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Abstract iii

Abstract

Neutralizing antibodies specifically block the infection of cells by viruses, such as the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Their concentration in the sera
of convalescents and vaccinees is therefore a good correlate of protection from COVID-19,
the disease caused by this virus. Yet, titers in clinical samples are difficult to assess with
conventional virus neutralization tests (cVNTs), as they are often cumbersome and work
with the pathogen requires precautions of biological safety level 3. Alternative tests mostly
rely on viral vectors with the spike protein (S) as the only structural component of the
original virus and are therefore biologically distant.

To overcome these issues, this work describes the development of a safe, virus-free, and
rapid in vitro diagnostic test, that is based on engineered but authentic virus-like particles
(VLPs). The VLPs share all structural features of SARS-CoV-2 except for the viral RNA
genome and are thus incapable of replication or reprogramming cells. As they enter suscepti-
ble cells via the viral fusion protein S and the respective host cell receptor ACE2, as well as a
genuine processing by the protease TMPRSS2, they are nearly ideal functional mimics of the
virus and a good model to study viral entry. The VLPs can be traced upon uptake, as they
are equipped with an activator peptide that enables immediate enzymatic readout. Neu-
tralizing antibodies induced by infection or vaccination, but also from recombinant sources,
interfere with this process and can be reliably quantified within few hours. When tested
with a set of COVID-19 patient serum samples, results from this VLP neutralization test
(VLPNT) showed excellent sensitivity and specificity and correlated very well with a cVNT
using fully infectious SARS-CoV-2. The test was also adapted to variants of concern and
demonstrated a reduced neutralizing capacity of sera from vaccinees against B.1.617.2 Delta
and B.1.1.529 BA.1 Omicron, as expected.

Despite its many advantages, this serologic test requires living cells as VLP recipients.
However, it was identified for the first time that VLPs also efficiently fuse with ACE2 bearing
extracellular vesicles, following the same tropism. This process was characterized, and the
finding utilized to demonstrate the proof-of-concept for a second, novel, virus neutralization
tests that does not depend on living cells. Similarly, this assay quantitated neutralizing
antibodies and correlated with the cVNT but requires further optimization. Additionally,
several S specific neutralizing monoclonal antibodies were generated from immunizations,
characterized, and used as reference and molecular tools for this work.





Zusammenfassung v

Zusammenfassung

Neutralisierende Antikörper sind Proteine des adaptiven Immunsystems, die spezifisch die
Infektion von Zellen mit Viren wie SARS-CoV-2 (severe acute respiratory syndrome corona-
virus 2) verhindern können. Ihre Serumkonzentration im Blut von genesenen und geimpften
ist deshalb ein geeignetes Maß für den Schutz vor COVID-19, der durch das Virus verursach-
ten Krankheit. Titer in klinischen Proben sind mit konventionellen Virusneutralisationstests
(cVNTs) jedoch schwierig zu bestimmen, da diese oft aufwändig sind und der Umgang mit
dem Erreger Sicherheitsvorkehrungen der biologischen Schutzstufe 3 erfordert. Alternativen
bedienen sich meist viraler Vektoren, die lediglich das Spike Protein (S) als einzige Kompo-
nente des eigentlichen Virus tragen und daher biologisch nur bedingt ähnlich sind.

Die vorliegende Dissertation beschreibt die Entwicklung eines sicheren, virusfreien und
schnellen in vitro diagnostischen Tests, der auf modifizierten, aber authentischen virusähnli-
chen Partikeln (VLPs) basiert. Die VLPs enthalten alle strukturellen Merkmale von SARS-
CoV-2, mit Ausnahme des viralen RNA-Genoms, weswegen sie nicht in der Lage sind sich
zu replizieren oder Zellen umzuprogrammieren. Da sie über das virale Fusionsprotein S und
den Rezeptor der Wirtszelle ACE2 in suszeptible Zellen eindringen, nachdem sie von der
Protease TMPRSS2 prozessiert wurden, sind sie annähernd ideale funktionelle Abbilder des
Virus und ein geeignetes Modell, um dessen Eintritt zu erforschen. Bei ihrer Aufnahme kön-
nen die VLPs nachverfolgt werden, da sie mit einem Peptid und Aktivator ausgestattet sind,
das ein sofortiges enzymatisches Auslesen ermöglicht. Neutralisierende Antikörper, induziert
durch Infektion oder Impfung, aber auch aus rekombinanten Quellen, verhindern diesen
Prozess und lassen sich daher innerhalb weniger Stunden verlässlich quantifizieren. Ergeb-
nisse mit Serumproben von COVID-19 Patienten belegten die hervorragende Sensitivität und
Spezifität des VLP Neutralisationstest (VLPNT) und zeigten eine sehr gute Korrelation mit
einem cVNT mit infektiösem Virus. Der Test wurde auch an Virusvarianten angepasst und
wies, wie erwartet, eine verringerte Neutralisationskapazität von Seren geimpfter gegenüber
B.1.617.2 Delta und B.1.1.529 BA.1 Omikron nach.

Trotz seiner vielen Vorteile, benötigt dieser serologische Test lebende Zellen als Akzep-
toren für die VLPs. Es konnte jedoch erstmals festgestellt werden, dass VLPs auch effizient
mit ACE2 tragenden extrazellulären Vesikeln fusionieren, wobei sie dem gleichen Tropismus
folgen. Dieser Prozess wurde charakterisiert und genutzt, um die Machbarkeit eines zweiten
neuen Neutralisationstest zu demonstrieren, der ohne lebende Zellen auskommt. Dieser Test
korrelierte ebenfalls mit dem cVNT, bedarf jedoch weiterer Optimierung. Im Rahmen die-
ser Arbeit wurden außerdem mehrere S-spezifische neutralisierende monoklonale Antikörper
durch Immunisierungen generiert, charakterisiert und als molekulare Hilfsmittel eingesetzt.
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1 Introduction

1.1 SARS-CoV-2

Until a few years ago, coronaviruses were mostly associated with mild diseases in humans,
causing common cold symptoms, only. However, this changed with the emergence of the
severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and the Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012, which cause fatal illness and led to
outbreaks mostly in China and the Arabian Peninsula, respectively.[1,2] Then, in December
2019 a novel respiratory infectious disease led to an outbreak of severe cases of pneumonia in
the city of Wuhan in China,[3] which marked the beginning of the ongoing pandemic, caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This pathogen is
a virulent member of the Coronaviridae family, shares 79% genome sequence identity with
SARS-CoV and 50% with MERS-CoV, and likely originated from a wildlife reservoir in
bats, but spreads easily among humans via droplets and aerosols. The direct detection
of the pathogen is classically performed via nucleic acid- or protein antigen testing from
nasopharyngeal and oropharyngeal swabs.[1,4] As of September 2022, the associated coron-
avirus disease 2019 (COVID-19) was confirmed in more than 600 million cases worldwide
and accounts for almost 6.5 million deaths.∗

Structure

SARS-CoV-2 is an enveloped ribonucleic acid (RNA) virus from the Betacoronavirus gen-
era. Its genome of positive sense, single-stranded RNA ((+)ssRNA) comprises almost
30 kb and is therefore among the largest of RNA viruses. It encodes several open reading
frames (ORFs) that translate into multiple proteins, including a large replicase polyprotein
(ORF1a/ORF1b), four structural proteins, spike (S), envelope (E), membrane (M) and nu-
cleoprotein (N, also known as nucleocapsid), and several accessory non-structural proteins
(nsps).[1,4] SARS-CoV-2 forms virions of spherical shape and approximately ∼100 nm di-
ameter, which consist of viral RNA (vRNA), S, M, N and E (Figure 1A). The N protein
mediates the packaging of the genome into the lumen of virions by binding to the vRNA and
the formation of a ribonucleoprotein complex. It is the most abundant structural protein in
infected cells and therefore an important target for diagnostics by antigen detection. The M
protein is a transmembrane protein in the envelope of a virion, which plays a major role dur-
ing assembly and maintains the virion’s size and shape. It is the most abundant structural
protein in a virion. The E protein is the smallest of all structural proteins and apart from

∗WHO dashboard, https://covid19.who.int



2 1 Introduction

its localization in the envelope of a virion, it is found in the endoplasmic reticulum (ER) and
the Golgi complex of infected host cells, where it facilitates formation of virus particles.[1,5]

Spike, the viral fusion protein (vFP) of SARS-CoV-2 is a highly glycosylated type I
transmembrane protein and with 1273 amino acids the largest of the structural proteins. It
encompasses the two domains S1 and S2, which are separated by an arginine rich, multibasic,
S1/S2 site, a cleavage motif for furin and furin-like proteases (Figure 1B and Figure 2A).
While S1 contains the N-terminal domain (NTD) and the receptor binding domain (RBD),
S2 bears the fusion peptide (Fp), two heptad repeats (HRs), mediating membrane proxim-
ity and fusion, and the transmembrane domain (TM).[6] After proteolytic processing at the
S1/S2 site, which commonly occurs during egress from a virus producing cell, S1 and S2 re-
main non-covalently associated.[7] Yet, this primes S for an additional second cleavage at the
S2’ site within the S2 domain, which facilitates presentation of the Fp and promotes mem-
brane insertion.[8,9] While furin cleavage at S1/S2 seems to be dispensable for infection,[10]

it decisively enhances the accessibility of S2’ for serine proteases such as trypsin or trans-
membrane protease serine 2 (TMPRSS2).[9] As S is a viral class I fusion protein, it assembles
in homotrimers of three protomers, which each consist of a S1 domain on top of a S2 unit
(Figure 2B). Each of these complexes then forms one of the characteristic spikes, protruding
from the viral envelope. To make the receptor binding motif (RBM) within the RBD acces-
sible for the host cell receptor, S in its pre-fusion conformation can undergo conformational
changes to expose one RBD of the complex in ‘up’ orientation, instead of the inaccessible
‘down’ state.[1,11,12]

Infection and Replication

The viral infection initially depends on the presence of a respective cellular receptor. For
SARS-CoV-2, S mediates the attachment to angiotensin-converting enzyme 2 (ACE2) on
the host cell. Although ACE2 is seized by SARS-CoV-2, as well as SARS-CoV, its primary
physiological role is to control vasoconstriction and blood pressure. Depending on the host
cell, binding of S to the receptor triggers two possible routes of uptake and processing at the
S2’ site (Figure 1C): Either, fusion takes place at the plasma membrane upon proteolytic
cleavage by the cell surface protease TMPRSS2, or occurs after endocytosis and subsequent
cleavage by endosomal cathepsin L (CTSL).[9,13] In detail, ACE2 binding causes conforma-
tional changes in S, leading to the disengagement of the S1 unit and dissociation from the
trimeric S2 stem, exposing the S2’ site. There, cleavage exposes the Fp and induces further
rearrangements and the formation of a stable elongated structure, which mediates insertion
into the target membrane, membrane approximation and ultimately fusion.[14] The release
of the cargo into the cytoplasm then leads to further downstream steps to turn the cell into
a virus factory. Uncoating of the vRNA initiates the primary translation of ORF1a and
ORF1b, which are co-translationally processed to nsps that form the viral replication and
transcription complex. Protected from cellular sensors of the innate immune system, the
(+)ssRNA genome is replicated via double-stranded RNA (dsRNA) intermediates, within
perinuclear double-membrane vesicles. Simultaneously, transcription of subgenomic messen-
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Figure 1. SARS-CoV-2, structure, replication cycle and immune response.
(A) Structure of a SARS-CoV-2 virion bearing the proteins S, M, N and E, as well as the (+)ssRNA genome.
(B) Schematic map of the spike protein and its two subunits S1 and S2, with: signal peptide (SP), N-
terminal domain (NTD), receptor binding domain (RBD), receptor binding motif (RBM), fusion peptide
(Fp), heptad repeats (HR1 and 2), transmembrane domain (TM), endoplasmic reticulum (ER) retention tag
and the protease cleavage sites S1/S2 and S2’.
(C) For infection of a permissive cell, S in the envelope of a virion mediates attachment (step 1) to the host
cell receptor ACE2, triggering either proteolytic processing by TMPRSS2 and direct fusion at the plasma
membrane (step 2a) or endocytosis (step 2b), cleavage by cathepsin L (CTSL) and subsequent fusion with
the endosomal membrane (step 2c). After uncoating, primary translation from the (+)ssRNA genome (step
3) takes place and the resulting polyproteins are processed to non-structural proteins (nsps), forming ...
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Figure 1. continued from previous page.
...the replicase–transcriptase complex in perinuclear double-membrane vesicles. Therein, the viral genome is
replicated via double-stranded RNA (dsRNA) intermediates and mRNAs transcribed (step 4). Translated
structural proteins (step 5) are then translocated through endoplasmic reticulum (ER) and Golgi and as-
sembled with the viral RNA to new virions (step 6), to be secreted from the infected cell (step 7).
(D) Antibodies can mediate immune response in the context of viral infection, by neutralization of virion-
receptor interaction, preventing initial infection or clearing virions directly via antigen presenting cells
(APCs) such as macrophages and dendritic cells (DCs) or lysis via complement component 1q (C1q). Ad-
ditionally, virus infected cells can be targeted via complement-dependent cytotoxicity (CDC), antibody
dependent cellular phagocytosis (ADCP) or antibody dependent cellular cytotoxicity (ADCC) by natural
killer cells (NKs).

ger RNAs (mRNAs) enables translation of accessory proteins that alter interaction with the
host cell, but also the production of structural proteins, which are translocated into the
ER membranes and further processed within the Golgi. Next, virus particles are assembled
from newly synthesized and N protein coated RNA genome, encapsulated by a lipid bilayer
with S, M and E proteins. Eventually, the novel viral particles are released by exocytosis,
completing the replication cycle of SARS-CoV-2.[15]

Variants of Concern

Throughout the course of the pandemic, the SARS-CoV-2 genome is constantly subject to
change, with several mutations especially in the S gene that led to enhanced viral infectivity
and spread. The first major mutation that spread all around the world in spring 2020, was
the single amino acid mutation D614G. It caused higher viral loads and a global spread of
the B.1 lineage (S:D614G), displacing the original Wuhan-2019 strain within few weeks.[17]

Meanwhile, other strains such as B.1.1.7, the Alpha variant of concern (VOC) also led to en-
hanced transmissibility,[18] which is probably due to the N501Y mutation in S that enhances
affinity to ACE2.[19] Subsequently, the Delta-VOC B.1.617.2 evolved, which was more trans-
missible and posed a twofold higher risk to become hospitalized.[20–22] In November 2021,
the Omicron-VOC, B.1.1.529 BA.1, emerged with more than 30 substitutions, 6 deletions
and 3 insertions in the S protein and rapidly became the predominant variant but caused
milder clinical courses overall.[23,24] As of September 2022, multiple sub-lineages of Omicron
such as BA.2, BA.4 and BA.5 emerged and displaced each other since then, demonstrating
the ongoing process of genome alterations.

