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Abstract

Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic struck the
globe without a warning at the beginning of the year 2020 and lasted for more than three
years, infecting more than 750 million people and causing approximately 7 million deaths
worldwide to date. The pandemic also had severe consequences on world-wide trade,
economy and travel. Availability of vaccines rapidly changed this situation but optimal
vaccination schemes, the characteristics of the immune response induced and its
durability were unknown. With the availability of a well-established biosafety level 3
(BSL3) laboratory, our institute followed-up a prospective cohort of health-care workers
and a cohort of patients with severe kidney diseases to help understanding vaccine-
induced immunity. In addition, we started investigating RNA interference as a novel
antiviral approach against SARS-CoV-2. This cumulative thesis contains three articles

that demonstrate our findings in two dimensions.

In the first aim of our study, we focused on human immunology research, which included
the examination of the humoral and cellular immunity of convalescents recovered from
and individuals vaccinated against Coronavirus Disease 2019 (COVID-19) in peripheral
blood.

In the first article, we investigated the dynamics of immune responses following
homologous and heterologous SARS-CoV-2 vaccination with ChAdOx1 nCoV-19 and
BNT162b2. I studied the neutralizing antibody response against different SARS-CoV-2
variants. The study identified that a heterologous prime-boost vaccination schedule with
ChAdOx1 nCoV-19 followed by BNT162b2 or vice versa led to superior humoral and
cellular immune responses than homologous vaccination, which has important
implications for optimizing COVID-19 vaccination strategies. Nonetheless, I found that
that humoral immunity waned significantly after vaccination, regardless of the regimen,

whereas all vaccination regimens induced stable, polyfunctional T-cell responses.

In the second article we examined the immune response of hemodialysis patients to
SARS-CoV-2 vaccination - with the majority receiving mRNA vaccines only - focusing
specifically on the efficacy of the vaccines against the Delta and Omicron BA.1 variants
of concern. I could show that a fourth dose of the COVID-19 vaccine significantly
boosted the level of neutralizing antibodies in hemodialysis patients, resulting in
enhanced neutralization of both the Delta and Omicron BA.1 variants of concern,
according to our data. The study indicates that a fourth dose of an mRNA vaccine may be

an effective strategy for enhancing the immune response of susceptible populations, such
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as hemodialysis patients, against emerging SARS-CoV-2 variants.

Our second objective was to develop a novel SARS-CoV-2 treatment based on small
interfering (si)RNA. siRNAs are promising antivirals, but the optimal targets for siRNA-
mediated inhibition of SARS-CoV-2 replication were not well understood. In a study
using infectious SARS-CoV-2, we systematically investigated the individual replication
steps of the virus following cell entry in order to ascertain the efficacy of prophylactic
siRNA administration. My results indicate that siRNAs targeting only genomic RNA
(gRNA) can effectively inhibit viral replication at an early stage and prevent virus-
induced cell death. Furthermore, siRNAs targeting common regions located in both
gRNA and subgenomic RNA (sgRNA) showed reduced RNAi silencing due to a
competition with the highly abundant sgRNAs. This study demonstrated the potential of
siRNAs for preventing the replication and spread of SARS-CoV-2 and shed light on the

molecular mechanisms of the virus's replication strategy.
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Zusammenfassung

Die Pandemie des schweren akuten respiratorischen Syndroms Coronavirus 2 (SARS-
CoV-2) brach Anfang 2020 ohne Vorwarnung iiber den Globus herein, hielt mehr als drei
Jahre lang an, infizierte mehr als 750 Millionen Menschen und verursachte bis heute etwa
7 Millionen Todesfille weltweit. Die Pandemie hatte wesentliche Konsequenzen fiir die
Weltwirtschaft, sowie fiir Handel und Reisetdtigkeiten weltweit. Die Verfiigbarkeit
wirksamer Impfstoffe verénderte die Situation deutlich, aber die optimalen Impfschemata
sowie Charakteristika und Bestindigkeit der induzierten Immunantwort waren nicht

bekannt.

Da unser Institut liber ein gut etabliertes Labor der Biosicherheitsstufe 3 (BSL3) verfiigt,
konnten wir eine zwei wichtige Kohorten prospektiv untersuchen, eine Kohorte mit
Krankenhaus-Mitarbeitern und eine mit Patienten mit terminalen Nierenerkrankungen,
und dadurch zum Verstdndnis der impfinduzierten Immunitét beitragen. Zudem habe ich
das Potential von ,,small interfering RNAs* (siRNAs) als antiviraler Therapieansatz
gegen das SARS-CV-2 untersucht. Diese kumulative Doktor-Arbeit enthélt drei Artikel,

die unsere Ergebnisse in diesen beiden Bereichen aufzeigen.

Der erste Teil meiner Arbeit konzentrierte sich auf die Forschung im Bereich der Human-
Immunologie, und untersuchten die neutralisierende Antikorper-Antwort von
Rekonvaleszenten, die von der Coronavirus-Krankheit 2019 (COVID-19) genesen waren,

sowie von geimpften Personen, gegen SARS-CoV-2.

Im ersten Artikel wurde die Dynamik der Inmunantwort nach homologer und heterologer
SARS-CoV-2-Impfung mit ChAdOx1 nCoV-19 und BNT162b2 untersucht. Die Studie
ergab, dass eine heterologe Prime-Boost-Impfung mit ChAdOx1 nCoV-19 gefolgt von
BNT162b2 oder umgekehrt zu einer besseren humoralen und zelluldren Immunantwort
fiihrte als eine homologe Impfung. Das hatte wichtige Auswirkungen auf die Optimierung
von COVID-19-Impfstrategien. Dennoch ist es wichtig darauf hinzuweisen, dass die
humorale Immunitét nach der Impfung unabhingig vom Impfschema deutlich abnahm,

wihrend alle Impfschemata stabile, polyfunktionale T-Zell-Antworten induzierten.

Im zweiten Artikel untersuchten wir die Immunantwort von Hdmodialyse-Patienten auf
die SARS-CoV-2-Impfung — wobei die meisten der Patienten nur mRNA-Impfstoffe
erhielten — und konzentrierten uns dabei speziell auf die Wirksamkeit der Impfstofte
gegen die bedenklichen Varianten Delta und Omicron BA.1. Laut meinen Daten steigerte
die vierte Dosis eines mRNA-Impfstoffs den Gehalt an neutralisierenden Antikérpern bei

Himodialyse-Patienten erheblich, was zu einer verstirkten Neutralisierung sowohl der
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Delta- als auch der Omicron-BA.1-Variante fiihrte. Die Studie deutet darauf hin, dass eine
vierte Dosis des Impfstoffs eine wirksame Strategie zur Verstirkung der Immunreaktion
anfilliger Bevolkerungsgruppen, wie z. B. von Hémodialyse-Patienten, gegen neu
auftretende SARS-CoV-2-Varianten ist.

Unser zweites Ziel war die Entwicklung neuer SARS-CoV-2-Behandlungen. Als
antivirale Therapie fiir SARS-CoV-2 sind siRNAs vielversprechend, aber die optimalen
Konditionen fiir die siRNA-vermittelte Hemmung der viralen Replikation waren nicht
gut bekannt. In dieser Studie haben wir die einzelnen Replikationsschritte von SARS-
CoV-2 nach dem Zelleintritt systematisch untersucht, um die Wirksamkeit einer
prophylaktischen siRNA-Gabe zu ermitteln. Meine Ergebnisse deuten darauf hin, dass
siRNAs, die nur auf genomische RNA (gRNA) abzielen, die virale Replikation in einem
frithen Stadium wirksam hemmen und den virusinduzierten Zelltod verhindern kénnen.
Dahingegen zeigten siRNAs, die sowohl auf gRNA als auch auf subgenomische RNA
(sgRNA) abzielen, ein vermindertes antivirales Potential aufgrund der Konkurrenz mit
den im Uberschuss vorhandenen sgRNAs. Diese Studie zeigt das Potenzial von kleinen
interferierenden RNAs (siRNAs) als Strategie zur Verhinderung der Replikation und
Ausbreitung von SARS-CoV-2 auf und wirft ein Licht auf die molekularen Mechanismen

der Virusreplikation.



Introduction

1 Introduction

1.1 Severe acute respiratory syndrome coronavirus 2

Severe acute respiratory syndrome coronavirus 2, widely known as SARS-CoV-2, was
first found in December of 2019 and caused an unprecedented worldwide pandemic from
asymptomatic infection to severe respiratory illness termed "Coronavirus Disease 2019
(COVID-19)". The outbreak has had far-reaching and long-lasting impacts on the global
economy, social patterns, and even work formats, and it does not appear to be over after
three years. This chapter will elucidate the biology of SARS-CoV-2. This includes the
molecular biology and replication cycle of the virus, how the virus causes disease, and

the evolution of various circulating variants.
1.1.1 Structure and the replication cycle of SARS-CoV-2
1.1.1.1 Structure of viral particles

SARS-CoV-2, an emerging species in the family of Coronaviridae known as one of the
largest RNA viruses, is an enveloped single-stranded, positive-sense RNA virus with a
genome size of around 30 kilobase pairs (kbs) [1, 2]. The infectious virions are 60 nm to
140 nm in diameter and were described under electron microscopy as round or oval
profiles with a crown-like surface, after which the virus was named [3]. The viral structure
can be divided into two main components: the genetic material and the viral envelope.
The crown-like structure is composed of viral spike glycoprotein (S), which embeds in
the host membrane-derived lipid bilayer together with membrane glycoprotein (M) and
envelope protein (E) constituting the viral envelope. Inside the envelope located the
genetic material, the viral RNA genome is enfolded by a long helical nucleocapsid built

up with nucleocapsid protein (N) [4, 5].
1.1.1.2 Genome organization of SARS-CoV-2

The 30 kbs genome of SARS-CoV-2, which contains at least six viral open reading frames
(ORFs), is stratified into several different regions [6]. From the very 5’ end locates the 5'
untranslated region (UTR) which contains sequences that are important for viral
replication and translation. Followed by the ORF1la and 1b regions, which account for
nearly two-thirds of the entire genome and encode two large polyproteins, polyprotein la
(ppla) and polyprotein lab (pplab). These polyproteins are cleaved by viral proteases
and cellular proteases into 16 non-structural proteins (nsps) that participate in diverse
aspects of the viral life cycle, including viral RNA synthesis, viral protein processing, and
modulation of the host immune system [5, 7]. The nsps are desirable targets for drug

development and therapeutic intervention because they are essential for viral replication
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and are highly conserved among coronaviruses [7-9]. Several inhibitors targeting these
nsps for the treatment of COVID-19 have been developed and are being used in clinical
settings [8]. Understanding the structure and function of these nsps is crucial for
developing effective COVID-19 treatments and vaccines [9].

After that, the remaining one-third of the genome encodes the viral structural proteins and
accessory proteins. Structural proteins consisting of S, E, M, and N proteins are essential
for the assembly and release of infectious viral particles, in addition to serving a variety
of other functions associated with the viral life cycle [10]. The S protein is a trimeric
glycoprotein composed of three identical protein subunits, each containing an S1 domain
responsible for receptor recognition and binding and an S2 domain responsible for
membrane fusion [11]. The S1 domain comprises the receptor bind domain (RBD), which
interacts directly with the human angiotensin-converting enzyme 2 (ACE2) receptor. The
S protein structure is highly flexible and dynamic, allowing it to endure conformational
changes required for virus entry into host cells [12, 13]. Several COVID-19 vaccines and
therapeutic antibodies seek to prevent the virus from entering and infecting host cells by
targeting this essential protein. E and M proteins are involved in the assembly and release
of new viral particles, as well as the regulation of host cell signaling pathways and
induction of host cell apoptosis [14, 15]. The N protein plays a role in viral replication
and assembly and is responsible for encapsidating the viral RNA genome. It may also
modulate host cell signaling pathways and the immune response of the host [16]. The
accessory proteins encoded by ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c,
and ORF10 may regulate host immune responses, although their exact functions remain
unclear [17].
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Figure 1: SARS-CoV-2 infectious particle structure and genome organization. (a) The SARS-CoV-2 spike glycoprotein
(S), membrane glycoprotein (M), and envelope protein (E) are embedded in a lipid bilayer derived from the host
membrane that encloses the helical nucleocapsid carrying viral genomic RNA. (Kumar et al., 2020) [5] (b) The first
two-thirds of viral genome encodes ORF1a (yellow) and ORF1b (blue), which can be directly translated into 16 NSPs,
such as Papain-like protease and 3CL-protease, RNA-dependent RNA polymerase, and viral RNA helicase. The last
third of the genome encodes the structural proteins (green) S, E, M, and N, and accessory proteins (grey). (adapted
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from Alzoughool et al., 2020) [7]

1.1.1.3 Viral life cycle

Multiple stages comprise the life cycle of SARS-CoV-2, including viral entry, genome
replication, transcription and translation of viral proteins, assembly of new virions, and
release of mature virions. Regarding viral entrance, SARS-CoV-2 enters host cells
similarly to SARS-CoV via engaging S protein with the cellular ACE2 receptor [18, 19].
Notably, the S protein of SARS-CoV-2 has 10-20 times greater affinity than that of
SARS-CoV [20], which explains the stronger infectivity and, in terms of epidemiology,
the significantly increased basic reproduction number (R nought). After binding to the
ACE2 receptor, S protein undergoes conformational changes which result in the fusion of
viral and cellular membrane. In addition, serine protease TMPRSS2 also promotes the
fusion by priming the S protein [21]. With the uncoating of nucleocapsid after
internalization, the viral genomic RNA can be eventually released into the host cytoplasm.

Once the incoming positive strain genomic RNA is released, it can be directly used as a
translation template to produce ppla and pplab, which are further cleaved into 16
nonstructural proteins by virus-encoded and host proteases. Afterwards, nsps assemble
with the infection-derived perinuclear double-membrane vesicles (DMVs) into the
replication and transcription complex (RTC), which serves as a secure environment for
viral genome replication and the synthesis of subgenomic RNAs (sgRNAs) [22].
Replicating SARS-CoV-2 machinery synthesizes the gRNA and nine canonical sgRNAs,
all of which share the same 5' leader sequence, and the 3' end of the viral genome consists
of the nucleocapsid (N) open reading frame and the 3' untranslated region, by a unique
discontinuous transcription observed only in coronaviruses [23]. Towards this
characteristic, novel therapeutics, such as RNAi machinery, could benefit from the design
of siRNA targeting these common regions for the synchronous degradation of all SARS-
CoV-2-derived RNAs [24]. sgRNAs function as templates for structural proteins
expression including S, E, M, and N, as well as accessory proteins. The freshly generated
positive-sense gRNA is selectively packaged with N proteins and buds into cisternae of
the endoplasmic reticulum—Golgi intermediate compartment (ERGIC), where other
structural proteins assemble the complete virion which is then released from the infected

cell through exocytosis [4].
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Figure 2: SARS-CoV-2 life cycle. The SARS-CoV-2 enters host cells by binding its spike protein to cellular receptors
ACE2, which, together with the serine protease TMPRSS2, results in viral uptake and fusion at the cellular or
endosomal membrane. Once inside the cell, the viral genomic RNA is released and immediately translated into two
polyproteins, ppla and pplb, which are then processed into individual non-structural proteins (nsps) that form the viral
replication and transcription complex. The expression of nsps results in the biogenesis of viral replication organelles,
which consist of perinuclear double-membrane vesicles (DMVs), convoluted membranes (CMs), and small open
double-membrane spherules (DMSs). These structures provide a protective microenvironment for viral genomic RNA
replication and transcription of subgenomic messenger RNAs (sg mRNAs), which constitute the nested set of
coronavirus mRNAs. Afterwards, translated structural proteins translocate into endoplasmic reticulum (ER) membranes
and pass through the ER-to-Golgi intermediate compartment (ERGIC), where interaction with N-encapsulated, newly
synthesized genomic RNA results in branching into the lumen of secretory vesicular compartments. Finally, the infected
cell secretes the virions via exocytosis. (reprint with permission from V’kovski et al., 2021) [4]

1.1.2 SARS-CoV-2 pathogenesis and clinical features
1.1.2.1 Major infection route and symptoms

The fact that SARS-CoV-2 enters host cells with ACE2 receptors, in line with the
contagious properties of the virus, makes the respiratory system, including pharynx,
trachea, bronchial tube, and lung, the main tropism [25, 26]. Cells highly express ACE2

like ciliated epithelial cells in the nasopharynx and trachea or sustentacular cells in the
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olfactory epithelium are likely to be targeted in the initial of the infection and can further
spread to the lower respiratory tract to infect lung alveoli [27]. After entering host cells,
SARS-CoV-2 undergoes a lytic life cycle which can directly cause cell damage via
pyroptosis [28]. The infected cells are able to trigger a MDAS-mediated innate immune
response by recognizing long viral dSRNA, resulting in the expression of type I and type
IIT interferons [29]. In the meantime, the cell death leads to release of damage-associated
molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs),
which can further induce the activation of immune cells to release more proinflammatory
cytokines and chemokines such as IL-1p, IL-6, and type II interferon [30]. If the virus
infection is not eliminated at this point, a transition from mild to severe symptoms could
happen and develop into hyperinflammation, which greatly increases the chance of fatal

acute respiratory distress syndrome (ARDS) and organ failure [31, 32].

The incubation period of the infection generally takes 2 to 14 days after exposure, while
clinical features vary widely in severity and presentation [33]. The majority of the
infected individuals have asymptomatic or mild symptoms. Typical COVID-19 patients
manifest flu-like symptoms such as coughing, fever, fatigue, and sore throat [34]. Novel
signs of infection, for instance, loss of taste or smell, were reported along with the virus
evolution during the pandemic (National Institutes of Health, last updated March 2023).
COVID-19 can occasionally lead to severe diseases in some cases, especially in
susceptible groups including the elderly and those with underlying medical issues or

immunosuppressive treatments.
1.1.2.2 SARS-CoV-2 multi-organ tropism and manifestation

In addition to the respiratory system, broad organ tropism of SARS-CoV-2, attributed to
the wide distribution of ACE2 receptors, and multiorgan damage are also important
features of severe COVID-19. SARS-CoV-2 RNA was detected in multiple organs
beyond the respiratory tract, including kidneys, liver, heart, brain, and blood [35].
Multiorgan impairments, characterized by acute kidney injury, acute liver injury,
cardiovascular dysfunction, and neurological disorders, are often distinct in patients with
severe COVID-19 [36].

With a reported incidence of 11.4-61.1% of infected individuals, the gastrointestinal (GI)
system may be the predominant manifestation of COVID-19 beyond the lungs [37, 38].
Most GI symptoms associated with COVID-19 are usually mild and resolve on their own.
These symptoms can include loss of appetite, diarrhea, nausea, vomiting, and abdominal
pain or discomfort. However, a small number of patients may experience more severe GI
complications, such as acute pancreatitis, acute appendicitis, intestinal obstruction, bowel

ischemia, bleeding into the abdominal cavity (hemoperitoneum), or abdominal
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compartment syndrome [37, 39, 40]. These conditions can present as an acute abdomen
and require immediate medical attention. In addition, SARS-CoV-2 has the potential to
induce cardiovascular complications by affecting the heart and blood vessels. This
includes the development of myocarditis, which is inflammation of the heart muscle,
pericarditis, which is inflammation of the sac surrounding the heart, and the formation of
blood clots that heighten the risk of heart attacks and strokes. Individuals with pre-

existing cardiovascular conditions are at a higher vulnerability to these complications [41].

Focusing on the liver tropism of SARS-CoV-2, COVID-19 patients commonly manifest
liver enzyme abnormalities such as elevated aspartate aminotransferase (AST) and
alanine aminotransferase levels accompanied by modestly elevated total bilirubin level,
with a strong association between AST elevation and increased mortality risk [42, 43].
The mechanisms of liver injury in COVID-19 are still not fully understood, but several
studies suggest that direct viral infection, immune-mediated injury, drug-induced liver
injury, and hypoxia may all contribute to liver damage in COVID-19 patients [44, 45].
Several investigations with in-vitro data and clinical observations showed evidence of
direct viral infection and the production of new infectious virus in the liver and liver-
associated cell lines [39]. Recent research investigating the connection between liver
injury and immune response in COVID-19 patients revealed that liver injury was
associated with increased levels of inflammatory cytokines, suggesting that immune-

mediated injury may play a role in liver damage in COVID-19 [46].
1.1.2.3 Long COVID

Long COVID, also known as post-acute sequelae of SARS-CoV-2 infection (PASC),
refers to a condition in which people continue to experience symptoms of COVID-19 for
weeks or even months after the initial infection has cleared. The symptoms of long
COVID can vary widely and may affect different parts of the body, including the
respiratory system, cardiovascular system, and nervous system. Common symptoms of
long COVID include fatigue, shortness of breath, chest pain, joint pain, muscle weakness,
brain fog, difficulty concentrating, depression, anxiety, and insomnia. Other less common
symptoms may include loss of taste or smell, headaches, dizziness, and skin rashes
(Robert Koch Institute, last updated Apr 2023, [47]).

The exact cause of long COVID is not yet fully understood, it can affect anyone who has
had COVID-19, regardless of the severity of the initial infection. Even people who had
mild or asymptomatic cases of COVID-19 can develop long COVID. The risk of
developing long COVID may be higher in people who are older, have pre-existing
medical conditions, or who had a more severe initial infection. There is no cure for Long

COVID, but certain treatments may help alleviate symptoms, including medications to
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manage pain, physical therapy to enhance mobility and function, and cognitive-
behavioral therapy for any psychological symptoms (Centers for Disease Control and
Prevention, [47]).

1.1.3 Evolution of SARS-CoV-2

On account of its similarity to other coronaviruses discovered in bats, it is believed that
SARS-CoV-2 originated in bats and then spread to an intermediate host, most likely a
pangolin, before infecting humans [48, 49]. The specific route through which the virus
infected humans remains unknown. In the class of RNA virus with high mutation rate,
SARS-CoV-2 evolves along with the pandemic and has already been categorized into
numbers of subgroups according to certain critical mutations mainly appeared in the S
protein region [50, 51]. Knowing this, sequences from swabs around the world were
monitored to track mutations that might alter the transmission, pathogenesis, or immune
evasion properties of the virus, and a massive database called "GISAID" was created to

provide open access to sequences collected from around the globe [52].

Shortly after characterizing the first Wu-Han strain in late 2019, a mutation D614G in the
spike protein, which is believed to have increased the transmissibility of the virus, was
identified. This new strain of SARS-CoV-2 initiated a new clade, caused widespread
outbreaks at the beginning of 2020, and progressively supplanted the original virus [53].
Since then, numerous variants with higher transmissibility and immune escape listed as
Variants of Concern (VOCs) have dominated the epidemics and pandemic one after the
other. The most influential among all are Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B.1.617), and nowadays Omicron (B.1.1.529) in order of their emergence. The
Alpha variant, whose multiple mutations in the spike protein made it an estimated 40-
80% more transmissible than the original strain, was identified for the first time in the
United Kingdom in September 2020 and dominated the pandemic until it was supplanted
by the Delta variant [54]. Soon after, the Beta and Gamma variants emerged in South
Africa and Brazil, respectively leading the epidemics in those nations. The Delta variant
was first discovered in India at the end of 2020, but it wasn't until May 2021 that it
surpassed the Alpha variant as the most circulating virus for the next six months. It was
reported to be 50-60% more transmissible than the Alpha variant and associated with an
increased risk of hospitalization and mortality compared to previous strains [55]. After
the delta variant, the pandemic has been dominated since September 2021 by the
notorious Omicron variant, which carries a vast number of mutations specific to the S
protein and continues to derive new subtypes listed as VOCs and Variants of Interest
(VOlIs), including Omicron BA.5, BA.2.75, BQ.1, and XBB.1.5. Omicron has the greatest
transmissibility among any antecede virus, but fortunately its severity and lethality are

significantly reduced [56]. On the other hand, special attention must be paid to the
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complicated mutation profile of the Omicron S protein, existing vaccines would be
substantially less effective to some extent [57]. See Table 1 for additional information on
the characteristics of the listed VoCs.

It is important to note that while the virus is evolving, this process is neither predictable
nor linear. Some mutations may provide an advantage in one situation but not in another,
and there is still a great deal that is unknown about how the virus is evolving and the

potential consequences of these changes.

SARS-CoV-2 strain Declarationas  Majority Transmissibility Severity and Escape to Mutations found in the
vocC extension lethality immune S protein gene
response
Original Wuhan (China), Worldwide Ro=2.5. 81% mild PVE 95% for
07/01/2020 Incubation period: 2-14 days,  14% severe symptomatic
median 5.1 days. 5% critical infection.
SAR: 0.7-75%. 2.3% death.
Alpha United Europe, + Transmissibility (50% 1 Severityand + Immune Del69-70, del144,
Kingdom, Oceania and higher). lethality. escape. N501Y, A570D, D614G,
29/12/2020 North America  SAR: 25.1%, 1.43-1.82 times 1.55-1.73 PVE 89% for P681H, T7161, S982A,
higher. times more symptomatic D1118H.
lethality. infection, and
95% for
hospitalization
or death.
Beta South Africa, Africa + Transmissibility (50% higher, + Severityand + Immune L18F, D80A, D215G,
29/12/2020 2.5 times higher). lethality. escape. R2461, K417N, E484K,
SAR higher. PVE 84% for N501Y, D614G, A701V.
symptomatic
infection, and
95% for
hospitalization
or death.
Gamma Brazil, Latin America + Transmissibility (1.7-2.4 1 Severityand + Immune L18F, T20N, P26S,
29/12/2020 times higher). lethality. escape. D138Y, R190S, K417T,
Ro=34. PVE 84% for E484K, N501Y, D614G,
SAR higher. symptomatic H655Y, T10271,
infection,and  V1176F.
95% for
hospitalization
or death.
Delta India, Worldwide 44 Transmissibility (1.97 11 Severity 14 Immune T19R, G142D,
11/05/2021 times higher). and lethality.  escape. del156-157, R158G,
Ro=7. 2.20 times PVE 87% for K417N (delta plus),
Intradomiciliary delta SAR more symptomatic L452R, T478K, D614G,
(10.3-21%) 1.70 times higher hospitalization. infection,and  P681R.
than intradomiciliary alpha 3.87 times 93% for
SAR. more ICU hospitalization
Shorter incubation period admission. or death.
(median 4.5 days). 2.37 times
Higher viral load, 2.5 times more lethality.

more in nasopharyngeal
exudate and 15 times more in
saliva.

Omicron South Africa Worldwide 1111 Transmissibility (36.5% | Severityand 1111 Immune A67V, del69-70, T95],
and Botswana, higher than delta). lethality. escape. G142D, del143-145,
26/11/2021 Ro=10. 0.71 times less  PVE 10% for Y145D, del211, L212],

Intradomiciliary omicron SAR ~ (29% less) symptomatic ins214EPE, G339D,
15.8%-31% versus delta SAR hospitalization. infection, 49%if S371L, S373P, S375F,
10.3-21%. Extradomiciliary 10-fold lower third dose. K417N, N440K, G446S,
omicron SAR 8.7% versus delta  viral load in PVE 70% for S477N, T478K, E484A,
SAR 3.0%. lung tissue at hospitalization. Q493R, G496S, Q498R,
70-fold higher respiratory viral 24 hours in 2.4-5.4 times N501Y, Y505H, T547K,
load at 24 hours in omicron omicron than higher risk of D614G, H655Y, N679K,
than in original and delta in original reinfection. P681H, N764K, D796Y,
strains. strain. N856K, Q954H, N969K,
Shorter incubation period L981F.

(median 3 days).

Table 1: SARS-CoV-2 Variants of Concern and their dynamic characteristics. Basic reproduction number (R%): average
number of new cases generated (by contagion) from a single case. Secondary attack rate (SAR): number of new cases
of a disease among the total number of exposed susceptible people within a specific group (i.e., household or close
contacts), that is, the proportion of contacts of a primary case who become ill. Preventive vaccine effectiveness (PVE):
in all cases after two doses with Comirnaty vaccine (based on messenger RNA technology). (adapted from M Lorente-
Gonzilez et al., 2022) [57]
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1.2 Epidemiology of SARS-CoV-2

The epidemiology of SARS-CoV-2 is a complex and dynamic process that is shaped by
multiple factors. As a novel virus, its unknown nature makes predicting its spread at the
start of the pandemic challenging. Even when more knowledge becomes available,
developing variants bring new challenges by not only changing clinical characteristics
and severity but also increasing transmissibility. Numerous asymptomatic transmissions
hinder the ability to identify and isolate individuals who were infected and control the
virus's spread. Several public health measures, such as lockdowns, social distancing, and

vaccination campaigns, can have a substantial effect on the epidemiology.

This chapter will provide a quick summary of the pandemic condition and highlight the

interaction between the virus and human society.

