membrane, samples were taken from the bioreactor and the
permeate line, respectively. Already at 18 hpi, infectious
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Fig.2 rVSV-NDV production in BHK-21 cells in perfusion mode
using a SB10-X equipped with a 3-L modular adapter and connected
to a mATF. BHK-21 cells were inoculated at 0.9x10° cells/mL, and
perfusion was started 56 h after batch growth phase. The perfusion
rate was adjusted manually over time. For cell retention, a 0.65-pm
mPES hollow fiber membrane was used. Infection was carried out
once a VCC of 44.5x10° cells/mL was reached (MOI of 1E-4), tem-

perature was reduced to 34 °C, and perfusion was paused for 4 h. A
VCC (full symbols) and viability (hollow symbols). B Cell-specific
perfusion rate (full symbols) and perfusion rate (dashed lined, weight
of collected permeate divided by WV). C Infectious virus titer meas-
ured inside the bioreactor (full symbols) and the permeate line (hol-
low symbols)
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virus titers in the permeate were significantly reduced com-
pared to the bioreactor (>2 log), corresponding to 97.0%
retention. With increasing process time, virus retention
further increased to up to 5 log or nearly 100% (Fig. 2C).
Surprisingly, the high flow rate through the hollow fiber
membrane of 1.5 L/min and the resulting high shear stress
of 5490 1/s neither impacted cell growth (Fig. 2A) nor virus
replication (Fig. 2C) and did not prevent the formation of
large multi-nucleated syncytia (50-75 pm, Figure S4).

rVSV-NDV production using TFDF

In a next step, we carried out two rVSV-NDV production
runs in a 3 L STR using TFDF as the cell retention device
for perfusion as a proof of concept for continuous virus
harvesting with clarification, targeting a VCC at TOI of
14x10° cells/mL. For both TFDF runs, BHK-21 cells were
inoculated at 0.8x10° cells/mL in 1.3 L WV and grown in
batch mode until a VCC of 4x10° cells/mL was reached.
In a next step, after initiation of perfusion, cell broth was
recirculated with a constant recirculation rate of 0.9 L/min,
corresponding to a shear rate of 1650 1/s. The perfusion rate
was either manually adjusted (TFDF1) or controlled based
on capacitance (TFDF2), where the signal was correlated
to the biovolume. Both control strategies, enabled cells to
grow up to 14x10° cells/mL with viabilities above 97%, but
with a slightly reduced cell-specific growth rate compared
to the initial batch phase (#=0.026 1/h to x=0.035+0.005

1/h). A linear correlation of the permittivity signal with the
VCC was obtained during the growth phase for both runs,
enabling the monitoring of cell growth throughout the cul-
tivation and the accurate control of the perfusion rate at the
pre-defined CSPR of 130+5 pL/cell/day for TFDF2 (Figure
S1, Fig. 3B). As the perfusion rate for TFDF1 was adjusted
manually in a step-wise manner (Fig. 3B), the CSPR did not
stay stable and varied around 168436 pL/cell/day during cell
growth (Fig. 3B). This resulted in a 15% lower total medium
consumption for the growth phase for the capacitance-based
control compared to the manual adjustment (Table 1). Inter-
estingly, the glucose uptake rate of TFDF2 was 1.9-fold
higher compared to TFDF1 (Table 1) resulting in an increase
in lactate concentration up to 20 mM compared to 10 mM
for TFDF1 (Figure S2B). However, all measured metabo-
lite concentrations were still in the expected range with no
notable limitations (Figure S2), and substrate uptake rates of
TFDF 1 were comparable to both acoustic settler and ATF
cultivations (Table 1, Gobel et al. 2023a, 2023b). For both
runs, high cell retention rates of >99.9% and turbidity reduc-
tions >95% were achieved over the entire cultivation period
(Fig. 3C). Transmembrane pressure (TMP) remained low
(<0.1 psi) throughout the entire run, only showing a slight
increase to 0.3 psi at 60 hpi for TFDF1 (Fig. 3D).

Prior to infection of cells with rVSV-NDV at an MOI of
1E-4, the medium was completely exchanged using a flow
rate of 10 mL/min, and the temperature was reduced to 34
°C. Compared to the mATF perfusion, the permeate flow was

Table 1 Comparison of rVSV-NDV production in BHK-21 cells for different production modes. Cell growth parameters were determined before

infection.

Batch, Perfusion AS, ATF Perfusion TFDF

TFDF1 TFDF2

Bioreactor vessel STR (1 L) STR (1 L) OSB (3L) STR 3L) STR 3 L)
Cell-specific growth rate (1/h) 0.033 0.019+0.003 0.031 0.027 0.030
Doubling time (h) 21.0 36.1+6.5 22.1 259 23.0
qGlc 5.1+0.9 6.5+2.1 8.25 8.06 15.2
(107" xmmol/(cell/h))
qGln 3.0+0.7 3.1+2.0 2.42 2.21 321
(107" xmmol/(cell/h))
Max. VCC p.i. 32403 29.7+2.4 44.5 20.6 16.4
(10° cells/mL)
Max. infectious virus titer (108 TCID5,/mL) 5.0+£0.9 15.8+11.7 31.6 75.0 56.2
CSVY (TCIDs/cell) 161+40 118+11 67 365 342
VVP (10'° TCID/L/d) 9.4+2.6 3.9+0.6 4.0 8.8 11.5
STY (10'° TCIDs,/d) 13.443.7 29.0+5.2 43.0 75.5 95.4
Used medium (L) 0.7 6.9+1.9 25.1 11.0 9.3
dsDNA level at optimal harvest time point (pg/mL) n.d. 14.0+0.5 n.d. 7.5 139
Protein level at optimal harvest time point (mg/ml) n.d. 0.5 n.d. 2.0 2.5

qGlc, cell-specific glucose consumption rate; gGln, cell-specific glutamine consumption rate; max., maximum; VCC, viable cell concentration;
p-i., post infection; n.d., not determined. Optimal harvest time point was defined as time point when the maximum infectious virus titer was
reached in the supernatant. a: Values taken from Gobel et al. 2023a, 2023b carried out as biological replicates with n=2
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Fig.3 Critical process parameters of rVSV-NDV production in
BHK-21 cells in perfusion mode using a 3-L STR coupled to a TFDF
system. BHK-21 cells were inoculated at 0.8x10° cells/mL, and
perfusion was started 46-51 h after batch growth phase by utilizing
a TFDF cartridge (pore size 2-5 pm). The first TFDF run (TFDF1,
purple squares) was adjusted manually, while the second TFDF run
(TFDF2, pink circles) was controlled based on the biovolume meas-
ured by a capacitance probe. Infection was carried out once a VCC