COVID-19

Aside from few asymptomatic or subclinical infections, COVID-19 can vary from weak symp-
toms to mild or severe pneumonia with dyspnea, to critical clinical courses, which require
external ventilation and intensive care. While most of the patients experience fever, fa-
tigue, dry cough and occasionally olfactory and taste disorders, patients of older age (>60
years) and with serious pre-existing diseases have a greater risk of developing acute res-
piratory distress syndrome (ARDS) and fatal courses.[4] For SARS-CoV pneumocytes and
macrophages in lower lung tissues were the primary targets. In contrast, SARS-CoV-2 repli-
cates abundantly in epithelia of the upper respiratory tract,[15] where it causes neutrophil and
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Figure 2. Molecular structure of the spike protein, based on the model PDB: 6WPT.[16]
(A) Illustrations of a single S protomer with either molecular surface or secondary structure indicated. N-
terminal domain (NTD), receptor binding domain (RBD) and receptor binding motif (RBM) of the viral
glycoprotein of SARS-CoV-2 are indicated and colored individually. The S1/S2 cleavage site separates the
two single subunits and is highlighted in red. The S2 subunit comprises coiled coil structures of multiple
α-helices, as shown in the model on the right. All models show truncated S protein, which lack the trans-
membrane domain.
(B) Three of the S protomers, here colored in grey (panel A), green and orange, assemble into homotrimers
and form the characteristic spikes, protruding from the viral membrane. Each S can undergo structural
changes and expose the RBD either in a receptor accessible ‘up’, or an inacceptable ‘down’ conformation.
While the model on the left shows the lateral view, the one on the right shows its top view, to display the
triangular symmetry.

https://www.rcsb.org/structure/6wpt
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monocyte extravasation into bronchi, cytokine storms and tissue damage from widespread
inflammation.[25] Standard therapy is thus the use of immunomodulatory corticosteroids
such as dexamethasone, which act antiinflammatory and immunosuppressive.[26,27] Despite
an approval for few antiviral drugs, the use of e.g., remdesivir, a ribonucleotide analogue
and inhibitor of the viral RNA polymerase, and lopinavir/ritonavir, an inhibitory therapy
against viral proteases, were shown to be ineffective against COVID-19 and partially cause
disproportionate adverse effects.[28,29] Paxlovid, another inhibitor of the viral protease is a
more promising candidate with potential efficacy, but has to be evaluated further.[27]

Vaccination

As vaccines are commonly the most promising strategy for the prophylaxis of viral infec-
tious diseases, a global research effort led among others to the development of two mRNA
vaccines, BNT162b2 by BioNTech/Pfizer and mRNA-1273 by Moderna, as well as a chim-
panzee adenovector ChAdOx1 vaccine (AZD1222) by AstraZeneca, which are licensed by the
U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA). For
infections with the Alpha- and Delta-VOCs, these vaccines significantly reduced the risk of
symptomatic COVID-19, effectively attenuated disease severity and reduced the mortality
rate.[22,30,31] However, they did not confer sterile immunity as breakthrough infections (BTIs)
occurred even in fully vaccinated individuals.[32,33] A third dose or ‘booster’ of COVID-19 vac-
cines further reduced the risk for BTI and severe illness and was therefore introduced into the
vaccination schemes.[34] Vaccine efficacy was maintained at lower level against Omicron,[35]

yet this variant marked the emergence of an independent SARS-CoV-2 serotype, charac-
terized by strong immune escape and reduced cross-neutralization of antibodies induced by
previous variants.[36]

Immune Response

Besides the innate immunity, the adaptive immune system can grant protection from SARS-
CoV-2. Thereof, the cellular part of the response supports broad and durable immune
protection by CD8+ T cells targeting the nucleoprotein but also with spike specific CD4+ T
cells.[37,38] The humoral immunity is mostly mediated by S specific antibodies, which can have
several effector functions (Figure 1D): Certain antibodies can directly block the infectivity
of the virus and are therefore called neutralizing antibodies (NAbs). Alternative modes of
action of anti-S antibodies are the opsonization of virions by phagocytosis, which can imply
the priming of T cells in the case of antigen presenting cells (APCs), the elimination of virions
by complement components, as well as antibody dependent cellular cytotoxicity (ADCC),
antibody dependent cellular phagocytosis (ADCP) and complement-dependent cytotoxicity
(CDC).[25]

NAbs, induced by infection or vaccination, or applied in the form of monoclonal antibodies
(mAbs), have the potential to establish immunity to SARS-CoV-2 and to protect from severe
COVID-19.[39] As such, their concentration is generally accepted as a correlate of protection.
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In concordance, high NAb titers were shown to be directly associated with a reduced risk
of symptomatic infections and are thus predictive for the protection from COVID-19.[40–42]

Noteworthy, also anti-S immunoglobulin G (IgG) and anti-RBD IgG antibodies, which do
not necessarily inhibit viral infection in vitro, showed acceptable correlation with protection,
yet NAb titers were found to correlate best.[41]

1.2 Virus Neutralization Tests

The quantitation of NAbs in clinical or recombinant samples is commonly performed with
virus neutralization tests (VNTs). Yet, their results can be difficult to assess, as the sheer
diversity of tests makes standardization and validation problematic.[43] The undisputed ‘gold
standard’ for quantitating NAbs are conventional virus neutralization tests (cVNTs), which
are based on replication competent virus that as such guarantees correct virion composition
and a genuine infection process. The cVNTs can be subdivided into three different types of
assays:[44]

i. In multi-cycle assays, NAbs constantly interfere with viral infection and spread over
several rounds of replication. As the amount of generated viral antigen is monitored
within a defined period post infection, a reduction indicates inhibition of propagation
and thus neutralization.

ii. A cVNT based on limiting dilution uses the initial inactivation of the inoculum by
NAbs and the prevention of viral cytopathic effect (CPE) to cause a binary outcome
of either ‘infection’ or ‘no infection’ among the replicates. Importantly, this method is
highly depended on the amount of inoculum, as almost complete initial neutralization
is required to protect only half of the replicates.

iii. Plaque reduction neutralization tests (PRNTs) are based on single infected cells, which
give rise to a single ‘plaque’, a localized CPE in monolayers of immobilized gel-embedded
cells. As viral spread is locally restricted to the neighboring cells, replication only
causes the outcome that can be visually inspected by microscopy and trained personnel.
Therefore, the neutralization of initial infections is directly quantified.

The cVNTs and in particular PRNTs depend on qualified cell lines that form unambiguous
CPEs upon infection and furthermore require visual enumeration. As CPE often poses a
problem, viral antigens can also be detected via immunostaining. Consequently, cVNTs
are difficult to standardize between different laboratories, commonly take several days until
readout and involve the handling of infectious virus, which in case of SARS-CoV-2 requires
containment measures of a biosafety level (BSL)-3 facility. Thus, several alternatives to
measure NAb concentration have been developed.

Surrogate virus neutralization tests (sVNTs) are based on the interaction of isolated
domains of the vFP with the respective entry receptor, immobilized on an artificial surface.
Therefore, they do not require living cells or infectious virus. Yet, in the case of SARS-CoV-2
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they do not specifically quantitate NAbs but antibodies that interfere with the RBD-ACE2
interaction, which is why they display rather weak correlation to cVNTs.[45–47]

Given these apparent limitations, pseudotyped virus neutralization tests (pVNTs) have
been developed, which often rely on replication deficient viral vectors, pseudotyped with the
vFP of interest. Their readout is based e.g., on the genomic integration of a transferred
gene, transcription, and de novo translation of a phenotypic reporter protein. Consequently,
pVNTs require two to three days and a BSL-2 laboratory. These tests often use retro-, lenti-
or rhabdoviral scaffolds, which then carry S as the only SARS-CoV-2 derived component in
their envelope. Although pVNTs are widely used, the assembly, morphogenesis, structure,
and composition of such particles significantly differs from that of coronaviruses.[44]

A comprehensive summary of the many versions and characteristics of different multi- or
single-cycled cVNTs and pVNTs to analyze SARS-CoV-2 NAbs has recently been published
by Khoury et al..[44]

1.3 Objectives and Outlook

Given the clinical relevance of NAbs and the limitations of existing VNTs, the aim of this
project was to develop a virus- and genetically modified organism (GMO)-free diagnostic
VNT that is safe and quick but still quantifies SARS-CoV-2 NAbs comparable to a cVNT.
Therefore, a protocol was established to produce authentic virus-like particles (VLPs), which
are equipped with an activator peptide to trace them. These VLPs were then thoroughly
examined structurally and functionally with multiple methods to validate their biochemi-
cal, physical and biological characteristics in comparison to infectious SARS-CoV-2. The
documented results attest that SARS-CoV-2 VLPs enter target cells via ACE2, undergo
membrane fusion and deliver their luminal protein cargo into the cytosol, thus mimicking all
steps of infection of the pathogen prior to viral transcription.[48] NAbs that provide protec-
tive immunity from SARS-CoV-2 can be quantitated with this test, as they were shown to
also prevent ‘infection’ with the SARS-CoV-2 VLPs. Results with a set of double-blinded
COVID-19 patient serum samples showed a very high and convincing correlation between the
novel virus-free test and a cVNT with infectious virus. Additionally, it was demonstrated
that the test can be adapted to VOCs such as the B.1.617.2 Delta- and B.1.1.529 BA.1
Omicron variants.[48] As the test meets important requirements for quality, reproducibility,
and rapidness, it could be a valuable tool for vaccine and therapeutic antibody development,
high-throughput screenings of viral entry inhibitors and the evaluation of SARS-CoV-2 mu-
tants that may emerge in the future. Furthermore, the generation of S specific antibodies,
as well as an advancement of the VLP based VNT are presented in this work.
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2 Results

2.1 Monoclonal Spike Antibodies

Due to their exceptional specificity and affinity, antibodies are an essential tool for research in
molecular biology, microbiology and in particular for applications in diagnostics and therapy
of infectious diseases. Thus, superior antibodies especially recognizing the spike protein of
SARS-CoV-2, were urgently needed in the beginning of the COVID-19 pandemic and essen-
tial for this work. To avoid adverse effects of cross-reactivity, use of a mAb which only binds
to one epitope is often advantageous, also in terms of availability and reproducibility. For
the generation of antibodies, various techniques are available: While polyclonal antibodies
(pcAbs) can be isolated from animal plasma upon immunization with the desired antigen,
they vary from batch to batch and have no clear composition. Monovalent mAbs, can also
be derived from immunized animals, but by hybridoma technique or alternatively from e.g.
convalescent humans and B cell sorting. Another, fully animal-free, approach to a mAb is the
use of in vitro phage display, from a recombinant library of scaffolds and subsequent directed
evolution for affinity by mutation and selection.[49] Yet, the use of animal immunizations can
still be favorable for complex antigens, like membrane proteins and viruses, as the technique
tolerates a higher background of irrelevant antigens and somatic hypermutation in vivo often
leads to superior antibodies.[50]

Crucial to any type of immunization is the quality of the presented antigen. Due to the
complex structure of membrane proteins, antigens such as vFPs are difficult to administer in
their native conformation, ensuring the correct folding and post-translational modifications.
Extracellular vesicles (EVs) are small cell derived particles of ∼100 nm diameter and an
encapsulated lumen with a variety of biomolecules, surrounded by an envelope of lipid bilayer
and various proteins. Depending on their biogenesis, they differ in size and composition, but
can be categorized in microvesicles, which bud from the plasma membrane, and exosomes,
which are of endosomal origin. EVs fulfill many different functions and depending on their
route of egress, cell surface proteins are naturally incorporated into their membrane.[51] In
the past, EVs were shown to be suitable for vaccination approaches, as they can induce
immunity to foreign antigens presented on them.[52,53] Furthermore, tumor derived EVs have
been used for animal immunizations, to generate mAbs by hybridoma technique,[54] but EVs
can also be modified to carry viral glycoproteins.[55]

Besides anti-S binding antibodies for protein detection methods, particularly a neutral-
izing monoclonal antibody (NmAb) inhibiting SARS-CoV-2 infection in vitro, was required
as reference for the novel VNT. To generate such a set of tools, animals were immunized,
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mAbs established, characterized, screened for neutralization and used for further applications
(Figure 3A, B).

2.1.1 Immunization and Antibody Generation

In order to present the antigen for immunizations in a native state, EVs were engineered to
carry the S protein of SARS-CoV-2. Therefore, a constitutively S(B.1) expressing HEK293
cell line was established by transfection with a respective plasmid, selection via a resistance
gene and flow cytometric sorting according to cell surface expression levels. Even though
100% of these cells were found to be S+ in flow cytometry with a commercial anti-S2 anti-
body, cells were additionally transiently transfected with the same plasmid, to increase the
amount of S in EV preparations, used for immunizations. EVs were then harvested from
conditioned medium by differential centrifugation, concentrated by ultracentrifugation and
analyzed together with lysates of cells and controls by western blot (WB) with commercial
antibodies specific for S1 and S2 subunits of spike (Figure 3D). Bands corresponding to
the single subunits, as well as full-length (FL) protein, SFL and complexes of higher order,
e.g. SFL

3, were detected in S+ cell lysates and EV preparations, while control samples did
not show any signals. Additionally, a blot incubated with human serum of a convalescent
COVID-19 patient and anti-human IgG secondary antibody gave similar results, indicating
that the patient was seropositive as expected. Yet, serum from this patient did not show a
clear band for S1 in the WB. Therefore, it presumably did not contain many anti-S1 reac-
tive IgG antibodies. Still, S+ EV preparations were thereby confirmed to contain adequate
quality of native S antigen.

Next, rats were immunized with two injections of S+ EVs in a prime-boost scheme. In to-
tal, three immunizations, COVEV1-3, were conducted with two animals per experiment, one
with and one without addition of Freund’s incomplete adjuvant. For hybridoma technique,
splenic B cells were isolated, immortalized by fusion with myeloma cells and single cell plated
(Figure 3A). Secreted antibodies in the respective supernatants were then screened via an
enzyme-linked immunosorbent assay (ELISA) for the presence of rat IgG and via flow cy-
tometry for anti-S specificity on a 1:1 mix of S+ HEK293 cells and parental S− HEK293 cells
(Figure 3B). While non-binding or HEK293-specific antibodies are not able to differentiate
the two cell types, S-specific antibodies will result in a positive and a negative cell population
(Figure 3C). Afterwards, selected clones were expanded and subjected to single cell cloning
to obtain monoclonality. Results from the three immunizations varied drastically: COVEV1
yielded two specific mAbs 43A11 and 55E10, while COVEV3 gave access to several hundred
IgG+ supernatants specific for S. For unknown reasons, COVEV2 immunization resulted in
no S specific hybridoma. However, addition or absence of Freund’s incomplete adjuvant did
not clearly alter the ratio of S-specific to total clones in this explicit experiment, which were
59 and 67% per animal respectively. From the COVEV3 immunization, four antibodies,
5D1, 5B9, 35B12 and 42E2 were selected and recloned, according to their neutralization and
epitope characteristics, determined by a VNT and by WB. Purified mAb preparations were
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Figure 3. Anti-spike antibody generation.
(A) S specific monoclonal antibodies (mAbs) were generated via the immunization of rats with
S+ extracellular vesicles (EVs) in a prime-boost scheme. Upon seroconversion, splenic B cells were har-
vested and immortalized to hybridoma cells, before plating as single cell clones.
(B) The resulting, secreted antibody supernatants were screened via flow cytometry for their S specificity,
using a 1:1 mix of S+/− cells, giving three possible outcomes: i. non-binding mAb, ii. S specific mAb and iii.
non-specific mAb. Amino acid sequences of specific mAbs were then obtained from mRNA of the respective
hybridoma clone.
(C) The mAb 43A11 successfully discriminated S+ from S− cells during the flow cytometry screening with
anti-rat IgG, giving the characteristic pattern ii. of a specific antibody.
(D) Antigen authenticity of S+ EVs, used for animal immunizations, was validated prior to injection. There-
fore, lysates of S+/− cells and EVs were analyzed by reducing (red.) and non-red. western blot (WB), using
commercial S specific antibodies, as well as human serum of a convalescent COVID-19 patient as primary
antibodies. Besides the S domains S1 and S2, full-length (FL) S molecules (SFL) and S trimers (SFL

3) were
found in the respective samples.
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then obtained from a core facility which also conducted hybridoma technology, cultivated
clones and performed protein chromatography.