1.2.1 The unfolding and development of the pandemic

The virus, which was first reported as causing pneumonia of unknown aetiology in Wuhan
city, Hubei province, China in early December 2019, was given the provisional name
"2019 novel coronavirus (2019-nCoV)" by the World Health Organization (WHO) and
was later renamed "severe acute respiratory syndrome coronavirus 2" (SARS-CoV-2) by
the International Committee on Taxonomy of Viruses. Meanwhile, the disease caused by
SARS-CoV-2 was also referred to as "Coronavirus disease 2019 (COVID-19)". The virus
is believed to have originated in a Wuhan wet market where both living and dead animals
were sold for human consumption [58]. Current data indicates that SARS-CoV-2 may
have originated in bats and then been transmitted to humans via an intermediary animal
host, such as a pangolin or civet [48]. However, the exact origin of SARS-CoV-2 is still

being investigated, and information remains limited.

Shortly after its emergence, the virus broke through the defenses of the lockdown
measures applied in Wuhan and spread rapidly around the world, while the pandemic was
declared in March 2020 by WHO. As the pandemic progressed, the virus spread to various
parts of the globe, with Europe becoming a major epicenter in early 2020. Particularly
hard-hit were Italy and Spain, with high death rates and overwhelmed healthcare systems.
In mid-2020, the big epidemic broke out in the United States, where the number of
confirmed cases and deaths skyrocketed, making the United States the epicenter of the
pandemic at the moment. After that, practically every country was affected by the
pandemic, and the situation only started to be improved until stringent limits and the
development of vaccines were implemented in late-2020. Until today, accumulated over
759 million confirmed infected cases were reported, resulting in around 7 million deaths
(WHO, Mar 2023).
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Figure 3: Cases of infection cumulatively reported and global region distribution from Dec 2019 to Mar 2023. The total
number of confirmed cases is displayed on the left, organized by WHO area, and the timeline is shown on the right.
(reprint with permission from WHO COVID-19 Dashboard, last updated Mar 2023)

1.2.2 SARS-CoV-2 transmission

SARS-CoV-2 mainly infects and replicates in the respiratory system, making its dominant
close contact and airborne transmission via infectious respiratory fluids such as very fine
respiratory droplets and aerosol particles. Respiratory particles released from infected
individuals during breathing, speaking, coughing and sneezing could travel a maximum
of up to 2 meters in a spectrum of sizes, moreover, the very fine droplets and aerosol

particles could last suspension in the air for minutes to even hours [59].

The infection could be taken place in three principal ways regarding the contact.
Inhalation of the fine droplets and aerosol particles is considered the main route while the
infection often happened in enclosed spaces with hardly airflow or inappropriate
ventilating systems where the particles could remain suspended for a long period.
Furthermore, the exposure could happen without close contact with an infectious source
since the concentration of these particles could preserve high at a far distance. The second
route requires closer contact as long as the deposition of larger droplets (e.g. > 5 um) onto
exposed mucous membranes in the mouth, nose, and eye could occur (Centers for Disease
Control and Prevention). The last pathway easily overlooked is touching the mucous
membranes with hands adhered to by fluids. Several research have indicated that SARS-
CoV-2 could survive on various surfaces for days or even a week. The survival time of
SARS-CoV-2 on plastic, metal, and surgical mask were the longest from 3 to 7 days of
all tested materials [60].

1.2.3 Diagnostics for SARS-CoV-2 infections
1.2.3.1 Swab test for diagnosing active infections

The detection of infection is important throughout the pandemic, especially when
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numerous asymptomatic carriers are reported. A nasal or throat swab test investigating
the presence of viral genetic material or proteins in the mucous is typically used in
respiratory infections. Quantitative polymerase chain reaction (qPCR) test, which is
capable of sensitively detecting specific viral nucleic acid, was brought into operation as
a gold standard diagnostic all over the pandemic. The cycle threshold value (Ct value)
from the readout of qPCR indicates the number of amplification cycles required to detect
the target nucleic acid above a certain threshold. From this, a low Ct value indicates a
high amount of viral genetic material in the sample, while a high Ct value indicates a
lower amount [61]. The cut-off value for determining positivity is typically determined
during assay development and validation, and is set based on the level of viral nucleic
acid that is considered to be reliably detectable above background levels. In general, a Ct
value of 35 is commonly used as the cut-off value for SARS-CoV-2 qPCR diagnostic tests
[62].

Antigen tests are another type of diagnostic test that detect viral proteins in respiratory
specimens. These tests are relatively rapid and inexpensive, with results ordinarily
available within 15-30 minutes and at prices above 10 times lower, providing accessibility
and convenience that allow the general public to perform the tests whenever and wherever
possible. However, considering the subordinate sensitivity resulting in higher incidence
of false results, antigen tests are commonly used for diagnosing COVID-19 in individuals
with symptoms, as the viral load is normally higher [63]. To be noted, a negative antigen
test result should be followed up with a PCR test, particularly in individuals with

symptoms or who have had close contact with a confirmed COVID-19 case.
1.2.3.2 Serological antibody test for monitoring infected individuals

Apart from disclosing active infected carriers, a serological antibody test can reveal if a
person has been previously infected with SARS-CoV-2, which helps track the spread of
the virus and provide information on the possible ratio in a population that has developed
immunity to the virus. In these tests, it is typical to evaluate IgG antibodies specific to
SARS-CoV-2 S or N proteins in the sera of infected individuals using enzyme-linked
immunosorbent assay (ELISA). Notably, with the increasing coverage of the S-protein-
primed vaccinated population, anti-S IgG detection is now alternatively employed for
vaccination protection and duration study, while antibodies recognizing viral N protein

continue to function as an indicator of infection history.
1.3 Prophylaxis and therapeutics against SARS-CoV-2

The development of prophylaxis is believed to be the key to ending the pandemic and
returning to normal life, and therapeutics are unquestionably another essential life-saving

talisman. The development of effective antiviral preventatives and therapeutics has been
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a top priority for scientists and medical professionals worldwide. This chapter provides
an extensive overview of the current state of research on SARS-CoV-2 prophylaxis and

therapy, including regulations, vaccines, antiviral medications, and other novel treatments.

1.3.1 Prophylacxis strategies for COVID-19
1.3.1.1 Restrictions for preventing virus spread

To prevent the spread of COVID-19, many countries and communities have imposed
variety of regulations to limit person-to-person contact and transmission opportunities.
Lockdown is one of the most severe restrictions, requiring people to remain at home with
the exception of vital activities such as grocery shopping, medical treatment. This
policy entails business and school closures, travel restrictions, and social distancing.
Although the effectiveness of lockdowns has been debated among experts, several studies
have demonstrated that countries who implemented earlier and more stringent lockdown
measures had lower COVID-19 case and mortality rates than those that did not [64, 65].
However, lockdowns can have social and economic consequences, such as job losses,
business closures, and a rise in mental health issues. On the other hand, the social distance
derived from these policies has had a significant impact on our daily lives, resulting in a
rapid expansion of e-commerce businesses and virtual platforms for remote work and

learning.

Another influential regulation which was implemented globally is the facial mask
mandate, which specifies where masks must be worn, including interior public locations,
public transportation, and outdoor regions where social distancing is impossible. Several
studies have proved the effectiveness of masks in preventing the spread of COVID-19, a
study published in The Lancet Digital Health in June 2020 found that wearing face masks
reduced the risk of infection by 85%. Various types of masks were prescribed, with cloth
masks, surgical masks, and N95 respirators ranking worst to strongest in terms of
protection. Among all, surgical masks are the most commonly used and are designed to
protect both the wearer and others from respiratory droplets. They offer superior
protection over cloth masks and can filter out between 65 and 80 percent of particles. In
addition, N95 respirators, specialist masks that give a higher level of filtration of at least
95% of small particles, are typically reserved for frontline employees who are at a high

risk of exposure, such as healthcare workers [66].

1.3.1.2 Prophylactic vaccinations development

Vaccines have functioned as effective preventative measures against infectious diseases
since its discovery. By exposing the immune system to attenuated/inactivated pathogens

or even a single structural component from pathogens, the immune system can be
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educated to recognize and eliminate disease-causing pathogens. Depending on the
categories of vaccines, protection can typically last for years due to T cell and B cell
memory functions [67]. So far, vaccines have been one of the most significant medical
developments in human history, saving innumerable lives and preventing the spread of

fatal diseases.

With the development of the vaccine industry, inactivated and live attenuated vaccines
were no longer the only choices, but various models of vaccines were discovered and
implemented, including subunit vaccines, viral vector vaccines, and DNA and mRNA
vaccines. Among all vaccines, mRNA vaccines have garnered the most attention during
the COVID-19 pandemic due to their rapid development, as well as their high efficacy
and safety. These vaccines contain virus-derived messenger RNA fragment that instructs
cells to produce a nontoxic virus antigen, which the immune system then recognizes and
responds to. Pfizer-BioNTech (BNT162b2) and Moderna's (mRNA-1273) COVID-19
vaccines are two well-known examples of mRNA vaccinations with a similar design of
lipid nanoparticles encapsulating an mRNA-encoding SARS-CoV-2 spike. In clinical
trials, the Pfizer-BioNTech and Moderna vaccines demonstrated 95% and 94.1% efficacy
in preventing COVID-19 after two doses administered 21 and 28 days apart, respectively
(Centers for Disease Control and Prevention). Additionally, both vaccines have
demonstrated efficacy in preventing severe disease, hospitalization, and mortality [68,
69]. Many countries, including the United States, the United Kingdom, and the European
Union, authorized their emergency use in December of 2020, making them the first
commercially available vaccines during the pandemic. Benefiting from the high
adaptability of mRNA vaccines, both pharmaceutical companies have modified and
released new generation mRNA vaccines containing the updated S protein sequence from

VOCs Omicron BA.4/5 in an effort to reduce the mutation-induced immune escape.

The viral vector vaccine is another widely used type of COVID-19 vaccine. These
vaccines employ an innocuous virus, such as an adenovirus, to transport genetic material
from the virus into cells, which then produce a protein that stimulates the immune system.
For instance, the Oxford—AstraZeneca (ChAdOx1 nCoV-19) COVID-19 vaccine, one of
the most implemented COVID-19 vaccines, uses a chimpanzee adenovirus vector to
deliver the gene encoding the spike protein. In comparison to mRNA vaccines, the
Oxford—AstraZeneca vaccine evidenced a lower efficacy of 76% after two doses
administered 4-12 weeks apart, and it was also reported with more severe side effects

(Centers for Disease Control and Prevention, [70]).

It's worth noting that the development of a vaccine can take years or even decades,

beginning with the identification and isolation of the pathogen and continuing through
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preclinical animal testing and three independent phases of clinical trials, before it can be
submitted for regulatory approval to government agencies such as the U.S. Food and Drug
Administration (FDA). Surprisingly, the development and use of COVID-19 vaccines
were drastically accelerated to less than one year in response to the urgent need to curtail
the spread of pandemic. With the prioritization and streamlining of the review and
approval processes for COVID-19 vaccines by regulatory agencies, as well as the
advanced vaccine technology platform and global collaboration, this unprecedented

milestone could be achieved.
1.3.2 Therapeutics for SARS-CoV-2 infection
1.3.2.1 Antiviral drugs: chemical compounds and monoclonal antibodies

Since the onset of the COVID-19 pandemic, there has been a rapid increase in the number
of therapeutics designed to treat SARS-CoV-2 infections. Repositioning already-
approved broad-spectrum antiviral medications such as nucleoside analogues remdesivir,
molnupiravir, and favipiravir, which have been applied to inhibit the replication of
different viruses by targeting a conserved viral protein, RNA-dependent RNA polymerase
in this case, is the simplest and quickest method. Remdesivir has been shown to reduce
the duration to recovery in hospitalized COVID-19 patients, while molnupiravir reduces
the risk of hospitalization or death in high-risk COVID-19 patients with mild to moderate
disease [71]. Favipiravir has predominantly been utilized in Japan and Russia, where it
has demonstrated promising efficacy in reducing the duration of viral clearance [72]. The
screening of novel small molecule therapeutics against SARS-CoV-2 is still in progress,
with viral protease inhibitors and nucleotide analogs being two of the most promising
candidates in this field, and there are already a large number of potential drugs in pre-

clinical and clinical trials.

Additionally, monoclonal antibody drugs are regarded as an effective COVID-19
treatment, were developed by combining traditional techniques for identifying and
isolating antibodies with newer techniques such as synthetic antibody libraries and high-
throughput screening. For instance, casirivimab/imdevimab and sotrovimab are
monoclonal antibodies approved for emergency use in the United States by the FDA.
Casirivimab/imdevimab is indicated for the treatment of mild to moderate COVID-19 in
high-risk patients, whereas Sotrovimab is recommended for adults and pediatric patients
(at least 12 years old and weighing at least 40 kg) at high risk for developing severe
COVID-19 or hospitalization [73]. It has been shown that these monoclonal antibodies
reduce the risk of hospitalization and mortality in patients at high risk with mild to
moderate COVID-19. Beside monoclonal antibodies, some patients with severe COVID-

19 have been treated with convalescent plasma from recovered COVID-19 patients.
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Convalescent plasma contains antibodies that can aid in the fight against the virus, and it
has been shown to reduce the risk of mortality in hospitalized COVID-19 patients who

do not yet require mechanical ventilation [74].
1.3.2.2 Immunomodulators

To regulate the immune response to COVID-19, particularly the suppression of the
detrimental cytokine storm, immunomodulators including tocilizumab and baricitinib
have been introduced. Tocilizumab is a monoclonal antibody that targets the interleukin-
6 receptor, which is implicated in the COVID-19 immune response. Tocilizumab has been
utilized to treat COVID-19 severity in hospitalized patients with elevated interleukin-6
levels. Baricitinib is a Janus kinase inhibitor that has been demonstrated to reduce the risk
of mortality or progression of disease in hospitalized COVID-19 patients who require
supplemental oxygen or mechanical ventilation [75]. In the course of treating COVID-19,
numerous more immunomodulatory agents such as Anakinra, Statins, and Interferon are

also examined and applied [76].

Corticosteroids such as dexamethasone have been employed to reduce COVID-19-
induced inflammation and injury [77]. It has been demonstrated that dexamethasone
lowers the risk of mortality in hospitalized COVID-19 patients who require supplemental
oxygen or mechanical ventilation. However, moderate cases of COVID-19 should not be

treated with corticosteroids, as they may delay viral clearance [75].

Although the effectiveness of these therapeutics may vary based on the severity of the
disease and other individual factors, they should only be used under the supervision of a
healthcare professional. Ongoing research is conducted to identify novel therapeutics and

improve existing COVID-19 treatments.

1.4 Aim of the work

At the beginning of the outbreak, our knowledge of the novel coronavirus was extremely
limited, despite the fact that we were aware of its relatives, SARS-CoV and MERS from
previous epidemics, but neither virus received much attention. Thus, our primary goal
was to gain insight into the characteristics of SARS-CoV-2. With our biosafety level 3
facility and close collaboration with the university hospital, we were able to isolate and
propagate live SARS-CoV-2 virus from clinical specimens and establish experimental
assays for virus research. My goal was to established a robust assay to determine the
capacity of antibodies and antiviral candidates to neutralize infectious SARS-CoV-2.
Based on the establishment of infection platforms as well as the application of my novel
assays for detection and analysis, the purpose of our study has branched out in several

directions; the thesis will focus on serological research, novel therapeutics, and additional
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organ tropism.

Due to the critical need for human immunity data, we launched an initiative to monitor
the blood immunity of convalescents and vaccinated individuals as part of our serological
research. In this first study, we wanted to study the efficacy and duration of the humoral
and cellular immunity elicited by either virus infection or vaccination [78]. As a follow
up, we sought to compare the immune response induced by two distinct COVID-19
vaccines, ChAdOx1 nCoV-19 and BNT162b2, when administered in either a homologous
or heterologous prime-boost regimen. In addition, we aimed at examining the effect of a
fourth vaccine dose on the neutralization of the Delta and Omicron BA.1 variants of

concern in immunocompromised hemodialysis patients.

Developing a novel treatment for SARS-CoV-2 infection is one of our major objectives.
As a therapeutic strategy to inhibit the replication and spread of SARS-CoV-2, we
designed and screened potential small interfering RNAs (siRNAs) targeting various
regions of the SARS-CoV-2 genome. siRNA is an RNA molecule that can selectively
target and degrade viral genes, providing a promising therapeutic strategy for viral
infections. As a treatment, the use of siRNA that targets the viral genome has a number
of advantages, including high specificity for the virus of interest, rapid action against viral
replication, broad-spectrum activity against multiple strains of the same virus, a low risk
of resistance, and the potential for long-lasting effects. My goal was to evaluate the
effectiveness of siRNA candidates in targeting the viral RNA genome of SARS-CoV-2
and inhibiting its in vitro replication. This study was done in collaboration with Dr.
Thomas Michler and Shubhankar Ambike.
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2 Materials and Methods

2.1 Materials

2.1.1 Devices and technical equipment

Product Supplier
Centrifuge 5920R Eppendorf
ELISA-Reader infinite F200 Tecan
Freezing device Nalgene / biocision Coolcell
Gel electrophoresis device Peglab
Incucyte® S3 Live-Cell Analysis System Essen BioScience
LightCycler® 480 II Roche Diagnostics
Pipettes Eppendorf

2.1.2 Consumables

Product Supplier
Cell culture flasks, dishes, plates TPP
Cover glass 24 x 50 mm VWR international
Cryo vials, Greiner Bio One Merck
Falcon tubes 15 ml /50 ml Greiner Bio One
Filter tips Greiner Bio One
Filters 0.45 pm/0.2 um Sarstedt
PCR tubes Thermo Scientific
Pipettes (disposable) 2, 5, 10, 25, 50 ml Greiner Bio One
Reagent reservoirs, sterile Corning
Surgical Disposable Scalpels Braun
Syringes Braun

2.1.3 Chemicals and reagents

Product Supplier
Acetic acid Roth
Agarose PeqLab
Amphotericin B Roth
Ampicillin Roth
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Antibiotics/Antimycotics, 100x

ThermoFisher scientific

Bovine serum albumin (BSA)

Roth

Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Dulbecco’s Modified Eagles medium (DMEM) | Gibco

DMEM/F12 Gibco

DNA ladder 1kb / 100bp Eurogentec

EDTA Roth

Sodium hydroxide (NaOH) Roth

Ethanol (EtOH) Roth

Methanol (MetOH) Roth

Fetal bovine serum (FBS) ThermoFisher scientific
Fetal calf serum (FCS) ThermoFisher scientific
Gentamicin Gibco

Glycerol Roth

Incucyte® Cytotox Red Reagent Essen BioScience
Isopropanol Roth

L-Glutamine, 200 mM Gibco

LightCycler 480 SYBR green master mix Roche

Lipofectamine 2000 Invitrogen
Lipofectamine 3000 Invitrogen
Lipofectamine RNAIMAX ThermoFisher Scientific
Tris(hydroxymethyl)-aminomethan (TRIS) Roth
2-Mercaptoethanol Roth

Sodium chloride (NaCl) Roth

Glycine Roth

CellTiter-Blue® Cell Viability Assay Promega

Trypsine

ThermoFisher scientific

Collagen R Solution 0,2%, (10x)

SERVA

Phosphate Buffered Saline pH 7,4 (PBS)

ThermoFisher scientific

Polyethylenimine 25 kDa

BASF

OptiMEM ThermoFisher scientific
TRIzol™ Reagent Invitrogen

Tween 20 Roth
3,3",5,5"-Tetramethylbenzidin (TMB) Invitrogen
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2.1.4 Enzymes
Product Supplier
BamHI Fast Digest ThermoFisher scientific
EcoRI ThermoFisher scientific
Notl Fast Digest ThermoFisher scientific
T4 Ligase ThermoFisher scientific
Xhol Fast Digest ThermoFisher scientific
2.1.5 Virus

Virus strain

GISAID ID

SARS-CoV-2 EU1 (B.1)

EPI ISL 582134

SARS-CoV-2 Delta (B.1.617.2)

EPI ISL_ 2772700

SARS-CoV-2 Omicron BA.1 (B.1.1.529)

EPL_ISL_ 7808190

rSARS-CoV-2 GFP

2.1.6 Kits
Product Supplier
CellTiter-Blue Cell Viability Assay kit Promega
Dual-Luciferase® Reporter Assay System Promega
iFlash-2019-nCoV Neutralization Antibody Yhlo Biotechnology

Test

NucleoSpin® RNA kit Macherey-Nagel
Plasmid Plus Midi Kit Qiagen
Phusion Hot Start Flex 2x Master Mix New England Biolabs

SuperScript™ III Reverse Transcriptase

ThermoFisher scientific

SuperScript™ IV First-Strand Synthesis
System

ThermoFisher scientific

2.1.7 Cell lines, tissues, and bacteria

Product Description Source
HEK293T Human embryonic kidney cells AG Protzer
Human precision-cut Human lung tissue Comprehensive
lung slices (hPCLSs) Pneumology

Center (CPC)
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One Shot® Stbl3 Chemically competent E. coli ThermoFisher
scientific
VeroE6 African green monkey kidney cells AG Protzer
2.1.8 Antibodies
Product Supplier

Anti-dsRNA monoclonal antibody J2

Jena Bioscience

Goat anti-rabbit IgG2a, HRP conjugate

EMD Millipore

SARS-CoV-2 Nucleocapsid Antibody

Sino Biological

2.1.9 Primers

Name of Primer Sequence
18S qPCR Fw AAACGGCTACCACATCCA
18S qPCR Rev CCTCCAATGGATCCTCGT
E-N Fw BamHI GGTGGTGGATCCTGAGCCTGAAGAACATGTCC
E-N Rev EcoRI GGTGGTGAATTCAGCTCTCCCTAGCATTGTTC
N CDS Fw Xhol ATCATACTCGAGATGTCTGATAACGGACCCCA
N CDS Rev Notl ATCATTGCGGCCGCGGCCTGAGTTGAGTCAGCAC
N gPCR fw GACCCCAAAATCAGCGAAAT
N gqPCR Rev TCTGGTTACTGCCAGTTGAATCTG
Rdrp qPCR fw CGTCTGCGGTATGTGGAAAG
Rdrp qPCR Rev TAAGACGGGCTGCACTTACA

2.1.10 Plasmids

Name of Plasmid

Source

pcDNA1-SARS-CoV2 complete E-N genes

generated in manuscript

pcDNA1-SARS-CoV-2 partial RARP

generated in manuscript

psiCHECKTM-2

Promega

2.1.11 Software

Software Application Supplier
GraphPad Prism 9.0 Half maximal inhibitory Graphpad Software
software concentration calculation inc.

IncuCyte® S3 software | Live-cell analysis Essen BioScience
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LightCycler 480 SW qPCR analysis Roche

1.5.1

Serial cloner DNA and protein analysis SerialBasics
2.2 Methods

2.2.1 Serological study design and sample characteristics

The first article in which homologous and heterologous SARS-CoV-2 vaccinations were
contrasted, we followed 472 homologously or heterologously vaccinated participants
from three independent study centers in university hospitals rechts der Isar (Miinchen),
Erlangen, and Colonge. Due to the accessibility, the vaccines included in the study were
ChAdOx1 nCoV-19 (ChAd) from Oxford—AstraZeneca and BNT 162b2 (BNT)
developed by Pfizer-BioNTech. And the participants were categorized into three cohorts
according to their vaccination regimen: two homologous cohorts respectively
administrated two doses of ChAd or BNT, and one heterologous cohort with ChAd for
the first and followed by BNT as a second dose. We in total collected blood samples at
four different time points from the day of first vaccination to months after second dose,
sera and peripheral blood mononuclear cells (PBMCs) were isolated and analyzed in two
different study centers.

In the second serological research on the cohort receiving hemodialysis, altogether 513
immunocompromised patients were enrolled. Among all, 142 patients relying on
maintenance hemodialysis coupled with receiving the third booster (fourth) vaccination
were selected to our serological study. These patients received four COVID-19
vaccinations between 19 December 2020 and 20 March 2022, eight and six of which
received their first and second vaccination with AZD1222 (Vaxzevria®) by AstraZeneca.
All other vaccinations were done with mRNA-based vaccines (BNT162b2 by BioNTech-
Pfizer or mRNA-1273 by Moderna). Fifteen patients received two or more vaccinations
with mRNA-1273 (Spikevax®, Moderna), and the remaining patients received BNT162b2
(Comirnaty®, BioNTech-Pfizer). The median duration between the first and the fourth
vaccination was 338.0 (333.0 — 342.0) days, and between the third and the fourth
vaccination 126.0 (105.0 — 126.0) days, respectively. The median duration between the
third vaccination and the first blood sampling was 4.1 (3.4 — 4.1) months. Patients had a
median age of 72.6 (61.5-80.6) years. 48 (33.8%) patients were female. The median
dialysis vintage was 48.9 (21.3—83.7) months. At the time of the first, second, third, and
fourth vaccination, 124 (87.3%), 125 (88.0%), 136 (95.8%), and 142 (100%) were on
maintenance hemodialysis, respectively. The detailed information was described in

previous publications [79, 80].
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2.2.2 Cell and tissue culture

VeroE6 cells used in all three studies, and HEK293T cells used in the siRNA study, were
maintained in Dulbecco’s Minimum essential medium (DMEM, supplemented with 10%
fetal bovine serum, 50 U/ml penicillin/streptomycin, 2 mM L-glutamine, 1% sodium
pyruvate and 1% non-essential amino acids). Cells were kept at 37°C in humidified
incubators at 5% CO? and mycoplasma contaminations were excluded in both cell lines

by mycoplasma test.

The human lung tissue used in the siRNA study was obtained from three sources: the
CPC-M bioArchive at the Comprehensive Pneumology Center in Munich, Germany, the
University Hospital GroBhadern of the Ludwig Maximilian University in Munich,
Germany, and the Asklepios Biobank of Lung Diseases in Gauting, Germany [81]. All
participants provided written informed consent and the study was approved by the local
ethics committee of the Ludwig Maximilian University (Project 19-630). Precision-Cut
Lung Slices (PCLSs) were prepared according to previously described methods [82].
Tumor-free peri-tumor tissue from the lungs was inflated with a 3% agarose solution and
solidified at 4°C. Using a vibration microtome (Hyrax V50, Karl Zeiss AG, Oberkochen,
Germany), the tissue blocks were cut into 500 um thick slices. The PCLSs were then
cultured in DMEM F-12 medium supplemented with 0.1% FBS. Prior to conducting
experiments, circular PCLS punches with a diameter of 4 mm were created using a 4 mm

biopsy puncher.
2.2.3 SARS-CoV-2 isolation and propagation

Swab samples were obtained from infected patients at the clinical facilities of the
Technical University of Munich and University Hospital Ludwig Maximilian University.
They were diluted in DMEM supplemented with 5% FCS, 40 g/ml Gentamicin, and 2
g/ml Amphotericin B. After that, the media containing the swab material was transferred
to cell culture flasks that had already been seeded with VeroE6. These flasks were then
incubated at 37°C in humid incubators for a maximum of one week. Microscopy was used
to detect the cytopathic effect (CPE), and the progeny virus supernatant was harvested

before the CPE became severe.

Following isolation, the virus-containing supernatant was grown for an additional three
to five days in bigger scale with VeroE6 cells in the same growth media. Virus stock titers
were then calculated using a plaque test, and identities were confirmed using next-
generation sequencing. The sequences of the finalized virus stocks were then upload onto

open-access GISAID data base and the virus accession IDs were obtained.
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2.2.4 SARS-CoV-2 infection

VeroEG6 cells were seeded in either 24-well or 96-well format one day before infection to
gain approximately 90-95% confluency at time of infection. The SARS-CoV-2 stock was
pre-diluted in growth media to achieve the desired multiple of infection (MOI) for the
respective experiment. At time of infection, old growth media was removed, and the pre-
diluted SARS-CoV-2 solution was added to cells. After 1h incubation at 37°C, a medium
exchange was performed. Experiments were terminated at various time points, ranging
from 1 to 72 hours post-infection, depending on the specific step of the viral replication

cycle being investigated.

In the siRNA research, PCLS samples were prepared following the method mentioned
earlier and cultured in DMEM F-12, which was supplemented with L-Glutamine, HEPES,
1x10* TU Penicillin, 1x10* TU streptomycin, and 0.1% fetal bovine serum. For each
biological replicate, three PCLS were placed in a 48-well plate with 500 pl of medium.
Six hours prior to infection with SARS-CoV-2 EU1, the PCLS were transfected with 60
pmol of siRNA and PEI at an N/P ratio of 6. To initiate the infection, 3x10° plaque-
forming units (PFU) of SARS-CoV-2 were added to each well, which contained PCLS
with an estimated cell count of 3x10° cells, resulting in an approximate MOI of 1.
Procedures for tissue and cell culture infection have already been disclosed by Ambike et
al. (2021) [81].