only paused for 1-2 h (compared to 4 h) before setting the
perfusion rate to a constant rate of 1.8 RV/day, as no loss
of infectious virus particles into the permeate was observed.
For both runs, cells continued to grow for 24—36 hpi up to a
VCC of 20.5x10° cells/mL and 16.4x10° cells/mL displaying
high viabilities above 96%. By sampling the bioreactor and
permeate line, virus retention by the TFDF membrane can be
assessed. For both runs, maximum titers of 7.5x10° TCIDs/
mL and 5.6x10° TCIDs,/mL were reached in the permeate
at 29-34 hpi, respectively (Fig. 4A). Overall, infectious titers
were very similar between the bioreactor and permeate line,
indicating that r'VSV-NDV was not retained by the TFDF
membrane. On average, the percentage of infectious virus
passing through the membrane was calculated as 124% and
118% for TFDF1 and TFDF2, respectively. Determination of
the actual recovery was made by integration of the perme-
ate line samples over the collected volume, considering the
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of 14x10° cells/mL was reached (MOI of 1E-4), temperature was
reduced to 34 °C, and perfusion was paused for 1-2 h. A Viable cell
concentration (full) and viability (empty). B Cell-specific perfusion
rate (full) and perfusion rate (dashed lined, weight of collected per-
meate divided by WV). C Cell retention efficiency (full) and turbidity
reduction (empty) of TFDF membrane during growth and infection.
D Transmembrane pressure (TMP) during cell growth and infection
phase. The dashed line indicates the time of infection

changing concentrations within the permeate line and col-
lected volume (Figure S3). Here, the area under the curve
represents the maximum available amount of infectious virus
particles that can be recovered. Maximum theoretical values
were compared to the sum of the actual empirical values for
the collected fractions (“Accumulated” Fig. 4B). For both
runs, recoveries of 78% were obtained, most likely due to the
partial loss of functionality while storing at RT. As expected
due to the large pore sizes, impurity concentrations were very
similar between the bioreactor and permeate line (Fig. 4C
and E) and gradually increased during the infection, reaching
maximum values at the time of final harvest, when viabilities
were reaching 90% (Fig. 4D and F).

Interestingly, monitoring the bioreactor samples by bright
field microscopy showed limited syncytia formation, reach-
ing sizes of 25-38 pm in diameter, for 29 hpi onwards for
TFDF1. In contrast, more pronounced syncytia formation
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Fig.4 rVSV-NDV production in BHK-21 cells in perfusion mode for
TFDF1 (purple squares) and TFDF2 (pink circles). Time course of
A infectious virus titer (TCID5y/mL), C double-stranded DNA (pg/
mL), and E total protein (mg/mL) measured both in the reactor (full
symbols) and permeate line (empty symbols). The TFDF membrane
allowed a continuous harvesting of rVSV-NDV via the permeate.
B, D, F The permeate was collected in multiple fractions (‘“Harvest

was found for TFDF2, where scattered clusters of fused
cells appeared between 18 and 33 hpi, reaching sizes of
50-100 pm in diameter (Figure S4). For the final one-step
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bottle 1-4”), which were exchanged every 12-24 h to prevent loss of
virus infectivity. Bottle 1 refers to permeate collected from 0 to 24
hpi, Bottle 2 24-36 hpi, Bottle 3 36—48 hpi, and bottle 4 48—60 hpi.
“Final harvest” refers to material recovered in the final harvest step
(concentration 1, diafiltration; final concentration, 2). “Accumulated”
refers to the accumulated yields from all bottles and the final harvest

harvest, a modified C1-DF-C2 process was utilized using
the same TFDF membrane as for cell growth and infection.
For TFDF1, filter fouling was observed for the harvest at 60
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hpi, using sterile PBS for diafiltration, and the membrane
was completely blocked during the second concentration
step after removal of 1100 mL (Figure S5). By carrying
out the harvest 12 h earlier at 48 hpi, further increasing the
recirculation rate to promote self-cleaning of the membrane
while simultaneously reducing the permeate flow, and using
medium for diafiltration, filter fouling was prevented, and the
TMP was kept below 2 psi for the majority of the harvest for
TFDF2 (Figure S5).

Finally, the TFDF production was compared with the ATF
perfusion run using the mATF and a previously described opti-
mized batch process and perfusion process using an acoustic
settler (AS) as the cell retention device (Table 1). All perfusion
systems achieved a higher infectious virus concentration com-
pared to an optimized batch process infected at 2x10° cells/
mL, with both TFDF runs being more than ten times higher
compared to batch and more than 3.5 times higher compared to
AS (Table 1). CSVY’s of 342-365 TCID;/cell were obtained
in TFDF cultures, corresponding to a >twofold improvement
compared to ATF and previous batch and AS cultivations. As
both ATF and AS perfusion systems were infected at higher
VCC’s, this might indicate the presence of a cell density effect.
In terms of VVP, TFDF cultures were comparable to batch
cultivations; however, all perfusion systems had an increased
STYs, with TFDF cultures showing an increase of >460% com-
pared to batch cultivations.

In a final step, we evaluated whether sporadic formation
of syncytia in TFDF mode (Figure S4) had an impact on
the oncolytic properties in target Huh7 cells. Crude samples
for both TFDF runs were compared to previously produced
STR samples using optimized batch processes and AS perfu-
sions. As expected, all samples displayed a similar oncolytic
potential in Huh7 cells (Fig. 5). Regardless of the production
mode or production system, the produced virus still main-
tained the ability to induce adequate oncolysis.

Production of rVSV-GFP in batch mode

Initially, a high-yield production process for rVSV-GFP in
batch mode in shake flasks (SF) was developed (Fig. 6).
Next, the process was transferred to two STRs of different
sizes (STR 1, 700 mL WV; STR 2, 2100 mL WYV). For this,
HEK?293-SF cells were inoculated at about 0.3x10° cells/mL
and grown to 1.3x10° cells/mL (STR 1 and 2) or 1.1x10°
cells/mL (SF) with viabilities above 95% (Fig. 6A). For the
three cultivations, very similar cell growth and viability
patterns were observed. Cell-specific growth rates ranged
between 0.026 and 0.034 1/h (Table 2). As optimized in two
recent studies for rVSV-based constructs, cells were infected
at an MOI of 1E-3 after a temperature reduction to 34 °C.
(Elahi et al. 2019; Gélinas et al. 2019). Maximum VCCs of
1.9x10° cells/mL were reached at 11 hpi for SF and STR 1
cultures, before virus-induced cell death occurred (Fig. 6A,
for STR 2 data are not available). Virus production dynam-
ics were very comparable between the three productions
(Fig. 6B). Slightly higher maximum infectious virus titers
were achieved for production in SF (8.8x10'® TCIDs,/mL,
24 hpi) relative to STR 1 (3.2x10'° TCID5y/mL, 33 hpi) and
STR 2 (5.3x10'° TCID5y/mL, 31 hpi). Thus, higher CSVY
and STY/VVP were obtained for SF production (Table 2).
Both STR runs showed high infectious virus titers for more
than 36 h indicating a high stability of the virus.