2.1.2 Antibody Characterization

The six in-house generated anti-S mAbs where then characterized in detail, as basis for
all subsequent applications. The subclass of the rat antibodies was determined via flow
cytometry, by incubating S+ HEK293 cells first with the respective novel antibody, followed
by a rat IgG subclass specific secondary mAb of mouse species and finally with a mouse
specific, fluorescently labeled antibody. While 43A11, 55E10, 5D1, 5B9 and 42E2 were
shown to be subclass IgG2b, 35B12 was found to be an IgG2a antibody.

The avidity is the binding strength of an antigen-antibody complex. It is a composite
of the paratope-epitope affinity, the antibody’s valency and the number of binding sites
on the antigen. To compare the binding affinities of the anti-S mAbs quantitatively, they
were titrated by flow cytometry on the S(B.1)+ HEK293 cell line with a constant con-
centration of labeled secondary antibody. According to a one-site specific binding model,
the dissociation constant (KD) was calculated for each antibody from the measured mean
fluorescence intensity (MFI). Resulting KD ranged from 1.0 to 5.0 nM, indicating that all
six anti-S mAbs are of high affinity (Figure 4A). While 43A11 was found to be the mAb
with the lowest KD, 42E2, 5B9 and 35B12 notably displayed a greater maximal MFI. Thus,
these three mAbs resulted in higher rates of occupancy and are likely to bind epitopes that
were more abundant on S+ cells. To put these affinities into perspective, also two recom-
binant human mAbs, REGN10987, imdevimab, and REGN10933, casirivimab, which have
been approved under emergency use authorization for the treatment of COVID-19 by the
FDA,[39,56,57] were analyzed likewise, yet with a labeled anti-human IgG secondary antibody.
The KD of REGN10987 and REGN10933, were calculated as 1.1 and 1.0 nM respectively,
which is in range of published vales.[58,59] Accordingly, the affinities of the COVEV anti-
bodies are comparable to those of recent therapeutic mAbs. With the emerging mutations
in the S gene of SARS-CoV-2, many epitopes altered drastically, causing multiple mAbs
to become obsolete. To test the affinity of the COVEV mAbs to one of the novel VOC,
HEK293 cells were transiently transfected to express S(B.1.1.529 BA.1) and used for titra-
tion by flow cytometry as described. Remarkably, of six novel mAbs, three (43A11, 55E10
and 5D1) lost binding entirely, while the other three displayed residual binding or retained
their affinity (Figure 4A). 42E2, the antibody with the second strongest affinity for S(B.1)
and 5B9 showed large reduction of maximal MFI and 7 to 2× increased KD for S(B.1.1.529),
respectively. Only 35B12 largely retained its binding capacity and seemed to have slightly
lower KD for the VOC tested. In short, all antibodies from the immunizations bind S(B.1)
with great affinity, yet only 35B12 preserved affinity for B.1.1.529.

Precise localization of antibody epitopes would classically be performed by screening pep-
tide pools, in case of linear epitopes, or by x-ray crystallography, cryo-electron microscopy
(cryo-EM), cross-linking- or hydrogen–deuterium exchange mass spectrometry for conforma-
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Figure 4. Anti-spike antibody characterization.
(A) Binding affinities of six anti-S, rat IgG, mAbs were determined by titration and flow cytometry on a
S(B.1)+ cell line or cells expressing S(B.1.1.529 BA.1). Additionally, two recombinant anti-S, human IgG,
mAbs, REGN10987 and REGN10933 were analyzed. Mean fluorescence intensity (MFI) of a fluorescently
labeled anti-rat IgG or anti-human IgG antibody, was measured in triplicates for every single dilution of
primary anti-S antibody. For each antibody, the dissociation constant (KD) was calculated according to a
one-site specific binding model from the MFI shifts. In the lower right panel, individual cytometric results
of one set of replicates from 5B9 is exemplary depicted with decreasing primary antibody concentration (c).
(B) Epitope bearing domains of the six COVEV antibodies were evaluated by WB on S protein from cell
lysates and the respective antibody as primary.
(C) In a competition experiment, epitope orthogonality of 43A11 and 55E10 was demonstrated by flow
cytometry. Pre-incubation of S+ cells with 10× excess of 43A11 (ii.) did not reduce binding of fluorescently
(*) labeled 55E10 without prior pre-incubation (i.), while pre-incubation with 10× excess of unlabeled 55E10
(iii.), reduced MFI by 48%. Thus, both antibodies do not compete for an identical epitope.
(D) Recombinant, human chimeric 43A11 was obtained by expression of two plasmids (bearing heavy chain
+ mCerulean and light chain + mCherry) in HEK293T cells, yielding 67% co-transfected cells according to
flow cytometry. Secreted antibody was harvested and evaluated for S+/− cell binding by flow cytometry
(blue graph) with a labeled anti-human IgG antibody and compared to secondary antibody only (hollow
grey line). Thereby amino acid sequence integrity and S specificity were confirmed.
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tional epitopes.[60] As those techniques are rather cost and time intensive, the epitopes of the
COVEV mAbs were solely narrowed down to S subunits by WB analysis. Therefore, lysate
from S(B.1)+ cells was loaded on the gel as sample, separated according to the respective
protein size and analyzed with different primary mAbs, before developing the blot with an
anti-rat, horseradish peroxidase (HRP) coupled antibody. As described earlier (Figure 3D),
the S+ sample contains both subunits S1 and S2, as well as SFL and SFL

3 complex. De-
pending on the specificity of the COVEV antibody, bands corresponding to one or more
of them were detected (Figure 4B). In detail, for all mAbs signals were only found under
non-reducing conditions, while reducing disulfide bonds and boiling the sample resulted in
the disappearance of signals on the blots. Thus, the COVEV mAbs are likely to recognize
conformational epitopes, which are no longer intact upon complete denaturation and disrup-
tion of Cys-Cys bonds. Interestingly, the antibodies 55E10 and 43A11 exclusively recognize
SFL and SFL

3, but not the single subunits, S1 and S2. Hence, both mAbs seem to bind
epitopes at the interacting surfaces of non-dissociated S1 and S2 or alternatively, epitopes
close to the unprocessed protease cleavage sites. With 5D1, a complex pattern of bands was
detected, which yet contained S2 and SFL. For 5B9, both S1 and SFL bands were observed,
unlike 35B12 which only resulted in a S1 band. Nevertheless, both mAbs clearly seem to
bind epitopes in S1. Ultimately, 42E2 also showed a complex pattern of S1 and smaller
bands which could e.g. correspond to degraded RBD fragments.

For 43A11 and 55E10, the antibodies obtained from the first immunization, epitopes were
further investigated. As both selectively bind SFL and showed equal profiles in the WB, a
competition about the identical epitope could not be excluded. To clarify this, the S(B.1)+

cell line was pre-incubated at excess with one antibody, washed and afterwards incubated
with the other, fluorophore conjugated, mAb in shortfall (Figure 4C). The resulting fluo-
rescence intensity was quantified by flow cytometry and compared to controls: i. Reference
MFI for this experiment without any interference were cells without prior pre-incubation,
but stained with the labeled secondary (2◦) antibody, 55E10. ii. Cells were pre-incubated
with an excess of unlabeled primary antibody (1◦), 43A11, before staining with the labeled
55E10. iii. Cells were pre-incubated with an excess of unlabeled 55E10, before staining
with the labeled identical antibody 55E10. In case both mAbs do compete for the identical
epitope, sites would be occupied and therefore MFI(ii.) < MFI(i.). In case both mAbs bind
to different epitopes, MFI(ii.) would be unaltered by pre-incubation, compared to MFI(i.).
To control the effect, successful self-displacement can be achieved by pre-incubation with
the unlabeled 2◦ antibody itself, resulting in MFI(iii.) < MFI(i.). As shown in Figure 4C,
43A11 pre-incubation did not reduce MFI, yet pre-incubation with 55E10 did. The vice versa
experiment with 43A11 as labeled 2◦ antibody likewise resulted in no reduction of MFI for
pre-incubation with 55E10, but self-displacement by pre-incubation with 43A11. Therefore,
both mAbs were concluded to bind orthogonal conformational epitopes in SFL.

For three of the antibodies essential to this work, also the amino acid sequences were
determined from cellular mRNA (Figure 3B). For that purpose, RNA was isolated from the
respective hybridoma clone, complementary DNA (cDNA) synthesized by reverse transcrip-
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tase and amplified by polymerase chain reaction (PCR), with mRNA onset and gene specific
primers for heavy-chain constant region (CH)1 or light-chain constant region (CL). Next,
cDNA was sent for sequencing and the resulting nucleotide sequence scanned for ORFs. Cor-
responding residues were computationally annotated to a rat IgG backbone and analyzed for
the three paratope forming complementarity-determining regions (CDRs) per chain. Protein
sequences of 43A11, 55E10 and 35B12 heavy-chain variable region (VH) and light-chain vari-
able region (VL) can be found in Supplementary Table S1 with CDRs indicated. To verify the
integrity of the sequences, human chimers of the mAbs were cloned, recombinantly expressed
and analyzed for specific binding to S in flow cytometry (Figure 4D). Therefore, DNA frag-
ments were generated by commercial total synthesis that code VH and VL domains of the rat
mAb, fused to a backbone of human IgG CH1-3 or CL domains respectively. According to
the World Health Organization (WHO) nomenclature,[61] such a chimeric (-xi-), monoclonal
(-mab) antibody for a viral (-vi-) target would be termed with the suffix ‘-viximab‘.∗ Heavy-
and light chain ORFs of the human chimeric antibody were cloned into separate plasmids,
each bearing a second ORF for the fluorescent proteins mCerulean and mCherry respectively.
By transient co-transfection in HEK293T cells both chains are independently translated but
self assemble to a fully functional mAb, which is secreted. Flow cytometry revealed that
67% of the cells were successfully co-transfected with both plasmids, while transfection with
only one of the plasmids was barely observed. Human chimeric mAb, e.g. h43A11 was
harvested 72 h post-transfection and incubated with S+/− HEK293 cells. Staining with a
labeled anti-human fragment crystallizable region (Fc) antibody and flow cytometric anal-
ysis confirmed the presence of S specific human IgG in the supernatant (Figure 4D). For
h55E10 and h35B12 similar results were obtained, thus antibody sequences (Supplementary
Table S1) were successfully approved.

2.1.3 Spike Detection in Biological Samples

For the sensitive detection of S protein in biological samples, a sandwich ELISA was de-
veloped using the two anti-S mAbs 43A11 and 55E10. Instead of binding the sample itself
to a surface, this method uses an immobilized antibody to capture the analyte. Thus, the
antigen can be specifically enriched, before another soluble antibody is added for detection.
As the antigen is bound in-between two antibodies, non-overlapping epitopes are an impor-
tant prerequisite for this technique, in order to not displace each other from the antigen.
In detail, 55E10 was coated to a microtiter plate as capture antibody, before blocking the
remaining free binding sites with protein. Next, the sample was incubated and unbound ma-
trix cleared by washing. Upon addition of HRP coupled 43A11 and substrate, absorbance
(OD) was quantified in a photometer at 450 nm, which allowed for the quantification of S in
the specimen. One question which was addressed with this method was to quantify potential
S protein in COVID-19 patient plasma samples, found by nanoscale flow cytometry.[62] Free
S protein or S+ EV in the blood would have important implications for the biogenesis of

∗WHO/EMP/RHT/TSN/2019.1
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Figure 5. Evaluation of spike protein in plasma samples.
(A) Using 43A11 and 55E10 a sensitive sandwich ELISA was developed, to quantify S in biological samples.
Spiking of S+ EVs to PBS or plasma from a healthy donor in a standard addition was reliably quantified.
(B) Yet, plasma of some healthy donors (3 of the 4 specimens shown) exhibited elevated non-specific signal in
the ELISA, as a non-binding isotype capture antibody yielded similar optical densitys (ODs). Pre-incubation
of plasma samples with non-binding rat antibody (+IgG), successfully quenched all non-specific signal, while
specific signals of samples spiked with S+ EVs remained unaffected.
(C) The optimized anti-S ELISA was used to evaluate plasma samples form 12 COVID-19 and 5 healthy
donors for their S content. Therefore, all plasma specimens were supplemented with scavenger antibody,
prior to sample incubation with the capture antibody. Yet, no significant difference was found for both
cohorts. Result of a t-test is indicated: ns, not significant (p> 0.05).
(D) Human plasma samples, from healthy and COVID-19 donors were furthermore evaluated by WB with
43A11 anti-S antibody. S signals could only be detected in samples, with S+ EVs spiked in.
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SARS-CoV-2 and the neutralization of virions, as they could intercept NAbs. To address
this, the anti-S ELISA was first challenged with concentrated S+ EV positive control, spiked
into phosphate buffered saline (PBS) buffer and plasma of a healthy donor at increasing
concentrations (Figure 5A). In both sample types, increasing amounts of S+ EV were associ-
ated with higher OD values, thus the ELISA was shown to quantify S protein. Next, human
plasma was titrated and found to be tolerated in the ELISA up to a dilution of 1:10 without
causing interfering OD background. When tested with a larger set of healthy donors, a
relevant portion of plasma samples displayed strongly elevated baseline values of ≥0.2. This
signal was found to be unspecific, as a non-binding isotype control capture antibody resulted
in similar optical density (OD) values. Hence, a portion of donors seemed to contain inter-
fering components in their plasma, e.g. antibodies that cross-bind capture and detection
antibodies, without the necessity for their common true antigen, S. In case such anti-rat
antibodies or anti-foreign specie antibodies would be present in some samples, non-specific
signal could be explained. To test this, plasma from three donors with high background
and from one donor without background were pre-incubated with a non-binding rat mAb
isotype as decoy, prior to sample loading on the capture antibody (Figure 5B). Without
(w/o) addition of this scavanger antibody, three of the signals showed non-specific back-
ground as expected for anti-S and isotype capture antibodies equally. Pre-incubation with
scavanger (+IgG) mAb however reduced unspecific signal drastically, while specific signal of
a S+ EV sample remained unaltered. Thus, an effective quenching method for such assay
interference was found, which did not affect specific sample quantification in the samples
tested. With the addition of quenching antibody, S quantification via the sandwich ELISA
was shown to be sufficiently robust for complex plasma samples. Therefore, plasma from
12 COVID-19 patients with acute SARS-CoV-2 infection at the University Hospital Rechts
der Isar (MRI), Technical University of Munich (TUM) and 5 healthy donors were analyzed
(Figure 5C). Results did not show considerably increased values for any specimen and means
of the COVID-19 and healthy cohort did not show significant difference in a t-test (p > 0.05).
Thus, the analyzed plasma from COVID-19 patients did not contain quantifiable amounts of
S protein, according to the applied method. Additionally, 4 of the COVID-19 and 2 of the
healthy samples were analyzed by WB, along a S+ EV positive control and a healthy donor
sample spiked with S+ EVs (Figure 5D). Using the antibody 43A11, signals specific for SFL

and its complexes could as well only be found in the positive control lanes. Consequently, in
the analyzed plasma samples from COVID-19 patients, no evidence for S protein could be
found by conventional methods as ELISA or WB. These results are in conflict with results
from collaborators at MRI and TUM, who found S on plasma derived EVs, by nanoscale
flow cytometry with the 43A11 antibody.