2.2.5 Plaque assay

To titrate different variants, two comparable plaque assay protocols were conducted using
different cell lines. For the previous variants, HepG2 cells were plated at a density of
5x10° cells per well in a 12-well plate. After 16-24 hours, the cells were infected with
serial dilutions of the SARS-CoV-2 inoculum. Following a 1-hour incubation at 37°C, the
virus inoculum was removed, and a 0.5% carboxymethyl cellulose solution (prepared in
Minimum Essential Media) was added. The cells were then incubated for 48-72 hours,
fixed with 10% formaldehyde, and stained with a 1% crystal violet solution. The number
of plaques was counted, and viral titers were calculated by multiplying the dilution factors.
Similarly, for titrating the newer variants such as Omicron variants, VeroE6 cells were
seeded in a 96-well plate at a density of 1.5x10* cells per well. The final concentration of
the carboxymethyl cellulose solution was increased to 1% to facilitate better stacking of

plaques using VeroE®6 cells.

2.2.6 Real-virus neutralization assay

One day prior to incubation, VeroE6 cells were seeded at a density of 1.5x10* cells per

well in a 96-well format. Infection was initiated using SAR-CoV-2 at a multiplicity of
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infection (MOI) of 0.03 plaque-forming units (PFU) per cell. To assess virus-
neutralization activity, serum samples were serially diluted 1:2 with DMEM, starting
from a 1:20 dilution up to a 2560 dilution. SARS-CoV-2 (480 PFU/15,000 cells/well) was
added in a total volume of 50 puL at 37°C. After a one-hour preincubation, the inoculum
was transferred to the pre-seeded VeroE6 cells and incubated for another hour at 37°C.
The inoculum was then replaced with supplemented DMEM. SARS-CoV-2 infection was
terminated after 23 hours by adding 4% paraformaldehyde to fix the cells, and the

infection rate was analyzed using an in-cell ELISA.

Following fixation, the cells were washed with PBS and permeabilized with 0.5% saponin
(Sigma-Aldrich, Germany). To prevent non-specific antibody binding, a blocking buffer
containing 0.1% saponin and 10% goat serum (Sigma-Aldrich) in PBS was added and
incubated for one hour on the fixed cells. The primary antibody used was the
SinoBiological anti-SARS-CoV-2-N T62 antibody (40143-T62). The antibody was
diluted with 1% FCS-PBS to a 1:1500 ratio, and 50ul of the diluted antibody was added
to each well and incubated at room temperature for 2 hours. After washing, the second
antibody, goat anti-rabbit [gG2a-HRP antibody (EMD Millipore / order number 12-348),
was added. The second antibody was diluted to a 1:4000 ratio with 1% FCS-PBS. 50ul
of the diluted second antibody was added and incubated at room temperature for 1-2 hours.
After the final washing step, 100ul of tetramethylbenzidine (TMB) was added and
incubated for 20 minutes at room temperature. The reaction was stopped by adding 2M
H2S04. The quantification of the result was performed using optical detection with a
Tecan Infinite 200 reader (TECAN, Switzerland) at a wavelength of 450 nm. The
inhibition curve of each sample was analyzed using statistical analysis software GraphPad
Prism (GraphPad Software, USA), and the 50% inhibitory concentration (IC50) was
determined using non-linear regression. This protocol was previously published by Cheng
et al. (2022) [79] and Vogel et al. (2022) [80].

2.2.7 Nucleic Acid extraction and qPCR

RNA was extracted from cultured cells using the NucleoSpin RNA kit (Macherey-Nagel;
Diiren, Germany), and cDNA was synthesized using the Superscript™ III First-Strand
Synthesis System (Thermo Fisher Scientific; Dreieich, Germany) following the
manufacturer's instructions. Subsequent qPCR was performed to amplify SARS-CoV-2
transcripts using primers specific to either the N region, which covers all viral transcripts,
or the RNA-dependent RNA polymerase (Rdrp) region, which serves as a measure of
genomic RNA (gRNA). To quantify viral RNAs, a standard curve was created using
plasmids containing integrated Rdrp or N sequences. The amount of subgenomic RNAs
(sgRNAs) was calculated by subtracting the number of transcripts containing Rdrp

(indicative of gRNA) from the N-containing transcripts, as the N primers also detect full-
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length gRNA. 18S rRNA was used as a reference gene for relative quantification. All
quantitative PCRs were performed on a LightCycler® 480 instrument (Roche Holding AG;

Basel, Switzerland).

2.2.8 Real-time live-cell imaging of SARS-CoV-2 infected cells

VeroEG6 cells were seeded in 96-well plates with growth media at least 6 hours prior to
infection to achieve approximately 90-95% confluency at the time of infection. The cells
were then infected with a recombinant SARS-CoV-2 virus, which expressed green
fluorescent protein (GFP) from a sequence integrated at the ORF7 locus (rSARS-CoV-2-
GFP). To achieve the desired multiplicity of infection (MOI), the rSARS-CoV-2-GFP
virus infection solution was pre-diluted in 50 pL of growth media. After adding 50 puL of
the infection solution to the cells, the media was exchanged after 1 hour. The multi-well
plates were then placed into an IncuCyte® Live-Cell Analysis device to acquire phase
contrast and fluorescence images of the entire well every 4 hours for three days. The
infected cell population was quantified using the GFP channel and analyzed with the

IncuCyte S3 software (Essen Bioscience; version 2019B Rev2) [81].

The quantification of dead cells can be also performed with this system using the
Incucyte® Cytotox Red Dye (Sartorius AG, Gottingen, Germany; Cat. No. 4632). This
dye is capable of monitoring the loss of cell membrane integrity. Since the cyanine nucleic
acid dye is unable to pass through the plasma membranes of healthy cells, it can only bind
to DNA if the cellular membrane integrity is compromised. The fluorescence signal, with
a maximum at 631 nm, was measured using the red channel of the Incucyte S3 analyzing

system at intervals of every 4 hours for a period of 3 days following the infection.
2.2.9 Antibody response using surrogate virus neutralization assay

To quantify the antibody response, we utilized the iFlash-1800 CLIA Analyzer (YHLO
Shenzhen, China). The iFlash-2019-nCoV NAb assay, designed for the detection of
neutralizing antibodies, was employed following the manufacturer's instructions. This
assay operates on a competitive immunoassay principle. It is important to note that the
iFlash-2019-nCoV NADb assay has been validated up to a maximum level of 800 AU/ml,
in accordance with the WHO standard. Consequently, any results surpassing this
threshold have been recorded as 800 AU/ml.
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3 Results

3.1 Dynamics of humoral and cellular immune responses after
homologous and heterologous SARS-CoV-2 vaccination with ChAdOx1
nCoV-19 and BNT162b2

Vogel, E., Kocher, K., Priller, A., Cheng, C.-C., et al. (2022) "Dynamics of humoral and
cellular immune responses after homologous and heterologous SARS-CoV-2 vaccination
with ChAdOx1 nCoV-19 and BNT162b2." eBioMedicine 85: 104294.

3.1.1 Authors

Emanuel Vogel', Katharina Kocher®, Alina Prillerf, Cho-Chin Cheng', Philipp Steininger,
Bo-Hung Liao, Nina Kd&rber, Annika Willmann, Pascal Irrgang, Jirgen Held, Carolin
Moosmann, Viviane Schmidt, Stephanie Beileke, Monika Wytopil, Sarah Heringer, Tanja
Bauer, Ronja Brockhoff, Samuel Jeske, Hrvoje Mijocevic, Catharina Christa, Jon
Salmanton-Garcia, Kathrin Tinnefeld, Christian Bogdan, Sarah Yazici, Percy Knolle,
Oliver A. Cornely, Klaus Uberla, Ulrike Protzer*, Kilian Schober*, and Matthias

Tenbusch*

* Corresponding authors

 These authors contributed equally
3.1.2 Short Summary

Various vaccines from several leading pharmaceutical companies around the world were
approved in the late 2020. Among all, two types of COVID vaccines shared the main
market: mRNA vaccine developed by Pfizer-BioNTech and Moderna, and adenoviral
vector-based vaccine from Oxford—AstraZeneca. The initial course of two doses was
recommended with an interval of 3-4 weeks for mRNA vaccine and 4-12 weeks for
adenoviral vaccine. Due to stronger side-effects in some individuals vaccinated with
adenoviral vaccine, many countries further recommended a heterologous vaccination
scheme administrating mRNA vaccine for the second dose. At the time when the second
dose was implemented, only very few studies reported the investigation of humoral
immunity after heterogeneous vaccination. And the comparison of these two different
regimens was not yet accomplished. Therefore, a corresponding joint project named
"STIKO" study was compiled for the aim of investigating heterologous and homologous

vaccination regimens early and late after vaccination.

Participants who received two doses of ChAdOxl nCoV-19 or BNT162b2 or a

heterologous combination of both vaccines were included in the study, and the results
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indicated that both vaccines induced a robust immune response, with a significant
increase in antibody and T-cell responses following the second dose. The heterologous
combination of vaccines stimulated a more potent immune response than either vaccine
alone, along with greater antibody avidity than homologous BNT-BNT vaccination. The
ChAdOx1 nCoV-19 vaccine induced a stronger T-cell response than the BNT162b2
vaccine, but the BNT162b2 vaccine induced a stronger antibody response, according to
our study. Surprisingly, the Omicron variant demonstrated a much stronger immune
escape than the Delta variant across all three vaccination strategies, implying an urgent

need for a vaccine with a modified design.

3.1.3 Contributions

Overview: experimental design, methodology, investigation, formal analysis, data

curation, writing—original draft preparation
Highlights:

One of the most notable aspects of this work is the validation of humoral immunity
utilizing a real SARS-CoV-2 virus in a neutralization assay. Cheng, C.-C. designed and
carried out all BSL3 laboratory task, ranging from the isolation of variations to the growth

and titration of viral stocks, as well as the entire serum-virus neutralization experiment.

In the formal analysis section, Cheng, C.-C. examined the raw data and employed Prism

software to calculate inhibition curves in order to convert the data into statistical results.
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3.2 Improved SARS-CoV-2 Neutralization of Delta and Omicron BA.1
Variants of Concern after Fourth Vaccination in Hemodialysis Patients

Cheng, C.-C., Platen, L., et al. (2022) "Improved SARS-CoV-2 Neutralization of Delta
and Omicron BA.1 Variants of Concern after Fourth Vaccination in Hemodialysis
Patients." Vaccines 10 (8): 1328.

3.2.1 Authors

Cho-Chin Cheng’, Louise Platen’, Catharina Christa, Myriam Tellenbach, Verena Kappler,
Romina Bester, Bo-Hung Liao, Christopher Holzmann-Littig, Maia Werz, Emely
Schonhals, Eva Platen, Peter Eggerer, Laétitia Tréguer, Claudius Kiichle, Christoph
Schmaderer, Uwe Heemann, Lutz Renders, Ulrike Protzer*, and Matthias Christoph

Braunisch*
* Corresponding authors
 These authors contributed equally

3.2.2 Short Summary and Contributions

In the beginning of 2022, authorities were formulating regulations of third and even fourth
vaccination for individuals in demand, including elders and patients with immune
deficiency. However, more detailed studies whether continuous booster immunizations
benefit these subpopulations were required. Inspecting the humoral immunity status of
special immunocompromised cohorts after booster vaccination is essential for the
adjustment of vaccination strategies. Therefore, a cooperation with Institute of
Nephrology at Technischen Universitidt Miinchen for the study cohort named "COVIIMP"
(German: COVID-19-Impfansprechen immunsupprimierter Patientinnen) was included
in our serological study. This cohort study is a prospective observational study examining
the efficacy of COVID-19 immunization and the clinical course of COVID-19 in patients
immunocompromised due to kidney transplantation, rheumatologic disease, or dialysis
who received SARS-CoV-2 immunization as recommended by the German health

authorities.

Our results showed four doses of the COVID-19 vaccine significantly increased the level
of neutralizing antibodies in hemodialysis patients, resulting in enhanced neutralization
of both the Delta and Omicron BA.1 variants of concern. Our investigation also revealed
that the level of neutralizing antibodies in hemodialysis patients following the fourth dose
was comparable to that of healthy individuals after the standard two-dose regimen. In
conclusion, a fourth dose of the COVID-19 vaccine may be an effective strategy for

improving the immune response of susceptible populations, such as hemodialysis patients,
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against emerging SARS-CoV-2 variants.

3.2.3 Contributions

Overview: conceptualization, investigation, data analysis, methodology, validation,

writing—original draft preparation, writing—review and editing
Highlights:

Cheng, C.-C. performed all the neutralization tests for the serum samples from

hemodialysis patients, followed by a comprehensive statistical analysis and stratification.
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3.3 Targeting genomic SARS-CoV-2 RNA with siRNAs allows efficient
inhibition of viral replication and spread

Ambike, S., Cheng, C.-C., et al. (2021) "Targeting genomic SARS-CoV-2 RNA with
siRNAs allows efficient inhibition of viral replication and spread." Nucleic Acids
Research, 50 (1): 333-349.

3.3.1 Authors

Shubhankar Ambike, Cho-Chin Cheng’, Martin Feuerherd, Stoyan Velkov, Domizia
Baldassi, Suliman Qadir Afridi, Diana Porras-Gonzalez, Xin Wei, Philipp Hagen,
Nikolaus Kneidinger, Mircea Gabriel Stoleriu, Vincent Grass, Gerald Burgstaller,
Andreas Pichlmair, Olivia M. Merkel, Chunkyu Ko, and Thomas Michler*

* Corresponding authors
" These authors contributed equally

3.3.2 Short Summary and Contributions

Small interfering RNAs (siRNAs) are a promising strategy for developing SARS-CoV-2
antiviral therapies. While previous studies have demonstrated that siRNAs can target
SARS-CoV-2, no in-depth investigation has been conducted to determine which
coronaviral replication steps can be targeted with siRNAs. This study sought to
investigate whether siRNAs can effectively inhibit SARS-CoV-2 replication and spread

by systematically analyzing the individual replication steps following cell entry.

Our study discovered that prophylactic administration of siRNAs can effectively target
the virus genome during an early replication step, thereby preventing virus-induced cell
death and its spread. Specifically, targeting only the genomic RNA (gRNA) resulted in
greater antiviral activity than simultaneously targeting a region containing both gRNA
and subgenomic RNA (sgRNA). Further analysis revealed that the reduced RNAi
silencing of siRNAs targeting gRNA and sgRNAs is a result of sgRNA competition. This
surprising finding suggests that inhibiting SARS-CoV-2 replication by targeting only
gRNA may be more effective. In addition, we aimed to evaluate the negative sense RNA
of SARS-CoV-2 as a siRNA target. Notably, our findings indicate that negative sense
SARS-CoV-2 RNAs are resistant to RNA interference possibly due to the inaccessibility
of RNAi1 machinery. To move the approach one step closer to clinical application, we
transferred it to an ex-vivo platform incorporating chemically modified siRNA candidates
in human lung tissues, where we observed a comparable inhibition as in cell-line results.
Overall, our study indicates that targeting the viral genome with siRNAs may be a

promising strategy for preventing the replication and dissemination of SARS-CoV-2. The
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findings shed light on the molecular mechanisms of SARS-CoV-2 replication and suggest
potential strategies for developing antiviral therapies against COVID-19.

3.3.3 Contributions

Overview: conceptualization, methodology, experimental design, investigation, data

curation, validation, writing—original draft preparation, writing—review and editing
Highlights:

In this study, Cheng, C.-C. prepared the BSL3 materials including wildtype SARS-CoV-
2 and recombinant GFP-SARS-CoV-2, hereafter established the cell culture based and
human tissue ex-vivo infection models. For the experimental readout, Cheng, C.-C.
further verified the SARS-CoV-2 specific RT-qPCR assay and live-imaging IncuCyte

system for infectivity and pathogenicity evaluation.
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4 Discussion

4.1 Serological examination of the SARS-CoV-2 vaccinated population

The SARS-CoV-2 pandemic struck the world expeditiously and fiercely, but fortunately,
the development and implementation of vaccinations proceeded rapidly as well. However,
various tests cannot be achieved within these clinical studies lasting less than one year.
Therefore, we were dedicated to designing and conducting immunological studies of the
efficacy and duration of vaccinations, different types of vaccines and vaccination
regimens, as well as the investigation of specific immunocompromised cohorts following
immunizations. In the ongoing fight against COVID-19, it is anticipated that these studies
will have significant implications for public health policy and vaccine distribution
strategies. In our first study, we evaluated the dynamics of antiviral immunity in
convalescents with asymptomatic or mild SARS-CoV-2 infection throughout long-term
follow-up and following immunization with BNT162b2 mRNA. While the majority of
individuals with mild or asymptomatic COVID-19 developed long-lasting virus-specific
cytokine-producing poly-functional T cell immunity, virus-specific and neutralizing
antibody titers significantly dropped over 9 months after infection. As foreseen, the
BNT162b2 vaccination induced potent humoral and cellular immunity in almost all
recipients. Notably, the activated immune profile of convalescents is comparable to that
of naive individuals who received two doses of the vaccine, indicating that the boost of
the immune system of convalescents by a single dose of vaccine is effective [78].
Numerous articles reported equivalent findings, prompting authorities to determine that
individuals infected with SARS-CoV-2 could be considered to have received a single dose
of vaccination and their vaccination passports should reflect this. As a result, many

vaccines can be saved for future use, resulting in a more equitable distribution of vaccines.

To follow up our investigation, extended serological tests were administered to the
vaccinated group to determine the immunity's dynamics after the second dose. In the
meantime, a substantial number of individuals who received their primary vaccination
with a viral vector vaccine replaced their second shot with an mRNA vaccine since the
more severe side effects and reduced efficacy of viral vector vaccines, as well as the
increased availability of mRNA vaccines. Hence, we recruited distinct cohorts with
diverse homologous and heterologous vaccination schemes due to the growing number
of individuals with alternative vaccination strategies and doses. Eventually, we tracked
472 vaccinated participants from three independent study centers at university hospitals
rechts der Isar (Munich), Erlangen, and Colonge. In this follow up study, we observed
inferior humoral immunity upon two doses of ChAdOx1 nCoV-19 versus BNT162b2 as
expected, whereas neither was superior to the heterologous ChAdOx1-BNT162b2
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regimen, surprisingly. Regarding the difficulty of synchronizing blood sampling and
analysis schedules, centers and cohorts varied in their sampling schedules and time points
for serological tests. In light of the fact, minor differences occurred while analyzing the
dynamics of humoral immunity, yet the conclusion that the neutralizing ability of plasma
from all three regimens declined 98-158 days after second vaccination was not affected.
Furthermore, regardless of vaccination regimen, vaccine-induced humoral immunity was
less reactive against the Omicron variant than the Delta variant throughout all time
periods. These findings suggest that continuous vaccination boosters may need to be
considered, as well as the imperative need for new generation vaccines containing the S

protein of Omicron variant.

As the booster vaccination began to be implemented, the Omicron variant was reported
to have increased transmissibility but decreased severity and lethality, bringing up the
topic of whether healthy individuals require additional booster vaccinations.
Consequently, the policy was progressively shifting to vaccinate only high-risk groups
such as the elderly, patients with chronic diseases, and immunocompromised patients;
vaccination of healthy individuals was no longer mandatory. Meanwhile, another concern
was raised: how do these high-risk populations respond to the second and third booster
vaccinations? Therefore, a cooperation was initiated with Institute of Nephrology, and
cohorts were recruited in four dialysis centers: Klinikum rechts der Isar, KfH Kidney
Center Traunstein, Kidney Center Eifeldialyse, and KfH Kidney Center Miinchen-
Harlaching. In total, 513 immunocompromised patients were enrolled in this COVIIMP
study. Our serological analysis included 142 patients on maintenance hemodialysis who
were receiving their third booster (fourth) vaccination with the majority of mRNA
vaccines. Fortunately, we discovered that a fourth dose of vaccine substantially increased
neutralization of the Delta and, to a lesser extent, the Omicron BA.1 variants of concern,
with a 10-fold increase in neutralizing antibody titers and an improvement in the number
of responders. Although we did observe a reduction in neutralizing antibody titers in
patients treated with immunosuppressive medications, we were surprised to learn that B
cell immunity was not diminished after hemodialysis, which is considered a prospective
immune-reduction procedure. Nevertheless, long-term serological monitoring is
necessary for these immunocompromised populations. Thus, a portion of this cohort was
followed for an extended period of time after the fourth vaccination, and their immunity
against the most recent VOCs and VOIs was examined after the fifth vaccination, with
encouraging results. In the foreseeable future, these data will be reported and made

available via open access.
4.2 Inhibition of SARS-CoV-2 replication by siRNA machinery

The discovery of small interfering RNA in the late 1990s has revolutionized the field of
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molecular biology, as it provides a potent instrument for investigating gene function and
has potential therapeutic applications. Nonetheless, its investigation as a potential
therapeutic agent for diseases is an ongoing endeavor involving multiple academic and
industrial groups. siRNA has several advantages over traditional drugs, involving its high
specificity and rapid onset of action, as well as a lower risk of toxicity as a result of these
characteristics and the fact that RNA is readily degraded [83]. Additionally, the design
and production of siRNA can be extremely simple and straightforward when the target
sequence is available. The most important question in mapping effective siRNAs for
therapeutic purposes, take a virus infection as an example, lies in which genome region
is most accessible and which viral replication step can be easier targeted. In consequence,
we evaluated 20 siRNA candidates addressing multiple important regions of the SARS-
CoV-2 genome and analyzed the individual replication steps following cell entry in a
systematic manner. Unexpectedly, our data showed that siRNAs targeting ORF1a and 1b,
which are present exclusively in gRNA, exhibited the most efficient knockdown
effectiveness of viral replication among all, even though other siRNAs are capable of
targeting common regions we can find in all sgRNAs and gRNA. We investigated one of
our hypotheses, the out-competition by the exceedingly abundant sgRNAs, and it
explains this phenomenon. Another theory is that ORFla and 1b region has better
accessibility to the RNAi machinery following viral entry and throughout the viral life
cycle. This could be attributed to less protection from molecular binds or fewer secondary
structures in ORF1a and 1b, but additional molecular mechanism studies are required to
corroborate this theory. To sum up our research, we demonstrated conclusively that
siRNAs can target an early replication step and inhibit replication before transcription
begins, thereby preventing virus-induced cell death. Moreover, ORF1-targeting siRNAs
appear to be the best candidate not only due to their highest efficacy, but also their

significantly greater level of sequence-wise conservation among all circulating strains.

The scarcity of an appropriate delivery method and the poor stability of siRNAs are
challenges in the development of siRNA-based therapeutics. Chemical modification is a
well-known method for stabilizing RNA in order to increase their resistance to nuclease
degradation; therefore, we applied it to our best ORF1-targeting siRNA and investigated
them in an ex-vivo model utilizing human precision-cut lung slice (hPCLS). This test,
instead of liposomal formulations, we delivered our siRNA using polyethylenimine (PEI),
which has a well-defined toxicity profile allowing in vivo application and is capable of
being nebulized, which is a crucial property for a lung-directed therapy. The results
revealed viral replication was effectively inhibited, implying that the modified siRNA
could be utilized in the future ex-vivo and in-vivo experiments. In the interim, we
observed an unintended enhancement of SARS-CoV-2 infectivity by using PEI alone

through an unknown mechanism; therefore, it is imperative to pinpoint an alternative
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delivery medium and method. Thus, a collaboration with Prof. Olivia Merkel's team that
employs the combination of siRNA and VIPER polyplexes aids in the resolution of the
issue. Prior research demonstrated that the block copolymer VIPER is capable of forming
polyplexes with optimal properties for pulmonary administration and enhanced stability
in the challenging lung environment in comparison to PEI polyplexes. In this study, the
siRNA/VIPER polyplexes were effectively delivered to lung epithelial cells and were
well tolerated in vitro and in vivo. Furthermore, the inhibition activity against SARS-
CoV-2 infection was successful in a special air-liquid interface cell culture and hPCLS
model. In general, the study indicates that the combination of our candidate siRNA and
VIPER polyplexes may have therapeutic potential as a COVID-19 treatment by inhibiting
viral replication in the lung [84]. Nonetheless, additional research is required to determine

the safety and efficacy of this method in humanized mouse models and in humans.

Additionally, we also sought to use the siRNA technology to construct a pan-reactive
siRNA that can simultaneously target a variety of coronavirus strains, serving as a
potential strategy for the next coronavirus epidemic or pandemic that is likely to occur.
To accomplish this, we cooperated with Dr. Stoyan Velkov for his bioinformatic
assistance and aligned as many coronavirus sequences from four genera in the
Coronaviridae family as possible in order to identify an ideal conservation genome region
for siRNA targeting. Despite the impossibility of identifying a conservation region for all
coronaviruses, we screen sites that may have cross-reactivity with some significant
coronaviruses, such as SARS-CoV, MERS, and SARS-CoV-2. Eventually, we selected
approximately 300 siRNAs for investigating their inhibition ability and narrowed the list
down to fewer than 15 highly effective siRNAs with specificity toward various
coronavirus fields. This project has already been granted a patent, and we believe that in
the future we will be able to combine the findings in the delivery development with our
screened candidates for more clinical application, which will not only serve as a treatment

for COVID-19, but also for any future coronavirus epidemics.
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Summary

Background Vaccines are an important means to overcome the SARS-CoV-2 pandemic. They induce specific anti- eBioMedicine 2022;85:

body and T-cell responses but it remains open how well vaccine-induced immunity is preserved over time following 104294

homologous and heterologous immunization regimens. Here, we compared the dynamics of humoral and cellular ~ Published online 4 Octo-

immune responses up to 18o days after homologous or heterologous vaccination with either ChAdOx1-nCoV-19 ﬁftr 2(;35 1101016
ps://doi.org/10. j.

(ChAd) or BNT162b2 (BNT) or both. ebiom.2022.104294

Methods Various tests were used to determine the humoral and cellular immune response. To quantify the antibody

levels, we used the surrogate neutralization (sVNT) assay from YHLO, which we augmented with pseudo- and real

virus neutralization tests (pVNT and rVNT). Antibody avidity was measured by a modified ELISA. To determine cel-

lular reactivity, we used an IFN-y Elispot, IFN-y/IL Flurospot, and intracellular cytokine staining.

Findings Antibody responses significantly waned after vaccination, irrespective of the regimen. The capacity to neu-
tralize SARS-CoV-2 — including variants of concern such as Delta or Omicron — was superior after heterologous
compared to homologous BNT vaccination, both of which resulted in longer-lasting humoral immunity than homol-
ogous ChAd immunization. All vaccination regimens induced stable, polyfunctional T-cell responses.

Interpretation These findings demonstrate that heterologous vaccination with ChAd and BNT is a potent alternative
to induce humoral and cellular immune protection in comparison to the homologous vaccination regimens.
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Research in context

Evidence before this study

Due to some rare severe side effects after the adminis-
tration of the adenoviral vaccine, ChAdOx1 nCoV-19,
many countries recommended a heterologous vaccina-
tion scheme including mRNA vaccines like BNT162b2
for the second dose. We performed a PubMed search
(with no restrictions on time span) using the search
terms “SARS-CoV-2” and “heterologous vaccination”
and obtained 247 results. Only a fraction of manuscripts
included direct comparisons of patient cohorts that
received either a heterologous or a homologous vacci-
nation regimen. Of those, the vast majority investigated
only short-term immunogenicity after vaccination. Thus,
little is known about the preservation of immunity by
heterologous compared to homologous vaccination.

Added value of this study

We add a very comprehensive and comparative study
investigating heterologous and homologous vaccina-
tion regimens early and late after vaccination. Key fea-
tures include the number of patients (n = 472), the
number of vaccination cohorts (n = 3), the fact that sam-
ples were derived from three independent study cen-
ters and comparative analyses were performed at two
independent study centers, as well as in-depth investi-
gation of humoral and T cellular immunity.

Implications of all the available evidence

The recent data creates a line of evidence that heterolo-
gous vaccination, compared to homologous vaccination
regimens, results in at least non-inferior maintenance of
humoral and cellular immunity. The enhanced under-
standing of immunity induced by individual vaccination
regimens is crucial for further recommendations regard-
ing the necessity, timing and choice of additional vacci-
nations and public health policies.

Introduction

The widespread use of safe and effective vaccines is
essential for overcoming the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) pandemic. As
of today, billions of doses of Coronavirus Disease 19
(COVID-19) vaccines, based on adenoviral vectors or
mRNA, have been administered worldwide. In very rare
cases, the administration of the adenoviral vector-based
ChAdOx1-nCov-19 (ChAd) vaccine has been associated
with the induction of a vaccine-induced thrombocytope-
nic thrombosis syndrome, particularly in young
women." Consequently, the vaccination authorities of
several countries recommended that persons under the
age of 60 years who had received a primary dose of
ChAd should receive an mRNA-based Covid-19 vaccine
for the second immunization.”