Production of rVSV-GFP in perfusion mode using
a TFDF system

To further support our proof-of-concept study of a TFDF
system, we evaluated the production process for r'VSV-GFP
cultivating HEK293-SF cells in perfusion mode to reach
higher VCC and infectious virus titers (Fig. 7). For this, as
for the TFDF runs for rVSV-NDV, a 30-cm? TFDF cartridge

Fig.5 Comparison of oncolytic
viral potency values for rVSV-
NDV using different production
modes and processes. Viabili-
ties of Huh7 cancer cells were
determined 48 hpi for crude
rVSV-NDV samples generated
in batch mode (red triangle),
acoustic settler perfusions (AS1,
blue full triangle; AS2, hollow
blue triangle), and TFDF perfu-
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Fig.6 rVSV-GFP production in HEK293-SF cells in batch mode.
Three batch production runs were conducted using one shake flask
(SF 1, 50 mL WYV, red circles), one 1 L STR (STR 1, 700 mL WYV,
light green squares), and one 3 L STR (STR 2, 2100 mL, dark green
squares). Cells were inoculated at 0.3-0.4x10° cells/mL and culti-
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vated to 1.1-1.3x10° cells/mL. Prior to infection, temperature was
lowered from 37 to 34 °C. Cells were infected at an MOI of 1E-3.
A VCC (full symbols) and viability (hollow symbols). B Infectious
virus titer (TCIDs,/mL)

Table 2 Comparison of rVSV-

R Batch Perfusion
GFP production in HEK293-SF
cells for different production STR1(1L) STR2(3L) SF TFDF STR (3 L)
modes. Cell growth parameters
were determined before Cell-specific growth rate (1/h) 0.028 0.034 0.026 0.022
infection. Doubling time (h) 24.6 20.7 26.6 31.0
Max. VCC p.i. (10° cells/mL) 1.9 n.d. 1.9 11.3
Max. infectious virus titer (10" 3.2 53 8.8 7.1
TCIDsy/mL)
CSVY (TCIDs/cell) 16,865 n.d. 45,948 10,338
STY (10" TCIDsy/L/d) 1.0 1.7 2.8 1.9
VVP (10" TCIDs/L/d) 1.0 1.7 2.8 0.2
Used medium (L) 0.67 2.10 4.60 13.93

max., maximum; VCC, viable cell concentration; p.i., post infection; n.d., not determined. Optimal harvest
time point was defined as time point when the maximum infectious virus titer was reached in the superna-
tant. For the perfusion run, the calculations were based on infectious virus particles of the collected perme-
ate in the harvest (stored at 4 °C) and final harvest

(pore size 2-5 pm), connected to a Krosflo TFDF system
(Repligen), was coupled to the 3 L STR. Recirculation was
already started before cell inoculation with a recirculation
rate of 1.0 L/min corresponding to a shear rate of 1830 1/s.
HEK?293-SF cells were inoculated at 0.8x10° cells/mL into
the 3L STR (2100 mL WYV) (Fig. 7A). After a batch growth
phase for 24 h, perfusion mode was started (Fig. 7B). Cells
grew at a slightly lower cell-specific growth rate of 0.022
1/h relative to the batch cultivation in STR 2 (0.028 to 0.034
1/h) (Table 2) during the total cell growth phase, while via-
bilities remained above 95% (Fig. 7A). The perfusion rate
was manually adjusted based on a CSPR of 115 pL/cell/day
(Fig. 7B). Due to an initial permeate flow rate of 0.9 mL/min
(0.6 RV/day) (Fig. 7B), the actual CSPR was higher at the
beginning of the cultivation. Before infection, one RV with
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fresh medium was exchanged (10-33 mL/min) (Fig. 7B),
and temperature was lowered from 37 to 34 °C. Cells were
infected at 10.3x10° cells/mL at an MOI of 1E-3. After
infection, perfusion was stopped for 1 h and, subsequently,
the perfusion rate was kept constant at 1.4 RV/day (Fig. 7B).
During the perfusion cultivation, no glucose or glutamine
limitation was observed (Figure S6). Moreover, no toxic
maximum levels of lactate (22.4 mM) or ammonium (1.4
mM) were found. After infection, cells continued to grow
slightly until 11.3x10° cells/mL (12 hpi) with viabilities
above 94% (Fig. 7A). Throughout the whole cultivation, the
cell retention efficiency of the membrane was maintained
above 99.6% (Fig. 7C). A maximum infectious virus titer of
7.1x10' TCIDsy/mL at 18 hpi was detected in the perme-
ate line relative to 10.4x10'° TCIDsy/mL at 24 hpi in the
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Fig.7 rVSV-GFP production in HEK293-SF cells in perfusion
mode using a 3-L STR coupled to a TFDF system. Recirculation
was started prior to inoculation. HEK293-SF cells were inoculated
at 0.8x10° cells/mL, and perfusion was started after 24 h of batch
growth by utilizing a TFDF cartridge (pore size 2-5 pm). The perfu-
sion rate was adjusted manually over time. Prior to infection, temper-
ature was reduced to 34 °C. Cells (10x10° cells/mL) were infected at
an MOI of 1E-3, and perfusion was paused for 1 h. A Viable cell con-

bioreactor vessel. Very similar infectious virus titers were
observed by comparing the bioreactor vessel and permeate
line during the virus production phase (Fig. 7D). On average,
the percentage of infectious virus passing through the TFDF
membrane was calculated to be 112%. In addition, the infec-
tious virus titer of the final harvest step (4.0x10'" TCIDsy/
mL) starting at 31 hpi using the same TFDF membrane was
similar to the last permeate sample time point of the produc-
tion phase (4.9x10'° TCIDsy/mL, 30 hpi), confirming that
all infectious virus particles passed through the membrane
even in the final harvest step with a significantly higher
permeate flow rate that could cause membrane clogging.
Comparing the theoretical maximum values of the amount
of infectious virus particles in the permeate line (Figure S7)
with the empirical values of the virus in the harvest bulk
(collected permeate stored at 4 °C and final harvest, sampled

time post infection (h)

centration (full) and viability (empty). B Cell-specific perfusion rate
(full) and perfusion rate (dashed lined, weight of collected permeate
divided by WV). C Cell retention efficiency (full) of TFDF mem-
brane during growth and infection. D Infectious virus titer (TCID5,/
mL) in the reactor (full symbols) and permeate line (empty symbols)
are plotted against the time post infection (h). Last time point shown
for the permeate line (31 hpi) refers to the final harvest step

individually) resulted in a recovery of 103.5%, indicating
no loss of virus infectivity during storage in the virus pro-
duction phase. Next, we compared important production
coefficients of the batch and perfusion run (Table 2). The
perfusion process showed increased STY (1.9-fold (STR 1)
and 1.1-fold (STR 2)); however, VVP and CSVY were lower.