18 2 Results

2.2 Pseudotyped Virus Neutralization Test

A common method to determine the neutralization capacity of an antibody is the pVNT,
which does not require work with the full virus, as described. To test the anti-S antibodies
43A11 and 55E10 for SARS-CoV-2 in vitro neutralization, a pVNT was established with
an appropriate cell line. African green monkey derived Vero cells are naturally permis-
sive for SARS-CoV, as their endogenous ACE2 is homologous and cross-binding to S.[63] As
overexpression of the human analogue improves pVNT performance further,[64] Vero cells
were transduced to constitutively express hACE2 and analyzed by anti-ACE2 WB. Next,
S-pseudotyped, replication incompetent retrovirus was produced in HEK293T cells by co-
transfection of S as vFP, the respective structural protein components, reverse trascriptase,
integrase and a vector encoding green fluorescent protein (GFP). After 48 h, viral stocks
were harvested and used to infect hACE2+ Vero cells, which were then cultivated for an-
other 48 h. Expression of GFP reporter gene was analyzed by flow cytometry and fluores-
cence microscopy, yielding about 80% infected cells on average, upon treatment with PBS
as control (Figure 6A). Pre-incubation of the inoculum with serum of a COVID-19 vaccinee
however inhibited infection entirely. When analyzed in this pVNT, both anti-S mAbs 43A11
and 55E10 did not display effective neutralization, compared to an IgG isotype control, nei-
ther as single antibodies, nor synergistically in the form of an equimolar cocktail of both
(Figure 6B). Hence, 43A11 and 55E10 were found to be non-neutralizing anti-S mAbs and
ineligible as controls for any VNT, despite their high affinity for SFL. Yet, in principle the
applied test is capable of determining neutralization quantitatively, as pre-incubation with
sera of a COVID-19 vaccinee (BNT162b2) and a COVID-19 convalescent patient efficiently
reduced the fraction of infected cells in a dose dependent manner, whereas serum from a
healthy and immunologically naive individual did not show an effect (Figure 6B). To char-
acterize the pVNT and S-pseudotyped retroviral particles further, hACE2+ Vero cells were
pre-incubated with chloroquine, before they were inoculated with the viral stock. Chloro-
quine deacidifies endosomes and inactivates the endosomal, pH-dependent, cysteine protease
CTSL, which primes S for SARS-CoV-2 entry in certain cell lines in vitro.[13,48,65,66] Drug
treatment efficiently inhibited infection with a half maximal inhibitory concentration (IC50)
of 1.5 µM (Figure 6B), thus entry of S-pseudotyped retroviral particles into Vero cells was
found to be dependent on endosomal processing of S.

In general and as demonstrated, pVNTs allow to quantitate NAbs with SARS-CoV-2
specificity, but require several days, also for de novo expression of the reporter gene and de-
pend on qualified S-pseudotyped virus stocks with reproducible vector content and infectivity.
In this setup, the test additionally required a flow cytometer with high throughput sampler
module and the respective sample preparation, to analyze the ratio of GFP+ cells. Despite
its automation, also the readout was therefore quite time-consuming and labor-intensive.
Furthermore pseudotyped particles are biologically distant from the original infectious virus,
as they do not necessarily originate from a suitable permissive cell and exploit distinct routes
of egress.[67]
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Figure 6. Pseudotyped virus neutralization test (pVNT).
S pseudotyped, replication deficient retrovirus, based on a MLV vector encoding GFP was used for infection
of Vero cells expressing hACE2 and the evaluation of NAbs. Quantitative readout relies on de novo expression
of retrovirally transduced GFP gene in susceptible cells and analysis of fluorescence by flow cytometry.
(A) Cells of 12 biological replicates were analyzed for GFP expression 48 h post infection by flow cytometry
and fluorescence microscopy, yielding about 80% GFP+ cells (top and middle charts). Pre-incubation of the
inoculum with a 1:10 dilution of human serum from a BNT162b2 vaccinated individual for 30min efficiently
blocked infection (bottom charts). Merged fluorescence and brightfield microscopy images are shown with
white scale bars indicating 100 µm length.
(B) Next, mAbs, human sera and a chemical compound were titrated with fixed doses of S pseudotyped
retroviral inoculum. In this pVNT, a mAb cocktail of 43A11 and 55E10 did not display efficient neutralization
against SARS-CoV-2, along a control of isotype (IgG2b) mAb (top chart). Chloroquine, an inhibitor of
enodocytosis, efficiently blocked infection of hACE2+ Vero cells with pseudotyped vector particles, upon
pre-incubation of cells, even in low concentration (c) of the drug (middle chart). Sera of a BNT162b2
vaccinee or a COVID-19 convalescent patient displayed strong neutralization, while serum of a healthy,
naive donor had no neutralizing effect (bottom chart). Half maximal inhibitory concentration (IC50) was
calculated, or indicated as not applicable (n.a.). Parts of this figure and its legend were adapted from
Roessler et al. 2022,[48] under CC BY 4.0.
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2.3 Virus-Like Particles

As work with infectious SARS-CoV-2 is limited to BSL-3 containment laboratories, surro-
gates are urgently needed for scientific research. S-pseudotyped particles used for pVNTs
are admittedly non-replicating and resemble SARS-CoV-2 with respect to the vFP but other
than that are particles of e.g. retroviruses. Thus, in this study engineered EVs, hybrids of
virus and host cell, were used to present the vFP natively on vesicular structures. Those
S+ EVs were then used for immunizations up to this point. While uninfected cells naturally
and constantly shed EVs, infected cells are reprogrammed to turn into virus factories. Be-
cause of their origin and their egress via preexisting pathways, virions of enveloped viruses
share many similarities with EVs in terms of size, structure, lipid composition and proteins.
Yet, both differ fundamentally by the fact that EVs do not replicate. In an infected host
cell however, the boundaries between a replication competent enveloped virus, a defective
non-replicating virus particle and EVs of purely host components become rather blurry.[68]

Another class of particle and authentic mimic are VLPs, which consist of all structural
proteins of a virus, but lack the nsps and the viral genome. Because the genetic information
for the virus per se is not incorporated, they are non-replicating and per definition non-
infectious, even though they are capable of entering a susceptible cell. For SARS-CoV-2,
formation of VLPs has been described in a self-assembling mechanism from the four struc-
tural proteins only.[69,70] In contrast to S-pseudotyped particles, which bear SARS-CoV-2,
host and e.g. retrovirus components, VLPs entirely consist of the SARS-CoV-2 proteins S,
M, N and E, as well as host components. Another key difference between both is that VLPs
acquire their S protein from the ER - Golgi intermediate compartment (ERGIC), instead
of the plasma membrane.[71] Therefore, VLPs represent SARS-CoV-2 more faithfully than
pseudotyped surrogates. While S was found to be dispensable for assembly, but incorporated
if present,[72] coexpression of S, M, N and E was shown to be the most efficient combina-
tion to induce VLP secretion.[73] VLPs have been described also for other viruses, such as
human immunodeficiency virus (HIV),[74,75] Epstein-Barr virus (EBV)[76] and influenza.[77]

Due to their morphological resemblance and antigen composition, VLPs are considered a
safe alternative to study viruses and have been suggested as potential vaccine candidates.[78]

2.3.1 Manufacturing of VLPs

SARS-CoV-2 VLPs, here termed S+ VLP, were generated in HEK293T cells by transient co-
transfection of four expression plasmids, encoding all structural proteins of the virus, M, N, E
(all Wuhan-2019) and S (Wuhan-2019 D614G B.1, or where indicated, B.1.617.2, B.1.1.529
BA.1), in defined stoichiometry. To trace the S+ VLP, an additional, fifth, plasmid was
co-transfected to express a chimeric reporter protein consisting of the human tetraspanin
CD63 and, at its carboxy terminus, the activator peptide HiBiT of split-nano-luciferase
(CD63∼HiBiT). Large quantities of assembled S+ VLPs were present in the cell culture
medium, three days after transfection.[48] S+ VLP were harvested from the supernatant by
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differential centrifugation to eliminate cells and debris, and generally used without further
processing. Additional purification and concentration were applied if needed and as indi-
cated, before S+ VLP were characterized in detail.

2.3.2 Electron Microscopy of VLPs

Because of their small size, viruses can in general not be visualized by light microscopy. Their
detection and structural elucidation did therefore decisively benefit by the invention of elec-
tron microscopy (EM) and its application in structural biology. Until today, this technique
is indispensable for basic research but also for rapid virus diagnostics during unexpected
epidemics of unknown pathogens.[79] To investigate the morphology of S+ VLP, transmission
electron microscopy (TEM) was performed with negative stained samples of particles purified
by density gradient ultracentrifugation (Figure 7A). The depicted image shows a particle of
approximately 60 nm diameter with the characteristic contours of a coronavirus. The shape
of the particle has high similarity with early images of avian coronavirus VLPs,[80] but also
negative stained EM images of SARS-CoV-2 virions.[81]

A B

Figure 7. Electron microscopy (EM) images of SARS-CoV-2 VLPs.
(A) EM image of a negative stained S+ VLP, with the morphological characteristics of a coronavirus. Black
scale bar indicates 50 nm.
(B) The images show different S+ VLPs of approximately 60 to 150 nm in diameter recorded by cryo-EM. The
particles bear the characteristic corona of radial, dense spike-like proteins protruding from the envelopes’
intact lipid bilayer, which are characteristic for trimers of the viral glycoprotein of coronaviruses, S, as
observed for SARS-CoV-2 virions. The particle in the right panel shows elongated structures (white arrows),
which might correspond to S protein protrusions lying down on the surface. White scale bars indicate 100 nm.
Parts of this figure and its legend were adapted from Roessler et al. 2022,[48] under CC BY 4.0.

While negative staining requires drying of heavy metal salts around particles for contrast
filling and shows their two-dimensional projection, cryo-EM images native biological struc-
tures by phase contrast upon cryopreservation. Investigated objects can thus be recorded
in their intact shape with greater resolution. Consequently, cryo-EM of S+ VLP was per-
formed, which revealed spherically shaped vesicles of 60 to 150 nm diameter, with an intact
membrane of lipid bilayer (Figure 7B). The S+ VLPs displayed a characteristic corona of
dense, needle-like radial proteins protruding perpendicularly from the membrane, just like
SARS-CoV-2 virions.[48,82–84] Each of these structures consists of a slim stem with a spacious
head on their distal end, suggesting that the protrusions correspond to the viral glycoprotein
S of SARS-CoV-2.[48] This assumption is supported by their shape and dimension of 25 nm
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length and 7 nm stem width, as well as the fact that the protrusions were not detected on
S− EVs. On certain spike bearing particles, additional elongated structures were observed
(white arrows in Figure 7B), which could correspond to S molecules laid down on the surface
of the vesicle. Those might likely be caused by surface tension effects upon plunging the
sample in cryogen. A reduction of the liquid film’s height by evaporation could cause partial
air contact of the particle’s envelope and thus flattening and redistribution of the surface
components, while spikes in the periphery would still be surrounded by the liquid phase and
thus retain their integrity. Alternatively, the elongated structures could also correspond to
fibrous proteins within the lumen of the vesicle. While SARS-CoV-2 virions contain the
∼30 kb RNA genome in complex with ribonucleoprotein N, S+ VLPs seemingly do not com-
prise a similar luminal mass (Figure 7B), probably because of the absence of the vRNA
genome. For virions, the large RNA molecule in complex with N could act as spatial sizing
factor, explaining the variability of diameter observed in preparations of S+ VLP. Other than
that, the S+ VLPs seem to mimic SARS-CoV-2 virions structurally (Figure 7).[48]

2.3.3 Molecular Characterization of VLPs

Spike, the vFP of SARS-CoV-2, mediates attachment to ACE2, as well as fusion with the
target cell. It is a glycosylated transmembrane protein of two subunits S1 and S2 and assem-
bles in homotrimers. Because of its central role in viral infection, the correct conformation
of S is critical for the tropism and fusogenicity of both SARS-CoV-2 virions and S+ VLPs.
To ensure this, S+ VLP and a SARS-CoV-2 virus stock from infected Vero E6 cells, heat
inactivated at 56◦C for 15min, were analyzed by WB alongside a negative control of EVs.
For detection, two commercially available, subunit specific antibodies anti-S1 (pcAb) and
anti-S2 (mAb) were used under both reducing and non-reducing conditions to visualize bands
corresponding to S1, S2 and bands of higher order, containing those subunits (Figure 8A,
B). In parallel, the novel, in-house generated high affinity mAb 43A11, which exclusively
recognizes non-dissociated S (but not the single S1 or S2 domains; Figure 4B) was used
to detect SFL and its complexes under non-reducing conditions (Figure 8C). The analysis
confirmed the presence of S1 and S2 subunits, SFL, trimers of SFL (SFL

3 or S23S13) and
other additional S complexes in S+ VLP preparations. Proteolytic cleavage by furin and
subsequent partial dissociation of single S1 subunits from the S23S13 complex during viral
egress,[10,85] but also dimeric SFL complexes,[86] might explain certain additional bands of
higher order. Upon furin cleavage, subunits S1 and S2 remain non-covalently associated,[7]

as the 14 disulfide bonds in S are forming Cys-Cys bridges within domains but not between
the two subunits.[87] Thus, a reducing agent on its own is unlikely to alter the amount of
dissociated subunit. In S+ VLP preparations from HEK293T cells, a significant portion of S
seems to be efficiently cleaved and dissociated, presumably by host furin, as the anti-S2 blot
shows a strong band for single S2 (Figure 8A). As the anti-S1 blot required heat treatment
of the loaded sample at 95◦C for 5min in addition to the reduction agent, parts of the single
S1 band likely originate from disintegrated complexes of S and therefore overrepresent the
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amount of dissociated S. Yet, the residual faint SFL band in the anti-S1 blot on the other
hand could correspond to uncleaved, non-dissociated S (Figure 8B). Despite the proteolytic
priming of S+ VLPs, the majority of S was shown to remain largely complexed in single
and higher order SFL conformations. The blot with 43A11 clearly confirmed the presence of
SFL, SFL

2 and SFL
3 in S+ VLP preparations (Figure 8C). The SARS-CoV-2 virus stock in

comparison, showed a similar S composition, but the S2 specific antibody only detected the
trimer SFL

3, whereas the S1 antibody detected both SFL and S1. Passaging SARS-CoV-2
repeatedly on Vero E6 cells was reported to lead to a loss of the furin cleavage site,[88] which
could explain the equal fractions of uncleaved SFL and S1 (Figure 8B, right panel) and the
absence of single S2 domain in the virus stock in Figure 8A. Analysis with the mAb 43A11
found that SARS-CoV-2 contains SFL not only as distinct trimer but also as monomer, which
was barely observed in the anti-S2 blot. Thus, preparations of S+ VLP and SARS-CoV-2
virus were concluded to be similar according to WB analyses but differ with respect to the
fraction of furin cleaved S.[48]
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Figure 8. Western blot (WB) of protein lysates from S+ VLPs and SARS-CoV-2.
Blots of S+ VLPs and EVs produced in or spontaneously released from HEK293T cells, and SARS-CoV-2
virus stock from infected Vero E6 cells are shown. Antibodies are directed against the S1 or S2 subunits or
recognize the intact, full-length (FL) spike molecule SFL. The analyses confirm S protein in various states
in S+ VLPs and SARS-CoV-2 virus preparations but not in negative control EVs.
(A, B) S2 and S1 specific monoclonal respective polyclonal antibodies detect both S domains in preparations
of S+ VLPs as well as SFL protein (left panels of A and B). The S2 domain specific antibody also detects
trimeric SFL (SFL

3) and S complexes of higher order under non-reducing (non-red.) conditions. In SARS-
CoV-2 virus stock (right panels of A and B) the antibodies detect SFL protein and the S1 domain in panels
A and B but not the S2 domain.
(C) Mono- and trimeric SFL protein complexes in S+ VLPs (left panel) and SARS-CoV-2 virus stock (right
panel) detected with 43A11, a mAb that recognizes SFL exclusively. This figure and its legend were adapted
from Roessler et al. 2022,[48] under CC BY 4.0.