We and others have previously shown that the heter-
ologous combination of ChAd and mRNA vaccination
results in a non-inferior or even superior humoral and
cellular immune response compared to homologous
mRNA or ChAd vaccination regimens.*” " While
homologous ChAd vaccination elicited a strong T-cell
response shortly after the second immunization, anti-
body responses were inferior to homologous or heterol-
ogous regimens with mRNA vaccines. Furthermore, in
the case of homologous vaccination regimens, various
studies have shown a decline in antibody and T-cell lev-
els a few months after the second dose.” For heterolo-
gous vaccination regimens, however, follow-up data on
how long B- and T-cell immunity persists are
limited."*™ This particularly applies to the immune
response against newly emerged SARS-CoV-2 variants
of concern (VoC) such as the Delta or Omicron
mutant.® Currently, it therefore remains unclear how
the heterologous combination of ChAd and mRNA vac-
cination compares to homologous mRNA or ChAd vac-
cination in terms of persistence of humoral and cellular
immunity.
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Here, we examined humoral and cellular immunity
in up to 472 participants from three different study cen-
ters at different time points before, and up to 180 days
after heterologous and homologous vaccination with
mRNA with BNT162b2 (BNT) and ChAd. While T-cell
responses showed only modest contraction, significant
waning of humoral immunity was observed over time
in all three vaccination regimens. Compared to homolo-
gous vaccination with ChAd or BNT, the heterologous
regimen generally resulted in more constant antibody
responses both in terms of quantity and quality.

Methods

Study design and participants
The study is a follow-up analysis of 472 homologously
or heterologously vaccinated participants that were pre-
viously only assessed for the production of antibodies
using sVNT.® A priori, no power analysis was performed
on the number of participants. This was due to the fact
that at that time there were only a very small number of
people who could have been included according to the
criteria, as well as the voluntary basis of participation.
Study participants (all of European Caucasian ethnic-
ity) were divided into three different cohorts according
to their vaccination regimen. Subjects of the two homol-
ogous groups received two doses of BNT or ChAd,
respectively. In contrast, subjects of the third group
received the heterologous vaccination regimen consist-
ing of ChAd vaccine for the first and BNT for the second
dose. Participants’ sera and peripheral blood mononu-
clear cells (PBMCs) were analyzed at two different study
centers in Germany. Blood sampling schedules varied
by study center and cohort. Not all tests were performed
at every point in time. In general, four different points
in time can be distinguished. Time point “before” is the
initial time point at the day of the first vaccination.
“Early after #1” refers to the moment of the second vac-
cination, “early after #2” corresponds in median 13 —
15 days after this vaccination and the “late after #2” time
point analysis was carried out between 98 — 158 days in
the median after the second vaccination, depending on
the study center and vaccination regimen. The cohorts
of homologous BNT and ChAd vaccinated people
mainly include healthcare workers, whereas the heterol-
ogous vaccinated cohort did not comprise a specific pro-
fessional group. Subjects were not pre-selected by the
study team, but could voluntarily enroll for study partici-
pation. This was on condition that they had been vacci-
nated in accordance with the defined vaccination
regimens. Accordingly, there was no selection bias by
the study team. Subjects who reported SARS-CoV-2
infection at follow-up were excluded from the analysis.
Likewise, those who were positive for N-specific anti-
bodies after natural infection would have been
excluded.
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For longitudinal characterizations of the T-cell
responses at the Munich study center (heterologous
ChAd-BNT cohort), a separate cohort of vaccinees was
included for the time points “early after #1”, “early after
#2”, and “late after #2”. For longitudinal characteriza-
tions of the T-cell responses at the Erlangen study cen-
ter (homologous BNT cohort), a separate cohort of
vaccinees was included for the time points “before”,
“early after #1”, and “early after #2” for contextualiza-
tion. A detailed description of the cohorts can be found
in Table 1.

Antibody response using surrogate virus neutralization
assay

We used the iFlash-1800 CLIA Analyzer (YHLO Shenz-
hen, China) for the quantification of the antibody
response. For the detection of neutralizing antibodies,
we applied the iFlash-2019-nCoV NAD assay according
to the manufacturer’s instructions. The test principle is
a competitive immunoassay. The iFlash-2019-nCoV
NAD assay is only validated up to a level of 8oo AU/ml
according to the WHO standard. Therefore, all results
exceeding this limit have been set to 8oo AU/ml.

Antibody avidity

Binding strength of the SARS-Cov-2 IgG antibodies was
determined by adaptation of the commercial IgG agile
SARS-CoV-2 ELISA (Virion/Serion, Germany) using
ammonium thiocyanate (NH,SCN) (Roth, Germany) as
previously described.’® *® Serum samples were mea-
sured using the IgG agile SARS-CoV-2 ELISA and
diluted to 100 U/mL according to the standard curve
provided by the manufacturer to exclude an influence of
variable antibody concentrations. Thereafter, serum
samples were incubated in the plates pre-coated with
Wuhan SARS-CoV-2-spike-ectodomain S1, S2 and RBD
recombinant antigens for th at 37°C in a humid cham-
ber. After washing, antigen-antibody complexes were
incubated in the presence of 1.0 M ammonium thiocya-
nate or PBS as control for 10 min at room temperature.
After washing to remove antibodies bound with low
avidity, the ELISA was completed according to the man-
ufacturer’s instructions. The relative avidity index was
calculated as follows: IgG concentrations (NH,SCN) /
IgG concentrations (PBS) x 100, and is given in percent.

Real virus neutralization assay

Based on a previously established infection inhibition
assay,'® VeroEG cells (ATCC, US, RRID: CVCL_YQ49)
were seeded in 10% fetal calf serum Dulbecco’s Modi-
fied Eagles medium (Thermo Fisher Scientific, Ger-
many) at 15,000 cells per well one day before
incubation. Infection was started using SARS-CoV-2 at
a multiplicity of infection (MOI) of 0.03 plaque-forming
units (PFU) / cell. To detect virus-neutralization activity,
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Study Center Munich

Study Center Erlangen

BNT162b2 mRNA prime,
BNT162b2 mRNA boost
MUCn =50

ChAdOx1 nCoV-19 prime,
BNT162b2 mRNA boost
CGNn =50

BNT162b2 mRNA prime,
BNT162b2 mRNA boost
ERLNn=119

ChAdOx1 nCoV-19 prime,
ChAdOx1 nCoV-19 boost
ERL n =52

ChAdOx1 nCoV-19 prime,
BNT162b2 mRNA boost
ERL n = 201

Volunteer source

Age in years, median (IQR)
[range]

Sex, n (%) Female

Sex, n (%) Male

Time from prime to second
dose in days, median
(IQR) [range]

Time from second dose to
blood collection in days,
median (IQR) [range]

lost to follow-up, n

Healthcare worker

40.5 (32-52.75) [22-75]

31 (62%)

19 (38%)
21(20-22) [19-24]

Early: 13 (13-14) [11-16]
Late: 98 (96-102) [91-158]

General population at vacci-
nation center
47 (33.25-55) [23-61]

37 (74%)
13 (26%)
63 (63-64) [60-84]

Early: 15 (14-15) [13-15]
Late: 110 (105,5-111) [104-
113]

7

Healthcare worker

44 (30-54) [17-85]

81 (68.1%)
38 (31.9%)
23 (21-25) [13-29]

Early: 14 (14-16) [10-36]
Late: 158 (153-167) [140-
180]

0

General population at vacci-
nation center
59 (46-64) [31-64]

35 (67.3%)
17 (32.7%)
63 (63-63) [63-63]

Early: 13 (13-15) [13-16]
Late: 142 (141-144) [140-
144]

0

General population at vacci-
nation center
42 (33-52) [19-60]

127 (63.2%)
74 (36.8%)
63 (63-63) [60-63]

Early: 14 (14-15) [12-17]
Late: 142 (141-144) [140-
146]

0

Table 1: Detailed representation of different study cohorts, separated by study center.

MUC, Munich; CGN, Cologne; ERL, Erlangen; IQR: interquartile range.
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serum samples were serially diluted 1:2 with DMEM
starting from 1:20 up to a 1:2560 or n:5120 dilution,
respectively. SARS-CoV-2 virus (GISAID EPI ISL:
2772700 [Delta/ B1.617.2], 7808190 [Omicron/
Br.1.529 BA.1]) (480 PFU/15,000 cells/well) was added
in a total volume of 50 pL at 37°C. After one hour of pre-
incubation, the inoculum was transferred to the pre-
seeded VeroEG cells for another one-hour incubation at
37°C before the inoculum was replaced by supple-
mented DMEM. SARS-CoV-2 infection was terminated
after 23 hours by adding 4% paraformaldehyde to fix
the cells, and infection rate was analyzed by an in-cell
ELISA.

After fixation, cells were washed with PBS and per-
meabilized with 0.5% saponin (Sigma-Aldrich, Ger-
many). Blocking buffer, consisting of 0.1% saponin-
10% goat serum (Sigma-Aldrich) in PBS, was added
and incubated for one hour on fixed cells to avoid
unspecific binding of antibodies. As a primary antibody,
the SinoBiological anti-SARS-CoV-2-N T62 antibody
(40143-T62, RRID:AB2892769) was used. The anti-
body was diluted with 1% FCS-PBS to r:1500 ratio and
sopl were added in each well and incubated at room
temperature for 2 hours. After washing, the second anti-
body was added. Goat anti-rabbit IgG2a-HRP antibody
(EMD Millipore / order number 12-348, RRID:
AB_39o191) with 1% FCS-PBS was diluted to 1:4000
ratio. 5opl were added and incubated at room tempera-
ture for 1-2 hours. After the final washing step 1oopl tet-
ramethylbenzidine (TMB) were incubated for 20 min at
room temperature. As final step 2M H,SO, were added
to stop the reaction. The result was quantified using
optical detection with a Tecan Infinite 200 reader
(TECAN, Switzerland) at 450 nm wavelength. The inhi-
bition curve of each sample was analyzed by statistical
analysis software Graph Pad Prism (GraphPad Soft-
ware, USA), and 50% inhibitory concentration (IC50)
was determined using non-linear regression.

FACS-based analysis of anti-S binding antibodies

A modified version of our previously published serologi-
cal assay was used, in which HEK 293T (RRID:
CVCL_4U22) cells either stably expressing the spike
protein from the original Wuhan strain or transiently
expressing the spike protein of B.1.167.2 or Br.r.529,
respectively, were used as target cells.”” To quantify
antigen-specific antibodies, 5 x 10> HEK 293T cells
were incubated with serum samples diluted in 100 pl
FACS-PBS (PBS with 0.5% BSA and 1 mM sodium
azide) for 20 minutes at 4°C to bind to spike protein on
the surface. After washing with 200 1l buffer, bound S-
specific antibodies were detected with anti-human IgG-
AFG647 (4°C, 30 min incubation; clone HP6o17, Biole-
gend, Cat #409320, RRID:AB_2563330). After further
washing, samples were measured on an AttuneNxt
(ThermoFisher) and analyzed using FlowJo software
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(Tree Star Inc.). A standard plasma sample with a
defined concentration of 1,ormg/ml anti-SARS-CoV-2S
IgG was used as reference control. The median fluores-
cence intensity (MFI) correlates with the level of bound
antibodies.™

Pseudotype neutralization assay

Neutralization of the early D614G (WT) and the
B1.617.2 variants was assessed with the help of spike-
pseudotyped simian immunodeficiency virus particles
as described before.*® To produce pseudotyped reporter
particles, HEK293T cells were transfected with the SIV-
based self-inactivating vector encoding luciferase
(pGAE-LucW, RRID:Addgene_21375), the SIV-based
packaging plasmid (pADSIV3,), and the respective spike
variant-encoding plasmid as described previously.*’

For the assessment of pseudotype neutralization,
HEK293T-ACE2 cells were seeded at 2 x 10% cells/well
in a 96well flat bottom plate. 24 h later, 6o pl of serial
dilutions of the serum samples were incubated with 6o
pl lentiviral particles for 1 h at 37°C. HEK293T cells
were washed with PBS and the particle-sample mix was
added to the cells. 48 h later, medium was discarded,
and the cells washed twice with 200 pl PBS. Following
sopl PBS and 25l ONE-Glo™ (Promega Corp, Madi-
son, USA) was added and after 3 minutes the luciferase
signal was assessed on a microplate luminometer (VIC-
TOR X5, PerkinElmer) and analyzed using PerkinElmer
2030 Manager software. The reciprocal serum ID, was
determined with Prism GraphPad 9 (San Diego, Cali-
fornia, USA) by application of the Sigmoidal 4PL func-
tion. For sera that did not reach neutralization by at
least 50% at the highest serum dilution, the ID, was
set to the highest reciprocal serum dilution, namely 20.

Isolation and cultivation of peripheral blood
mononuclear cell (PBMC)

PBMCs were isolated from citrate peripheral blood of
vaccinated individuals by density gradient centrifuga-
tion using Biocoll® separating solution, density
1.077 g/ml (Bio&Sell) and frozen in heat-inactivated
FCS + 10% DMSO (Sigma-Aldrich) for liquid nitrogen
storage. Thawed PBMCs were cultured in complete
RPMI medium (RPMI 1640 medium (Thermo Fisher)
supplemented with 10% heat-inactivated FCS, 50 pM
-Mercaptoethanol, o.05 mg/ml gentamicin, 1.192 g/l
HEPES, o.2 g/l L-glutamine, and 100 U/ml penicillin-
streptomycin) at 37°C and 5% CO,.

IFN-y Enzyme-linked immunospot (ELISPOT)

Cryopreserved PBMCs were thawed and rested over-
night at 1 x 10° cells/ml in complete RPMI medium.
ELISPOT plates (Millipore) were coated with anti-
human IFN-y monoclonal antibody (clone 1-DIK, Mab-
tech) at o.5 pg/well overnight at 4°C. Plates were
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washed with sterile PBS and subsequently blocked with
complete  RPMI medium for 12 h at 37°C.
400,000 PBMCs/well were seeded and stimulated with
11aa overlapping 15-mer PepMix™™ SARS-CoV-2 spike
glycoprotein peptide pool (1 pg/ml), provided in two
peptide sub-pools St and S2 (JPT), for 20 h at 37°C. For
the unstimulated condition, PBMCs were cultured in
complete RPMI medium and respective dilution of sol-
vent DMSO. As a positive control, PBMCs were stimu-
lated with 25 ng/ml phorbol myristate acetate (PMA)
(Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-
Aldrich). Following this incubation, all steps were per-
formed at room temperature. Plates were washed with
PBS containing 0.05% Tween-20 (Sigma-Aldrich) and
incubated with biotinylated anti-human IFN-y monoclo-
nal antibody (clone 7-B6-1, Mabtech, RRID:AB_go07272)
at 0.2 pg/well for 2 h. Following a second wash step
with PBS containing 0.05% Tween-20, plates were
incubated with an avidin-biotinylated peroxidase com-
plex (VECTASTAIN® Elite ABC-HRP Kit, Vector Labo-
ratories) for 1-2 h. After final washing steps with first
PBS containing 0.05% Tween-20 and then PBS, plates
were developed by the addition of AEC substrate solu-
tion (Sigma-Aldrich) for 15 minutes. Subsequently,
plates were washed with water, dried for 24 h in the
dark, and analyzed on an ImmunoSpot® Analyzer (Cel-
lular Technologies Limited). A positive peptide-specific
response was quantified by subtraction of mean spots of
the unstimulated control and depicted as spot forming
units (SFU)/10° PBMCs.

IFN-v/IL-2 Fluorospot assay

Cryopreserved PBMCs were thawed and rested over-
night at 2 x 10° cells/ml in complete RPMI medium.
Human IFN-y/IL-2 Fluorospot assays (CTL Europe,
Germany) were performed according to the man-
ufacturer’s instructions. One day before the Fluorospot
assays were performed, the plates were activated by add-
ing 70% ethanol for less than one minute. Followed by
a washing step and addition of IFN-y/IL-2 capture
antibodies overnight. After decanting the plate,
200,000 PBMCs/well were seeded and stimulated with
11aa overlapping 15-mer PepMix SARS-CoV-2 spike
glycoprotein peptide pool (1 pg/ml), provided in two
peptide sub-pools St and Sz (JPT), for 20 h at 37°C. As
antigen-specific positive control, we used a CEF pool of
in total 32 15mer peptides derived from Cytomegalovi-
rus (5 peptides), Epstein-Barr virus (15 peptides), and
Influenza virus (Flu) (12 peptides) proteins (National
Institute for Biological Standards and Control (NIBSC),
UK). For the unstimulated condition, PBMCs were cul-
tured in complete RPMI medium. After the stimulation
period, the plates were washed and 8o pL of anti-
human IFN-y (FITC, RRID:AB_2733588)/anti-human
IL-2 (Hapten2,) detection antibody solution was added
for 2h at room temperature. For the visualization of

secreted cytokines, plates were washed and a tertiary
solution including anti-FITC Alexa Fluor® 488 (visual-
izes IFN-y) and anti-Hapten2 CTL-Red™ (visualizes IL-
2) was added for one hour. The staining procedure was
stopped by washing the plate. After drying the plates for
24h on paper towels on bench top, Fluorospot plates
were scanned and analyzed using an automated reader
system (ImmunoSpot Ultimate UV Image analyzer/
ImmunoSpot 7.0.17.0 Professional DC Software,
CTL Europe GmbH, Germany). Positive reactivity to
experimental stimulatory agents was given when the
spot count in antigen-stimulated cells was greater
than twice the spot count in unstimulated (back-
ground) wells.

Intracellular cytokine staining (1CCS)

Cryopreserved PBMCs were thawed and rested over-
night at 1 x 10° cells/ml in complete RPMI medium.
10° PBMCs were stimulated with spike glycoprotein
peptide pool as described above for 20 h at 37°C in the
presence of 1 pil/ml GolgiPlug™ (BD Biosciences). For
the unstimulated condition, PBMCs were cultured in
complete RPMI medium and respective dilution of sol-
vent DMSO. As a positive control, PBMCs were stimu-
lated with 25 ng/ml PMA and 1 pg/ml ionomycin.
Following this incubation, all steps were performed at
4°C. PBMCs were washed twice with FACS buffer (PBS
containing 0.5% BSA) and stained with ethidium-
monoazide-bromide (EMA) (Thermo Fisher) for 15
minutes for live/dead discrimination. After two washing
steps with FACS buffer, PBMCs were stained for sur-
face markers CD8&-eFluor4g5o (clone OKT8, Thermo
Fisher, dilution 1:200, RRID:AB_2535439) and CD4-PE
(clone RPA-T4, Thermo Fisher, 1400, RRID:
AB_1257144) for 20 minutes. Excess antibody was
removed by two washing steps with FACS buffer fol-
lowed by fixation/permeabilization using Cytofix/Cyto-
perm (BD Biosciences). PBMCs were washed twice with
1x Perm Wash buffer (BD Biosciences) and subse-
quently stained intracellularly for IL-2-APC (clone
5344.11, BD Biosciences, 1:20, RRID:AB_400574) and
IFN-y-FITC (clone 25723.11, BD Biosciences, 110,
RRID:AB_400425) for 30 minutes. Following washing
steps with first 1x Perm Wash buffer and then FACS-
buffer, PBMCs were filtered through a nylon mesh and
acquired on a LSRFortessa™ flow cytometer (BD Bio-
sciences). A positive peptide-specific response was
quantified by subtracting the mean frequency of IL-2
and IFN-y double-positive T cells of the unstimulated
control.

Ethics

Ethics approval was granted by the local ethics commit-
tees in Erlangen (Az. 340_21B) and Munich (Az. 26/21
and Az. 330/21 S). All subjects were informed about the
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study and confirmed their participation by means of an
informed consent form.

Statistics
The following statistical tests were used:

Mann-Whitney test: Applied to all comparisons com-
paring a time point consisting of only two groups
whose data sets were not paired and for which we
could not assume a normal distribution due to sam-
ple size.

Kruskal-Wallis test followed by Dunn’s multiple
comparison test: Applied to all comparisons comparing
a time point consisting of more than two groups whose
data sets were not paired and for which we could not
assume a normal distribution due to the sample size.

Wilcoxon test: Applied to all comparisons that com-
pared two time points of a cohort and that had differ-
ent sample sizes at time points one and two. The
reason for this is the loss to follow-up.

Friedman test with multiple comparisons: Applied to
all comparisons that compared two time points in a
cohort that had identical sample sizes at time one and
two.

Due to the a priori determination of the vaccination
regimens, randomization and blinding were not possi-
ble. Sample size determination was limited by the num-
ber of available subjects, as well as the available testing
capacity.

Data are presented with frequencies and percentages
for categorial variables and with median, interquartile
range (IQR) and range for continuous variables. Cate-
gorical data were compared using chi-squared test or
Fisher’s exact test as appropriate. Median comparison
was performed with Mann-Whitney U test (2 categories)
or Kruskal-Wallis H (3 categories) as appropriate. A lin-
ear regression model analysis was built in order to deter-
mine which variables had impact in the late IC50. In
case any of these variables had a p value <o.1 in the uni-
variable model it was included in the multivariable one.
The multivariable model was performed with the back-
wards Wald methods. A p value <o.o5 was considered
statistically significant.

Statistics as well as figures were created with PRISM
GraphPad 9.3.1 as well as IBM SPSS Statistics for Win-
dows, Version 27.0. Armonk, NY, United States.

Role of Funders

The funders did not interfere with the study design,
data collection, data analysis, interpretation, or writing
of report.
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Results

Heterologous COVID-19 vaccination induced strong
antibody responses which are superior or comparable
to homologous mRNA vaccination regimens

We compared humoral and cellular immune responses
in 472 healthy individuals in median 13 — 15 days (“early
after #2”) and 98 — 158 days (“late after #2”) after heter-
ologous or homologous vaccination with ChAd and
BNT (Table 1). Previously, we had reported limited data
on antibody responses early after second vaccination.’
Analyses were performed at the study centers in
Munich (Munich and Cologne samples) and Erlangen
(Erlangen samples) (Table 1). There are differences in
sample collection time points and other study partici-
pant characteristics and only for the Erlangen study cen-
ter exist data from all three vaccination regimens
(Suppl. Table 1). Furthermore, a proportion analysis
comparing the cohorts receiving different vaccination
regimens revealed higher age and body mass index
(BMI) for the ChAd-ChAd group (Suppl. Table 2). This
might be due to the specific recommendation in Ger-
many at that time to not use the ChAd vaccine in people
under the age of 6o. In light of the above-mentioned
differences, the results were stratified for the two study
sites.

We first assessed the quantities of antibody levels by
SVNT (Figure 1). This assay correlates well with a real
virus neutralization assay not only for the EU-strain
SARS-CoV-2 D614G virus, as previously described,’ but
also for the Delta VoC (Suppl. Figure 1). Regardless of
the vaccination schedule, we observed significant
(p < o,0001 for all comparisons [Wilcoxon test]) waning
of antibody levels in almost all individuals at the late
time point.

At the study center in Munich (Figure 1a), antibody
neutralization capacity at the follow-up time point was
significantly (p < o,0001 [Wilcoxon test]) reduced com-
pared to the time point early after second vaccination,
but the remaining antibody levels were similar after
ChAd-BNT (median = 234.65 AU/ml; n = 43) and BNT-
BNT (median = 328.17 AU/ml; n = 46) vaccination. At
an independent study center in Erlangen, these results
were confirmed (Figure 1b). Furthermore, additional
analyses of samples from a homologous ChAd-ChAd
vaccination scheme cohort showed that neutralizing
antibody levels late after homologous ChAd-ChAd vacci-
nation (median of 9.32 AU/ml; n = 52) were still signifi-
cantly (p < o,0001 [Kruskal-Wallis test]) lower
compared to homologous BNT-BNT (median = 31.74
AU/ml; n = 119) or heterologous ChAd-BNT
(median = 4172 AU/ml; n = 201) vaccination
(Figure 1b). Thus, the heterologous ChAd-BNT vaccina-
tion regimen results in neutralizing antibody levels
against SARS-CoV-2 WT virus which are as high as after
homologous BNT-BNT and higher than after homolo-
gous ChAd-ChAd immunization. Using a linear
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Figure 1. Neutralizing antibody levels after heterologous ChAd-BNT vaccination are non-inferior compared to homologous vaccination regimens. Surrogate virus neutralization lev-
els measured at the Munich (a) and Erlangen (b) study site after heterologous ChAd-BNT or homologous BNT-BNT or ChAd-ChAd vaccination. The sVNT is only validated up to a maximum of
800 AU/ml, therefore all values measured as greater than 800 AU/ml were set to 800 AU/ml. (a) ,,Early after #2" refers to a median of 15 days (for BNT-BNT) or 13 days (for ChAd-BNT) after
the second vaccination. ,,Late after #2" refers to sampling at median 98 days (for BNT-BNT) or 110 days (for ChAd-BNT) after the second vaccination. n = 50 and 43 (ChAd-BNT; “early after
#2" and , late “, respectively) and n = 50 and 46 (BNT-BNT; “early after #2" and , late after #2", respectively). (b) ,,Early after #2" refers to sampling at median 14 days (for BNT-BNT and ChAd-
BNT) and 13 days (for ChAd-ChAd) after the second vaccination. ,,Late after #2 refers to a median of 158 days (for BNT-BNT) or 142 days (for ChAd-BNT and ChAd-ChAd) after the second vac-
cination. n = 201 (ChAd-BNT), 119 (BNT-BNT) and 52 (ChAd-ChAd). ULOQ = upper limit of quantification (800 AU/ml). For inter-group statistics concerning one time point Mann-Whitney (a)
or Kruskal-Wallis followed by Dunn’s multiple comparisons test was used (b). Bars represent group medians, whiskers interquartile range. Over-time comparison within one group was done

by Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s. indicates not significant. A detailed description of the data can be found in Supplemental Table for Figure 1a
and b.
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regression analysis, we confirmed that neither body
mass index, comorbidities, time intervals between the
vaccinations, nor blood sampling significantly affected
the neutralization levels at the late time points, whereas
age (p 0.022) and the vaccination regimen
(p < o.o01) were significantly associated using a uni-
variable model (Table 2). However, in the multivariable
model age was not statistically significantly associated
anymore (p = 0.2006), leaving vaccination regimen as
the only parameter in the model that is statistically sig-
nificantly associated with the late ICso values
(p < o0.001). With this outcome, the model is not multi-
variable anymore, but it underlines the interpretation
that the vaccination regimens strongly influence the
IC50 values at late time points after 2™ vaccination.

Serum neutralization capacity of variants of concern is

superior after heterologous vaccination

To investigate potential differences in serological
responses between the different cohorts in more detail,
we next applied rVNT for the most relevant SARS-CoV-
2 VoC. At the Munich study center, neutralization of
VoC B.1.617.2 (Delta) and B.r.1.529 (Omicron) was
investigated using sera collected 13 — 15 days and 98 —
110 days in median after heterologous ChAd-BNT or
homologous BNT-BNT vaccination (Figure 2a). Early
after the second vaccine dose, heterologous ChAd-BNT
vaccination resulted in significantly (p = 0,0003 [Mann-
Whitney test]) better serum neutralization capacity of
Delta, and to a lesser extent (p = 0,0122 [Mann-Whitney
test]) also Omicron, than homologous BNT-BNT vacci-
nation (ChAd-BNT median IC,, = 929.15; n = 50; BNT-
BNT median IC,, = 432.85; n = 50). Serum neutraliza-
tion capacity for Omicron compared to Delta was
reduced 25.8-fold and 21.6-fold for ChAd-BNT (median
ICy, = 36) and BNT-BNT (median IC,, = 20), respec-
tively, in an analysis of sub-cohorts consisting of 15 par-
ticipants each. 98 — 110 days in median after the

second vaccination, serum neutralization capacity for
Delta still significantly (p < o,0001 [Mann-Whitney
test]) differed between ChAd-BNT (median ICg.=
398.20, n = 43) and BNT-BNT vaccination (median
IC;o = 72.93, n = 46). However, there was barely any
neutralization capacity left against Omicron in either
cohort (Figure 2a).