Discussion

The first vaccine based on rVSYV, the Ebola virus vaccine
Ervebo®, has been approved in 2019 (EMA 2019; FDA
2019). Moreover, multiple rVSV-based constructs for vac-
cine and oncolytic applications are currently undergoing
clinical trials. Therefore, the development of a high-yield
production platform is essential to meet clinical trial and

@ Springer
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market demand regardless of the intended use. Compared
to traditional vector platforms, induction of syncytia by
rVSV-NDV introduces additional challenges to manufactur-
ing processes. In this proof-of-concept study, we evaluated
the versatility of the TFDF system for intensified high-cell
density production for two different rVSV-based constructs
(rVSV-NDV and rVSV-GFP) to allow continuous virus har-
vest and clarification.

rVSV-NDV production using mATF

Product retention of hollow-fiber membranes is a well-
known challenge of ATF-based cell culture productions, pre-
venting continuous harvest of, e.g., viral particles (Genzel
et al. 2014; Hadpe et al. 2017; Nikolay et al. 2020; Nikolay
et al. 2018; Tona et al. 2023; Vazquez-Ramirez et al. 2019).
To evaluate the applicability of hollow-fiber membranes for
the production of fusogenic oncolytic viruses forming large
muti-nucleated syncytia, a commercially available 0.65-pm
mPES membrane with a lumen size bigger than previously
observed syncytia (120-140 pm) was selected, connected
to a mATF, and characterized for virus retention. Impact of
the membrane material on product retention is still not fully
elaborated. While some studies found a more pronounced
retention rate of antibodies using polysulfone (PS) mem-
branes compared to polyethersulfone (PES) and mPES due
to the higher negative charge densities (Su et al. 2021), oth-
ers reported more favorable physiochemical and structural
properties (open pore structure, high porosity) of PS mem-
branes enabling virus harvest of yellow fever virus particles
(~50 nm) even at low cut-offs of 0.34 pm (Nikolay et al.
2020). Beside membrane material, pore size plays a critical
role regarding product retention. Surprisingly, membranes
with higher cut-offs, e.g., 0.65 pm often display higher prod-
uct retention rates compared to lower cut-offs, e.g., 0.2 pm
(Nikolay et al. 2020; Su et al. 2021; Vazquez-Ramirez et al.
2019). More pronounced heterogeneous pore distributions
for larger cut-offs can increase the susceptibility of foul-
ing as variation in filtrate flux along the membrane makes
larger pores prone to deposition of particles and concentra-
tion polarization (Nikolay et al. 2020). Moreover small-size
cell debris (0.2-0.5 pm), caused by virus induced cell lysis,
can enter larger pores causing membrane clogging and prod-
uct retention, but can be rejected by smaller pores (Su et al.
2021). Usage of a 0.2-pm PES hollow fiber membrane for
arVSV-NDV ATF production using HEK293 cells resulted
in a complete membrane blocking at 18 hpi, after first syn-
cytia formation was observed (data not shown). Therefore,
the choice of membrane was primarily based on internal
fiber lumen rather than pore size or material. A higher flow
rate inside the hollow fibers (1.5 L/min) was chosen com-
pared to the initial ATF run using a 0.2-pm PES membrane
(0.8 L/min) to increase the backflush over the membrane
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and prevent or hamper the formation of syncytia due to
increased shear stress. Surprisingly, the resulting shear rate
of 5490 1/s neither impacted cell growth, as high VCCs of
44.5%10° cells/mL with high cell-specific growth rates of
0.031 1/h (Table 1) were reached, nor did it prevent the for-
mation of syncytia (Figure S4). However, formed syncytia
were smaller (up to 75-pm diameter) as previously observed
with an acoustic settler (up to 140 pm (Gobel et al. 2023a)),
allowing entrance into the larger fibers, which likely pre-
vented complete blockage. Nevertheless, combination of
high hollow fiber flow rates with low permeate flux rates
of 1.91 L/h/m? did not prevent rVSV-NDV retention by the
membrane. Already at 18 hpi, 97% of all infectious virus was
retained, further underlining the challenge of using hollow
fiber membranes for continuous harvest of viral particles.

rVSV-NDV production using TFDF

As a proof-of-concept, we set out to utilize the TFDF sys-
tem as a cell retention device for perfusion and subsequent
continuous harvest filtration. Performance was characterized
by cell growth, TMP, and quantification of bioreactor and
permeate turbidities, as well as virus permeability. The use
of the TFDF system allowed BHK-21 cells to achieve high
VCCs, with similar growth behavior compared to the mATF
system despite the drastically lower shear stress there. Due
to the lower CSVY obtained at very high VCCs in the pre-
vious experiment, the targeted cell concentration for infec-
tion was lowered drastically. The metabolic uptake rates
for all perfusion cultures were slightly increased compared
to those previously reported for batch cultivations ((Gobel
et al. 2023a), Table 1). Increased shear stress, particularly in
ATF and TFF systems, has been identified as one cause of
increased substrate uptake rates (Zhan et al. 2020). Control
of the perfusion rate via a capacitance probe did not improve
overall process performance, but robustly maintained stable
CSPR values over the entire growth phase (Fig. 3), reducing
medium consumption by 15%. Compared to the manual per-
fusion control for TFDF1, where CSPR values were higher
due to partial overfeeding, glucose levels were not stably
maintained and fell below 5 mM prior to infection (Fig-
ure S2). The slightly increased growth rate of TFDF2 most
likely resulted in an increased uptake of glucose and thus
increased lactate formation. To support even higher VCCs,
the set point of the CSPR should be increased for future
capacitance-controlled runs.

The combination of DF with tangential cross filtration
provides several benefits such as shearing of the membrane
surface, minimizing deposition of particles within the filter,
while simultaneously allowing some particles to be captured
within channels of the DF without blocking the liquid flow
through that same channel (Williams et al. 2020). Low TMP
values (below 0.3 psi) for both TFDF runs, even after virus
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infection, high cell retention efficiencies (>99%), and a
low turbidity in the permeate (>95% reduction) indicated
minimal particle breakthrough. Previous studies already
demonstrated the applicability of the TFDF system for
continuous harvest of AAV and LV (Mendes et al. 2022;
Tona et al. 2023; Tran and Kamen 2022). As expected, we
also achieved equal concentrations of infectious virus in
both the bioreactor and permeate sample, taken at the same
time. Calculated percentages of infectious virus passing
through the membrane above 100% for both runs are not
possible and were only achieved as the measured titer in
the permeate sample was higher than the bioreactor sample.
While comparison to theoretical yields only resulted in a
total recovery of 78%, this is most likely due to partial losses
of functionality while storing the harvest bulks at RT, as
well as the quite large error of the TCIDs assay itself (+0.3
log (Gobel et al. 2022b)). Stabilizing effects of sucrose on
proteins and enveloped viral vectors are well known (Croyle
et al. 2001; Cruz et al. 2006; Evans et al. 2004); however,
it acts mainly as a cryoprotectant or is only a small part
of a complex storage formulation. Therefore, premature
addition of sucrose was probably not sufficient to prevent
degradation, and direct cooling of the harvest bulk at 4 °C
should be preferred.