Next, the spike specific sandwich ELISA with the two in-house generated anti-S mAbs
43A11 and 55E10, which recognize orthogonal non-overlapping epitopes, was used to quan-
tify the S content of S+ VLP and the heat inactivated SARS-CoV-2 virus isolate. As external
reference and for the calibration of the assay, a commercially available recombinant S pro-
tein was employed to assess the absolute amount of S. Soluble, truncated ‘extra-viral-’ or
commonly ‘extracellular domain (ECD)’ of S was used for this purpose, resulting in the cali-
bration curve shown in Figure 9A. Within the linear range of OD values (0.7 ≤ OD ≤ 1.7, r2

> 0.99), accurate S quantification of samples could then be performed by linear regression.
The detection limit of this assay, here defined as 3× the standard deviation over the mean
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blank value, was estimated to correspond to 3 ngmL−1 recombinant S protein. The assay
sensitively detected concentrated and unconcentrated S+ VLP in a titration of samples (Fig-
ure 9B) and thus was found to be highly specific when probed with control EVs consisting
of M, N and E but without the viral fusion protein S (∆vFPEVs). In S+ VLP preparations
and heat inactivated SARS-CoV-2 virus stock (RT-qPCR, ct value 15.3) 626 ± 20 ngmL−1

and 149 ± 6 ngmL−1 S protein, respectively, were found according to the applied protein
standard (Figure 9C).

2.3.4 Particle Analysis of VLPs

Next, the number of particles in the samples was quantified via nanoparticle tracking analysis
(NTA). While transfection of HEK293T cells with an expression plasmid encoding S and a
mock plasmid yielded 5.0×109mL−1 S+ EV particles, comparable transfections of equal DNA
amount with plasmids encoding M, N, E and S, yielded 9.1×1010mL−1 S+ VLP (Figure 9D).
Therefore, co-expression of M, N, E together with S increased the number of particles dras-
tically and led to 18-times more particles in the supernatant, compared to S+ EVs. This
suggests that S+ VLP consisting of M, N, E and S evolve via a self-assembling mechanism
and egress without the need of non-structural viral proteins, as described for SARS-CoV
VLPs.[70] In the inactivated SARS-CoV-2 virus stock, 7.2×109mL−1 particles were counted.
The total particle numbers included 1.5 × 109mL−1 bovine EVs from fetal bovine serum
(FBS) contained in the cell culture medium. Bovine EVs therefore corresponded to 2% and
30% of total particles in S+ VLP and S+ EV preparations, respectively.[48]

While the characterization via WB, ELISA and NTA analyzed the S+ VLP prepara-
tions as a composite, quantitative data on a single particle level were missing. Therefore, a
nano flow technique was developed, to assess the fraction of S+ particles among all particles
released from HEK293T cells. For this method, particles were purified from cell culture
supernatants and incubated with the dye CellTraceViolet (CTV; Thermo Fisher Sci.), which
exhibits fluorescence only upon membrane penetration and enzymatic ester hydrolysis in the
lumen of intact vesicles.[89] Subsequently, particles were stained with fluorescently labeled
anti-S mAb 43A11 and analyzed using a cytometer (CytoFLEX, Beckman Coulter).[48] To
distinguish instrument noise from intact vesicular particles, events were pre-gated for CTV+

and SSC-H and the fraction of S+ particles assessed eventually (Figure 10A). Particles ob-
tained after transient transfection of HEK293T cells with plasmids encoding S, M, N and E,
constituted 37.5% S+ particles of all CTV+ particles, i.e. S+ VLP. The inactivated SARS-
CoV-2 stock contained about 10% S+ particles, i.e. SARS-CoV-2 virions (Figure 10B). In
the case of this sample, thermal treatment for the purpose of inactivation might have low-
ered the esterase activities in both virions and contaminating EVs, which might explain the
rather low fraction of CTV+ particles measured in this stock (0.11% of all events). The
S+ VLPs preparations were found to contain on average 626 ng S protein (Figure 9C) and
9.1× 1010 physical particles per mL (Figure 9D) of which 37.5% carried spike (Figure 10B).
Assuming even distribution of S molecules per S+ particle and the given molecular weight
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Figure 9. ELISA and particle analysis of S+ VLP and SARS-CoV-2 preparations.
(A) To quantify S protein, a sandwich ELISA using the two mAbs 43A11 and 55E10 was used. Calibra-
tion of the ELISA was performed using a commercially available, recombinant (rec.), S protein standard,
encompassing the extracellular domain (ECD). Mean values with standard deviations are indicated. The
calibration curve of three independent replicates allows for the calculation of S protein concentration (c) in
samples within the linear range of optical density (OD) values (0.7 ≤ OD ≤ 1.7, r2 > 0.99). The detection
limit of this assay was estimated to correspond to 3 ngmL−1 rec. S protein.
(B, C) Concentrated (conc.) and unconcentrated S+ VLPs from supernatants of transiently transfected
HEK293T cells were analyzed for their amount of SFL protein. Based on the linear regression equation
in panel A, spike concentrations were calculated from three technical replicates in the linear OD range
and compared with inactivated SARS-CoV-2 virus stock with a known ct value (15.3) of its vRNA copies
according to RT-qPCR. Controls are solvent (PBS) and EV without a viral fusion protein (∆vFP EV)
harvested from cell culture medium of cells expressing M, N, E and CD63∼HiBiT.
(D) Nanoparticle tracking analysis (NTA) of three independent preparations of unconcentrated and conc.
S+ VLPs (S, M, N, E, CD63∼HiBiT) and S+ EVs (S, CD63∼HiBiT) from cell culture medium of transiently
transfected HEK293T cells are shown. For comparison, NTA data from heat-inactivated SARS-CoV-2 virus
stock from infected Vero E6 cells are provided. This figure and its legend were adapted from Roessler et al.
2022,[48] under CC BY 4.0.
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Figure 10. Nano flow technology of S+ VLPs and SARS-CoV-2 virions.
(A) Preparations of S+ VLPs (S, M, N, E and CD63∼HiBiT) and control ∆vFP EVs (M, N, E and
CD63∼HiBiT) were stained with the membrane permeable dye CellTrace Violet (CTV), which exhibits
fluorescence only upon uptake and esterase activation within the lumen of intact membranous vesicles. A
heat-inactivated SARS-CoV-2 stock was stained in paralel with CTV for comparison. Subsequently, samples
were counter-stained for the presence of surface S protein using fluorescently labeled anti-S mAb 43A11.
Samples were diluted and then analyzed using a CytoFLEX LX flow cytometer.
(B) Panels in the top row show recorded events according to their sideward scatter (SCC-H) using a violet
excitation laser (y-axis) and CTV staining (x-axis). CTV+ events were gated as shown in A to identify
sub-cellular, intact particles (S+ VLPs, ∆vFP EVs, SARS-CoV-2 virions) and to distinguish them from
instrument noise seen in the PBS control. CTV+ events were analyzed for their staining with the anti-S
antibody (bottom row of panels). 37.5% S+ particles were identified in the preparation of S+ VLPs, 10% S+

particles were identified in SARS-CoV-2 virus stock and fewer than 1% background in control ∆vFP EVs.
The low fraction of CTV+ events in the virus preparation (0.11%) compared with preparations of S+ VLPs
(0.61%) and ∆vFP EVs (0.37%) might be the consequence of a reduced esterase activity in virions (and
EVs) after heat treatment at 56◦C for 15min to inactivate viral infectivity. This figure and its legend were
adapted from Roessler et al. 2022,[48] under CC BY 4.0.
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of 134.4 kDa for the truncated recombinant S protein standard, a theoretical number of 82 S
molecules (Equation 1), corresponding to 27 trimers, per S+ VLP was calculated (Equation
2),[48] which is well in range for SARS-CoV-2 virions that bear 24 to 40 spikes, as described
by others.[82,84,88]

n(S)VLP =

m(S)
M(S) V NA

n(S+ VLP)
V

=

626×10−9 gmL−1

134.4×103 gmol−1 6.022× 1023mol−1

0.375× 9.1× 1010mL−1 ≈ 82 (1)

n(S3)VLP =
n(S)VLP

3
=

82

3
≈ 27 (2)

2.4 Virus-free Fusion Assay

2.4.1 Spike EVs with β-Lactamase Readout

The next step towards a virus-free neutralization test was to analyze whether S+ VLPs
have the potential to fuse with appropriate target cells. Hence, HEK293T, Huh7, Vero and
U251MG cells were retrovirally transduced to constitutively overexpress human ACE2, as
confirmed by WB. Among those, Huh7 and Vero have been employed for infection with
S-pseudotyped retrovirus before.[64] Recently, U251MG, a SARS-CoV-2 susceptible human
cell line,[90] was shown to efficiently take up EVs, bearing VSV-G, the vFP and glycoprotein
of the vesicular stomatitis virus (VSV).[91] Thus, these cells fulfilled important prerequisites
and were likely to be suitable recipient cells. While ultimately S+ VLP had to be tested for
fusion, S+ EV were used at first in a simplified setup. Therefore, EVs were engineered to
carry SARS-CoV-2 S protein besides a chimeric reporter enzyme consisting of the human
tetraspanin CD63 and at its carboxy terminus β-lactamase (BlaM), CD63∼BlaM. These
S+, CD63∼BlaM+ EVs were obtained from HEK293T cells as described, concentrated via
ultracentrifugation and incubated with recipient cells for 4 h. Upon uptake and fusion, BlaM
enzyme is translocated to the cytoplasmic compartment of the recipient cell. Afterwards,
cells were loaded with CCF4-AM, a fluorescent dye with β-lactam moiety, which is trapped
upon ester hydroylsis as CCF4 within the cell. Only inside BlaM loaded cells, the substrate
CCF4 is then cleaved enzymatically, causing a fluorescence shift, which can be quantified
via flow cytometry on a single cell level, as first described in the context of HIV-1,[92], and
later also for other viruses.[91,93–97] As described, hACE2+ Vero cells were incubated with
a panel of CD63∼BlaM+, concentrated S+ EV, VSV-G+ EV, EV lacking a viral fusion
protein (∆vFPEVs) and a medium control without EVs. Upon substrate incubation, cells
were analyzed for cleaved CCF4 (Figure 11A). The hACE2+ Vero cells displayed cleavage of
CCF4, and thus uptake, with S+ EVs and VSV-G+ EV, but not with ∆vFPEV. Yet, only
about 23% of Vero cells turned BlaM-positive with a high dose of S+ EVs, while significantly
more, 75% of all cells became positive with VSV-G+ EV (Figure 11C left chart). Fusion of
EVs with recipient cells was furthermore found to be dose dependent and limited by the
concentration of added EVs, as shown in a titration experiment (Figure 11C right chart).
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Figure 11. Fusion analysis of S+ EVs with single-cell BlaM readout.
Extracellular vesicles (EVs) bearing viral fusion proteins and a chimeric reporter protein, consisting of
β-lactamase (BlaM) fused to the carboxy-terminus of human CD63, were incubated with recipient cells and
subsequently analyzed by flow cytometry. CD63∼BlaM, which is efficiently incorporated into the membrane
of EVs, is transferred to the cells’ cytoplasm upon fusion, where it cleaves the fluorescent dye CCF4 as
substrate, thereby altering the emission spectrum of cells.
(A, B) Flow cytometry plots show the gating and analysis of substrate loaded intact Vero (panel A) and
U251MG cells (panel B), engineered to express human ACE2. Cells were either incubated without (w/o)
EVs or with concentrated (conc.) CD63∼BlaM+ EVs bearing: S, VSV-G, or without viral fusion protein
(∆vFP) at all. Fractions of cells which have successfully taken up EVs are indicated in percent.
(C, D) Data from four biological replicates, as in A and B, are summarized and graphically displayed in the
left charts. U251MG, ACE2+ (panel D) were found to be better targets for S+ EVs than hACE2+ Vero cells
(panel C). Results from t-tests are indicated; ns, not significant (p > 0.05); **p ≤ 0.01; ****p ≤ 0.0001. In
the right charts, dilutions (1:2 to 1:100) of conc. S+ and VSV-G+, CD63∼BlaM+ EVs were incubated with
recipient cells, to demonstrate the respective dose–response relationship.
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Figure 11. continued from previous page.
(E) Fusion of S+ EVs with hACE2+ Vero cells was efficiently inhibited by a low concentration (c) of chloro-
quine, indicative of the endosomal uptake.
(F) Neutralization experiments with three human sera, using ACE2+ U251MG cells and S+ EVs, are shown.
Specimens of an individual vaccinated with BNT162b2, a COVID-19 convalescent patient and a naive and
healthy donor are compared. Parts of this figure and its legend were adapted from Roessler et al. 2022,[48]
under CC BY 4.0.

With ACE2+ U251MG cells, the panel of EV preparations resulted in a similar profile of
susceptibility (Figure 11B), yet in contrast to hACE2+ Vero cells, 97% of ACE2+ U251MG
cells became BlaM-positive with S+ EVs, while cells incubated with ∆vFPEVs remained
again BlaM-negative. Moreover, fusion of S+ EV and VSV-G+ EV was found to be equally
efficient in this setting (Figure 11D left chart). Even though, the respective titration later
revealed a saturation effect for VSV-G+ EV, which had masked their better fusogenicity
(Figure 11D right chart), fusion of S+ EV with ACE2+ U251MG recipient cells was found to
be superior compared to hACE2+ Vero cells (Table 1).

Table 1. Comparison of Vero and U251MG cells as recipients for BlaM+ EVs.
CD63∼BlaM+, concentrated S+ EVs and VSV-G+ EVs were diluted and incubated with hACE2+ Vero or
ACE2+ U251MG cells. Upon turnover of substrate, portion of fusion among cells was quantified via flow
cytometry. Values from the right charts of Figure 11C, D are listed.

Fusion with cells in %
hACE2+ Vero ACE2+ U251MG

Dilution [1: ] S+ EV VSV-G+ EV S+ EV VSV-G+ EV

100 2 8 8 24
20 4 32 33 53
5 19 65 61 93
2 26 82 91 98

To test the fusion of S+ EV with hACE2+ Vero cells for the endosomal uptake route, cells
were pre-treated with chloroquine prior to incubation with S+ EVs (Figure 11E). Chloroquine
deacidifies endosomes and inactivates the endosomal-pH-dependent cysteine protease CTSL,
which primes S for SARS-CoV-2 entry in vitro, in certain cell lines.[13,65,66] As delivery of
BlaM was efficiently inhibited by the drug, S+ EV fusion was found to be dependent on
endosomal processing of S in Vero cells. Next, ACE2+ U251MG cells were used in a pre-
liminary neutralization experiment, to test and quantify the reduced uptake of S+ EVs by
neutralizing serum antibodies. Sera from a COVID-19 vaccinee and a COVID-19 convales-
cent patient displayed dose-dependent neutralization, while sera from a healthy and naive
donor barely showed any effect (Figure 11F). Therefore, it was concluded that all steps of
the S-mediated cellular uptake of S+ EVs are highly reminiscent of the initial steps of a
SARS-CoV-2 infection.