To confirm these results, serum samples from the
Erlangen study center collected at 142 — 158 days in
median after second vaccination (,late after #2) were
analyzed in the rVNT assay for the ability to neutralize
the Delta variant. These analyses again additionally
included a cohort of homologous ChAd-ChAd vacci-
nated participants. Late after ChAd-ChAd immuniza-
tion, barely any neutralization capacity against Delta
was detectable (median ICy, = 20; n = 21), which was
significantly different from the ChAd-BNT and BNT-
BNT cohorts (p = 0,0072 and p = o.0002 [Kruskal-
Wallis test]). In contrast to the results obtained at the
Munich study center, there was no significant
(p = 0.8119 [Kruskal-Wallis test]) difference in neutrali-
zation capacity against Delta between the ChAd-BNT
(median IC,, = 107.8; n = 30) and BNT-BNT (median
IC;o = 172; n = 30) group (Figure 2b). These findings
were further confirmed using pVNT, although overall
the neutralization titers were slightly lower than in the
rVNT (Suppl. Figure 2). Whether the discrepancy
between the two centers are due to the later sampling
time point of the Erlangen cohort, the lower numbers of
participants, or variations in the conditions for the neu-
tralization assay, cannot be clarified. However, the dif-
ferences between vaccination regimens at one site are
not affected by this, since analyses for a single given
time point were conducted in the same experiment. The
reduced capacity to recognize the spike (S) proteins of
VoC in comparison to the S protein of the original
Wuhan strain observed in the pVNT assay (Suppl
Figure 2) was confirmed by a flow cytometric analysis
using HEK293 cells expressing the corresponding S

UNIVARIABLE MODEL MULTIVARIABLE MODEL
p value B 95% Cl for B p value B 95% Cl for B
Lower Bound Upper Lower Bound Upper
Bound Bound
Vaccination regimen <.001 —30,630 —45,973 —15,287 <.001 —30,630 —45,973 —15,287
Age 0,022 —1,045 —1,936 —0,154 0,206 —0.590 —1.507 0.327
Sex 0,210 15,112 —8,556 38,780
BMI 0,745 0,445 —2,247 3,137
Comorbidities 0,340 —14,632 —44,742 15,479
Time from prime to second dose 0,586 0,169 —0441 0,778
Time to blood collection, early after 2nd 0,366 —1,884 —5,972 2,205
Time to blood collection, late after 2nd 0,664 —0,261 —1,443 0,921
Table 2: Linear regression analysis for study center Erlangen.
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proteins in their natural conformation on the cell sur-
face (Suppl. Figure 3). Overall, these results demon-
strate that humoral immunity against VoC was reduced
irrespective of the vaccination regimen, but that differ-
ences in antibody neutralization capacity between the
immunization cohorts remained unchanged.

Heterologous vaccination results in increased antibody
avidity

The neutralization capacity of antibodies depends not
only on their quantity, but also on their quality."® We
therefore next applied a modified quantitative anti-S
ELISA to determine antibody avidity against the S
domain of the SARS-CoV-2 WT spike antigen. To
this end, we used samples of the sub-cohorts from
the Omicron rVNT analysis (Figure 3). 13-15 days
after second vaccination we observed a higher avidity
of antibodies in the heterologous ChAd-BNT
(median = 57.96 %) compared to the homologous
BNT-BNT (median = 30.86 %) cohort. This differ-
ence remained constant at follow-up (Figure 3). Over
time, there was a tentative increase in antibody avid-
ity for both groups (BNT-BNT median = 49.49 %;
ChAd-BNT median = 65.69 %) which was, however,
not statistically significant (p = o0.0537 and
p = 0.4118 [Friedman test]). (Figure 3). These results
indicate that higher antibody avidity after heterolo-
gous ChAd-BNT compared to homologous BNT-BNT

vaccination contributes to non-inferior neutralization
capacity (Figure 1).

Homologous and heterologous vaccination induce
stable polyfunctional SARS-CoV-2 spike-reactive T-cell
responses

Given the critical role of T lymphocytes in protection
against SARS-CoV-2 infection, we next also character-
ized the T-cell response elicited by heterologous or
homologous vaccination regimens. We acquired periph-
eral blood mononuclear cells (PBMCs) from vaccinated
individuals at the two study centers and characterized
CD4 and CDg& T-cell responses by IFN-y enzyme-linked
immunospot (ELISPOT), IFN-y/IL-2 Fluorospot as well
as intracellular cytokine staining followed by flow
cytometry analysis (ICCS). To this end, PBMCs were
stimulated overnight with two 15mer peptide pools cov-
ering the St and S2 domains of the full-length SARS-
CoV-2 spike glycoprotein, respectively.

To evaluate the dynamics of spike-specific T cells, the
frequency of antigen-reactive, [FN-y-producing T cells
was first longitudinally characterized within the ChAd-
BNT in Munich (Figure 4a) and the BNT-BNT cohort in
Erlangen (Figure 4b) early after first and second vacci-
nation, as well as at the late follow-up time point. Lim-
ited T-cell responses to spike peptide stimulation were
observed in some individuals already before vaccination
(Figure 4b), which might result from cross-reactive
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Figure 3. Higher antibody avidity upon heterologous ChAd-BNT compared to homologous BNT-BNT vaccination. Antibody
avidity of a subcohort (n = 12) from study center Munich after heterologous ChAd-BNT and homologous BNT-BNT vaccination.
Early after #2” refers to on average (median) 13-15 days after secondary BNT vaccination. ,Late after #2" refers to on average
(median) 98 and 110 days after second vaccination. Bars represent group medians, whiskers interquartile range. For inter-group sta-
tistics concerning one time point Mann-Whitney test was used. Over-time comparison within one group was done by Friedman
test. A detailed description of the data can be found in Supplemental Table for Figure 3.
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Figure 4. Long-term maintenance of SARS-CoV-2 spike-reactive T cells after homologous and heterologous vaccination. (a)-
(b) Longitudinal characterization of spike-specific T cells, quantified by IFN-y spot forming units (SFU) after stimulation with SARS-
CoV-2 spike peptide pools S1 and S2. (a) Vaccinees of Munich study center quantified by IFN-y Fluorospot. “early after #1": 55 to
137 days after initial ChAd vaccination, n = 26. “early after #2”: 12 to 36 days after second BNT vaccination, n = 29. “late after #2": 91
to 153 days after second BNT vaccination, n = 22. (b) Vaccinees of Erlangen study center quantified by IFN-y ELISPOT. “before”: pre-
vaccination, n = 16. “early after #1”: 9-12 days after first BNT vaccination, n = 21. “early after #2": 9-11 days after second BNT vaccina-
tion, n = 17. “late after #2": 148—210 days after second BNT vaccination, n = 12. The time points “before”, “early after #1”, and “early
after #2" refer to a separate cohort of vaccinees that was included for contextualization. (c) Cohort comparison of spike-specific T
cells after stimulation with SARS-CoV-2 spike peptide pools S1 and S2, in dilution of solvent (Neg. ctrl.), or with PMA/ionomycin (Pos.
ctrl.). Vaccinees of Erlangen study center 141—210 days after second vaccination (late after #2). Representative data (left) and quanti-
fication of IFN-y SFU for all donors of indicated vaccination cohorts (right) are displayed. (d)-(f) Flow cytometric analyses of polyfunc-
tional spike-specific T cells after stimulation with SARS-CoV-2 spike peptide pools S1 and S2, in dilution of solvent (Neg. ctrl.), or with
PMA/ionomycin (Pos. ctrl.). Vaccinees of Erlangen study center 141—210 days after second vaccination (late after #2). (d) Representa-
tive flow cytometry data. Shown gates are pre-gated for CD4+ living lymphocytes. Quantification of IL-2 and IFN-y double-positive
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vaccinees with a positive response defined by a detectable T-cell response above background. Non-responsive vaccinees are repre-
sented as not detected (n.d.). For inter-group statistics concerning one time point Kruskal-Wallis test was performed followed by
Dunn'’s multiple comparisons test ((c), (e), (f). Over-time comparison within one group was done by Mann-Whitney test ((a), (b)).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s. indicates not significant.
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clonotypes derived from exposure to common cold
coronaviruses.”*** Induction of spike-specific T cells
was observed 55-137 days after one vaccination with
ChAd (Munich study site, Figure 4a) or 9-12 days after
one vaccination with BNT (p < o.0oo1 [Mann-Whitney
test]) (Erlangen study site, Figure 4b) in almost all indi-
viduals (“early after #1”). T-cell responses peaked 12-
36 days (p < o.0oo01 [Mann-Whitney test]) (Munich
study site, Figure 4a) or 9-11 days (p < o0.0001 [Mann-
Whitney test]) (Erlangen study site, Figure 4b) after sec-
ond immunization with BNT (“early after #2”).
148—210 days (Erlangen study site) and 91—153 days
(Munich study site) after second immunization with
BNT (“late after #2”), comparable responses of spike-
reactive T cells were observed for both homologous vac-
cination regimens as well as the heterologous vaccine
cohort.

Having demonstrated that spike-reactive T cells were
detectable at least 4 months after the second vaccina-
tion, we next examined the effect of different vaccina-
tion regimens on the quality of the T-cell response in
more detail. We therefore quantified IFN-y secreting,
spike-specific T cells 141—210 days after vaccination
with the different vaccine regimens in study partici-
pants at the Erlangen study center (Figure 4c). IFN-y
ELISPOT detected reactive T cells in almost all individu-
als of ChAd-BNT, BNT-BNT and ChAd-ChAd vaccina-
tion cohorts. After heterologous ChAd-BNT vaccination,
S1-reactive T cells were detected at higher frequencies
compared to the homologous BNT-BNT vaccination
(p = o.0010 [Kruskal-Wallis test]) cohort while there was
no difference for S2-specific T cells and the other vacci-
nation schemes (ChAd-BNT vs. BNT-BNT: p = 0.0529,
ChAd-ChAd vs. BNT-BNT: p = 0.4797, ChAd-BNT vs.
ChAd-ChAd: p>0.9999 [Kruskal-Wallis test]). Thus,
heterologous vaccination was at least as efficient as
homologous vaccination in inducing spike-reactive T-
cell responses that are stable over time (Figure 4c¢).

T-cell polyfunctionality is a hallmark of high-quality
immunity and predictive of protective immune
responses.”* To examine whether heterologous and
homologous vaccination regimens induce and maintain
polyfunctional T lymphocytes equally well, T cells were
characterized for simultaneous production of the effec-
tor cytokines IL-2 and IFN-y (Figure 4d; Suppl. Figure
4). Quantification of these double-positive T cells
revealed a dominant, polyfunctional CD4 T-cell
response that persisted in the majority of individuals
irrespective of the vaccination regimen used (St: ChAd-
BNT vs. BNT-BNT: p = 0.9115, ChAd-ChAd vs. BNT-
BNT: p = 0.7499, ChAd-BNT vs. ChAd-ChAd:
p = 0.0831; S2: ChAd-BNT vs. BNT-BNT: p = 0.3462,
ChAd-ChAd vs. BNT-BNT: p>0.9999, ChAd-BNT vs.
ChAd-ChAd: p = o0.0429 [Kruskal-Wallis test])
(Figure 4e). For CD8 T cells, we observed a greater
inter-individual variability (Figure 4f) with 40-60% of
cells not reacting to peptide stimulation at all. This
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effect was most probably due to variable recognition of
CD8 epitopes within the r5mer peptides that were used
for antigenic stimulation.

Overall, the frequency of polyfunctional T cells quan-
tified by ICS correlated with the frequency of spike-reac-
tive T cells determined by IFN-y ELISPOT, further
validating the findings (S1: r = 0.7, p < 0.0001; S2:
r = 035, p = 0.0047 [Spearman correlation]) (Suppl.
Figure 5). Fluorospot assays further confirmed the
induction of IL-2 and IFN-y secreting polyfunctional T
cells after primary immunization with ChAd and sec-
ondary immunization with BNT, as well as the persis-
tence of a polyfunctional CD4-dominated T-cell
response at the level of primary vaccination throughout
the entire observation period (Suppl. Figure 6). In sum-
mary, all vaccination regimens induce stable and poly-
functional T-cell responses.

Discussion

We here analyzed the humoral and cellular immune
response of 472 participants from three different study
sites, 13-15 days and 98-158 days in median after homol-
ogous and heterologous ChAd and BNT vaccination.
Overall, heterologous vaccination with ChAd followed
by BNT induced equal or even superior humoral and
cellular immune responses compared to homologous
BNT-BNT or ChAd-ChAd vaccination.

We and others had previously reported enhanced
neutralization capacity early after heterologous ChAd-
BNT vaccination compared to homologous BNT-BNT-
vaccination, both of which in turn induced clearly
higher neutralizing antibody titers than a homologous
ChAd vaccination regimen.’” ™ Apart from significant
waning of neutralization capacity towards WT virus at
late time points for all regimens, we here observed that
differences in humoral immunity towards WT virus
between ChAd-BNT and BNT-BNT vaccination van-
ished, while homologous ChAd-ChAd still showed
reduced neutralization titers compared to the other two
vaccination schemes. One caveat in this regard is that
we did not analyze time points longer than 5 months. In
light of the unusually long germinal center reaction
especially after mRNA vaccination,” *? it is conceivable
that at even later time points further differences
between the vaccination regimens may emerge.

In line with previous reports,'®*° 4° S-specific anti-
bodies induced by the current vaccines encoding the S
protein from the original Wuhan strain have signifi-
cantly reduced neutralizing activity against the SARS-
CoV-2 VoC Delta, and even less activity against Omi-
cron. Of note, we here detect such loss of neutralization
for all vaccination schedules. In terms of differences
between the immunization regimens, ChAd-BNT and
BNT-BNT groups showed higher neutralizing antibody
response against VoCs than the ChAd-ChAd group, as
observed for WT virus.

13



Articles

14

The relative binding capacity to the different spike
variants might be also indicative for the degree of
immune evasion by the different VoCs. Since neutraliz-
ing antibody levels directly correlate with the level of
protection against infection,*' vaccine efficacy (VE)
against infection with VoCs also decreased dramatically
over time.**” 44 Nevertheless, 98 — 158 days in median
after the second vaccination, VE were reported to be
comparable for BNT-BNT and ChAd-BNT, but lower for
ChAd-ChAd schedules.*+°

Antibody quality might be even more important than
the mere quantity for potent vaccine responses, as dem-
onstrated by the high avidity of anti-spike antibodies
after a third exposition.'® In our study, antibody avidity
increased slightly from the early to the late time point
for both the ChAd-BNT and the BNT-BNT cohort,
which might indicate ongoing B-cell maturation. It has
been reported that this process could last up to 6
months in recipients of homologous mRNA vaccines or
convalescent patients, while comparable data on heterol-
ogous vaccinations are missing.” *° A higher avidity of
antibodies induced by heterologous ChAd-BNT vaccina-
tion offers an explanation why they show a superior
neutralization capacity against VoC at both study cen-
ters. One potential reason for differential affinity matu-
ration of memory B cells is the difference in the interval
between the first and second vaccine dose, which was in
the median 63 days for the ChAd-BNT vaccinees and
21-23 days for homologous BNT-BNT vaccinated indi-
viduals. Furthermore, the duration of antigen presenta-
tion in the germinal centers might be different after
viral vector immunization or mRNA vaccination. The
presence of vaccine-derived mRNA and spike protein
has been shown in lymph node biopsies from mRNA
vaccinated individuals up to 8 weeks.”® Of note, we can-
not rule out that the larger time difference between the
individual immunizations for the ChAd-BNT vaccinees
could also influence the quantity of the antibody
response, as reported recently for homologous vaccina-
tion regimens.*” Further investigations to elucidate the
differences for the current vaccines are highly relevant
for the implementation of future vaccine regimens
using gene-based vaccines.

Although the VE against symptomatic infections
wanes over time due to the reduced neutralizing capac-
ity of vaccine-induced antibodies, and despite the fact
that Omicron by now dominates SARS-CoV-2 case
numbers worldwide, protection from severe disease pro-
gression currently still prevails. Apart from boosters of
humoral immunity through a third vaccination, a cen-
tral reason for this is a more long-lasting** 5* and con-
served 5% T-cell response. In this context, we also
addressed the question to which extent SARS-CoV-2
spike protein-specific T cells will persist in response to
different vaccination regimens. Maintenance of spike-
reactive T cells was observed for the vast majority of
individuals after homologous and heterologous

immunization at the late time point. Longitudinal char-
acterization of the frequency in individual vaccinees
indicated longer lasting quantities of these spike-spe-
cific T cells at a level obtained after the first immuniza-
tion. This observation was made at both independent
study centers. Depending on the readout, the heterolo-
gous vaccination regimen was consistently non-inferior
and sometimes statistically significantly superior to the
homologous BNT immunization. It has already been
shown that a priming dose of ChAd induces a stronger
T-cell response compared to a primary immunization
with BNT, which was however no longer the case after a
secondary BNT immunization.’”® Nevertheless, this
could still indicate that the overall superiority of
humoral and cellular immunogenicity through the het-
erologous vaccination regimen results from a more
potent primary immune response. For example, strong
CD4 T-cell responses induced by primary ChAd vacci-
nation may also explain why serological antibody
responses after heterologous ChAd-BNT vaccination are
more prominent than after homologous BNT-BNT
vaccination.’®

Polyfunctionality as a predictor of an effective T-cell
immune response was demonstrated for persisting T
cells after all vaccination regimens.*# Especially poly-
functional CD4 T cells were well maintained
141—210 days after the second vaccination. For CD8 T
cells this was less clear, most probably owing to variable
recognition of (shorter) CD8 epitopes within the 15mer
peptides that were used for antigenic stimulation. Over-
all, our data show that heterologous vaccination is at
least as capable as homologous vaccination regimens in
inducing longer lasting maintenance of polyfunctional
spike-specific T cells, which are likely to convey protec-
tive immunity.

In summary, these data document at least non-infe-
rior humoral and cellular immunogenicity after heterol-
ogous ChAd-BNT vaccination compared to the
respective homologous regimens. While waning of
humoral immunity and reduced neutralization capacity
against VoC was detected for all vaccination regimens,
T-cell responses were more consistently conserved. An
enhanced understanding of humoral and cellular
immunity induced by individual vaccination regimens
is crucial for further recommendations regarding the
necessity, timing, and choice of additional vaccinations
and public health policies.
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Abstract: Hemodialysis patients are exposed to a markedly increased risk when infected with SARS-
CoV-2. To date, it is unclear if hemodialysis patients benefit from four vaccinations. A total of
142 hemodialysis patients received four COVID-19 vaccinations until March 2022. RDB binding
antibody titers were determined in a competitive surrogate neutralization assay. Vero-E6 cells were
infected with SARS-CoV-2 variants of concern (VoC), Delta (B.1.617.2), or Omicron (B.1.1.529, sub-
lineage BA.1) to determine serum infection neutralization capacity. Four weeks after the fourth
vaccination, serum infection neutralization capacity significantly increased from a 50% inhibitory
concentration (IC50, serum dilution factor 1:x) of 247.0 (46.3-1560.8) to 2560.0 (1174.0-2560.0) for the
Delta VoC, and from 37.5 (20.0-198.8) to 668.5 (182.2-2560.0) for the Omicron VoC (each p < 0.001)
compared to four months after the third vaccination. A significant increase in the neutralization
capacity was even observed for patients with high antibody titers after three vaccinations (p < 0.001).
Ten patients with SARS-CoV-2 breakthrough infection after the first blood sampling had by trend
lower prior neutralization capacity for Omicron (p = 0.051). Our findings suggest that hemodialysis
patients benefit from a fourth vaccination in particular in the light of the highly infectious SARS-CoV-2
Omicron-variants. A routinely applied four-time vaccination seems to broaden immunity against
variants and would be recommended in hemodialysis patients.

Keywords: hemodialysis; SARS-CoV-2; COVID-19 vaccination; in-vitro viral neutralization

1. Introduction

In hemodialysis patients, a SARS-CoV-2 infection is associated with a markedly in-
creased morbidity and mortality compared to the general population, with a mortality rate
of more than 20% in hospitalized patients [1-3]. In the last two years, we have learned
that double vaccination might not be enough to achieve adequate long-term immune
protection in all hemodialysis patients, and triple vaccination offers significantly better
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protection against COVID-19 in this patient group [1,4]. Even if an infection cannot always
be prevented, the course of the COVID-19 disease, in general, is milder depending on the
number of vaccinations in hemodialysis patients [5]. However, even in hemodialysis pa-
tients with an inadequate immune response after multiple vaccinations, morbidity remains
significantly increased [6].

A third vaccination is associated with an increased virus neutralization capacity in
the general population [7,8]. Therefore, to date, the third vaccination has become part of
the standard vaccination regimen, and meanwhile, a fourth vaccination is recommended
in risk groups like hemodialysis patients [9]. The usefulness of a third and now a fourth
vaccination is based on data from the general population and was obtained during the
SARS-CoV-2 Delta wave. However, infections with the Omicron variant of concern (VoC)
dramatically increased in 2022 [10]. Therefore, the question remains whether the currently
recommended vaccination regimen in hemodialysis patients also offers effective protection
towards VoC Omicron.

The aim of this study was to investigate whether hemodialysis patients benefit from a
fourth vaccination and if the immune response after the fourth vaccination has a comparable
efficacy towards the VoCs Delta and Omicron BA.1.

Here, we present the results of the live-virus infection neutralization of SARS-CoV-2
Delta and Omicron BA.1 VoCs and antibody-mediated immunity shortly before compared to
four weeks after the fourth COVID-19 vaccination in a cohort of 142 hemodialysis patients.

2. Materials and Methods
2.1. Study Design

The COVIIMP study (German: “COVID-19-Impfansprechen immunsupprimierter
Patient*innen”) is a prospective observational study examining the COVID-19 immuniza-
tion success and the clinical course of COVID-19 in patients immunocompromised due to
kidney transplantation, a rheumatologic disease, or dialysis who received immunization
against SARS-CoV-2 as recommended by the German health authorities.

All participants provided written informed consent. The study, conforming to the ethi-
cal guidelines of the Helsinki Declaration, was approved by the Medical Ethics Committee
of the Klinikum rechts der Isar of the Technical University of Munich (approval number
163/21 S-SR, 19 March 2021) and registered at the Paul Ehrlich Institute (NIS592).

2.2. Study Population

Of 513 enrolled patients, 142 patients requiring maintenance hemodialysis were se-
lected. These patients received four COVID-19 vaccinations between 19 December 2020
and 20 March 2022 and underwent blood analysis before and after the fourth vaccination
(Figure 1A). This subpopulation was recruited in four dialysis centers (Klinikum rechts
der Isar, Kf{H Kidney Center Traunstein, Kidney Center Eifeldialyse, KfH Kidney Center
Miinchen-Harlaching). Demographic data, medical history, history of transplantation,
and comorbidities as assessed by the Charlson Comorbidity Index (CCI) were collected.
Immunosuppressive medication during the vaccination period was documented.

2.3. Hepatitis B Vaccination

Hepatitis B vaccination status was based on medical reports and, if available, sero-
logical laboratory data on anti-HBs antibodies. Patients were considered non-responders
if an anti- HB titer below 10 IU/1 despite three hepatitis B vaccinations was documented
or their treating physicians classified them as a hepatitis B non-responder, according to
local standards.

2.4. SARS-CoV-2 Infection

We identified participants as SARS-CoV-2 convalescent if they had a prior positive
SARS-CoV-2 PCR or at least one positive serological SARS-CoV-2 nucleocapsid-specific
IgG measurement [4,11].
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Figure 1. Flow chart of the COVIIMP study (A). Study design and observed SARS-CoV-2 infection
cases (B). Abbreviations: vac., vaccination.

2.5. Sample Collection

Blood was collected for analysis in a median two (2.0-3.25) days before (analysis 1)
and 26 (26.0-26.0) days after (analysis 2) the fourth vaccination.

2.6. SARS-CoV-2 IgG Assay

Antibodies in patients’ sera were detected using commercial surrogate paramagnetic
particle chemiluminescence immunoassays (CLIA, Yhlo Biotechnology, Shenzhen, China)
performed on the iFlash 1800 platform. Nucleocapsid-specific IgG antibodies (anti-N
IgG) were determined using the 2019-nCoV IgG kit. The surrogate neutralization assay
(NADb) was performed with the iFlash 2019-nCoV NAD kit based on the competition of
serum antibodies with recombinant angiotensin-converting enzyme 2 for binding the
SARS-CoV-2 Wuhan strain receptor binding domain (RBD) and has been adapted for
quantification to manufacturer’s instructions [11,12]. The cut-off level for seropositivity
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was set at 10 neutralizing units per milliliter (AU/ml) according to the manufacturer’s
instructions. Surrogate neutralization activity expressed as AU/ml can be adapted to WHO
standard (AU/mL x 2.4 = BAU/mL [binding units/mL]). The maximum measurable value
for NAb was 800 AU/mL, lower level of detection was 4 AU/mL. If values exceeded the
upper limit of quantification, a value of 801 AU/mL was used for statistical analysis. NAb
high-response was defined as levels >700 AU/mL before the fourth vaccination. N-specific
IgGs > 10 AU/mL were qualitatively determined as reactive. In one patient analysis of
NAbs after the fourth vaccination was missing.

2.7. SARS-CoV-2 Infection-Neutralization Assay

Serum infection-neutralization capacity was analyzed as previously described [8].
Briefly, SARS-CoV-2 isolates were isolated from nasopharyngeal swabs of COVID-19 in-
fected individuals. To obtain a high titer of virus stock, Vero-E6 cells were infected with VoC
Delta (B.1.617.2, GISAID EPI ISL: 2772700) or Omicron (B.1.1.529, sub-lineage BA.1, GISAID
EPI ISL: 7808190) and incubated in Dulbecco’s modified Eagle’s medium. After 2-3 days
following inoculation, the cell culture medium was collected, centrifuged, and the virus-
containing supernatant was stored at —80 °C. Prior to the neutralization experiments, viral
titers were verified by plaque assay, and strain identity was confirmed by next-generation
sequencing. All measurements were performed using serum samples stored at —80 °C
and defrosted and stored at 4 °C on the day before the analysis. Samples from all patients
were analyzed in parallel. For quantification of the neutralization capacity, two-fold serial
dilutions of the sera from 1:20 to 1:2560 were incubated with a predefined multiplicity of
infection (MOI) of 0.03 (450 PFU /15,000 cells/well) of either of the VoCs for 1 h at 37 °C.
The MOI was determined from an in-cell ELISA pre-test by which we observed viral signal
saturation 24 h after infection. After the 1-h inoculation, the inoculum was transferred
onto pre-seeded Vero E6 cells for another one-hour incubation at 37 °C. The infection was
terminated after one day and followed by an in-cell ELISA to detect SARS-CoV-2 N-protein.
Cells were fixed with 4% paraformaldehyde and permeabilized by 0.5% saponin buffer.
After blocking with 10% goat serum, cells were stained using anti-SARS-CoV-2-N primary
(40143-T62, Sino Biological, Beijing, China) and a goat anti-rabbit IgG2a-HRP secondary
antibody (EMD Millipore /#12-348, Shanghai, China), and eventually transformed into a
colorimetric signal by adding substrate tetramethylbenzidine (TMB). To determine serum
IC50 values, a nonlinear regression curve was applied, and the dilution factor at which
50% inhibition was observed and calculated using PRISM software (GraphPad, Shanghai,
China). Patients were classified as low or non-responders if the IC50 value of the infection
neutralization was <1:20.

2.8. Statistical Analysis

Categorical variables are presented as frequencies and percentages. Continuous
variables are expressed as mean =+ standard deviation (SD) or median and interquartile
range (IQR), as appropriate. Group differences were tested with the x? test or Fisher test.
The independent samples t-test or Mann-Whitney-U test was used for continuous variables,
as appropriate. Paired samples were examined with the Wilcoxon test and the McNemar
test, as appropriate. Spearman correlation was used for correlation analysis.

Univariate and multivariate linear regression models were applied to identify possible
predictors of the infection-neutralizing capacity of VoC Delta or Omicron BA.1 (IC50) out
of the following candidate variables: age, dialysis vintage, presence of immunosuppres-
sion, comorbidities, and hepatitis B vaccination non-response. Possible predictors were
preselected prior to the statistical analysis. Logistic regression was used to examine the
neutralization capacity towards an infection with SARS-CoV-2.

All tests were conducted two-sided, and p < 0.05 was considered significant. Statistical
analysis was performed using R version 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria).
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3. Results

Overall, 142 patients on maintenance hemodialysis were included (Figure 1A). Pa-
tients had a median age of 72.6 (61.5-80.6) years. 48 (33.8%) patients were female. The
median dialysis vintage was 48.9 (21.3-83.7) months. At the time of the first, second, third,
and fourth vaccination, 124 (87.3%), 125 (88.0%), 136 (95.8%), and 142 (100%) were on
maintenance hemodialysis, respectively. Further details of patient characteristics can be
found in Table 1 for all patients and stratified by infection neutralization response against
VoC Omicron BA.1.

Table 1. Patient characteristics.