In terms of virus production, our intensified TFDF pro-
cesses achieved the highest reported infectious virus titers
of 5.6-7.5xx10° TCIDsy/mL in the permeate so far. Com-
pared to optimized batch processes, VCCs were increased by
five- to six-fold, but infectious virus titers were even more
than 11-fold higher. Moreover, CSVYs were improved by
twofold, STY by 460% (5.6-fold), and similar VVPs were
reached. Lastly, the TFDF runs were compared to other
perfusion cultivations using the same cell line but different
cell retention devices. Compared to AS and ATF perfusions,
maximum titers reached in TFDF systems were >threefold
and >1.5-fold higher. This was also reflected in terms of
VVP and STY, which were always more than twofold higher
for TFDF runs. Surprisingly, CSVYs strongly decreased
with increasing VCCs for the respective systems. For the
ATF cultivation, where the highest VCC of 44.5x10° cells/
mL was reached, the lowest CSVY was obtained, clearly
indicating the presence of a “high cell density effect” (Bock
et al. 2011; Nadeau and Kamen 2003). One major reason
for this effect is typically the scarcity in nutrients or the
accumulation of inhibitory ammonium and glucose. One
study showed that ammonium and lactate concentrations at
2-3 mM and above 20-30 mM, respectively, can have nega-
tive effects on virus productivity and cell growth (Schnei-
der et al. 1996). However, neither a nutrient limitation nor
an accumulation of lactate and ammonium to excessively
high concentrations was observed for any run ((Gobel et al.
2023a), Figure S2, data not shown for ATF). This suggests
that other reasons, including the limitation or accumulation

of non-monitored metabolites or unknown cellular factors
may play a role and are subject to further investigation.
Another reason could be the formation of syncytia, which
was observed to occur to differential extends, depending on
the system used (Figure S4). Virus replication is possibly
more efficient if the cells do not fuse, as we have observed
the production of higher titers in oncolytic applications when
anon-fusogenic VSV is used, despite similar levels of onco-
lysis (Abdullahi et al. 2018); however, whether or not this is
also true in suspension culture systems which is not entirely
clear and would warrant further investigation. Regardless,
the direct comparison of the three perfusion systems should
be considered very carefully, as various production param-
eters were different. For a fair comparison, re-evaluation
should include the same bioreactor set-up and similar infec-
tion cell concentrations. For our proof-of-concept study this
was, however, out of scope.

Fusogenic oncolytic viruses and the formation of syn-
cytia introduce novel challenges for process controls and
scale-up of manufacturing processes. We hypothesize that
fusion of cells is dependent on three factors: high VCC, low
shear stress, and long cell-to-cell contact time. Combination
of all three factors most likely facilitates the formation of
large multi-nucleated syncytia. Production in batch mode
is associated with low VCC (up to 3.2x10° cells/mL), low
shear stress, and short cell-to-cell contact times and does not
lead to the formation of syncytia. Productions using ATF or
TFDF systems allow for high VCCs (up to 44.5x10° cells/
mL); however, shear rates are drastically increased (up to
5490 1/s), and cell-to-cell contact times are short, leading
to the formation of small sized syncytia. Retention systems
such as AS, combine high VCCs (up to 29.7x10° cells/mL),
low shear rates (~340 1/s (Grénicher et al. 2020)), and long
cell-to-cell contact times within the acoustic field and recir-
culation loop (3—12 min (Grénicher et al. 2020)), facilitating
the formation of large multi-nucleated syncytia. Increased
cell-to-cell contact by induction of aggregation by CaCl,
supplementation at low VCC in batch mode did not result
in the formation of syncytia, highlighting the complex inter-
play of all three factors (Gobel et al. 2022a). Future studies
investigating the actual cause of syncytia formation in sus-
pension cultures could be considered to better control their
formation. However, whether or not syncytia are formed in
suspension cultures during production is independent of
the inherent fusogenicity of the virus, as the fusion proteins
are encoded within its genome and need to be expressed in
order to carry out an infection (Abdullahi et al. 2018). None-
theless, a potency assay was carried out to assess potential
effects of mode of production, as well as formation or non-
formation of syncytia during production, on the ability of the
virus to induce oncolysis. As expected, oncolytic potency
was not affected by production mode or occurrence of syn-
cytia (Fig. 5).
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rVSV-GFP production in batch and perfusion mode

To take our proof-of-concept study one step further, we also
wanted to evaluate the TFDF performance for a high-yield
virus production process for rVSV-based vectors for a pos-
sible application as vaccine using the model vector rVSV-
GFP. Process intensification using perfusion mode and the
TFDF module led to a sixfold higher VCC of 11.3x10° cells/
mL with an up to 1.9-fold higher STY compared to the STR
1 process in batch mode, allowing for a smaller footprint of
the bioreactor. However, a more than 3.3-fold lower VVP
and 1.6-fold reduced CSVY were observed compared to the
STR batch process. As described before, this decline is most
likely due to the “high cell density effect.” As neither limita-
tion of monitored nutrients, nor accumulation of inhibitory
byproducts was observed, it is clear that there is certainly
room for optimization for this perfusion process, hopefully
targeting even higher VCCs. For now, this perfusion run was
a proof-of-concept run only to evaluate the TFDF system.
Testing different feeding schemes (Vazquez-Ramirez et al.
2019), media compositions (Gobel et al. 2023a), or additives
could be envisaged as next steps.

Using the TFDF module, we were able to directly har-
vest rVSV-GFP particles with a simultaneous clarification
by depth filtration with a full recovery. Our proof-of-concept
study together with the data on LV (Tona et al. 2023; Tran
and Kamen 2022) and AAV (Mendes et al. 2022) seems to
indicate that TFDF for continuous virus harvest in perfu-
sion will play a big role in next generation processes and
might be applicable for other viruses as well. Moreover, all
HEK293-SF cells were retained inside the bioreactor ena-
bling full production capacity. Perfusion cultivation with the
TFDF module showed a slightly lower cell-specific growth
rate (0.022 1/h) relative to the batch production (0.034 to
0.028 1/h), indicating that there is also room for improve-
ment here and a need for further optimization. As previously
discussed, cooling the harvest bulk to 4 °C increases virus
stability. Indeed, we found a recovery of 103.5% in the final
harvest bulk.

Overall, the TFDF module showed very good perfor-
mance as a perfusion system for our tested rVSV-based
vectors and cell lines. In addition, the continuous virus
harvest, together with the clarification through the TFDF
module in one step can simplify process operations and
help to develop an integrated, scalable (up to 2000 L), and
economical process for the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13078-6.
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4. Conclusion and Outlook

In this work, virus evolution studies and NGS were used for the identification of IAV
DIP candidates with superior antiviral activity and for the elucidation of their molecular
characteristics in order to facilitate the development of a safe and efficacious IAV DIP-
based treatment of the influenza disease (first manuscript). Studying a wide range of
infection conditions of DIPs and STVs helped to analyze the effects of different DIP
and STV concentrations on STV replication and virus-induced apoptosis (second
manuscript). Moreover, the work revealed that IAV DIPs not only inhibit the
propagation of IAV, but also exert broad-spectrum antiviral activity against IFN-
sensitive viruses such as RSV, YFV and ZIKV (third manuscript). In addition, a
scalable cell culture-based batch process in STR for production of highly effective and
almost pure OP7 chimera DIPs in the absence of STVs was developed and optimized
(fourth and fifth manuscript). Process intensification for the production of OP7 chimera
DIPs was realized by establishment of a perfusion culture using an ATF module for
cell retention (fifth manuscript). Finally, the TFDF perfusion system was evaluated for
intensified virus production and continuous virus harvesting and clarification to

develop more cost-effective and productive production platforms (sixth manuscript).