To investigate the tropism of S bearing particles on a single cell level more thoroughly,
confocal fluorescence microscopy was conducted with the ACE2+ and an ACE2− U251MG
cell line. While for the experiments with flow cytometry readout CD63∼BlaM+, S+ EV
have been used, here CD63∼BlaM+, S+ VLP were used, which additionally contain M, N
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and E. In detail, ACE2+/− U251MG were incubated with S+ VLP or medium as negative
control and loaded with CCF4 substrate or alternatively permeabilized and stained with a
fluorescently labeled anti-S mAb and a DNA dye before imaging (Figure 12). When analyzed
for the presence of S, the antibody did not display any background signal on the cells for the
sample without S+ VLP, yet showed distinct foci in the samples with S+ VLP, mostly around
the nuclei, but distributed all over the cell. Thus, detected foci were found to be specific
for S, but occurred independently of the ACE2 status of the target cell. As the S signal
could originate from intracellular S, as well as from S on the outside of the cell, a possible
explanation for this phenomenon could be that at least for the ACE2− cells, the S+ VLP
were stuck on the cell membrane. To analyze the cells for S+ VLP entry and fusion via
the translocated BlaM, substrate- and cleavage product channels were evaluated separately.
While cells in all samples were found to be equally loaded with CCF4 substrate, turnover
and cleaved CCF4 were only observed in the combination of ACE2+ cells with S+ VLP, but

ACE2 + + -
S+ VLP - + +

bars are 20 µm

C
C

F4
 c

le
av

ed
(4

47
 n

m
)

an
ti-

Sp
ik

e
D

A
PI

C
C

F4
(5

20
 n

m
)

Figure 12. Confocal fluorescence microscopy with S+ VLPs.
SARS-CoV-2 VLPs were incubated with U251MG ACE2+/− cells and analyzed by laser scanning confocal
microscopy (LSCM) for entry and S signal. Therefore, S+ VLPs (S, M, N, E and CD63∼BlaM)+ were gener-
ated, incubated with target cells, grown on slides, and cells subsequently stained with CCF4, a β-lactamase
(BlaM) cleavable fluorescent dye. Pairs of identical images, either filtered for substrate emission (middle row)
or product emission (bottom row), are shown. Efficient entry, as identified in the form of CCF4 turnover
by CD63∼BlaM+, S+ VLPs was only observed on ACE2+ cells (middle column), while samples without
S+ VLPs (left column) or with ACE2− cells (right column) did only yield background signals in the product
channel. Alternatively, cells were stained with a fluorescently labeled anti-S mAb, 43A11, and DNA interca-
lating DAPI. Images of the respective individual channels were merged (top row). There, S specific signal,
colored in pink, was observed independently of the ACE2 status of target cells. White scale bars indicate
20 µm.
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not with ACE2− cells or the sample without S+ VLP. Thus, exclusively ACE2+ cells were
found to be susceptible for S+ VLP entry.

2.4.2 VLPs with Nanoluciferase Readout

The applicability of the assay with BlaM is limited as its readout relies on flow cytometry
or fluorescence microscopy, requires an overnight incubation step for the intracellular accu-
mulation of cleaved CCF4 and depends on concentrated S+ EVs preparations. Therefore,
this assay was developed further to a bioluminescence based readout by replacing BlaM with
nanoluciferase (nLuc). To avoid expected background problems due to protein leakage of in-
tact nLuc, its split variant consisting of an incomplete and inactive nLuc polypeptide (LgBiT)
and a self-associating peptide of 11 amino acids (HiBiT) was adapted.[98–100] Similar to
CD63∼BlaM, the activator HiBiT was fused to the C-terminus of CD63 (CD63∼HiBiT),[101]

to be incorporated into S+ particles. As recipient cells, ACE2+ U251MG cells were engineered
to constitutively express N -myristoylated LgBiT (NM∼LgBiT) as membrane-associated re-
porter enzyme. Since both, LgBiT and HiBiT are tightly associated with the cellular and
vesicular membrane, respectively and thus cannot be secreted, the system is almost free of
leakage. Fully active enzymes can be problematic as reporter proteins because they often
result in high background signals. As the split nLuc system requires successful intracellu-
lar reconstitution of both nLuc parts to catalyze its substrate,[98] this assay barely displayed
background luminescence. Mechanistically, a CD63∼HiBiT+ engineered S+ particle contacts
a recipient cell in an ACE2 receptor-dependent manner, undergoes correct processing of S
by proteases and enters the cell by endocytosis followed by endosomal escape. Alternatively,
S+ particles may directly fuse with the plasma membrane via the post-fusion conformation
of S,a process reminiscent of the initial infection with a SARS-CoV-2 virion. Upon fusion,
membrane anchored HiBiT is delivered into the cytoplasm of the LgBiT+ cell, where the
functional enzyme is reconstituted in situ to support substrate turnover and emission of
light as shown schematically in Figure 13C.[48] This principle is illustrated in a scientific
animation.†

This simplified readout allowed to introduce a number of improvements to the fusion as-
say, as the resulting signal can be detected in a standard luminometer within seconds, without
complex prior sample preparation. Even though it only allows for a bulk readout, instead
of an analysis on single cell level, it turned out to be much more sensitive, such that even
unconcentrated supernatants of S+ EV could be used. One additional major breakthrough
for suitable S+ particle preparations was to investigate the optimal DNA amount of S and
CD63∼HiBiT encoding plasmids for the transfection of HEK293T cells, in order to generate
fusogenic S+ EV. Experiments with supernatants from a DNA dose escalation with S plasmid
but fixed amount of CD63∼HiBiT plasmid, revealed an adverse effect of high amounts of S
DNA and a critical optimum of plasmid ratios for fusion with ACE2+, NM∼LgBiT+ U251MG
cells (Figure 14A). With the optimized transfection protocol, S+ EV and VSV-G+ EV were

†https://youtu.be/6wckXobT_bM

https://youtu.be/6wckXobT_bM
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Figure 13. Scheme of S+ VLP fusion mechanism and neutralization test, VLPNT.
(A) Engineered VLPs were generated by transient co-transfection of HEK293T cells with an optimized
ratio of expression plasmids encoding the four SARS-CoV-2 structural proteins S, M, N, E and a chimeric
membrane anchored activator peptide (CD63∼HiBiT). The resulting particles were termed S+ VLP and
obtained from conditioned cell culture medium three days after DNA transfection.
(B) Schematic view of a SARS-CoV-2 virion with the four structural proteins S, M, N and E and the viral
genome of positive sense, single-stranded RNA, (+)ssRNA complexed with N.
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Figure 13. continued from previous page.
(C) Basic steps of S+ VLP entry and reconstitution of nanoluciferase (nLuc). Similar to infection with
SARS-CoV-2, spike, the trimeric viral fusion protein in the envelope of S+ VLPs mediates attachment (step
1) to the host cell receptor ACE2, triggering either proteolytic processing by TMPRSS2 and direct fusion at
the plasma membrane (step 2a) or endocytosis (step 2b), cleavage by CTSL and subsequent fusion with the
endosomal membrane (step 2c). Fusion of the S+ VLP envelope with cellular membranes via both pathways
expose the HiBiT activator peptide to make contact with N -myristoylated LgBiT (NM∼LgBiT), which is
stably expressed in the cytoplasm of the ACE2+ target cell. Upon in situ reconstitution of the functional
reporter (nLuc*), addition of substrate will induce bioluminescence, which can be quantified in a standard
luminometer in 96-well cluster plates.
(D) To test samples for the content of SARS-CoV-2 neutralizing antibodies (NAbs) in the VLP neutraliza-
tion test (VLPNT), S+ VLP are pre-incubated with a serial dilution of the specimens for 30min. Suitable
medical samples are sera of COVID-19 patients and vaccinated or naive individuals, but also recombinant
NAbs can be evaluated with ease. SARS-CoV-2 NAbs will interfere with all steps of S+ VLP attachment
to ACE2, receptor-mediated uptake, endosomal fusion of the VLP envelope with the endosome and es-
cape to the cytoplasm. Target cells are U251MG cells engineered to express both ACE2 and NM∼LgBiT.
Upon encounter with S+ VLP-borne CD63∼HiBiT, NM∼LgBiT is reconstituted into a fully functional
nLuc reporter enzyme, which can be quantitated. SARS-CoV-2 NAbs reduce or even block the delivery
of CD63∼HiBiT activator entirely, which can be quantified in a standard clinical laboratory with aid of a
luminometer and within 4.5 h. A freely accessible scientific animation narrates the principle of the VLPNT
(https://youtu.be/6wckXobT_bM). This figure and its legend were adapted from Roessler et al. 2022,[48]
under CC BY 4.0.

generated, titrated by dilution and incubated with increasing amounts of seeded recipient
cells. As expected, higher doses of S+ or VSV-G+ EVs during the incubation resulted in more
emitted light. In parallel, the optimal cell number yielding the best signal to noise ratio was
investigated (Figure 14B). In concordance with flow cytometric data for CD63∼BlaM+ EVs
(Figure 11D right chart), VSV-G+ EV similarly displayed higher overall fusogenicity than
S+ EV (Figure 14B). A brief study of stability found S+ EV to be surprisingly stable towards
thermal inactivation, as treatment at 60◦C for 30min did not impair their fusion capacity
(Figure 14C). A loss of fusogenicity was only observed upon incubation at 80◦C, suggesting
that thermal inactivation of SARS-CoV-2 virus stocks at medium temperatures is rather
mediated by e.g. degeneration of the genomic RNA-nucleoprotein complex, than by denat-
uration of the vFP spike. Next, the readout of the fusion assay was improved by use of
a full-white 96-well microtiter plate with measurement from above (Figure 14D, Type 2),
instead of a clear-bottom plate with measurement from below (Type 1). Furthermore S+ EV
particles were replaced with SARS-CoV-2 VLPs, i.e., S+ VLPs encompassing all four struc-
tural proteins of the virus, as co-expression of M, N and E together with S and CD63∼HiBiT
(Figure 13A) led to higher particle numbers (Figure 9D) and enhanced fusogenicity of VLPs
(Figure 14E). Similarly as in Figure 14A, the optimal stoichiometry of plasmids was also
investigated for S+ VLP in a readout-based approach. The resulting S+ VLPs were shown
to resemble SARS-CoV-2 in many aspects as documented by cryo-EM, WB, ELISA, NTA,
nano flow technology and confocal fluorescence microscopy, as shown from Figure 7 on to
Figure 10 and Figure 12. Luminescence signal in this system was found to undergo rapid de-
cay over time upon addition of substrate (Figure 14F), thus immediate readout was applied
for all further experiments.

Analogous to the BlaM reporter system, it was assessed whether S+ VLPs fuse exclu-
sively with susceptible ACE2+ cells. Therefore, S+ VLPs (S, M, N, E, CD63∼HiBiT)+,

https://youtu.be/6wckXobT_bM
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Figure 14. Characterization of the VLP and spike EV fusion assay.
(A) HEK293T cells were transiently transfected with a fixed DNA amount of expression plasmids, encoding
CD63∼HiBiT and a titration of 100 pg to 0.25 µg plasmid DNA encoding S. CD63∼HiBiT+, S+ EVs were
harvested 72 h post-transfection from conditioned medium of producer cells and incubated with ACE2+,
NM∼LgBiT+ U251MG recipient cells. The resulting luminescence was quantified in relative light units
(RLU) and reveals an optimum for S encoding plasmid DNA.
(B) Increasing numbers of ACE2+, NM∼LgBiT+ U251MG cells were seeded per 96-well, cultivated overnight,
prior to incubation with increasing concentrations of CD63∼HiBiT+, S+ or VSV-G+ EV supernatants.
(C) CD63∼HiBiT+, S+ EVs were heat inactivated at three different conditions for 30min prior to incubation
with ACE2+, NM∼LgBiT+ U251MG cells, to test particle stability and functionality. Resulting luminescence
was normalized to the 37◦C signal.
(D) Two different 96-well plates and measurement techniques were compared in a standard luminometer for
their resulting luminescence signal with CD63∼HiBiT+, S+ EVs and ACE2+, NM∼LgBiT+ U251MG cells:
Type 1, clear-bottom microtiter plate with measurement from below; Type 2, full-white microtiter plate
with measurement from above.
(E) HEK293T cells were transiently transfected with expression plasmids encoding CD63∼HiBiT and either
S only, giving S+ EVs or with additional plasmids encoding S, M, N and E, yielding S+ VLPs. Resulting
supernatants were incubated with ACE2+, NM∼LgBiT+ U251MG cells and compared for luminescence.
Use of S+ VLP instead of S+ EV resulted in stronger signals and better signal to noise ratio.
(F) CD63∼HiBiT+, S+ VLPs were incubated with ACE2+, NM∼LgBiT+ U251MG cells and luminescence
signal decay was quantified 0 to 15min upon substrate addition.
(G) S(B.1)+ and S(B.1.1.529 BA.1)+, CD63∼HiBiT+ VLPs were incubated with TMPRSS2 overexpressing
(++) ACE2+, NM∼LgBiT+ U251MG cells and the respective parental cell line. Resulting luminescence was
quantified.
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VSV-G+ EVs (VSV-G, CD63∼HiBiT)+ and ∆vFPEVs (M, N, E, CD63∼HiBiT)+ were gen-
erated, incubated with ACE2+ or ACE2−, NM∼LgBiT+ U251MG cells for 4 h and fusion
was quantified for the different target cell lines. As expected, S+ VLPs exclusively fused with
ACE2+ cells but not with ACE2− cells (Figure 15A). Furthermore, fusion relied strictly on
the presence of a vFP such as S since ∆vFPEVs were barely taken up. In contrast, VSV-
G+ EVs fused with ACE2+ and ACE2− cells at similar levels due to VSV’s broad tropism.
To elucidate the entry pathway of S(B.1)+ VLPs, cells were pre-treated either with chloro-
quine or with the serin protease inhibitor camostat-mesylate (Figure 15B), which inhibits
TMPRSS2,[102] and blocks entry of SARS-CoV-2 in certain cell-lines in vitro.[13,65] In con-
trast to results with Vero cells (Figure 11E), chloroquine did not reduce S+ VLP entry into
U251MG cells, but camostat-mesylate efficiently inhibited up to 84% of S+ VLP entry with
an IC50 of 0.09 µM. Entry of S+ VLP in U251MG cells was therefore found to be indepen-
dent of CTSL and thus the endosomal uptake route and instead to primarily proceed via
TMPRSS2 cleavage and direct fusion at the plasma membrane (Figure 13C). Which other
protease or what entry pathway drives the remaining 16% of fusion, remains up to spec-
ulation, but the matrix metalloprotease (MMP), ADAM17 has recently been suggested to
facilitate SARS-CoV-2 entry.[103]
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Figure 15. Tropism and specificity of S+ VLPs.
(A) Two cell line derivatives of U251MG cells, which express NM∼LgBiT with or without human ACE2
receptor (ACE2+ or ACE2−) were incubated with S+ VLPs carrying CD63∼HiBiT, with CD63∼HiBiT+

EVs without a viral fusion protein (∆vFP EVs) or with CD63∼HiBiT+ EVs bearing VSV-G. Luciferase
activity upon reconstitution of split-nanoluciferase was measured in relative light units (RLU) and validated
the exclusive tropism of S+ VLPs for ACE+ target cells and the necessity of a viral fusion protein e.g. spike.
Data are based on at least four independent experiments. p-values of three independent t-tests are indicated;
ns, not significant (p > 0.05); ****p ≤ 0.0001.
(B) Inhibitor studies with chloroquine, an inhibitor of endosomal acidification and of CTSL, and camostat-
mesylate, a TMPRSS2 inhibitor, are shown using S+ VLPs and ACE2+ U251MG cells. DMSO and PBS
served as negative controls for camostat-mesylate and chloroquine, respectively. Mean values of three bi-
ological replicates are displayed with error bars indicating standard deviations. This figure and its legend
were adapted from Roessler et al. 2022,[48] under CC BY 4.0.