Omicron BA.1 Neutralization after Fourth Vaccination

Total Low/Non-Responder Responder

n=142 n=12 n=130 P

Age (years) 72.6 (61.5-80.6) 77.1 (67.0-79.7) 72.2 (60.5-80.6) 047
Female 48 (33.8%) 7 (58.3%) 41 (31.5%) 0.11
Dialysis vintage (months) 48.9 (21.3-83.7) 38.7 (13.4-63.6) 49.3 (21.9-84.0) 0.34
Vaccines 1.0

mRNA and vector 8 (5.6%) 0 (0.0%) 8 (6.2%)

only mRNA 134 (94.4%) 12 (100.0%) 122 (93.8%)
COVID-19 infection before second blood examination 22 (15.5%) 2 (16.7%) 20 (15.4%) 1.0
Time lap between infection and second blood 215.7 +223.3 157.5 4 222.7 2246 +231.1 0.71
examination (days)
Charlson Comorbidity Index 5.0 (4.0-7.0) 5.5(4.0-6.2) 5.0 (4.0-7.0) 0.95
History of kidney transplantation 16 (11.3%) 1(8.1%) 15 (11.5%) 1.00
Immunosuppressive medication 16 (11.3%) 4 (33.3%) 12 (9.2%) 0.031
Hepatitis B vaccination non-response 51 (36.4%) 5 (41.7%) 46 (35.4%) 0.94

Renal diagnosis

Glomerulopathy 22 (16.1%)
Diabetic nephropathy 24 (17.5%)
Hypertensive nephropathy 17 (12.4%)
Congenital or cystic renal disease 13 (9.5%)
Tubulointerstitial disease 2 (1.5%)

Reflux nephropathy 3(2.2%)

Other 18 (13.1%)
Nephropathy of unknown origin 43 (30.3%)

Results are presented as mean (+SD) and median (interquartile range) for normally and non-normally distributed
data, respectively; categorical data as total number (percentage). p values present the results of group-wise
comparisons of patients neutralizing Omicron BA.1 after the fourth vaccination.

3.1. COVID-19 and Vaccinations

All patients received four vaccinations, eight and six of which received their first and
second vaccination with AZD1222 (Vaxzevria®, AstraZeneca Canada Inc., Mississauga,
ON, Canada) by AstraZeneca. All other vaccinations were done with mRNA-based vac-
cines (BNT162b2 by BioNTech-Pfizer, New York, NY, USA or mRNA-1273 by Moderna,
Cambridge, MA, USA). Fifteen patients received two or more vaccinations with mRNA-
1273 (Spikevax®, Moderna), and the remaining patients received BNT162b2 (Comirnaty®,
BioNTech-Pfizer). The median duration between the first and the fourth vaccination
was 338.0 (333.0-342.0) days, and between the third and the fourth vaccination 126.0
(105.0-126.0) days, respectively. The median duration between the third vaccination and
the first blood sampling was 4.1 (3.4-4.1) months.

A SARS-CoV-2 breakthrough infection indicated by SARS-CoV-2 nucleocapsid-specific
IgG antibody positivity or a positive SARS-CoV-2 PCR occurred in 22 (15.5%) individuals
before the second blood sampling after the fourth vaccination (Figure 1B). In these patients,
the average time between the SARS-CoV-2 infection and the second blood collection was
215.7 £ 223.3 days. Of these, seven patients had no known history of SARS-CoV-2 infection
but were classified as convalescent due to positive anti-nucleocapsid IgG detection. Four
(18.2%) of the 22 infected patients were treated with SARS-CoV-2-specific monoclonal
antibodies. Ten (7.0%) patients had a SARS-CoV-2 infection between the two blood draw-



Vaccines 2022, 10, 1328

6 of 13

>

X

C50 dilution 1

Real virus neutralization

2500

n
=]
=]
=]

1500

1000

o
=]
=]

o

ings before and after the fourth vaccination. No patient reported recurrent SARS-CoV-2
infections (Figure 1B).

3.2. Immunosuppression

Immunosuppressive medication was prescribed in 16 (11.3%) patients during the
observation period. Reasons for immunosuppression were history of organ transplantation
in eight, cancer treatment in four, underlying kidney disease in two, and unknown causes
in two other patients. Inmunosuppressive agents were glucocorticoids in 14, tacrolimus in
four, mycophenolate mofetil in three, and others in two patients (lenalidomide, rituximab,
and reduced dose CHOP).

3.3. Impact of Four Vaccinations on Neutralization Capacity and NAbs

After the fourth vaccination significantly increased serum neutralization capacities
were found for both VoCs, Delta and Omicron BA.1. Infection neutralization capacity for
Delta increased from a median IC50 (serum dilution factor, 1:x) of 247.0 (46.3-1560.8) to
2560.0 (1174.0-2560.0), and for Omicron BA.1 from 37.5 (20.0-198.8) to 668.5 (182.2-2560.0)
(each p < 0.001) (Figure 2A,B). NAD levels significantly increased from 721.0 (184.5-801.0) to
801.0 (801.0-801.0, p < 0.001) (Figure 2C). Serum neutralization capacity after the fourth vac-
cination was significantly lower for Omicron BA.1 compared to Delta (668.5 [182.2-2560.0]
vs. 2560.0 [1174.0-2560.0], p < 0.001). Similar to the overall cohort, when analyzing only
NADb high-responder, we found a significant increase for the neutralization capacity for
both VoCs, Delta (1172.5 [382.8-2560.0] vs. 2560.0 [2560.0-2560.0], p < 0.001) and Omicron
BA.1 (170.5 [56.3-468.5] vs. 2553.0 [640.2-2560.0], p < 0.001).

p<0.001 B p<0.001 c p<0.001
32500 800
c
i) =
= 2000 £
5 =)
e (0 Z600
g =g
o
/ Ewsoo A g'-g
£8
% 2 < &%= 400
£ 1000 o g 5
© [
s i
o} (o] 2k
© 3 . £200
8 E 500 .9 § o
brd >
[} Z £ <
o ¢ ofO ol Z
before after before after before after
fourth vaccination fourth vaccination fourth vaccination

Figure 2. Changes in SARS-CoV-2 infection neutralization capacity before and after the
fourth COVID-19 vaccination in hemodialysis patients. Real virus neutralization assay was per-
formed using (A) the SARS-CoV-2 Delta (B.1.617.2) and (B) the Omicron (B.1.1.529, sub-lineage
BA.1) variant of concern upon serial dilution of hemodialysis patient sera before and after the fourth
vaccination. Inhibitory concentration (IC50) dilution values are given. (C) Change of spike-specific
IgG neutralizing antibody (NADb) titers given in AU/mL in a surrogate neutralization assay. Dots
indicate the measurement of an individual patient with lines connecting individual patient values
before and after the fourth vaccination. Boxes indicate median and interquartile ranges. Statistical
analysis was performed using paired-samples Wilcoxon test, p values indicate statistical significance
between groups.

Patients with a serum IC50 < 20 were classified as low, and those with no detectable
neutralization as non-responder. Regarding Delta and Omicron BA.1 infection neutraliza-
tion capacity, significantly fewer patients (Delta: 30 vs. 5; Omicron BA.1: 61 vs. 12, each
p < 0.001) were low or non-responders after the fourth vaccination. The percentage of
NADb responders was already very high before the fourth vaccination and did not further
increase significantly (136 [95.8%] vs. 139 [98.6%], p = 0.13) (Figure 3).
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Figure 3. Percentage of responders before and after the fourth vaccination. A responder was defined
by a Delta or Omicron BA.1 IC50 virus infection neutralization of >1:20 as well as neutralizing
antibodies (NAb) >10 AU/mL. Green and red indicate the percentages classified as responder and
non-responder, respectively. Statistical analysis was done using the McNemar test for paired samples.

After the fourth vaccination, infection neutralization of Delta and NAb titers were
correlated highly significantly (p < 0.0001) but moderately (rho = 0.50) positive. Similarly,
the correlation of the infection neutralization capacity of Omicron BA.1 and NAb was
highly significant (p < 0.0001) and moderately (rho = 0.44) positive.

Univariate regression analysis showed significantly reduced neutralization capacity
for Delta after the fourth vaccination if immunosuppressive medication (p = 0.001) or hepati-
tis B vaccination non-response (p = 0.046) was present (Table 2A, left column). Multivariate
analysis showed a reduced Delta neutralization capacity after the fourth vaccination if
immunosuppressive medication (p < 0.001) was taken and-by trend-if hepatitis B vacci-
nation non-response was present (p = 0.070) (Table 2A, right column). For Omicron BA.1
infection neutralization, no such association was present (Table 2B). Univariate and multi-
variate analyses showed reduced NAbs after the fourth vaccination if immunosuppressive
medication was prescribed (Table 2C).

Table 2. Univariate and multivariate regression models to identify predictors of Delta (A) and
Omicron BA.1 (B) neutralization capacity, respectively as well as neutralizing antibodies (C) after the
fourth vaccination.

Univariate Multivariate
Predictor b (95% CI) 4 b (95% CI) 4
A. Delta
(Intercept) - - 1918.2 (985.5, 2850.9) <0.001
Age (1 year) —2.1(-14.1, 10.0) 0.74 2.6 (—14.5,19.6) 0.77
Dialysis vintage (1 month) 2.1(—04,4.6) 0.10 0.05 (—0.04, 0.13) 0.27
Charlson comorbidity index —28.4 (—102.6,45.7) 0.45 —17.3 (—120.8, 86.1) 0.74
Immunosuppressive medication —814.7 (—1293.8, —355.9) 0.001 —867.3 (—1356.7, —377.9) <0.001
Hepatitis B vaccination non-response —331.9 (—658.1, —5.6) 0.046 —290.8 (—605.3, 23.7) 0.070
B. Omicron BA.1
(Intercept) - - 1167.7 (91.6, 2243.8) 0.034
Age (1 year) —0.5(—13.9,12.9) 0.94 0.2(—194,19.9) 0.98
Dialysis vintage (1 month) 1.0(—1.9,3.8) 0.50 0.02 (—0.07, 0.12) 0.62
Charlson comorbidity index —7.9(—90.5,74.8) 0.85 —0.6 (119.9,118.7) 0.99
Immunosuppressive medication —382.7 (—933.3, 167.9) 0.17 —457.6 (—1031.3, 116.0) 0.12

Hepatitis B vaccination non-response —228.1(—590.7, 134.4) 0.22 —180.7 (—568.3, 206.8) 0.36
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Table 2. Cont.
Univariate Multivariate
Predictor b (95% CI) r b (95% CI) 4
C.  Neutralizing antibodies

(Intercept) - - 837.9 (661.4, 1014.4) <0.001

Age (1 year) —1.2(-3.6,1.1) 0.30 —1.3(—4.6,1.9) 0.41

Dialysis vintage (1 month) 0.4 (-0.1,0.19) 0.12 0.01 (—0.01, 0.02) 0.32

Charlson comorbidity index —7.0(—21.3,74) 0.34 2.8(—16.7,22.3) 0.78
Immunosuppressive medication —209.6 (—302.1, —117.0) <0.001 —223.0 (319.9, —126.0) <0.001

Hepeatitis B vaccination non-response —228.1(—590.7, 134.4) 0.22 —22.8 (—86.5,40.9) 0.48

Abbreviations: b, regression coefficient; CI, confidence interval.

When comparing serum neutralizing capacities after the fourth vaccination between
subgroups we saw significant differences in Delta infection neutralization if immuno-
suppression was prescribed (716.5 [176.2-2560.0] vs. 2560.0 [1678.0-2560.0], p = 0.002)
(Figure 4A), and by trend for Omicron BA.1 (193.5 [80.0-1481.8] vs. 820.5 [214.3-2560.0],
p = 0.067) (Figure 4B). Patients with a history of SARS-CoV-2 infection had by trend a
higher IC50 value for Delta (2560.0 [2560.0-2560.0] vs. 2560.0 [955.2-2560.0], p = 0.069) and
significantly higher values for Omicron BA.1 neutralization (1952.0 [893.2-2560.0] vs. 489.0
[157.8-2560.0], p = 0.013) (Figure 4C,D). If patients were classified as hepatitis B vaccine
non-responder, they had significantly lower IC50 values for Delta neutralization (2460
[531.0-2560.0] vs. 2560.0 [1765.0-2560.0], p = 0.018) (Figure 4E), but not for Omicron BA.1
neutralization (553.0 [103.5-1762.5] vs. 760 [254.0-2560.0], p = 0.18) (Figure 4F).
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Figure 4. Influence of immunosuppressive medication, SARS-CoV-2 breakthrough infection, and
hepatitis B response status on COVID-19 vaccine responses. Serum real-virus neutralization capacity
for Delta (left column) and Omicron BA.1 (right column) was analyzed after the fourth vaccination in
subgroups. Comparison of immunosuppressive drug treatment (A,B), the prevalence of SARS-CoV-2
infection before the second blood sampling (C,D), and hepatitis B vaccination non-response (E,F) on
serum neutralization capacity. Statistical analysis was performed using the Mann-Whitney-U test,
p values indicate statistical significance between groups.

3.4. Impact of NAD and Infection Neutralization Capacity on Breakthrough Infections

Finally, the ten patients with a SARS-CoV-2 breakthrough infection between the first
and the second blood sampling had by trend lower serum neutralization capacity for
Omicron BA.1 at the first blood sampling being almost significant (10.0 [0.0-26.8] vs.
42.5[20.0-217.5], p = 0.051) (Figure 5). No difference was detected for serum neutralization
capacity of Delta (189.5 [42.5-1167.0] vs. 257.5 [50.8-1583.8], p = 0.54). The VoC causing the
SARS-CoV-2 infection was not determined. Omicron BA.1 serum neutralization capacity at
the first blood sampling could not predict the COVID-19 breakthrough infection between
the first and the second blood sampling (p = 0.29) when using univariate logistic regression.
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Figure 5. Serum neutralization capacity for Omicron BA.1 variant of concern before the fourth vaccination
stratified by patients with SARS-CoV-2 breakthrough infections between the first and the second blood
sampling. Statistical analysis was performed using the Mann-Whitney-U test, p value indicates statistical
significance between groups. The y-axis is interrupted between 500 and 2500 for better visibility.
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4. Discussion

This prospective observational study demonstrates that hemodialysis patients benefit
from a fourth COVID-19 vaccination. Serum infection neutralization capacity increased
more than 10-fold for Delta and almost 18-fold for Omicron BA.1 after a fourth vaccination
indicating better protection from infection with these highly infectious SARS-CoV-2 VoCs.
The strength of our study is the examination of the live-virus infection neutralization
capacity of patients” sera for two of the most recent SARS-CoV-2 VoCs, Delta and Omicron
BA.1. These two variants are also most distant from the original SARS-CoV-2 strain which
was used to design the vaccines currently in use. Thus, the protective capacity against the
new variants was hard to predict.

Our observation is highly important since hemodialysis patients show reduced im-
munological responses to vaccination compared to healthy controls, which may be ex-
plained in the context of uremia [5,13]. The hemodialysis patients in our study showed a
significantly increased capacity to neutralize both SARS-CoV-2 VoCs, Delta and Omicron
BA.1, after the fourth vaccination. Our results are consistent with previous reports of signif-
icantly increasing anti-spike antibody titers after the fourth vaccination in hemodialysis
patients [14,15] but add an important quality as these antibody titers were determined
against the original vaccine strain of SARS-CoV-2 but not against the currently circulating
variants. Furthermore, in line with previous work with a pseudovirus assay, we found a
reduced neutralization capacity for VoC Omicron BA.1 compared to Delta [16].

Patients with a breakthrough infection between the first and the second blood sampling
had a lower neutralization capacity for Omicron BA.1, only slightly missing significance.
This was not seen for the Delta neutralization capacity. This might be partly explained
by the fact that the analysis was performed between February and March 2022, when
the Omicron wave peaked in Germany. Hence, over 99.3% of the majority of COVID-19
cases were Omicron infections at that time [10]. Logistic regression could not predict a
SARS-CoV-2 breakthrough infection, possibly due to the low infection rate after the first
blood collection. In French hemodialysis patients, a response towards wild-type virus
neutralization two weeks after the third vaccination was present in approximately 54% of
patients [5]. Another study in a British cohort found response rates of 97% and 72% for Delta
and Omicron, respectively, in hemodialysis patients one month after the third BNT162b2
vaccination when applying an IC50 cut-off at 40 [17]. We found response rates of 57% for
Omicron BA.1 and 79% for Delta four months after the third vaccination. Methodological
differences in the neutralization assays [5,17] as well as time interval differences associated
with reduced immune responses to vaccination [18] might explain these variations.

In line with previous reports [18-20], we identified immunosuppressive agents as a
predictor for lower neutralization capacity, primarily prescribed to patients with a history of
kidney transplantation. Patients on immunosuppressive medication had significantly lower
neutralization capacity for Delta and, by trend, for Omicron BA.1. Other studies, however,
did not identify immunosuppressive drugs as a predictor of neutralization capacity in
hemodialysis patients [5]. Discrepancies might be explained due to the specific immunosup-
pressive agents prescribed. A previous study showed significantly reduced seroconversion
rates in patients on anti-CD20 therapy regimes or mycophenolate mofetil, especially in
combination with glucocorticoids [20], substances also prescribed to our patients.

Interestingly, a positive hepatitis B vaccination response was by trend associated with
an improved neutralization capacity. This was, however, only seen for the Delta VoC. It
thus needs to be determined by further studies if hepatitis B vaccination response might
serve as a surrogate for COVID-19 vaccination response or vice versa.

In clinical routine, only NAb or anti-S antibody levels are readily and widely available.
These, however, only detect the response against the original SARS-CoV-2 strains and
not against the VoCs. Before the fourth vaccination, NAb was present in 96% of the
study population, and response rates did not further increase after the fourth vaccination.
However, when looking at the absolute change of NAb titers, NAb increased significantly
after the fourth vaccination. This increase was less pronounced than the increase in IC50
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values in infection neutralization due to the limited range of the assay, although the
SARS-CoV-2 strain used for vaccination and in the NAb assay were identical. Although
NAD levels are highly predictive of immune protection [21], this further demonstrates the
limitation of routinely available assays.

We do not have outcome data of our cohort after the fourth vaccination concern-
ing infection prevention but decreased COVID-19 incidence and severity in vaccinated
hemodialysis patients have been observed by others [5]. Thus, increasing NAb levels might
still be a good indicator of vaccine response after the fourth vaccination and, therefore,
useful in clinical routine.

In a study by Espi et al., a third vaccination did not improve the immune response
in patients that had already shown a high response after the second vaccination and was
associated with more side effects [5]. In our cohort, we did not record side effects. Still,
we observed even in NADb high-responder a further significant increase of neutralization
capacity and, more importantly, a very strong increase in infection-neutralization capacity
of the two most prevalent SARS-CoV-2 VoCs. Differences worth mentioning in the work
of Espi et al. might be the application of a third dose three months after the second dose.
At the same time, the fourth vaccination was administered at least four months after the
third dose in our cohort. Nevertheless, reports of increased side effects in high-responders
may argue for an individual decision-making process depending on routinely available
antibody levels.

Finally, some limitations have to be mentioned. We examined the neutralization capac-
ity of the Omicron sub lineage BA.1. The question remains if these results are generalizable
to other Omicron subvariants currently becoming predominant. Further studies have to
show if improved neutralization capacity after the fourth vaccination is associated with
COVID-19 incidence and severity.

5. Conclusions

In conclusion, a fourth vaccination against SARS-CoV-2 significantly improves the
antibody-mediated immune response in hemodialysis patients. A routinely applied
four-time vaccination regimen, therefore, seems reasonable in hemodialysis patients. NAbs
might be a good clinical surrogate of vaccination response. However, neutralization anti-
body titers above the upper limit of quantification should not hinder a fourth vaccination
as this further improves and broadens live-virus infection neutralization.
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ABSTRACT

A promising approach to tackle the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2)
could be small interfering (si)RNAs. So far it is
unclear, which viral replication steps can be effi-
ciently inhibited with siRNAs. Here, we report that
siRNAs can target genomic RNA (gRNA) of SARS-
CoV-2 after cell entry, and thereby terminate replica-
tion before start of transcription and prevent virus-
induced cell death. Coronaviruses replicate via neg-
ative sense RNA intermediates using a unique dis-
continuous transcription process. As a result, each
viral RNA contains identical sequences at the 5
and 3’ end. Surprisingly, siRNAs were not active
against intermediate negative sense transcripts. Tar-
geting common sequences shared by all viral tran-
scripts allowed simultaneous suppression of gRNA
and subgenomic (sg)RNAs by a single siRNA. The
most effective suppression of viral replication and

spread, however, was achieved by siRNAs that tar-
geted open reading frame 1 (ORF1) which only ex-
ists in gRNA. In contrast, siRNAs that targeted the
common regions of transcripts were outcompeted
by the highly abundant sgRNAs leading to an im-
paired antiviral efficacy. Verifying the translational
relevance of these findings, we show that a chemi-
cally modified siRNA that targets a highly conserved
region of ORF1, inhibited SARS-CoV-2 replication ex
vivo in explants of the human lung. Our work en-
courages the development of siRNA-based therapies
for COVID-19 and suggests that early therapy start,
or prophylactic application, together with specifi-
cally targeting gRNA, might be key for high antiviral
efficacy.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is causing a pandemic with disastrous consequences
on global health, politics and economy. SARS-CoV-2, like
other coronaviruses affecting humans, is mainly transmit-
ted via respiratory secretions (1), and replicates primarily
in respiratory epithelial cells (2). Due to its lytic cell cy-
cle (3), it causes severe endothelial injury and widespread
microangiopathy (4), which can trigger a pathological cas-
cade that can lead to respiratory failure and death (5).
While some progress has been made by repurposing the
RNA polymerase inhibitor Remdesivir (6), using mono-
clonal antibodies against the receptor-binding domain of
the viral Spike (S) protein (7), or by ameliorating SARS-
CoV-2 induced lung injury using dexamethasone (8), the
impact of such therapies on lethality of coronavirus dis-
ease 19 (COVID-19) remains limited (9). Several potential
new treatments are currently investigated (10). One promis-
ing approach could be to deliver small interfering (si)RINAs
locally to the respiratory tract by inhalation (11), and in-
duce degradation of viral RNAs by the RNA interference
(RNAI) machinery. Studies performed with severe acute res-
piratory syndrome coronavirus-1 (SARS-CoV-1) or Mid-
dle East respiratory syndrome coronavirus (MERS-CoV),
showed that siRNAs can silence viral RNA and relieve
symptoms caused by related coronaviruses (12-15). The on-
going pandemic prompted multiple research groups to eval-
uate siRNA-based therapies for COVID-19. While most
of the so far published studies reviewed the potential of
RNAI to treat COVID-19 (16-21), describe in-silico stud-
ies (22-28), or are restricted to using reporter assays to
test activity of siRNAs (29,30), initial proof-of-concept that
SARS-CoV-2 can be inhibited by siRNAs, was also pro-
vided (31,32). However, until today it is unclear, which vi-
ral replication steps are accessible for RNAi and which are
the determinants for an efficient suppression of viral repli-
cation. An in-depth understanding of these factors, how-
ever, would be a requirement to formulate a potent antiviral
strategy.

SARS-CoV-2, as other coronaviruses, has a positive
sense, single-stranded RNA genome with a length of ~30
000 nucleotides. Following binding to the cellular recep-
tor angiotensin-converting enzyme 2 (33), the virus is taken

up via endocytosis (34). After fusion with the endosomal
membrane with the help of the host protease transmem-
brane protease serine 2 (35), the ribonucleocapsid is released
into the cytoplasm. Here, the viral genome serves as tem-
plate for translation of the polyprotein lab (pplab) from
open reading frame 1 (ORF1) by the cellular ribosomal ma-
chinery. Pplab is cleaved into 16 non-structural proteins
(NSPs) of which several assemble around the viral genome
to form the replication/transcription complex (RTC) (36).
As for other positive sense RNA viruses, transcription does
not take place in the cytosol, but exclusively within double-
membrane vesicles (37). Therefore, the viral RTC asso-
ciates with endoplasmic reticulum membranes to form viral
replication organelles (ROs). Here, the viral genome serves
as template for transcription of full-length progenitor ge-
nomic (g)RNA as well as subgenomic (sg)RNAs encoding
for structural (S, envelope protein [E], membrane protein
[M], Nucleocapsid [N]) as well as accessory proteins (3a, 6,
7a, 7b, 8 and 10) (38). Replication takes place via negative
sense intermediate RNAs in a process called discontinuous
transcription (39,40). As a result, each coronaviral RNA
contains an identical 5’ (the ~70 nucleotide long leader se-
quence [L]) as well as 3’ end (N ORF and 3’ untranslated
region [3'UTR]) (38). Next, sgRNAs are released from ROs
(41), translated into the corresponding protein and gRNA
packaged by the structural proteins to assemble progeny
virions.

Coronaviruses protect their RNA well. Besides the lipid
bilayer envelope, nucleocapsid proteins bind directly to the
viral genome. Thus, even between uncoating and incor-
poration into double-membraned ROs, the genome is not
present as naked RNA (42). Furthermore, while sgRNAs
are exported from ROs for translation, this does not seem
to be the case for gRNA which remains associated with
double-membraned vesicles (41). Currently, it is not clear
whether and how the different viral RNA species can be tar-
geted by an RNAi-based therapy. Furthermore, certain vi-
ral components might be essential for replication, whereas
the loss of others might be tolerated by the virus. Thus, sup-
pression of reporter constructs as often performed during
siRNA development may not accurately predict the effect
of siRNAs on viral replication and spread. To shed light
upon these questions, we systematically analyzed which vi-
ral RNA species and steps of the SARS-CoV-2 life cycle can
be targeted by siRNAs and how this would affect viral repli-
cation.

MATERIALS AND METHODS
siRINA design and synthesis

We designed siRNAs against the SARS-CoV-2 Leader se-
quence, ORF1, Nucleocapsid gene (N) and 3’ untranslated
region (3’'UTR) employing a publicly available online tools
(43) using the full-length reference sequence (NCBI Acces-
sion number: NC_045512.2) from the RefSeq database as
a template. For a fair comparison of target regions, siR-
NAs for which a similar silencing efficacy was predicted (44)
were further incorporated in the study. The siRNAs were
designed in two versions: (i) As symmetric siRNAs with a
length of 21 or 23 nucleotides with 2 nucleotide overhangs
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Table 1. Sequences of siRNAs used in the study. siRNA duplexes were designed with occasional G:U wobbles at the 5" end of the antisense strand, as
indicated by small lettered ‘u’. L1-3; leader-sequence specific siRNAs 1-3; O1-3, ORF1-specific siRNAs 1-3; N1-3, N-specific siRNAs 1-3; U, 3'UTR-

specific siRNAs 1-3; GFP = Green Fluorescent Protein; Luc = Firefly Luciferase; A = adenine; C = cytosine; G = guanine; U = uracil; T = thymine

Name Sense strand (5'-3") Antisense strand (5'-3")

L1 UCUGUUCUCUAAACGAAuUUTT AGUUCGUUUAGAGAACAGAUC
L2 CCAACCAACUUUCGAUuUUTT GAGAUCGAAAGUUGGUUGGUU
L3 AAACCAACCAACUUUCGAUTT AUCGAAAGUUGGUUGGUUUGU
(0] CCAAAUGUGCCUUUCAACUTT AGUUGAAAGGCACAUUUGGUU
02 GUUACAUGCACCAUAUGGATT UCCAUAUGGUGCAUGUAACAA
03 GGUACUUGGUAGUUUAGCUTT AGCUAAACUACCAAGUACCAU
N1 GAAUAAGCAUAUUGACGUATT UGCGUCAAUAUGCUUAUUCAG
N2 CAAAUUGGCUACUACCGAATT UUCGGUAGUAGCCAAUUUGGU
N3 CGCUUCAGCGUUCUUCGGAAUTT AUUCCGAAGAACGCUGAAGCGTT
N4 GGACGAUUGUUACGACGUUTT AACGUCGUAACAAUCGUCCUA
N5 CCCUUGAAGAGGACGAUUWUTT AGAUCGUCCUCUUCAAGGGGA
N6 CGUGGGCGUUAGGACGAUUTT AAUCGUCCUAACGCCCACGGU
N7 GAUUGUUUCUGCCGUAGUATT UACUACGGCAGAAACAAUCGU
N8 GGGUGGUUGUCUCGGAUUUTT AAAUCCGAGACAACCACCCUU
N9 GUUCCUUGUUGUAACGGUUTT AACCGUUACAACAAGGAACUC
N10 GACGAUUGUUACGACGUUATT UAACGUCGUAACAAUCGUCCU
NIl CUAGUUCAGUAAAACGAUUTT AGUCGUUUUACUGAACUAGAA
Ul CUUUAAUCAGUGUGUAACATT UGUUACACACUGAUUAAAGAU
U2 CCUAAUGUGUAAAAUUAAUTT AUUAAUUUUACACAUUAGGGC
U3 CAUGUGAUUUUAAUAGCUUTT AAGCUAUUAAAAUCACAUGGG
siGFP GCAGCACGACUUCUUCAAGTT CUUGAAGAAGUCGUGCUGCTT
siLuc CGUACGCGGAAUACUUCGATT UCGAAGUAUUCCGCGUACG

at the 3’ ends of both strands and occasional G:U wob-
bles at the 5" end of the antisense strand (45) to improve
specificity (43) (Table 1 and Supplementary Table S1; exper-
iments shown in Figures 1-4 and Supplementary Figures
S1-S5). (ii) To exclude a bias by the slight variations in the
siRNA design (different lengths and containment of wob-
bles), we additionally ordered siRNAs against the same tar-
get sites that all had an identical design (symmetric 21-mers
with 2 nucleotide overhangs at 3’ ends of both strands [sense
strand overhang consisting of dTdT] and no wobbles) (Sup-
plementary Table S3; experiments shown in Supplementary
Figure S6). Two additional siRNAs targeting GFP (siGFP)
and Firefly Luciferase (siLuc) were designed as negative
controls. siLuc served as control for SARS-CoV-2 infec-
tion experiments and siGFP for experiments in which Lu-
ciferase reporters were used. All chemically unmodified siR-
NAs were purchased in desalted form (Microsynth AG, Bal-
gach, Switzerland), resuspended and maintained in RNAse
free water upon arrival.