Selection, production, and characteristics of highly interfering IAV DIP
candidates

In this study, IAV DIPs that are highly competitive in replication and packaging were
selected. To achieve this, semi-continuous propagation of IAV and its DIPs enabled
DIP challenge at different selection pressures. The application of NGS for samples of
the supernatant provided the sensitive identification of DI vRNAs at high throughput.
In collaboration with Fadi Alnaji (Department of Microbiology at University of lllinois at
Urbana-Champaign, processed NGS results via a bioinformatics pipeline), Daniel
Rudiger (MPI, performed computational data analysis) and Tanya Dogra (MPI,
conducted rescue of IAV DIPs), it was demonstrated that DIPs harboring DI vRNAs
with a high growth rate exhibit a superior antiviral activity, even compared to DI244,
and are, thus, highly promising candidates for antiviral therapy. In a previous study,
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purely clonal DI244 already showed a high antiviral efficacy and tolerability in mice
(Hein et al., 2021a). In follow-up studies, the identified novel cDIPs with improved
antiviral activity might be tested in mice, ferrets and cynomolgus macaques towards
the initiation of clinical trials in humans. Moreover, as a strong accumulation of deletion
junctions on PB1 and PA encoding segments was also found, production and testing
of DIPs harboring a deletion in Seg 2 or 3 might be very interesting by employing cell
lines stably expressing PB1 and/or PA.

Important steps were made in identifying characteristics of highly competitive DI
VRNAs. A predominant location of deletion junctions on the polymerase-encoding
segments, and a short, but optimal DI vRNA length for replication was found. Yet, it
can be assumed that not only the DI vRNA length but also the deletion junction site
might be a determinant for competitive DI vVRNAs. As no clear differences in breaking
point positions between highly and lowly accumulating DI vVRNAs could be found,
further research is needed to study the impact of the deletion junction site (e.g.
involvement of tertiary structure) on formation and competitiveness of DI vVRNAs. For
instance, an additional interference mechanism of expressed truncated proteins
encoded in the DI vRNAs was identified recently. Those cryptic proteins might, thus,
play a further role (Ranum et al., 2024). Moreover, not the entire packaging signal was
required for efficient IAV DIP replication indicating that the packaging network of IAV
is not yet fully decoded (Jakob et al., 2022).

STV infection using different concentrations of purely clonal DI244 and STVs

In this study, the aim was to obtain a more detailed understanding of DIP and STV
replication dynamics on the intracellular and population level of suspension cells. First,
infection experiments in MDCK(sus) cells at 12 different infection conditions with
purely clonal DI244 (Bdeir et al., 2019, Hein et al., 2021a) and STVs were conducted.
This provided an in-depth and time-resolved analysis of the effects of different DI1244
and STV concentrations on STV replication and virus-induced apoptosis. It was
demonstrated that a high DIP input prevents stimulation of apoptosis and results in

very strong suppression of STV replication.
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The generated data set was used by Daniel Ruadiger (MPI) to calibrate a multiscale
model that describes the replication of IAV DIPs and STVs for a broad range of DIP
(MODIP) and STV (MOI) input. In addition, these data provided the foundation to
identify the optimal DIP/STV ratio to suppress STV propagation. More specifically, the
multiscale model predicted a required ratio of at least 10,000:1 DIPs to STVs to confer
a high inhibition of STV propagation of more than four orders of magnitude in cell
culture, which is in line with results of in vivo studies (Dimmock and Easton, 2015,
Hein et al., 2021c¢).

Future research efforts should comprise the investigation of the spatial IAV DIP and
STV spread in cells/tissues of the human pharynx/lung or even in 3D airway models.
By mimicking in vivo conditions, this could deliver new insides regarding the selection
of an optimal DIP dose for use as an antiviral in humans and contribution of an innate
defense mechanism (e.g. IFN response, cilia movement) to design clinical trials in

humans.

Broad-spectrum antiviral activity of IAV DIPs

In the next part, the broad-spectrum antiviral activity of IAV DIPs against unrelated
virus infections was evaluated by performing co-infection experiments in human lung
cells. It was demonstrated that DI244 and OP7 suppress the propagation of RSV by
stimulating an innate immune response. Our study, thus, provided an important
contribution to the potential use of IAV DIPs against IFN-sensitive respiratory viruses
such as IAV (Dimmock and Easton, 2015, Dimmock et al., 2008), IBV (Scott et al.,
2011), SARS-CoV-2 (Rand et al., 2021), and RSV by intranasal application.

The in vitro co-infection experiments have shown that IAV DIPs also suppress the
replication of IFN-sensitive viruses (YFV and ZIKV) in human lung cells. Thus, IAV
DIPs might also be interesting for use as antivirals against systemic, IFN-sensitive
virus infections. Yet, a possible route of administration and antiviral efficacy still needs
to be determined in animal trials. In addition, prospective investigations may include
high-throughput screening of the antiviral activity of IAV DIPs against a broad range

of IFN-sensitive viruses.
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In the future, it would be desirable to test the prophylactic effect of IAV DIPs against
unrelated virus infections as only co-infection experiments were performed. Moreover,
in the in vitro co-infection experiments, a higher antiviral activity than for IAV DIPs was
found for the small molecule antiviral agents ribavirin (in RSV and ZIKV infection) and
fidaxomicin (ZIKV infection). Yet, their use poses significant drawbacks. In order to
develop an IAV DIP treatment for human use, testing of IAV DIPs and other relevant
antiviral agents in animal trials and clinical trials regarding safety and efficacy should

be pursued.

The identification of IFN as crucial factor for IAV DIP-induced antiviral activity against
unrelated virus infections was achieved in line with previous studies (Easton et al.,
2011, Rand et al., 2021, Scott et al., 2011). In the study, the antiviral activity was
determined by an early and enhanced upregulation of the type-l and —IIl IFN response.
Moreover, an absence of antiviral activity in IFN-deficient Vero cells was confirmed.
The antiviral effect was caused by signaling through the JAK/STAT pathway and an
early upregulation of RIG-I. Future experiments with RIG-I knock-out A549 cells would
demonstrate whether the antiviral activity is dependent on vRNA recognition. In the
study, the antiviral ISGs Mx1 (YFV and RSV infection), RSAD2 (YFV infection), and
IFITM1 (RSV infection) were strongly expressed. In comparison to quantification of
selected targets by real-time reverse transcription-quantitative PCR (RT-qgPCR), RNA
sequencing would provide the detection of a wider spectrum of involved ISGs for in-

depth analysis of gene expression.