As the fusion assay with U251MG cells was shown to largely depend on TMPRSS2, addi-
tional overexpression of the protease was thought to enhance S+ VLP uptake further. Thus,
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ACE2+, NM∼LgBiT+ U251MG were retrovirally transduced with a respective vector and
incubated with S(B.1)+ or S(B.1.1.529 BA.1)+, CD63∼HiBiT+ VLP. While overexpression
of TMPRSS2 did enhance fusion with the B.1 variant, fusion with B.1.1.529 remained unal-
tered (Figure 14G), suggesting that the latter VOC makes less use of the respective pathway
and instead uses alternative ones. Because TMPRSS2 overexpression did not improve the
assay for the most recent VOC tested, all further experiments were carried out with the
parental cell line, using the endogenous expression level. Other than that, an overall re-
duced fusion of S(B.1.1.529 BA.1)+ VLP with ACE2+ U251MG cells was found, compared
to S(B.1)+ VLP (Figure 14G). Even though this might seem contradictory to early reports
of enhanced transmission and the rapid spread of the Omicron variant,[104] the infectivity of
the variant was reported to be reduced, as its fusion efficiency was in fact compromised.[105]

Hence, the increased transmissibility of the Omicron variant was rather an effect of improved
S stability,[105] widespread immune evasion and broad antibody escape.[36,106]

In sum, results from the fusion assay characterization state that S+ VLP fuse with target
cells spike-mediated and ACE2-dependent and thus with great specificity. Therefore, this
system was concluded to meet important requirements of a VLP-based neutralization test.

2.5 VLP Neutralization Test

NAbs can mediate protection from SARS-CoV-2 infection as they block virion entry into
host cells via various modes of action. Most S specific NAbs prevent the attachment of S
to ACE2 by binding to the RBM of S1,[107,108] or stall S in its closed, i.e. RBD ‘down’, pre-
fusion conformation.[109] Yet, some also neutralize without disrupting the interaction with
ACE2.[110] Alternative mechanisms comprise the inhibition of proteolytic processing of S,
or the interference with heptad repeats and glycosylated surfaces in S2, which are required
to promote fusion of the viral envelope with the endosomal membrane as shown for SARS-
CoV or MERS-CoV.[33,111] NAbs that disrupt the function of S also interfere with or even
block S+ VLPs and thus reduce the delivery of CD63∼HiBiT to susceptible target cells.
Consequently, reduction of luminescence from reconstituted nLuc correlates with SARS-
CoV-2 neutralization (Figure 13D).[48]

2.5.1 Serum Analysis

For a VLP neutralization test (VLPNT), a defined amount of S+ VLPs was pre-incubated
with serial dilutions (starting from 1:10 to 1:1801) of sera from acute or convalescent COVID-
19 patients, COVID-19 vaccinees or healthy, naive donors. This mix was then incubated with
ACE2+, NM∼LgBiT+ U251MG cells and the resulting dose-dependent neutralization was
quantified as shown in Figure 16A. The mean luminescence level of S+ VLPs with PBS in-
stead of serum, was set to 0% neutralization, while background luminescence obtained with
∆vFPEVs was defined as 100% neutralization. A 50% neutralization titer was determined



2.5 VLP Neutralization Test 37

by extrapolating sigmoidal curve values that correspond to 50% absolute signal reduction
upon background correction. This value was termed VLPN50. It is considered equivalent to
VNT50 and PRNT50 of cVNTs and PRNTs, respectively.[48] Sera of naive donors resulted in
little to no signal reduction, i.e., weak neutralization even at high serum concentrations. Of
12 sera from healthy, naive donors obtained from mid 2019 and earlier, most did not reach
50% neutralization and few showed VLPN50 titers of 1:16 or lower (Figure 16B). Sera of 13
COVID-19 vaccinees after prime-boost immunization from 2021 showed high neutralization
potential consistently up to 100% inhibition of S+ VLP fusion and VLPN50 titers of 1:27
to 1:352 (Figure 16B).[48] Data on individual titers and types of vaccines which the donors
received can be found in Supplementary Figure S1B and Supplementary Table S2. Based
on the maximal titer of naive sera in the VLPNT, an additional margin was added and a
preliminary minimal cutoff of 1:≥25 defined to classify samples with neutralizing activities.
Since individual laboratories use various versions of SARS-CoV-2 VNTs, there is consider-
able demand for a global harmonization and standardization of NAb titers.[112] Thus, the
WHO supplies research facilities with a plasma standard, pooled from 11 British reconva-
lescent COVID-19 patients.‡ This standard (NIBSC 20/136), which has a defined neutral-
ization activity of 1000 international units per mL (IU mL−1), was applied. VLPN50 values
of multiple individual experiments with the WHO standard were obtained (Figure 16B)
and used to convert the serum VLPN50 titers to harmonized titers expressed as IU mL−1

as shown in Supplementary Figure S1C. In six independent VLPNT experiments (includ-
ing separate S+ VLP batches) with the WHO standard, a coefficient of variation (CV) for
log10 transformed titers of CV =0.04 and CV=0.23 for untransformed titers was calcu-
lated, for the within-laboratory repeatability and the resulting imprecision of quantification,
respectively.[48] Clearly, additional experiments and standardizations have to be conducted
to generate data for an assessment according to the Clinical Laboratory Standards Institute
(CLSI) guidelines.[113] Based on these results it was concluded that the VLPNT qualifies for
the measurement of neutralizing activities in additional clinical samples.[48]

2.5.2 Correlation of VLPNT and cVNT

For the validation of the VLPNT, VLPN50 titers of a defined set of sera were compared with
results from a cVNT using infectious SARS-CoV-2, the ‘gold standard’ in the field.[46] To
this end, 80 well documented serum samples from 49 patients with confirmed SARS-CoV-2
infection were tested under double-blinded, randomized conditions in the VLPNT. Relevant
details about their clinical status and neutralizing serum titers data are presented in Sup-
plementary Table S2. When analyzed, VLPN50 serum titers of the 80 COVID-19 sera varied
from 1:15 to 1:>2000 and therefore scattered wider than serum titers from vaccinees, even
though the medians were similar (Figure 16B). Data on the individual titers and the patients’
clinical symptoms can be found in Supplementary Figure S1A. Due to the previously defined
cutoff of 1:≥25 for the VLPN50, 75 out of 80 COVID-19 samples were classified as neutral-

‡Mattiuzzo et al., 2020, WHO/BS/2020.2403
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Figure 16. VLP neutralization test validation.
(A) Sera of three individuals, a naive healthy donor, a BNT162b2 vaccinee and the COVID-19 patient
A12 were analyzed in the VLP neutralization test (VLPNT) with S(B.1)+ VLPs. Graphs are exemplary
and include mean neutralization results from three independent biological replicates. Serum dilution which
resulted in 50% signal reduction, equivalent to neutralization, was extrapolated and termed VLPN50 titer.
(B) VLPN50 titers of sera from 80 COVID-19 patients, 13 COVID-19 vaccinees, 12 healthy naive donors
and 6 independent replicates of the WHO convalescent COVID-19 reference serum (NIBSC 20/136), tested
in the VLPNT with S(B.1)+ VLPs, are shown. Median values are indicated in red. Titers above the dotted
line (1:≥ 25) indicate samples which scored positive for S specific neutralizing antibodies according to the
criteria applied. Titers in square brackets indicate sera with VLPN50 below the limit of detection (LOD).
(C) In the left panel, results of 80 COVID-19 samples tested in the VLPNT and a cVNT are compared.
Concordant positive (CP), concordant negative (CN), and discrepant (D) results are indicated. In the right
panel, sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of the
VLPNT were calculated based on the 65 COVID-19 serum samples with neutralizing capacity, according
to the cVNT and 12 serum controls of healthy naive donors collected prior to mid 2019. Test results are
indicated as: pos., positive; neg., negative; <LOD, below limit of detection; TP, true positive; FN, false
negative; FP, false positive; TN, true negative.
(D) Correlation of VLPN50 titers from the VLPNT versus VNT100 titers obtained in a conventional virus
neutralization test (cVNT) using infectious SARS-CoV-2. Pearson correlation data (coefficient r, confidence
interval CI, sample size n and p-value) of 80 sera from confirmed COVID-19 patients are shown and the
linear relationship is indicated. Data below the dotted horizontal line denote sera which scored negative in
the VLPNT. Results left of the dotted vertical line denote sera which scored below the limit of detection
(1:< 8) in the cVNT; these VNT100 values were defined as 1:4 and indicated in square brackets.
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Figure 16. continued from previous page.
(E) Adaptation of the VLPNT to two SARS-CoV-2 variant of concerns (VOCs). VLPs were generated
bearing either B.1 (Wuhan-2019, D614G), B.1.617.2 (Delta-VOC) or B.1.1.529 BA.1 (Omicron-VOC) S
protein, besides M, N, E, and CD63∼HiBiT and used in the VLPNT. NAbs in sera of 13 COVID-19 vaccinees
(after prime-boost vaccination) were cross-neutralizing, but less potent in neutralizing B.1.617.2 compared
with B.1. The majority of serum samples however, failed to neutralize the B.1.1.529 variant effectively. Data
derived from 13 samples were analyzed using a matched one-way ANOVA, with Tukey’s multi comparison
test and a single pooled variance. Results are indicated: ****p ≤ 0.0001. Parts of this figure and its legend
were adapted from Roessler et al. 2022,[48] under CC BY 4.0.

izing. The 80 COVID-19 samples were also tested in a cVNT with replication competent
SARS-CoV-2 virus,[114] in an accredited laboratory for medical laboratory diagnostics.§ The
titers were determined based on 100% reduction of CPE (VNT100) and their values ranged
from 1:8 to 1:>1024 (Figure 16D). In the cVNT, 65 out of 80 samples were found to have
neutralizing activity with VNT100 1:≥8, while the 15 remaining sera performed below the
limit of detection (LOD) and were set to 1:4 per definition.[48]

To compare the VLPNT with the cVNT directly, VLPN50 titers of all 80 COVID-19
samples were correlated with the respective VNT100 titers (Figure 16D). The Pearson coef-
ficient of log10 transformed data (n = 80) revealed a highly significant positive correlation
(r = 0.870 and p = 1.4 × 10−25). These results indicate that the VLPNT is not only a
qualitative test for the in vitro diagnostics of NAbs but also reliably quantitates them, faith-
fully reflecting titers obtained in a cVNT with infectious SARS-CoV-2. A comparison of the
80 COVID-19 samples in both tests found 63 sera to be concordant positive (CP), 3 were
concordant negative (CN), whereas 14 sera were found to be discrepant (D) (Figure 16C,
left table). This discrepancy likely resulted from experimental differences between the two
tests.[44] The multi-cycle cVNT relies on 100% reduction of CPE (VNT100) while the VLPNT
is single-cycle and scores at 50% reduction of S+ VLP fusion (VLPN50) suggesting that the
latter test is more sensitive and identifies serum samples with weakly neutralizing activities.
Given this uncertainty, the calculation of sensitivity and specificity of the novel VLPNT was
based on clearly attributable positive (neutralizing) and negative (non-neutralizing) speci-
mens, using the 65 COVID-19 samples which scored above the LOD in the cVNT along with
12 sera from healthy, naive donors from mid 2019 and earlier (Figure 16C, right table). Of
the 65 positive samples, the VLPNT classified 63 samples true positive (TP), while all 12
negative sera were considered true negative (TN). Therefore, the sensitivity of the VLPNT
was calculated to be 97%, while its specificity was 100% (Equation 3 and 4). Based on the
analyzed data set (n = 77), the positive predictive value (PPV) of the test was 100% and the
negative predictive value (NPV) 86% (Equation 5 and 6), suggesting that the SARS-CoV-2
VLPNT has the potential to become a reliable diagnostic tool.[48]

Sensitivity =
TP

TP + FN
(3)

Specificity =
TN

FP + TN
(4)

PPV =
TP

TP + FP
(5)

NPV =
TN

FN + TN
(6)

§DIN EN ISO 15189
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2.5.3 Test Adaptation to Variants of Concern

Additionally, the VLPNT was adapted to test and compare three VOCs of SARS-CoV-2,
with spike proteins from strains B.1 (Wuhan-2019, D614G), B.1.617.2 (Delta) and B.1.1.529
BA.1 (Omicron) to generate respective S+ VLPs. Their comparison necessitated an ‘inter-
variant’ normalization of S+ VLP, which was achieved by dilution of stocks, to equal RLU. To
reassess an effective normalization, the pan-variant NmAb 35B12 was employed (Figure 17).
The resulting VLPN50 of 0.9 to 1.1 nM for all three variants allowed to calculate a CV = 0.11
in-between variants. Then, all 13 sera of COVID-19 vaccinees (Figure 16B) were re-tested
in the VLPNT with S(B.1.617.2)+ and S(B.1.1.529)+ VLPs, their VLPN50 titers determined
and compared to titers obtained with the B.1 variant (Figure 16E). Pearson coefficient of
log10 transformed data (n = 13) was calculated and showed strong positive correlation for
B.1 vs. B.1.617.2 (r = 0.911; p = 1.5×10−5) and a reduced correlation for B.1 vs. B.1.1.529
(r = 0.700; p = 0.0077).[48] Apparently, NAbs induced by different COVID-19 vaccines
based on Wuhan-2019 spike cross-neutralized VOC B.1.617.2, but failed to cross-neutralize
VOC B.1.1.529 efficiently. Further, neutralization titers significantly differed in-between
variants as shown by a matched one-way ANOVA of log10 transformed data (p < 0.0001, n
= 13) (Figure 16E).[48] While the mean titer for B.1 was found to be 1:135, the mean titers
for B.1.617.2 (1:52) or B.1.1.529 (1:19) were significantly reduced by factor 0.39 or 0.14,
respectively (Supplementary Figure S1D). Notably, of 13 prime-boost vaccinated individuals
with B.1 titers above cutoff level (1:≥25), only three showed some neutralizing activity
against Omicron BA.1 indicative of immune escape and reflecting its independent serotype.
A reduced capacity of convalescent or vaccinee sera to cross-neutralize B.1.617.2 has been
demonstrated previously in a pVNT,[115] and also in a cVNT.[116] For B.1.1.529, substantially
reduced titers in vaccinated individuals have also been reported using cVNTs.[35,117] Thus,
the findings appear to be consistent with published work. For the WHO serum standard
(NIBSC 20/136), a similar progressive reduction of neutralization titers was observed for the
three variants (Figure 17). Consequently, the designated titer of the WHO reference serum
should be defined specifically for the B.1 strain but redefined for other VOCs. The successful
adaptation of the VLPNT to VOCs indicates that the novel test is flexible and versatile to
address and answer questions on cross-neutralizing antibodies between existing and future
SARS-CoV-2 variants.[48]

2.5.4 Neutralizing Monoclonal Antibodies

Besides the human sera, a set of anti-S mAbs was analyzed in the VLPNT. Among the four
in-house generated COVEV3 anti-S mAbs, 5B9, 35B12 and 42E2 were found to be potently
neutralizing S(B.1)+ VLP with VLPN50 between 1.1 and 1.9 nM, while 5D1 was found to
be non-neutralizing (Figure 17). Additionally, two potently neutralizing recombinant mAbs,
REGN10987, imdevimab and REGN10933, casirivimab, with emergency use authorization
for the treatment of COVID-19 by the FDA were tested.[39,56,57] Their VLPN50 were found
to be 1.8 and 7.3 nM, respectively, while a human IgG isotype control mAb did not show
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Figure 17. Neutralization capacity of monoclonal antibodies.
Four COVEV anti-S mAbs, two recombinant human mAbs, REGN10987 and REGN10933, a human IgG
isotype control and the WHO reference serum (NIBSC 20/136) were analyzed in the VLPNT for their SARS-
CoV-2 neutralization capacity against B.1 (S:Wuhan-2019, D614G), B.1.617.2 (Delta-VOC) and B.1.1.529
BA.1 (Omicron-VOC) S+ VLPs. Mean neutralization values of three biological replicates are displayed
with error bars indicating standard deviations. VLPN50 values were calculated and are listed or indicated
as not applicable (n.a.). S+ VLP stocks used for VLPNTs were diluted, for inter-batch and inter-VOC
normalization, based on adjusted relative light units. S+ VLP stocks were then analyzed using the SARS-
CoV-2 pan-variant neutralizing monoclonal antibody (NmAb) 35B12. Congruent neutralization curves,
further supported by similar VLPN50 values, demonstrate the efficient normalization of VLP preparations.
While the NmAbs 5B9, 42E2, REGN10933 and REGN10987 displayed potent neutralization in the assay at
low molar concentration (c) for B.1 and B.1.617.2, they failed to efficiently neutralize B.1.1.529. ...
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Figure 17. continued from previous page.
... The anti-S mAb 5D1, as well as a human IgG isotype negative control mAb did not show any neutralizing
activity. The WHO reference serum for international standardization, showed a successive reduction of
neutralization titers following the evolution of SARS-CoV-2 VOCs: B.1 > B.1.617.2 > B.1.1.529. Parts of
this figure and its legend were adapted from Roessler et al. 2022,[48] under CC BY 4.0.

any neutralization (Figure 17). Interestingly, the 5B9, 42E2, REGN10987 and REGN10933
antibodies retained their capacity to neutralize B.1.617.2 but failed to neutralize B.1.1.529
effectively. Only 35B12, the NmAb also used for the normalization of S+ VLP stocks, retained
not only its binding affinity for S(B.1.1.529) (Figure 4A), but also its neutralization capacity
(Figure 17) and was therefore found to be a pan-variant neutralizing mAb for the VOCs
tested.