Chemically modified versions of ORF1-targeting siR-
NAs and siLuc were designed in an asymmetric fashion
using a previously described design and chemical modi-
fication pattern (46) as employed for Lumasiran (47). In
brief, all nucleotides of the siRNA were subjected to a 2’-
O-methyl modification (2’OMe) except nucleotides at po-
sitions 7, and 9-11 of the siRNA sense-, as well as posi-
tions 2, 6, 8, 9, 14 and 16 of the antisense-strand (all 5'-3’
direction), which contained 2’-Fluoro modifications (2'F)
instead. Additionally, two consecutive nucleotides at both
ends of the siRNA antisense strand, as well as at the 5
end of the sense strand were incorporated with phospho-
rothioate linkages (for details see Supplementary Table S4).
Chemically modified siRNAs were synthesized by Eurogen-
tec (Liege, Belgium) at a 40 nmol scale and purified by high
performance liquid chromatography (HPLC). The siRNAs

were obtained in desalted form and reconstituted in RNAse
free water at a concentration of 20 mM.

Conservation of siRNA target sites

To analyze the conservation of the siRNA target sites
within the global SARS-CoV-2 population, we downloaded
(date of retrieval: 26 October 2021) SARS-CoV-2 sequences
from the GISAID EpiCoV™ Database (48) using the most
stringent quality indicators (only complete sequences with
high sequencing coverage). To analyze the conservation of
siRNA target sites within currently circulating SARS-CoV-
2 strains without bias, we retrieved the 100 000 sequences
with latest submission date (ranging from 1 October until 26
October 2021) without restriction to a specific lineage. For
a more in-depth analysis of the SARS-CoV-2 variants that
were defined by the WHO by the day of sequence retrieval as
major variants of concern (VoC) or interest (Vol), we down-
loaded 20 000 sequences (each time considering only the
latest submission dates) of each of the four VoC (WHO la-
bels: Alpha, Beta, Gamma, and Delta variant) and all avail-
able sequences for the two Vol (WHO labels: Lambda and
Mu variant) for which less sequences were available (848
and 5889). These included lineages that were defined by the
Pango nomenclature system (27) as: B.1.1.7 and Q.x (Al-
pha variant); B.1.351, B.1.351.2 and B.1.351.3 (Beta vari-
ant), P.1 and P.1.x (Gamma variant), B.1.617.2 and AY.x
(Delta variant), C.37 and C.37.1 (Lambda variant), as well
as B.1.621 and B.1.621.1 (Mu variant). For each of the 12
siRNAs, a search was performed for the presence of the
siRNA target site within each of the acquired data sets us-
ing an inhouse script written in Ruby programming lan-
guage (https://www.ruby-lang.org). Only perfect matches
were counted, and the fraction of SARS-CoV-2 sequences
containing the match presented in percent.
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Figure 1. Effect of targeting genomic SARS-CoV-2 RNA with siRNAs on viral replication and cytopathy. (A, top) Experimental setup used in (B-D).
VeroE6 cells were transfected with siRNAs targeting ORF1 (siORF1) 16h before infection with recombinant, GFP-expressing SARS-CoV-2 (rSARS-
CoV-2-GFP; MOI 1) and number of GFP* positive cells quantified. Cells receiving no treatment (untreated), transfection reagent only (Mock) or a
control siRNA (siCtrl) served as controls. (A, bottom) Schematic representation of gRNA, as well as sgRNAs. Note that ORF1 (blue) is only part of
full-length gRNA but not sgRNAs. GFP, green fluorescent protein. (B) Kinetic of viral spread showing number of GFP* cells determined by automated
quantification using the integrated Incucyte S3 software. (C, D) GFP expression 24h after infection with rfSARS-CoV-2-GFP. (C) Exemplary fluorescence
microscopy pictures. Bar at lower right indicates 0.1 mm length and (D) quantification of GFP* cells. (E) Same experimental setup as in (B-D) but cells
were infected with wildtype SARS-CoV-2 (MOI 0.1) and lysed after 24 h to quantify genomic SARS-CoV-2 RNA from cell lysate by RT-qPCR. (F, G)
siRNAs used in (B-E) were pooled and transfected into VeroE6 cells 6h before infection with wildtype SARS-CoV-2. Cells were lysed at different time
points after infection and SARS-CoV-2 (F) gRNA as well as (G) sgRNAs quantified by RT-qPCR. (H, I) VeroEG6 cells were transfected with siRNAs 6h
before infection with wildtype SARS-CoV-2 (MOI 1) and dead cells visualized using the Incucyte@®) Cytotox Red Dye and quantified using the Incucyte
S3. (H) Exemplary fluorescent microscopy pictures taken at 56h p.i. Dead cells are shown in red. Bar at lower right indicates 100 wm length. (I) Time
kinetic of dead cells quantified every 4h over a period of 3 days. (B, G, I) Mean of triplicates for each treatment group is shown, error bars indicate SEM.
Bars in (D-F) show median. Statistical differences were calculated using (B, G, I) repeated measures one-way Anova or (D-F) regular one-way Anova
with Dunnett’s multiple comparison correction. M, Mock; —, untreated; O1-3, ORF1-specific siRNAs 1-3; *P < 0.05; **P < 0.01; ***P < 0.001; ****p
< 0.0001.
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Prediction of secondary structure of siRNA target sites

The stability of RNA secondary structures of regions that
were targeted by our siRNAs were analyzed by making
use of data provided by Andrews et al. (49) who analyzed
all possible 120-nucleotide windows (each shifted by 1 nu-
cleotide) of the SARS-CoV-2 genome using the ‘ScanFold’
algorithm (50). We averaged the values of four consecu-
tive 120-nucleotide windows that contained the respective
siRNA target site in the center to calculate the mean ‘native
dG score’ (or ‘minimum free energy’ [MFE]), the thermo-
dynamic ‘z-score’, and the GC content for each region. The
native dG score predicts the free energy value of the most
stable possible structure the sequence could adopt. A more
negative value represents a more stable structure, corelating
with less efficient RNAI activity (51). The z-score refers to
the difference of minimum free energy between a potentially
folded structural RNA and a random RNA of the same
dinucleotide frequency. Negative z-score indicates a window
which generates a more stable structure than the sequence
content would typically produce; on the contrary, positive z-
score represents a less stable structure (52). The GC content
positively correlates with stable secondary structures and in
contrast to the other two parameters inversely with RNAi
target site accessibility (53).

Cell lines and seeding

HEK293T cells were maintained in glucose-containing
Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 50 U/ml penicillin/streptomycin, 1% non-
essential amino acids and 1 mM sodium pyruvate (Gibco ™-
Thermo Fisher Scientific GmbH; Dreieich, Germany).
VeroE6 cells were maintained in glucose containing
DMEM supplemented with 5% FBS. Mycoplasma con-
taminations were excluded in all cell lines. Cells were kept
at 37°C in humidified incubators at 5% CO,. 200 000
HEK?293T cells were plated in poly-L-lysine (Sigma-Aldrich
Chemie; Taufkirchen, Germany) treated 24-well plates for
reporter assays, 150 000 or 20 000 VeroE6 cells were
plated in 24-well or 96-well plates (Techno Plastic Products;
Trasadingen, Switzerland) respectively for experiments in-
cluding SARS-CoV-2 infection.

Human tissue, ethics statement and human precision-cut lung
slices (hPCLS)

Human tissue was obtained from the CPC-M bioArchive
at the Comprehensive Pneumology Center (CPC), from the
University Hospital GroBhadern of the Ludwig Maxim-
ilian University (Munich, Germany) and from the Askle-
pios Biobank of Lung Diseases (Gauting, Germany). Par-
ticipants provided written informed consent to participate
in this study, in accordance with approval by the local
ethics committee of the Ludwig Maximilian University
Munich, Germany (Project 19-630). PCLS were prepared
as described before (54,55). Shortly, PCLS were prepared
from tumor-free peri-tumor tissue. The lung tissue was in-
flated with 3% agarose solution and solidified at 4°C. Tis-
sue blocks were cut in 500 wm thick slices using a vibra-
tion microtome Hyrax V50 (Karl Zeiss AG, Oberkochen,
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Germany). PCLS were cultured in DMEM F-12 medium
supplemented with 0.1% FBS (Thermo Fisher Scientific;
Dreieich, Germany). Prior to experiments, PCLS punches
of 4 mm in diameter were generated using a 4 mm biopsy
puncher.

Cloning of luciferase reporters

Initial siRNA screenings, testing of siRNA strand-specific
activities and the competition assay (shown in Figure 4D,
E) were performed using the dual luciferase expressing
psiCHECK™-2 vector (Promega GmbH; Walldorf, Ger-
many). The siRNA target sites were cloned into a multi-
ple cloning site present downstream of the Renilla luciferase
translational stop codon via Xhol/Notl digestion (FastDi-
gest™, Thermo Fisher Scientific; Dreieich, Germany). The
binding sites of siRNAs were purchased as single-stranded
DNA oligonucleotides, designed to form overhangs mim-
icking digested oligonucleotide fragments after annealing.
Hence, equal amounts of complementary oligonucleotides
were mixed and heated at 95°C for five minutes followed by
gradual cooling for 2 h at 30°C to allow forming of oligonu-
cleotide duplexes. These were directly used in a ligation re-
action with the digested psiCHECK-2"™ vector.

To determine strand specific sSiRNA activities shown in
Figure 2 and Supplementary Figure S2, the full-length pos-
itive or negative sense N coding sequences were cloned into
the luciferase vector. Hence, the positive sense N coding se-
quence was PCR amplified using primers E-N Fw BamHI
and E-N Rev EcoRI from cDNA of SARS-CoV-2 infected
VeroE6 cells and cloned into the pcDNA1/Amp plasmid
vector. In a next step, the N-coding sequence was PCR-
amplified using primers N CDS Fw Xhol and N CDS
Rev Notl and cloned into the luciferase reporter. The full-
length negative sense N gene was purchased as desalted,
pre-annealed double-stranded DNA oligonucleotide (Euro-
gentec, Liége, Belgium) and used directly for the annealing
reaction with digested psiCHECK™-2 vector. A list of used
oligonucleotides is given in Supplementary Table S2.

Transfection

siRNAs were transfected using Lipofectamine RNAIMAX
(Thermo Fisher Scientific; Dreieich, Germany) according
to manufacturer’s instructions at time points and concen-
trations provided in the figure legends of respective exper-
iments. For transfections before SARS-CoV-2 infection, a
reverse-transfection protocol was used. All transfection ex-
periments were performed with at least three biological
replicates. For the pre-selection of siRNAs, the determina-
tion of strand-specific activities of N-targeting siRNAs, and
the competition assay, siRINAs were co-transfected together
with respective plasmid expressing a luciferase reporter. In
brief, 200 ng of reporter plasmid and 6 pmol of siRNA
were mixed with 1 wl of transfection reagent (Lipofectamine
2000, Thermo Fisher Scientific; Dreieich, Germany) diluted
with Opti-MEM to a final volume of 100 pl. siRNA and
plasmid containing transfection complexes were added on
top of confluent cells, resulting in 10 nM final concentration
of siRNA per well. For the pre-screening of siRNAs and
the determination of strand specific activities of N-specific
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Figure 2. Evaluation of SARS-CoV-2 negative sense RNA as siRNA target. (A, B) Kinetics of negative and positive sense SARS-CoV-2 RNAs following
wildtype SARS-CoV-2 infection (MOI 0.1) of VeroE6 cells. Negative and positive sense RNAs were individually transcribed to cDNA by using either poly A
or poly T primers and (A) gRNA and (B) sgRNAs quantified by RT-qPCR. (C) Experimental setup to determine siRNA strand specific activities. Luciferase
reporters with incorporated positive or negative sense N sequences in the 3'UTR of Renilla luciferase were co-transfected with siRNAs into HEK293T
cells and (D) luciferase activity measured after 48 h (E) siRNAs were transfected into VeroEG6 cells 6 h before infection with wildtype SARS-CoV-2 (MOI
0.1) and 24 h p.i. sgRNAs quantified from cell lysate using RT-qPCR. (F) Same setup as in (E) but VeroE6 cells were infected with rSARS-CoV-2-GFP
(MOI 1.0) and GFP* cells quantified every 4 h. All experiments were performed with three biological replicates. Graphs in (A, B, D, E) show mean and
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correction. Co-transf., co-transfection; M = mock-transfected; n.s., non-significant, *P < 0.05; ****P < 0.0001

siRNAs, constructs were transfected into 85-90% confluent
HEK?293T cells and for the competition assay into conflu-
ent VeroEG6 cells.

Polymer/siRNA polyplexes for ex vivo lung transfections
were prepared as described before (56) by first dissolving
polyethylenimine 25 kDa (BASF, Ludwigshafen, Germany)
in water at a concentration of 1 mg/ml, which was then fil-
tered through a 0.22 pm filter for sterilization. Stocks of
siRNA and PEI were further diluted in a sterile 5% glu-
cose solution to reach the desired concentration. Polyplexes
were prepared with a total amount of 60 pmol of siRNA.
The required amount of PEI in pg (mPEI) was calculated

as follows:

m (siRNA)

———~ x 431 17! x N/P
MGRNA) < H-lgmol N/

mPEI =

where 43.1 if the molecular weight of the protonable unit of
PEI, and N/P is the ratio of protonable amines of the poly-
mer to phosphate groups of the siRNA backbone (56). The
experiment was performed at an N/P ratio of 6. A defined
volume of the polymer solution was added to an equal vol-
ume of the diluted siRNA and incubated for 20 minutes at
room temperature to allow polyplex formation.
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Dual-luciferase based reporter assay and competition exper-
iment

To determine silencing activity of siRNA sequences, siR-
NAs were co-transfected into cells with plasmids expressing
dual luciferase reporters. After co-transfecting siRNAs and
plasmids (for details see paragraph above), cells were lysed
after 48h (siRNA prescreening and strand specific activi-
ties) with 100 w1 passive lysis buffer (Promega GmbH; Wall-
dorf, Germany), and luciferase activity from 10 pl cell lysate
measured using the Dual Luciferase®™ Reporter Assay Sys-
tem (Promega GmbH; Walldorf, Germany) according to
instructions using a Tecan Infinite 200 PRO Microplate
reader (Tecan Group Ltd.; Mannedorf, Switzerland). Rela-
tive activity of Renilla luciferase (normalized to Firefly lu-
ciferase activity as an internal transfection control) was in-
dicated as silencing efficiency of the siRNA and compared
to the same luciferase reporter co-transfected with the con-
trol siRNA siGFP. For the competition experiment (shown
in Figure 4D, E), siRNAs and the respective luciferase re-
porter plasmid were co-transfected into VeroE6 cells as de-
scribed previously, which were 6 h later infected with wild-
type SARS-CoV-2 (MOI 0.1), and 24 h later, luciferase ac-
tivity and knockdown efficacy were determined.

SARS-CoV-2 infection

VeroEG6 cells were seeded in 24-well format at least 6h be-
fore infection to gain ~90-95% confluency at time of in-
oculation. The SARS-CoV-2 stock was pre-diluted in 200
wl growth media to achieve the desired multiplicity of in-
fection (MOI) for the respective experiment. At time of
inoculation, old growth media was removed, and the pre-
diluted SARS-CoV-2 solution added to cells. After 1h in-
cubation at 37°C, a medium exchange was performed. Ex-
periments with wildtype SARS-CoV-2 were terminated at
different time points ranging from 1 to 24 h post infec-
tion depending on which step of the viral replication cy-
cle was investigated. The SARS-CoV-2 wildtype virus used
in this study was isolated in March 2020 from a patient
at the Institute of Virology, TU Munich. The full-length
sequence was uploaded onto GISAID database (https://
www.gisaid.org/) under name 1Co V-19/ Germany/BAV-PL-
virotum-nacq/2020 and accession ID: EPI_ISL_582134.

PCLS samples were prepared as described above and cul-
tured with Dulbecco’s Modified Eagle Medium (DMEM)
F-12 supplemented with L-Glutamine, HEPES, 10,000 IE
Penicillin, 10 000 IE streptomycin and 0.1% fetal bovine
serum. For each biological replicate, three PCLS were
placed in a 48-well plate in 500 wl medium and trans-
fected with 60 pmol siRNA and PEI at N/P 6 (for details
see ‘transfection’ section) six hours before being infected
with wildtype SARS-CoV-2. For infection, 300 000 plague-
forming units (PFU) SARS-CoV-2 were added to each well,
which contained PCLS with an estimated cell number of 300
000 cells, resulting in an approximated MOI of 1.0.

Real-time monitoring of virus spread using rSARS-CoV-
2-GFP and automated fluorescence analysis with the In-
cuCyte(®) Live-Cell Analysis

VeroE6 cells in growth media were seeded at least 6h be-
fore infection into 96-well plates to gain ~90-95% con-
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fluency at time of infection. Cell were then inoculated
with a recombinant SARS-CoV-2, expressing green fluo-
rescent protein (GFP) from a sequence integrated at the
ORF7 locus (rSARS-CoV-2-GFP). For this, the rSARS-
CoV-2-GFP virus infection solution was pre-diluted in 50
.l growth media to achieve the desired MOI. After adding
50 wl of the infection solution to cells, media was exchanged
after 1 h, and multi-well plates placed into IncuCyte® Live-
Cell Analysis device for acquisition of phase contrast as well
as fluorescence pictures of the entire well every 4 h for three
days. Infected cell population was quantified using the GFP
channel and the IncuCyte S3 software (Essen Bioscience;
version 2019B Rev2).

Half maximal inhibitory concentration

Efficacy of siRNAs to inhibit luciferase reporters or SARS-
CoV-2 replication was analyzed by determining half max-
imal inhibitory concentrations (ICsy). To investigate ac-
tivity to suppress viral replication, siRNAs were reversely
transfected into VeroE6 cells at a series of concentrations
of 100, 25, 6.25, 1.56, 0.39, 0.098, 0.024 and 0.006 nM.
The cells were infected with rfSARS-CoV-2-GFP (MOI 1)
after 6 h as described earlier. The siRNA silencing ac-
tivity was determined as number of GFP* cells 24 h p.i.
using the Incucyte®) software. To determine ICsy values
for luciferase reporters, siRNAs were co-transfected into
HEK293T cells with respective dual luciferase reporters
at identical siRNA concentrations as described above and
activity of firefly and Renilla luciferases measured after
48 h (for details see paragraph ‘Dual-Luciferase based re-
porter assay and competition experiment’). All experiments
were performed using three biological replicates. ICs val-
ues were calculated by fitting a nonlinear curve with variable
slope using the nonlinear regression model in GraphPad 9.0
software.

Determination of cell death and cell viability

To evaluate the impact of siRNA-treatment on SARS-CoV-
2-induced cytopathy, VeroE6 cells were reversely trans-
fected in 96-well plate with siRNAs and 6 h later infected
with wildtype SARS-CoV-2 (MOI 1). Number of dead cells
was quantified using the Incucyte® Cytotox Red Dye to
monitor the loss of the cell membrane integrity (Sarto-
rius AG, Goéttingen, Germany; Cat. No. 4632). As the cya-
nine nucleic acid dye is unable to pass the plasma mem-
branes of healthy cells, the dye can only bind to DNA if
the integrity of cellular membranes is compromised. Fluo-
rescence signal (maximum at 631 nM) was measured using
the red channel of the Incucyte S3 analyzing system every
4 h for 3 days after infection. As a further marker of cell
viability, the metabolic rate of treated cells was determined
using the CellTiter-Blue Cell Viability Assay kit (Promega
GmbH, Walldorf, Germany) according to manufacturer’s
instructions. Accordingly, CellTiter-Blue reagent was di-
luted 1:5 with culture medium and applied to cells for 1 h at
37°C, 5% CO,. Conversion from resazurin to resorufin
was analyzed with fluorescence filters 550/590 nm from a
Tecan Infinite F200 (Tecan Group Ltd.; Ménnedorf,
Switzerland).
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Table 2. Oligonucleotides and cycling conditions used during polymerase change reaction. A = adenine; C = cytosine; G = guanine; T = thymine; Rev
= reverse; min = minute; s = second; RDRP = RNA-dependent RNA polymerase

Primers Sequence (5'-3')
N CDS Fw Xhol ATCATACTCGAGATGTCTGATAACGGACCCCA
N CDS Rev Notl ATCATTGCGGCCGCGGCCTGAGTTGAGTCAGCAC
E-N fw BamHI GGTGGTGGATCCTGAGCCTGAAGAACATGTCC
E-N Rev EcoRI GGTGGTGAATTCAGCTCTCCCTAGCATTGTTC
Oligo(dT)yo ITTTTTTTTTTTTTTTTTTT
Oligo(dA)sg AAAAAAAAAAAAAAAAAAAA
18S cDNA 1 CCTTCCGCAGGTTCACCTAC
18S cDNA 2 CCTCCAATGGATCCTCGT
18S cDNA 3 TAATCATGGCCTCAGTTCCG
18S qPCR Fw: AAACGGCTACCACATCCA

Rev: CCTCCAATGGATCCTCGT
N qPCR Fw: GACCCCAAAATCAGCGAAAT

Rev: TCTGGTTACTGCCAGTTGAATCTG
RDRP qPCR Fw:CGTCTGCGGTATGTGGAAAG

PCR cycling conditions:

Rev: TAAGACGGGCTGCACTTACA

Initial Denaturation: 95°C 5 Min (Ramp rate 4.4)

45 Cycles: 95°C - 15 seconds (Ramp rate 4.4)
55°C - 10 seconds (Ramp rate 2.2)
72°C - 25 seconds (Ramp rate 4.4)

Nucleic acid extraction and gPCR

RNA from cultured cells was extracted with the Nucle-
oSpin RNA kit (Macherey-Nagel; Diiren, Germany), and
¢DNA synthesized with the Superscript™ III First-Strand
Synthesis System (Thermo Fisher Scientific; Dreieich, Ger-
many) according to manufacturer’s instructions. SARS-
CoV-2 transcripts were amplified in subsequent qPCR using
primers specific for the N region, essentially covering all the
viral transcripts or the RNA dependent RNA polymerase
(Rdrp) region, as a measure of gRNA. For quantification
of viral RNAs, a standard curve was constructed using plas-
mids with integrated Rdrp or N sequences. Amount of sgR-
NAs was calculated by subtracting the number of Rdrp
containing transcripts (as a marker of gRNA) from the N-
containing transcripts as full-length gRNA is also detected
by the N primers. 18S rRNA was used as a reference gene
for relative quantification. All quantitative PCRs were per-
formed on a LightCycler® 480 (Roche Holding AG; Basel,
Switzerland) using primers and cycling conditions shown in
Table 2.

Strand-specific cDNA synthesis

To individually determine negative or positive sense SARS-
CoV-2 RNA, we specifically transcribed RNA of a cer-
tain polarity to cDNA. Hence, first strand synthesis was
performed from total RNA extracts using the Super-
Script™ IV First-Strand Synthesis System (Thermo Fisher
Scientific; Dreieich, Germany) with primers specific ei-
ther for positive sense mRNA (Oligo(dT)yy primers) or
negative sense mRNA (Oligo(dA),y primers). To allow
transcription of a house keeping gene also in the reac-
tion transcribing negative sense RNA, primers specific for
the 18S rRNA gene (18S cDNA1-3; Table 2) were added
to the reaction. A final concentration of 50 pM for all
primers combined were used for first strand synthesis re-
action and viral RNAs quantified by qPCR as described
above.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
(version 8.4.3) for Mac. Normally distributed samples were
analyzed using the Student T-test for independent samples
when comparing two groups and with One-way Anova with
Dunnett’s multiple comparison correction when compar-
ing three or more groups. Statistical differences of non-
normally distributed data were calculated for two groups
using Mann-Whitney U or Kruskal-Wallis with Dunn’s
multiple comparison correction tests when comparing three
or more groups. P-values <0.05 were considered significant.

RESULTS

Targeting the genome of SARS-CoV-2 with siRNAs termi-
nates replication before start of transcription and prevents
virus-induced cell death

Following the events in the viral replication cycle, first,
we investigated whether siRINAs can directly target the in-
coming genome of SARS-CoV-2 after cell entry. We chose
ORF1 as target region, as it is only contained in full-
length genomic, but not sgRNAs. We individually trans-
fected three siRNAs which were active in previous lu-
ciferase reporter screens (Supplementary Figure S1A) into
VeroE6 cells. After 16 h, cells were infected with a recombi-
nant SARS-CoV-2 (rSARS-CoV-2-GFP), which expresses
GFP from an integrate at the ORF7 locus. Viral infec-
tion and spread were monitored by quantifying GFP* cells
every 4h over the course of three days (Figure 1A, top).
As the ORF1-specific siRNAs do not target the transcript
from which GFP is expressed, a suppression of GFP ex-
pression would indicate that siRNAs targeted full-length
gRNA (Figure 1A, bottom). Indeed, we found the num-
ber of GFP* cells reduced to ~50% by each of the tested
siRNAs (Figure 1B-D; Supplementary Figure S1B). Im-
portantly, this difference was already present at the earli-
est time point (12 h post infection [p.i.]) with detectable
GFP signal (Figure 1B), indicating that genomes of incom-
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ing virus were successfully targeted. We confirmed this by
repeating the experiment using wildtype SARS-CoV-2 but
lysed the cells 24 h p.i. and quantified SARS-CoV-2 gRNA
by RT-gPCR. As indicated by our previous experiment,
gRNA was reduced in groups pre-treated with the ORF1-
specific siRNAs (Figure 1E). To further confirm that in-
deed genomes of incoming virus were degraded, we trans-
fected cells with a pool of three ORF1-specific siRNAs 6 h
before infection with wildtype SARS-CoV-2 and quanti-
fied intracellular viral RNAs at different time points. Vi-
ral RNAs were further differentiated into full-length gRNA
and sgRNAs (see Materials and Methods for details). We
found that gRNA was reduced as early as 1 h p.i. (Figure
1F), before sgRNAs were synthesized (Figure 1G). Treat-
ment with ORF1-specific siRNAs prevented sgRNA ex-
pression (Figure 1G), improved cell viability (Supplemen-
tary Figure S1C) and prevented cell death (Figure 1H, I).
Taken together, our data demonstrates that siRNAs can
target the genome of SARS-CoV-2 and terminate viral
replication at an early replication step and by this prevent
cytopathy.