Cell culture-based production of OP7 chimera DIPs free of STVs in shake flasks

Previous work addressed the development of MDCK(sus) cells grown in chemically
defined Xeno™ medium (Bissinger et al., 2019). Moreover, MDCK-PB2(adh), HEK-
293T-PB2(adh) (Bdeir et al., 2019), and MDCK-PB2(sus) cells (Hein et al., 2021a)
were developed for generation and production of purely clonal Seg 1 cDIPs in the
absence of STVs. To generate OP7 chimera DIPs that are free of STVs, Tanya Dogra
(MPI) developed a plasmid-based production system using reverse genetics that
yielded a mixture of OP7 chimera DIPs and Seg 1 DIPs. Moreover, an initial OP7
chimera DIP seed virus was generated.
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In the scope of this thesis, this DIP seed was employed for evaluating the impact of
the MOI on DIP production in shake flasks in MDCK-PB2(sus) cells and to produce
material for testing in mice. For the first time, the production of OP7 (chimera DIPs) in
the absence of infectious STVs was demonstrated. The MOI had a strong effect on
virus titers, OP7 chimera DIP fractions, and interfering efficacy. The optimal MOI of
10 and 10 led to maximum interfering efficacies, however, relatively low virus titers
were obtained. Moreover, only a part of the DIP harvest was OP7 chimera DIPs
(78.7% and 38.3%) in the mixture with Seg 1 cDIPs. The development of a production
process for OP7 chimera DIPs free of STVs eliminated the need for UV inactivation of
OP7 harvests. UV irradiation would otherwise reduce antiviral efficacy and pose safety
and regulatory concerns regarding potential residual STVs.

The produced OP7 chimera DIP material was evaluated for tolerability and antiviral
efficacy in mice by Julia Boehme and Maike Baelkner (Otto von Guericke University
Magdeburg and Helmholtz Centre for Infection Research). This material was produced
in multiple shake flasks and was subsequently purified and concentrated by SXC by
Pavel Marichal-Gallardo (MPI). A high tolerability was demonstrated for the intranasal
administration of OP7 chimera DIP material. Moreover, mice were protected against
an otherwise lethal challenge and without any signs of clinical disease. Future studies
should be performed in cynomolgus macaques as a relevant non-human primate
model (Chan et al., 2022) to drive the clinical development of IAV DIPs as novel class

of broad-spectrum antiviral.

As |AV DIPs harbor the glycoproteins HA and NA on its surface, intranasal
administration of IAV DIPs might stimulate robust and cross-protective mucosal
immunity at the predominant site of virus infection. Therefore, IAV DIPs could
potentially be deployed as intranasal mucosal live vaccine against IAV. To generate a
DIP vaccine, surface proteins will be exchanged with those of current seasonal virus
strains. IAV DIP vaccines would act therapeutically by i) replication interference and
i) stimulation of innate immunity to fight acute IAV infections. At the same time, by iii)
triggering an adaptive immune response, they serve as prophylactic measure and
confer protection. Future studies should target the development of an IAV DIP vaccine

and subsequent testing in vivo regarding safety and efficacy.

95



Conclusion and Outlook

Development of a scalable production process for almost pure OP7 chimera
DIPs at high titers

To allow for scalability to large-scale manufacturing of OP7 chimera DIPs, medium
dilution (1:2) instead of complete medium exchange (centrifugation) was evaluated to
provide fresh substrates and dilute inhibitors in batch mode in shake flasks. The media
dilution impaired total virus yields and OP7 chimera DIP fractions. Thus, a temperature
reduction from 37°C to 32°C was tested. This provided an 11-fold increase in total
virus yields relative to the initial process with complete medium exchange and the
presence of almost pure OP7 chimera DIPs (99.7%). Surprisingly, almost no MOI
dependency of OP7 production was found indicating that the production at 32°C
improved the robustness of the process.

To increase the amount of produced DIP material for in vivo studies and evaluate
applicability for large-scale manufacturing, the optimized process was transferred to a
laboratory-scale STR. Three productions in STR led to similar cell growth dynamics
and interfering efficacies, and comparable virus yields relative to productions in shake
flasks. Thus, large-scale manufacturing to supply clinical trials and commercial use

should be feasible.

Finally, very high-titers for production of OP7 chimera DIPs in perfusion mode by
increasing VCC to 25 x 10° cells/mL was achieved. For this, an ATF system equipped
with a hollow fiber membrane (polyethersulfone, 0.2 um pore size) was utilized. This
perfusion process involved a perfusion rate control by using a capacitance probe
(Granicher et al., 2021, Nikolay et al., 2018). Up to a 79-fold increase in total virus
titers was achieved by perfusion cultivation relative to the initial process in shake flasks
and batch mode. Moreover, an increased CSVY (up to 3-fold) and STY (up to 22-fold)
were found compared to the STR process in batch mode indicating the possibility for
use of a STR with a smaller footprint. Results suggested also that the high cell density
effect played no role. Yet, only a part of the produced viruses (26%) could be
harvested through the hollow fiber membrane. The use of a membrane allowing for
continuous virus harvesting, such as the novel tubular membrane (about 10 ym pore

size) (Hein et al., 2021b), would provide immediate cooling of produced viruses, thus,
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increasing virus titers and should be considered for a final manufacturing process
under GMP.

Important steps were made towards the establishment of a production platform
(scalable and very high-titer production process, purification train) for the development
of a GMP-compliant process, which is currently transferred to a collaborating partner
(Fraunhofer Institute for Toxicology and Experimental Medicine). This involves e.g.
establishment of virus and cell banks and production of DIP material for pre-clinical
and clinical testing. In addition, it would be desirable to perform single-cell cloning for
the generation of a monoclonal production cell line. Process development for
pharmaceutical formulation and stability studies are also required. Finally, the mode
of action of OP7 needs to be better characterized with regard to its possible use as an

antiviral agent.

A novel perfusion system for continuous virus harvesting and clarification in

one step

With the aim to identify a scalable perfusion system, which allows for continuous virus
harvesting and clarification, the TFDF system was tested for process intensification of
rVSV-based vectors. This proof-of-concept study involved the evaluation of the
production of two different rVSV-based vectors: i) a rVSV-based vector expressing a
green fluorescent protein (rVSV-GFP) in suspension human embryonic kidney 293
(HEK293-SF) cells growing in serum-free medium (part of this PhD thesis), and ii) a
rVSV-NDV in suspension BHK-21 cells (conducted by Sven Gobel, MPI). For the
rVSV-GFP production, the use of the TFDF system allowed for a maximum VCC of
11.3 x 108 cells/mL, high cell retention efficiency (>99.6%), and a continuous virus
harvesting and clarification. Moreover, an up to 1.9-fold increasing STY was found
relative to the optimized batch process. This confirms other studies that have
demonstrated the successful use of the TFDF as perfusion system for continuous virus
harvesting and clarification for rVSV-NDV (Sven Gobel, MPI), AAV (Mendes et al.,
2022), LV (Tona et al., 2023, Tran and Kamen, 2022), MLV vectors (Hein et al., 2023)
and AV (Silva et al., 2023). In future studies, the TFDF system should be used for
intensified IAV DIP production with MDCK-PB2(sus) cells. The main benefit of the
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TFDF system relative to the ATF equipped with the novel tubular membrane (Hein et
al., 2021b), which also allowed continuous harvesting of DI244, includes scalability
(up to 2000 L) and reduction of process steps (clarification). Overall, the progress
made allows for integrated continuous bioprocessing by connecting upstream and

downstream unit operations.

In conclusion, important steps have been made in the cell culture-based production of
IAV DIPs as safe, effective, affordable antiviral agent with a broad-spectrum antiviral
activity. The established high-titer production process for OP7 chimera DIPs can serve
as basis for the development of a GMP-compliant manufacturing process. Pre-clinical
and clinical studies are now needed to further advance IAV DIPs towards

commercialization as a potential new antiviral drug.
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Appendix

Appendix

Appendix A - SOP: Preparation of Xeno™ medium

1) Add the final volume of Milli-Q® water at 30-37°C

2) Start stirring, but avoid bubbles

3) Gently add Xeno™ powder at 20.02 g/L to water and mix for 20 min

4) Adjust pH to 6.3-6.7 with sodium hydroxide powder and mix for 20 min

6) When everything is completely dissolved, adjust pH to 6.8-7.2 (if needed)

7) Filter sterilize by 0.22 ym pore size membrane filtration

(1)
(2)
(3)
(4)
(5) Precisely add 2.00 g/L sodium bicarbonate powder and mix for 20 min
(6)
(7)
(8) After filtration, store at 2—8°C for up to one month. Protect from light.
(9)

9) Add glutamine before usage
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Appendix

Appendix B - List of chemicals and reagents

Chemicals and reagents used for studies at MPl and McGill University, Montreal,

Canada are listed in Table A1 and the corresponding paper, respectively.

Table A1: List of chemicals and reagents

Name Manufacturer Article Number
Acetic acid 99% Roth 7332.1
Aceton 100% Roth 9372.6
Agar Roth AE93.1
Agarose Roth 3810.5
Alexa Fluor 488-donkey anti-sheep igG Thermo Fisher Scientific A-11015
cross-adsorbed antibody
Alexa Fluor 647-conjugated polyclonal goat | Thermo Fisher Scientific A21235
anti-mouse
BSA Merck A3912
Buffer solution Mettler Toledo Technical Buffer Solution
7.00 and 9.21
Carboxymethyl cellulose Merck 21902
Crystal violet Merck 42555
DAPI Invitrogen D1306
Dimethyl sulphoxide Roth A994 1
DMEM Thermo Fisher Scientific 41966029
dNTPs Thermo Fisher Scientific R0182
EDTA Merck ED2SS
Ethanol 70% (v/v) Roth T868.2
Ethanol 96% Roth P075.4
FastDigest Green Buffer Thermo Fisher Scientific B72
FBS Merck . o F7524
Thermo Fisher Scientific 10270
Fidaxomicin MedChemExpress HY-17580
GeneRuler DNA Ladder Mix Thermo Fisher Scientific SMO0333
Gentamicin Thermo Fisher Scientific 15710-049
Glycin Roth 3908.2
Glyoxal 40% Roth HN492
GMEM Thermo Fisher Scientific 221000093
IFN-B-1a PBL assay Science 11410
Isopropanol Roth 6752.5
L-glutamine Merck G8540
Maxima H minus reverse transcriptase Thermo Fisher Scientific EPO0751
Methanol Roth 4627.6
Naphthalin blue black Merck N3393
NucleoSpin RNA kit Macherey-Nagel 740955
NucleoSpin RNA virus kit Macherey-Nagel 740956
Penicillin Streptomycin Thermo Fisher Scientific 15140122
PFA 4% Morphisto 11762
Phusion High-Fidelity DNA Polymerase
ox Phusion A Suffer Thermo Fisher Scientific F530L
MgCL;
Puromycin Thermo Fisher Scientific A1113803
QuantiNova SYBR green PCR master mix | Qiagen 208056
Ribavirin Cayman 16757-5
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RiboLock RNase inhibitor Thermo Fisher Scientific EO0384
Roti-GelStain Roth 3865.1
Rotor-Gene SYBR Green PCR kit Qiagen 204074
RPMI1640 Thermo Fisher Scientific 12633012
Ruxolitinib Cayman 11609
Sodium acetate powder Merck S2889
Sodium bicarbonate powder Roth HNO01.3
Sodium hydroxide pellets Merck 1310-73-2
Sodium hypochlorite solution Roth 9062.3
Sorbitol Merck S1876
Sucrose Merck 84097
Trypan blue Merck 93595
Trypsin Thermo Fisher Scientific 27250
Tryptose/Peptone Lab M MCO033
VP-SFM Thermo Fisher Scientific 11681020
B-mercaptoethanol Merck M6250
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Appendix C - List of equipment and consumables

Equipment and consumables used for studies at MPI and McGill University, Montreal,

Canada are listed in Table A2 and the corresponding paper, respectively.

Table A2: List of equipment and consumables

Name Manufacturer Article Number
Cornin 1356244

125 mL shake flasks Thermo Fisher Scientiic 4116-0125

24-well plate Greiner 662160

250 mL shake flasks oo Eisher Scientifc 4160250

6-well plate Greiner 657160

96-well plate F-bottom Greiner 655180

96-well plate U-bottom Greiner 650101
Neolab Elektrophoresekammer

Agarose gel electrophoresis equipment VWR Power Source 300V
Biometra BioDocAnalyzer

ATF system with controller Repligen ATF2 with C24U-v2 controller

Varioklav 65T

Autoclave HP Medizintechnik Varioklav 135S
Balance Sartorius Cubis Precision
Bioreactor System Eppendorf DASGIP Parallel Bioreactor
System
Bottle-top sterile filter unit Nalgene 7358215
Incyte Unit DN12-220
Capacitance sensor equipment Hamilton Arc View 265

Analog 4-20 mA Output Box

Thermo Scientific
Nippon Genetics

Cell counter Beckman Coulter Vi-Cell XR
Sigma 4-16KS
. Thermo Scientific Heraeus Biofuge Primo R
Centrifuge

Heraeus Pico 17
FastGene Plate Centrifuge

COz incubator

Heracell

150i

DO probe Hamilton OxyFerm FDA 225

Heating water bath IKA HB 4 basic

Imaging Flow Cytometer Cytek ImageStreamX MKkII
Incubation shaker Infors HT Multitron Pro

Metabolite analyzer Roche Cedex Bio Analyzer
Microplate reader Tecan Infinite 200 Pro NanoQuant
Microscope Zeiss Axiovert A1

Polyethersulfone membrane (0.2 ym,
470 cm?)

Spectrum Labs

pH meter inoLab pH7110

pH probe Hamilton EasyFerm Plus PHI K8 225
Platform shaker Heidolph Duomax 1030

Pump Watson-Marlow 120U

Qiagility Qiagen 9001908

Real-time PCR cycler Qiagen Rotor-Gene Q

Rotor-Disc Heat Sealer Qiagen 9019725

T175 flasks Greiner 660175

T75 flasks Greiner 658175

Temperature probe Eppendorf 78103304
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TFDF system Repligen Krosflo

Thermocycler Biometra T Professional Thermocycler
Ultrasonic homogenizer Hielscher UP200St

Vortexer Heidolph Reax control
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