Negative sense SARS-CoV-2 RNAs are not accessible for
siRNA therapy

Currently it is unclear if both, negative and positive sense
coronaviral RNA, or only RNA with a certain polarity is
accessible for RNAI silencing. This question is particularly
interesting when designing therapeutic siRNAs, as poten-
tially both strands of the siRNA could convey antiviral ac-
tivity. To gain a more detailed understanding on the ki-
netic of RNA synthesis during SARS-CoV-2 replication, we
lysed wildtype SARS-CoV-2-infected VeroEG6 cells at differ-
ent time points. Positive and negative sense viral RNAs were
individually quantified by strand-specific first strand syn-
thesis (see Materials and Methods). Negative sense gRNA
was detected in low quantities already 1 h p.i., but strongly
increased at 6 h p.i. when it was more abundant than posi-
tive sense gRNA (Figure 2A). In contrast, sgRNAs started
to appear only at 6 h p.i. (Figure 2B). Consistent with other
coronaviruses, lower amounts of negative sense sgRNAs
were detected as compared to their positive sense coun-
terparts (57). We then investigated whether negative sense
SARS-CoV-2 RNA is accessible for RNAi-mediated silenc-
ing. We developed siRNAs that specifically targeted either
negative or positive sense SARS-CoV-2 RNA. We chose
the N ORF as target region, as it is also part of sgR-
NAs which are — in contrast to gRNA—exported from
ROs (41), and should therefore be easily accessible for siR-
NAs. siRNA strand-specific activity was validated by co-
transfecting siRNAs with reporter plasmids that either car-
ried the positive or negative sense N coding sequence in the
3'UTR of the Renilla luciferase gene (see scheme in Fig-
ure 2C and methods section). The majority of siRNAs pre-
sented a selectivity for the RNA strand they were designed
against (Supplementary Figure S2). We chose siRNAs with
almost exclusive activity against either the positive or neg-
ative sense reporter (Figure 2D) and tested their antiviral
activity. To our surprise, only siRNAs active against posi-
tive sense N ORF reduced sgRNAs during wildtype SARS-

Nucleic Acids Research, 2022, Vol. 50, No. 1 341

CoV-2 infection (Figure 2E), and inhibited viral spread in
the rSARS-CoV-2-GFP model (Figure 2F). In summary,
our data proves that negative sense SARS-CoV-2 RNAs are
inaccessible for RNAI.

siRINA-targeting of the common regions of SARS-CoV-2
transcripts allows simultaneous suppression of gRNA and
sgRNAs, but leads to reduced antiviral efficacy

We further went on to investigate whether targeting the
common regions shared by all SARS-CoV-2 transcripts (L,
N ORF and 3'UTR; see scheme in Figure 3A) would al-
low simultaneous suppression of gRNA as well as sgRNAs,
and how this would affect antiviral efficacy. To achieve a fair
comparison between target regions, we selected three siR-
NAs for each target region for which a similar efficacy was
predicted by the design tool (Supplementary Figure S3A)
and which suppressed luciferase reporters to comparable
degrees (Supplementary Figure S3B), with only siRNAs
against the leader sequence showing slightly lower scores,
as the small size of the target limited options for siRNA de-
sign. To not interfere with incoming SARS-CoV-2 genomes
of input virus, we first infected VeroE6 cells with wildtype
SARS-CoV-2 and transfected the siRNAs 3h later. To com-
pensate for the differences of the activities of individual siR-
NAs, we pooled three siRNAs for each target region and
tested their effect on SARS-CoV-2 RNA expression (Fig-
ure 3B). As expected, ORF1-specific siRNAs suppressed
only gRNA, whereas siRNAs targeting common regions of
transcripts suppressed gRNA and sgRNAs. We next inves-
tigated how targeting sgRNAs in addition to gRNA would
affect antiviral efficacy of siRNAs. To this end, we infected
cells with rSARS-CoV-2-GFP and this time transfected the
three siRNNAs per target region individually. All siRNAs
significantly inhibited viral replication and viral dissemi-
nation as evidence by lower frequency of GFP-expressing
cells as compared to controls (Supplementary Figure S3C).
To our surprise, however, SARS-CoV-2 spread significantly
slower in groups treated with siRNAs that solely targeted
gRNA (target region ORF1), illustrated by increased dou-
bling times of GFP* cells (Figure 3C). While both groups
of siRNAs (targeting only gRNA or additionally sgRNAs)
suppressed luciferase reporters to a similar extent, the siR-
NAs that targeted exclusively gRNA significantly stronger
suppressed replicating virus (Figure 3D). This finding was
further confirmed in an experiment using wildtype SARS-
CoV-2, which showed an improved knockdown of SARS-
CoV-2 gRNA (Figure 3E) leading to enhanced suppression
of sgRNAs by ORF1-specific siRNAs (Supplementary Fig-
ure S3D). The enhanced viral suppression led to improve-
ments of the metabolic rate of infected cells (Supplementary
Figure S3E) and reduced cell death (Figure 3F,G; Supple-
mentary Figure S3F).

In summary, our data showed a concurrent suppression
of genomic and subgenomic viral RNAs by siRNAs that
targeted the common regions of viral transcripts. On the
other hand, the ORF1-specific siRNAs, which solely tar-
geted SARS-CoV-2 gRNA, subdued viral replication and
spread more efficiently as compared to siRNAs that addi-
tionally targeted sgRNAs.
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Figure 3. Targeting common regions of SARS-CoV-2 transcripts allows simultaneous suppression of gRNA and sgRNAs, but leads to impaired antiviral
activity. (A) Schematic presentation of SARS-CoV-2 transcripts with sequences that are found in several transcripts shown in orange or red, and sequences
that are exclusively part of viral gRNA shown in blue. (B) Effect of siRNAs targeting ORF1 which is only part of full-length SARS-CoV-2 gRNA or
targeting sequences common within gRNA and sgRNAs. VeroE6 cells were infected with wildtype SARS-CoV-2 (MOI 0.1) and 3 h p.i. transfected with
siRNA pools (containing three siRNAs each) specific for indicated genomic regions of SARS-CoV-2. At 24 h p.i., viral gRNA and sgRNAs were quantified
by RT-qPCR. gRNA levels are shown relative to 18S rRNA and sgRNA relative to gRNA. (C) VeroEG6 cells were infected with rSARS-CoV-2-GFP (MOI
1) and 3 h later transfected with individual siRNAs targeting indicated genomic regions of SARS-CoV-2. GFP™ cells were quantified every 4h (for full data
see Supplementary Figure S3C) and virus spread quantified by fitting an exponential curve and calculating the doubling time. Dots represent median of
three biological replicates each. Name of siRNA is given by red and blue labeling; L1-3; Leader-sequence specific siRNAs 1-3; N1-3, N-specific siRNAs
1-3; U, 3’UTR-specific siRNAs 1-3; O1-3, ORF1-specific siRNAs 1-3. (D) Comparison of siRNA efficacy against luciferase reporters or SARS-CoV-2
infection. To determine activity against luciferase reporters, each siRNA was transfected together with the respective luciferase reporter into HEK293T
cells and luciferase activity measure after 48 h. To measure antiviral activity, experimental setup as described under (C) was used, and GFP* cells quantified
at final time point (68 h). Each dot represents median of three biological replicates. (E) VeroE6 cells were transfected with siRNA pools and infected with
wildtype SARS-CoV-2 (MOI 0.1) after 6 h. Viral gRNA was quantified relative to 18srRNA at given time points using RT-qPCR (F, G). Effect of siRNA
treatment on SARS-CoV-2 induced cytolysis. VeroE6 cells were transfected with siRNA pools and infected with wildtype SARS-CoV-2 (MOI 1) after 6 h.
Virus-induced cell death was analysed using the Incucyte® Cytotox Red Dye at 56 h p.i. (F) Exemplary fluorescence microscope images showing dead
cells in red. Bars in lower right of images represent 100 pm. (G) Number of dead cells were quantified using the Incucyte S3 analyzing system. Bar in
(C, D) shows median. (B, E, G) show mean = SEM. Statistical differences were calculated using (B, G) one-way Anova, or (E) repeated measures Anova
with Dunette’s multiple comparison correction and in (C, D) using Student’s -test for independent samples. All experiments were performed using three
biological replicates. n.s., non-significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Materials and Methods section. (D, E) Competition experiment to determine effect of SARS-CoV-2 replication on RNAi silencing efficacy. (D) HEK293T
cells were co-transfected with siRNAs against different target region as well as luciferase reporters with incorporated binding sites for the co-transfected
siRNA. After 6h, cells were infected with wildtype SARS-CoV-2 (MOI 0.1) and (E) luciferase activity determined from cell lysate 24 h p.i.. Statistical
differences were calculated using Student’s 7-test for independent samples; n.s., non-significant, *P < 0.05; **P < 0.01.

Subgenomic RNAs out-compete siRINAs that target the com-
mon regions of transcripts leading to a reduced antiviral effi-
cacy

We hypothesized, that the reason for the decreased efficacy
of siRNAs that targeted gRNA and sgRNAs could be that
they were outnumbered by the highly abundant sgRNAs.
In a first approximation, we asked how the level of viral
replication would affect knockdown efficacy of siRNAs.
We transfected a relatively low concentration (1 nM) of an
siRNA that ecither targeted both, gRNA and sgRNA (N2)
or exclusively gRNA (02) into VeroE6 cells and infected
cells with increasing amounts of rSARS-CoV-2-GFP. In-
terestingly, we found that both siRNAs reduced viral repli-
cation to the same extent when cells were infected with a
relatively low amount of virus (MOI 0.03). With increas-
ing viral inoculum, however, the sgRNA-targeting siRNA
more prominently lost antiviral efficacy than the exclusively
gRNA-targeting siRNA (Figure 4A). This was a first indi-
cation that out-competition of siRNAs by sgRNAs could
indeed be responsible for the reduced antiviral efficacy of
siRNAs that target the common regions of transcripts. To
substantiate this finding, we asked if increasing siRNA
dosages could compensate for this effect. Cells were thus
transfected with increasing siRNA concentrations of the
same siRNAs and infected with rSARS-CoV-2-GFP. In line
with the previous experiment, both siRINAs inhibited viral

replication to similar extent when transfected at very high
concentrations of 100 nM. With decreasing concentrations,
likewise, the sgRNA-targeting siRINA showed a substantial
loss of antiviral efficacy which was significantly less distinct
for the siRNA that targeted only gRNA (Figure 4B). This
added further evidence that competition with sgRNAs im-
paired antiviral efficacy of siRNAs that target the common
regions of transcripts.

The above observations prompted us to acquire a more
thorough picture of how SARS-CoV-2 replication impacts
the antiviral efficacy of siRNAs at different concentrations.
We thus determined the ICsg for each siRNA using both, lu-
ciferase reporters (Supplementary Figure S4), as well as the
SARS-CoV-2 infection model (Supplementary Figure S5).
If indeed common region siRNAs would be out-competed
by sgRNAs, we would expect higher ICsy compared to
siRNAs that solely target gRNA. This phenomenon, how-
ever, should only appear in the SARS-CoV-2 model as the
luciferase reporters do not express sgRNAs. In general,
IC5p determined using luciferase reporters were consider-
ably lower than those determined in the infection model,
most likely as due to the co-transfection of siRNA and
reporter plasmid, the majority of cells that expressed lu-
ciferase had also received an siRNA. However, this was
probably not the case in the infection model, where SARS-
CoV-2-infected and siRNA-transfected cells did not neces-
sarily overlap to such a large extent. On the same lines of
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Table 3. Conservation of siRNA target sites in circulating SARS-CoV-2 strains. Full-length, high-quality SARS-CoV-2 sequencing results were retrieved
from the GISAID EpiCoV™ Database (www.gisaid.org) and analyzed for the presence of the siRNA target sites. To estimate conservation within all
currently circulating strains (‘Any variant’), the 100,000 latest submissions until October 26™ 2021 were included without restricting to a specific variant.
Lineages defined by WHO as Variants of Concern (VoC) or Variants of Interest (VoI) were separately downloaded and analyzed accordingly. For VoC, only
the latest 20,000 submissions, and for Vol, all available sequences were considered. VoC and Vol are labeled according to WHO nomenclature, for details
regarding the included lineages according to the Pango nomenclature system see materials & methods. n, number of analyzed full-length SARS-CoV-2

sequences
Variants of concern Variants of interest

Variant Any variant Alpha Beta Gamma Delta Lambda Mu
Sequences (n) 100 000 20 000 20 000 20 000 20 000 848 5889
siRNA Conservation of target site (Only perfect matches in %)

L1 94.92 95.10 91.15 96.65 93.43 98.23 92.96
L2 39.53 37.34 36.16 29.81 47.39 22.40 28.76
L3 24.11 23.32 26.06 17.43 15.95 16.98 13.04
0Ol 99.55 99.33 99.83 99.42 99.51 99.76 99.59
02 99.65 99.46 99.45 99.66 99.33 99.88 99.54
03 99.90 99.95 99.88 99.93 99.91 100 99.83
N1 99.54 99.60 99.71 99.71 99.55 99.64 99.88
N2 99.68 99.79 99.90 99.89 99.50 99.52 99.06
N3 99.50 99.69 99.77 98.70 99.67 99.29 99.52
Ul 96.49 96.89 97.20 91.16 93.78 92.57 90.25
U2 86.64 84.74 86.05 59.20 82.78 89.62 81.28
u3 24.53 38.39 33.49 25.95 35.98 38.44 28.83

similar relative knockdown extents (Figure 3D, Supplemen-
tary Figure S3B), we also found comparable ICs, values for
ORF1- or common region siRNAs when tested against lu-
ciferase reporters (left graph of Figure 4C). In the infection
model, however, common region siRNAs presented signifi-
cantly higher ICsy than ORF1-specific siRNAs (right graph
of Figure 4C), as higher siRNA concentrations were nec-
essary to suppress viral replication. In summary, our data
show that SARS-CoV-2 replication negatively affected the
efficacy of siRNAs which targeted sgRNAs, but not the
ones which exclusively targeted gRNA.

To finally prove that the silencing capacity of common
region siRNAs was indeed impaired by SARS-CoV-2 repli-
cation, we designed a competition experiment. We co-
transfected siR NAs targeting the different SARS-CoV-2 re-
gions together with their respective luciferase reporters. Af-
ter 6h, we infected cells with wildtype SARS-CoV-2 and an-
alyzed how SARS-CoV-2 replication would affect silencing
of the luciferase reporter (Figure 4D). Of note, in this ex-
perimental setting, both SARS-CoV-2 RNAs and mRNA
transcribed from a luciferase reporter plasmid can be tar-
geted by the respective siRNAs. Indeed, we found that si-
lencing of luciferase reporters by siRNAs which targeted
the common region of transcripts was significantly impaired
by SARS-CoV-2 replication. This was not observed for the
ORF1-specific siRNA which suppressed the luciferase re-
porter with same efficacy in both, infected as well as non-
infected cells (Figure 4E). We furthermore examined pos-
sible confounding factors, such as the siRNA design (Sup-
plementary Table S3 and Figure S6A,B), or the secondary
structure of the target region (Supplementary Figure S6C—
E), none of which explained the better antiviral activities of
siRNAs that targeted solely gRNA.

In summary, our data proves that an impaired RNAI si-
lencing affects siRNAs that targeted sgRNAs leading to a
reduced antiviral efficacy.

Ex vivo human lung model confirms the antiviral activity of
an ORF1-targeting siRNA therapy

An important factor to consider especially while devising a
siRNA-based therapy against RNA viruses is the conserva-
tion of the target sites, to enable a broad applicability and
minimize the risk of resistance mutations occurring. When
analyzing publicly available SARS-CoV-2 sequencing re-
sults, we found that the conservation of target sites of our
siRNAs varied largely. Interestingly, ORF1-targeting siR-
NAs showed a significantly higher conservation than siR-
NAs against the common regions of transcripts (Supple-
mentary Figure S7). The target sites of all three analyzed
ORF1-specific siRNAs were conserved to at least 99.55%
within all currently circulating strains and within >99.30%
of each of the VoC and Vol. The best-performing siRNA,
03, even presented an overall conservation of 99.90% and
at least 99.83% within all VoC and Vol (Table 3).

As non-modified siRNAs are prone to nuclease diges-
tion, we tested chemically stabilized versions of our ORF1-
targeting siRNAs using a modification pattern (46), that is
also employed by the recently approved Lumasiran (47).
While the silencing activity of O1 and O2 were negatively
affected by the introduction of these chemical modifica-
tions, the modified version of O3 (O3*) presented even an
enhanced activity against the luciferase reporter (Figure
5A). In combination with the finding that O3 targeted also
the most conserved viral target of all analyzed siRNAs,
it prompted us to select O3* for further experiments. In
line with the expected increased stability, the modified ver-
sion of O3 revealed an even stronger pronounced benefit at
later time points (Figure 5B). Consequently, O3* also in-
hibited SARS-CoV-2 replication significantly stronger than
the non-modified siRNA (Figure 5C).

To test the relevance of our findings, we aimed to vali-
date O3* in a more realistic model of the human lung and
opted for human precision cut lung slices (hPCLS). PCLS

€202 AInp 20 uo 1sanb Aq 2890/ +9/EEE/1/0G/2191HE/IBU/WOO"dNO"dlWapede//:Ssdny WOy papeojumoq


http://www.gisaid.org

Nucleic Acids Research, 2022, Vol. 50, No. 1 345

D siRNA/PEI

>
w
(e

SiRNA CoV-2, ime-! complex  CoV-2,,, ..
VeroE6 Y——Y— pfluoresconce hPCLSY— Y BRT.qPCR
-6h  Oh microscopy -6h oh  24h
. 201 104 N 12 4 1.2+
9 S =
< < X 104 —oMock < _ *%
2 15 z 7 *82 5 5 ~scu %%08
2 A = | * — 8-
2 | . A % o . 2o 53
8 404 v L] 5 64 ™ 03 S
@ AA [ o Q o
8 A & 4 P Q=
£ £ = 4 & G 0.4
£ 5w B £ 5 d 8 43
g — g - . o
a a o —
0 o — ; . G 0 —punad . . 0015
Modified - + - + - + 48 72 9 0 24 48 72 siCtr* 03"

siRNA name O1 02 03 Time post transfection (h) Time post infection (h)

Figure 5. Chemically modified siRNA inhibits SARS-CoV-2 replication ex vivo in the human lung. (A) ORF1-targeting siRNAs were chemically modified
using a clinically validated chemistry (for details, see Material and Methods and Supplementary Table S4) and the activity compared to chemically non-
modified versions of the siRNAs using luciferase reporters. For this, siRNAs and luciferase reporter plasmids were co-transfected into HEK293T cells and
after 24 h luciferase activities determined. Values were normalized to a control group transfected with the respective luciferase reporter and the control
siRNA with identical chemistry. (B) Effect of chemical modifications on the duration of RNAi-silencing by siRNA O3 was compared using the same
experimental setup as in (A), and luciferase activity was determined at indicated time points. (C) Antiviral activity of the modified and non-modified
version of siRNA O3 were compared using the rSARS-CoV-2-GFP model. siRNAs were transfected into VeroE6 at a concentration of 50nM. 6h later,
cells were infected with rfSARS-CoV-2-GFP (MOI1), and GFP™* cells were quantified using the Incucyte S3 system. (D) To validate the approach in a highly
relevant model of the human lung, the chemically modified siRNA O3 was complexed with polyethylenimine (PEI), and transfected into human precision
cut lung slices (hPCLS; 100nM), which were infected with wildtype SARS-CoV-2 (MOI 1) 6h later. RNA was extracted from hPCLS harvested 24h p.i.
and viral replication quantified by RT-qPCR for SARS-CoV-2 gRNA (normalized to B-actin expression). Experiments shown in (A-C) were performed
using three biological replicates, (D) using five replicates. Horizontal bars in (A, D) indicate mean, error bars in (B-D) S.E.M. n.s., non-significant; **P <

0.01; ***P < 0.001.

are a complex ex vivo 3D tissue culture model of primary
human lung cells and thus constitute a highly physiological
model to evaluate siRNA delivery to the human lung and to
study human respiratory viruses (58). Also, we delivered our
siRNAs using PEI this time, which has a well characterized
toxicity profile allowing in vivo application (56) and can bet-
ter be nebulized than liposomal formulations (59), an im-
portant characteristic for a lung-directed therapy. hPCLS
were infected with wildtype SARS-CoV-2 6h after siRNA
application, and effects on viral replication were assessed
after 24 h by RT-qPCR. Indeed, also in this highly realis-
tic model of the human lung, siRNA O3* significantly in-
hibited SARS-CoV-2 replication by 92.8% compared to the
control siRNA-treated group (Figure 5D).

In summary, we show that factors which might proof
crucial for clinical translation can be applied to ORF1-
targeting siRNAs, including a high conservation of the tar-
get site, the stabilization via chemical modifications, as well
as a formulation which supports application by inhalation.
The resulting therapy strongly inhibited SARS-CoV-2 repli-
cation ex vivo in explants of the human lung, underlining the
relevance of our findings.

DISCUSSION

A promising approach to develop antiviral therapies against
SARS-CoV-2 constitute siRNAs, which is pursued by sev-
eral academic and industry groups. First proof-of-concept
studies presented that SARS-CoV-2 can be targeted with
siRNAs. Until today, however, there is no in-depth investi-
gation which coronaviral replication steps can be targeted
with siRNAs, which is not even available for other pos-
itive sense RNA viruses. By systematically analyzing the
individual replication steps following cell entry, we found
that siRNAs, when given in a prophylactic setting, can tar-
get the genome of SARS-CoV-2 at an early replication step

and halt replication before start of transcription, preventing
virus-induced cell death. To our surprise, targeting solely
gRNA resulted in a stronger antiviral efficacy than a si-
multaneous targeting of gRNA and sgRNA. We show that
the impaired RNAI silencing affecting siRNAs that target
gRNA and sgRNAs results from an out-competition by the
highly abundant sgRNAs. This notion appears especially
plausible as Kim et al. showed that roughly 2/3rd of the
transcriptome of infected cells are made up of SARS-CoV-
2 RNAs of which almost all contain the targeted sequences
(38).

Our findings on a first look might contradict a previous
report which described that targeting the leader sequence
of SARS-CoV-1 with siRNAs would be more efficacious
than targeting the S ORF (12). Several factors could explain
differences found in our study. First of all, SARS-CoV-1,
which—while being the closest related virus—has an amino
acid sequence homology of only between 40 and 94% de-
pending on the ORF (60), thus findings might not be appli-
cable to SARS-CoV-2. Also, Li et al. compared an siRNA
targeting the Leader sequence to siRNAs targeting the S
gene, which does not only exist in gRNA, but also in at least
a fraction of sgRNAs. Third, Li ez al. compared only a sin-
gle Leader-specific siRNA to two S-specific siRNAs ques-
tioning if the finding can be generalized to the target region
or if intra-individual differences of siRNA activity were re-
sponsible for the observed differences.

Along these lines, the question arises if differences be-
tween siRNA activities, in contrast to general differences
between target regions, could also explain why ORF1-
siRNAs were most efficient in our study. Given that ORF1
constitutes roughly 2/3rd of the viral genome, the bigger ge-
nomic space compared to the common regions might have
allowed to select more efficient siRNAs. This explanation,
however, appears unlikely as during the design and prese-
lection of the siRNAs, we prioritized to acquire siRNAs
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with similar activity for each target region over selecting
the most efficient siRNAs. As a result, we chose siRNAs
for which a similar efficacy was predicted and which ad-
ditionally showed comparable knockdown of luciferase re-
porters. While ORF1-specific siRNAs suppressed luciferase
reporters to a similar degree as the common region siR-
NAs, they were superior in inhibiting replicating virus. This
proves that a virological factor, rather than more efficient
siRNA sequences, was responsible for the better antiviral
efficacy of ORF1-specific siRNAs. Nonetheless, activities
of different siRNA sequences can differ strongly. Thus, we
cannot exclude that an siRNA against any SARS-CoV-2 ge-
nomic region might proof highly efficacious in inhibiting
viral replication. Also, as we did not investigate any other
target region beside the leader sequence, ORF1, N, or the
3'UTR, we cannot exclude that targeting another genomic
region of SARS-CoV-2 could prove to be superior to tar-
geting ORF1.

Another factor which might influence the antiviral activ-
ity of siRNAs could be the accessibility of the viral RNA.
One the one side, certain replication steps might occur
within cellular compartments, which we believe is the most
plausible explanation why negative sense RNA was not ac-
cessible for siRNA silencing. As negative sense RNAs do
not encode for proteins, there is no need to export them to
the cytosol. However, as probably no RISC complexes are
present within the ROs, activity of siRNA is restricted to
viral RNAs which have either not yet entered ROs (gRNA
of incoming virus), or positive sense sgRNAs that are ex-
ported from ROs for translation. Another factor which can
influence the accessibility of RNAs are secondary struc-
tures (61), which are especially important characteristics of
viral RNAs. While we found no correlation of predicted
secondary structures with the higher antiviral activity of
ORF1-targeting siRNAs, further factors, such as the cov-
erage of specific genomic regions by viral or host accessory
proteins, could potentially also have an impact.

It furthermore needs to be mentioned, that our study did
not employ in vivo experiments. While we used two different
cell culture infection models with varying conditions such
as time points of sSiRNA application, siRNAs dosages or vi-
ral inoculum sizes, we still cannot exclude, that factors play
out crucial during in vivo application which could not be ad-
dressed in these models. Nonetheless, by verifying the an-
tiviral activity of our lead siRNA in hPCLS, we validated
our approach in a model system which in certain aspects
can be considered as even more relevant for translational
aspects than the available animal models. As hPCLS are ex-
plants of human lungs, they contain all cell types (including
resident immune cells) and the physiologic structural archi-
tecture that is characteristic for the human lung. This com-
prises several factors with potential influence on efficacy of
a siRNA therapy, such as the cell polarization, mucus pro-
duction, or the innate immune system.

For clinical translation of siRNA-based therapies, sev-
eral additional factors need to be considered. One issue is
the possible occurrence of escape mutations that render the
virus resistant to therapy. Here, it is assumed that a high
conservation of the specific genomic region goes along with
an essential function for the virus, limiting the likelihood
of such mutations occurring. While during the design of

our siRNAs, we originally did not take the conservation of
target sites into account, the targets of our ORF1-specific
siRNAs were significantly more conserved than siRNAs
that targeted sgRNAs, which is supported by the fact that
ORF1 shows a relatively high conservation compared to
other regions of the SARS-CoV-2 genome (62). The tar-
get site of our most efficient siRNA, O3, even showed a
conservation of 99.9% in currently circulating SARS-CoV-2
strains. These findings strongly support the assumption that
an ORF1-specific siRNA drug candidate with a broad ap-
plicability and a high resistance barrier could be developed.

Another important factor is the resistance of the siRNA
to nucleases, which are found throughout different body
compartments and can minimize siRNA activity especially
in vivo. Using a clinically validated chemical modification
pattern, we show that our most promising siRNA candi-
date O3 gained a higher and more durable RNAi activ-
ity by introducing these modifications, leading to an en-
hanced antiviral efficacy. Moreover, the chemically mod-
ified siRNA could successfully be complexed with PEI,
which most likely constitutes a further protection from nu-
cleases.

Clinical application of siRNA-based approaches further-
more crucially depends on siRNA delivery (63-66). Espe-
cially the identification of the optimal carrier and adminis-
tration route is an important factor. While pulmonary de-
livery can be achieved by intranasal (i.n.) or inhalation ad-
ministration, i.n. administration was chosen as the deliv-
ery route in Alnylam’s early attempts of delivering siRINA
against RSV (67). The big advantage of i.n. delivery is
the possibility of administering a liquid formulation as
nose drops without the need of nebulizing the formulation.
This is particularly of impact for liposomal formulations as
they do not withstand shear forces and temperature-related
stress during nebulization (59). The biggest disadvantage of
i.n. administration, however, is the low pulmonary bioavail-
ability of the administered dose, while a large proportion is
swallowed and degraded (68). Inhalation delivery, in con-
trast, requires aerosol development of a mist or dry pow-
der. For nebulization of macromolecules such as siRNA, vi-
brating mesh nebulizers are preferred for decreased effects
on biomolecule stability (64). Dry powder inhalation of-
fers the advantages of long shelf-lives and enhanced stabil-
ity of nucleic acid formulations against chemical, physical
and microbial factors (65) but faces engineering challenges
when nucleic acids nanoformulations need to be transferred
into dry powders (69). Such nanoformulations are, how-
ever, particularly important for pulmonary delivery where
free nucleic acids do not efficiently diffuse through the mu-
cus barrier for subsequent uptake into the epithelium (70).
Numerous siRNA nanoformulations exist based on poly-
mers, lipids, peptides and inorganic materials (71), each of
which can be improved in efficiency and specificity with
different surface modifications such as targeting ligands or
membrane-active substances (66). PEI polymer has widely
been investigated as delivery system for siRNA (56). Thanks
to its positive surface charge it can be used to complex nega-
tively charged nucleic acids. PEI ensures high encapsulation
efficiency of siRNA even at low N/P ratio, it protects the
cargo against degradation by RNases and confers higher
transfection efficiency in comparison to free siRNA (72). In
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this study, siRNA O3*/PEI polyplexes confirmed the activ-
ity of the siRNA against SARS-CoV-2 in a relevant ex vivo
model, the hPCLS, which closely mimic the anatomy of the
respiratory tract.

To our knowledge, there is so far no equally detailed anal-
ysis of RNAi-targetable replication steps and RNA species
for any positive sense RNA virus. Thus, our results might
also be of relevance beyond SARS-CoV-2. The reduction
of cytopathic effects achieved by antiviral siRNAs could be
crucial, as endothelial injury has been proposed to trigger
pathology in lethal COVID-19 cases (4). Along this line,
early therapy starts, or possibly even prophylactic applica-
tion of siRNAs appears as major benefit. Exclusive target-
ing of gRNA was advantageous over targeting sgRNAs ad-
ditionally which could be a valuable information for de-
signing siRNAs and treatment regimens in clinical stud-
ies. Taken together, our study confirms that siRNA-based
strategies could allow to develop potent antivirals to reduce
pathology of COVID-19, encouraging academia and indus-
try to proceed with ongoing efforts.
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