2.6 Cell-free Fusion Assay

Even though the VLPNT proofed to be a reliable and accurate novel VNT, which gets along
without infectious virus, it requires viable cells as recipients for the S+ VLP. Living cells
complicate in vitro diagnostic products (IVDs), as they have to be cultivated appropriately,
often increase test variance and worsen reproducibility. Therefore, a further development of
the test was drafted, which is independent of cells and uses EVs as recipients. The main
premises for such a test were that a VLP could act as a donor and fuse with an EV acceptor
and that NAbs can neutralize this fusion (Figure 18). To investigate this, ACE2+ EVs had
to be generated and equipped with the readout enzyme, which was comprised by the recipi-
ent cells beforehand. For an optimal incorporation into EVs, another chimeric reporter was
constructed, consisting of CD63 and at its carboxy terminus the LgBiT polypeptide of split-
nLuc (CD63∼LgBiT). Next, an ACE2+ U251MG cell line, which constitutively expresses
CD63∼LgBiT was generated by retroviral transduction with a respective vector. ACE2+,
CD63∼LgBiT+ EVs, naturally released by these cells were then harvested and tested for
fusion with S+ VLP comprising S, M, N, E and CD63∼HiBiT. The resulting strong bio-
luminescence signal suggested that co-incubation of both particle classes led to receptor
attachment, fusion of vesicular membranes and in situ reconstitution of functional nLuc and
thus VLP-EV fusion. The use of ACE2+ EVs as decoy for SARS-CoV-2 virions has recently
been suggested in order to block interaction with cellular ACE2,[118] and preliminary reports
also found evidence for fusion of an ACE2+ EV with a S-pseudotyped virus particle,[119] yet
the findings presented here might mark a novel concept for VNTs.

As for the cell based assay, it was assessed whether S+ VLPs fuse exclusively with suscepti-
ble ACE2+ EVs via the viral entry factor S. Therefore, S+ VLPs (S, M, N, E, CD63∼HiBiT)+,
VSV-G+ EVs (VSV-G, CD63∼HiBiT)+ and ∆vFPEVs (M, N, E, CD63∼HiBiT)+ were gen-
erated, incubated with ACE2+ or ACE2−, CD63∼LgBiT+ EVs for 4 h and fusion quantified
for the different target EVs. As expected, S+ VLPs fused exclusively with ACE2+ EVs but
not with ACE2− EVs (Figure 19A). Furthermore, fusion relied strictly on the presence of
S since ∆vFPEVs did only result in background luminescence values. Surprisingly and in
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Figure 18. Scheme of cell-free fusion of a S+ VLP with an ACE2+ EV.
Besides entry into ACE2+ cells, S+ VLP are capable to fuse with ACE2+ EV, in a fully cell-free manner.
Incubation of CD63∼HiBiT+, S+ VLPs with CD63∼LgBiT+, ACE2+ EVs, led to in situ reconstitution of
functional reporter enzyme (nanoluciferase, nLuc*) and bioluminescence. SARS-CoV-2 VLP fusion with an
EV is likely mediated via receptor binding (step 1) and direct fusion of vesicular membranes (step 2), yet
can effectively be inhibited by a neutralizing antibody (NAb), blocking the viral fusion protein, spike.
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Figure 19. Tropism and specificity of cell-free S+ VLP and ACE2+ EV fusion.
(A) EVs of two U251MG cell lines, expressing CD63∼LgBiT with or without human ACE2 receptor
(ACE2+ or ACE2−) were incubated with CD63∼HiBiT bearing S+ VLPs, EVs without a viral fusion protein
(∆vFP EVs) or EVs bearing VSV-G. Luciferase activity upon VLP-EV fusion and reconstitution of split-
nanoluciferase was measured in relative light units (RLU) and validated the exclusive tropism of S+ VLPs
for ACE+ target EVs and the necessity of a viral fusion protein e.g., spike. Data are based on at least four
independent experiments. p-values of two independent t-tests are indicated; ****p ≤ 0.0001.
(B) Cell-free fusion of S+ VLP and ACE2+ EV was further characterized in an inhibitor study with BB94,
batimastat, a broad-spectrum matrix metalloprotease (MMP) inhibitor, camostat-mesylate, a TMPRSS2
inhibitor and chloroquine, an inhibitor of endosomal acidification and of CTSL. DMSO and PBS served as
negative controls for BB94, camostat-mesylate and chloroquine, respectively. Mean values of three biological
replicates per concentration (c) are displayed with error bars indicating standard deviations.
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contrast to results with U251MG cells, VSV-G+ EVs did fuse neither with ACE2+, nor with
ACE2− U251MG EVs. VSV-G, a class III vFP does not require proteolytic priming for
fusion but a drop in pH.[120,121] Yet, also a pH pulse with HClaq. to pH = 5.0 during the incu-
bation period did not rescue fusion of VSV-G+ EV with U251MG EVs. Despite VSV’s broad
tropism, U251MG EVs seem to lack an appropriate receptor or other co-factors necessary for
fusion. Therefore, VSV-G+ EV could not be used as positive control in these experiments.
Fusion of S+ VLP with ACE2+ EV was yet demonstrated by a functional readout to be
ACE2-specific and S-mediated.

To characterize fusion of S(B.1)+ VLPs with ACE2+ EVs further, donor and acceptor
particle preparations were pre-treated separately either with chloroquine, camostat-mesylate
or with BB94, batimastat, a broad MMP inhibitor,[122] before incubation with each other
(Figure 19B). As chloroquine and camostat-mesylate did not affect VLP-EV fusion, TM-
PRSS2 and CTSL seem to be irrelevant for this process, unlike for fusion with cells, where
TMPRSS2 mediates a large portion (Figure 15B). VLP-EV fusion seems to be catalyzed via
yet another protease, as BB94 efficiently inhibited fusion up to 100% with an IC50 of 7.2 nM.
Which protease catalyzes S+ VLP fusion with ACE2+ EVs, and whether it is the same that
also accounts for the residual fusion activity with U251MG cells besides TMPRSS2, remains
to be determined. One possible candidate could again be ADAM17.[103] As a result, fu-
sion of both particles likely takes place via direct membrane fusion, but essentially requires
processing by a protease and is not a phenomenon of arbitrary fusogenic particles.

Next, fusion kinetics of the cellular and the cell-free fusion assay were analyzed by in-
cubation of S+ VLP with acceptor cells or EVs for various periods of time. After a short
lag phase (0 to 5min), which likely corresponds to an initial association of donor S+ VLP
to acceptor cells or EVs, luminescence signal above baseline was detected from 15min on-
wards and accumulated linearly for both assays (Figure 20A). In both types of fusion assays,
B.1.1.529 showed less fusion or slower kinetics than B.1 S+ VLP. However, this difference
was less pronounced for fusion with EVs instead of cells, which could be a consequence of
the difference in protease usage. Also, the limiting component of the cell-free assay was de-
termined by experiments with fixed amounts of S+ VLP and a titration of concentrated and
unconcentrated ACE2+ EV and vice versa. In these experiments, acceptor EVs were found
to be the limiting component when working with supernatants. Up to 20 vol% concentrated
acceptor EVs those were limiting, before the effect was inverted (Figure 20B, left chart). As
acceptor EVs were anyway limiting in the system, use of concentrated S+ VLP instead of
unconcentrated preparations did alter luminescence less distinct (Figure 20B, middle chart).
However, with more than 20 vol% S+ VLP of any preparation an adverse effect was observed,
suggesting that those contain a soluble interfering substance, which acts inhibitory but can-
not be concentrated via ultracentrifugation. When concentrated S+ VLP and ACE2+ EV
preparations were incubated at 50 vol% each to overcome an early shortfall of one component,
resulting signal increased 30-fold (Figure 20B, right chart).

To substantiate the thesis of a cell-free VLP-EV fusion, donor and acceptor particles were
isolated, characterized and analyzed for fusogenicity. In detail, CD63∼HiBiT+, S+ VLP and
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Figure 20. Characterization of the cell-free fusion assay.
(A) Kinetic and time course of B.1 and B.1.1.529 BA.1 S+ VLP fusion with ACE2+ U251MG cells and
ACE2+ EVs was resolved by incubation for defined periods of time (t), subsequent addition of substrate and
immediate luminescence readout.
(B) Donor and acceptor particles were titrated by incubating a fixed amount (40 vol%) of S+ VLP supernatant
(sup.) with increasing vol% of concentrated (conc.) and sup. ACE2+ EV. Likewise, S+ VLP were titrated
vice versa for a fixed amount of ACE2+ EV. Additionally, equal volumes of S+ VLP and ACE2+ EV, sup.
or conc. preparations were incubated as indicated and relative light units (RLU) measured.
(C) For further mechanistic insight, VLPs bearing a S1/S2 cleavage deficient S protein were generated
by expression of a spike mutant with deleted furin site (∆Furin). S∆Furin and control S+ VLP were then
analyzed by nanoparticle tracking analysis (NTA) for total particle concentration and incubated with ACE2+
U251MG cells or ACE2+ EV, respectively.
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Figure 21. Fractionation of donor and acceptor particles and cell-free fusion assay.
(A) Preparations of S+ VLP (CD63∼HiBiT+) and ACE2+ EV (CD63∼LgBiT+) were purified by sequential
centrifugation, ultracentrifugation and fractionation in a density gradient according to their specific weight
relative to the medium. Densities of the collected fractions F1-F10 were determined by gravimetric analysis.
(B, C) S+ VLP and ACE2+ EV fractions were examined by NTA and BCA assay for total particle- and total
protein concentration accordingly. While the majority of free protein was found in the lower fractions, F2-3
contained most of the particles, i.e. vesicles. Additionally, fractions were analyzed by reducing (red.) and
non-reducing (non-red) WB, using anti-S antibodies specific for full-length (FL) spike, SFL or subunits S1
and S2, as well as antibodies specific for HiBiT or ACE2.
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Figure 21. continued from previous page.
(D) Combinations of one S+ VLP and one ACE2+ EV fraction each were mixed, incubated and analyzed for
luminescence. Resulting relative light units (RLU) are visualized in a heat map. Reconstitution of split-nLuc
reporter and therefore productive VLP-EV fusion was found to be mainly limited to the particle bearing
fractions F2 of S+ VLP and F2-3 of ACE2+ EV.
(E) F1-10 of S+ VLP were further analyzed in the SFL specific sandwich ELISA and the cell-based fusion
assay with ACE2+, NM∼LgBiT+ U251MG recipient cells. In concordance with results obtained from the
cell-free assay in panel D, fusogenic activity of S+ VLP was largely mediated by F2 particles, while S+ VLP
species in F3 were rather non-functional.
(F) While S+ VLP preparations appear to be contaminated with free, soluble, S1 subunit and S+ VLP from
F3 are rather non-fusogenic, S+ VLP from F2 were used as inoculum in a cell-free VLP neutralization test
(cfVLPNT), besides raw S+ VLP preparations. Serial dilutions of sera from a COVID-19 vaccinee and a
healthy, naive donor were pre-incubated with S+ VLP and ACE2+ EV, before donor and acceptor particles
were incubated and analyzed for neutralization. Use of purified F2 S+ VLP in a cfVLPNT increased specific
neutralization capacity in a neutralizing sample, while slightly decreasing the non-specific neutralization
from a naive specimen, thus being potentially beneficial for the sensitivity of the cfVLPNT.

CD63∼LgBiT+, ACE2+ EV were generated from HEK293T and U251MG cells respectively,
as described and harvested from conditioned culture media by sequential centrifugation.
Upon pre-concentration by ultracentrifugation, pelleted particles were resuspended and pu-
rified by rise and floatation in a density gradient according to their specific weight. Subse-
quent fractionation from top to bottom resulted in ten fractions F1-F10 of various density
(Figure 21A), which were analyzed by NTA, BCA assay and WB (Figure 21B, C). For both
sample types, physical particles were almost exclusively found in F2 and F3, fractions that
correspond to vesicular structures with a lipid membrane and therefore a reduced specific
weight. As demonstrated for the unpurified preparations (Figure 9D) and by functional
data (Figure 20B, left chart), S+ VLP fractions contained substantially more particles than
ACE2+ EV preparations. While most of the total protein was found from F5 onwards in
the dense fractions of the gradient and thus is free and soluble protein, curves also showed a
minor peak for the particle containing fractions F2 and F3. Specific protein analysis by WB
with the anti-S mAb 43A11 and an anti-HiBiT antibody found SFL and highly glycosylated
CD63∼HiBiT mainly in F2 and F3 of S+ VLP (Figure 21B). Analysis of ACE2+ EV with
an anti-ACE2 antibody similarly found ACE2 solely in the same fractions (Figure 21C).
Thus, SFL and ACE2 were proven to be embedded in vesicular structures, VLP and EV,
exclusively. Next, combinations of single S+ VLP and ACE2+ EV fractions were incubated
1:1 and analyzed for fusion and luminescence (Figure 21D), as previously described for the
cell-free fusion assay. As expected, luminescence and therefore fusion of particles was only
observed with F2 and F3 of ACE2+ EV. Yet surprisingly, solely F2 of S+ VLP resulted in a
strong signal. F3, which contained identical numbers of particles and was indistinguishable
from F2 in the 43A11 and anti-HiBiT WB, did not contain fusogenic S+ VLP. Additionally,
F1-F10 of S+ VLP were analyzed with the quantitative anti-SFL ELISA, which also found
identical amounts of SFL protein (Figure 21E) and therefore no difference in F2 and F3. To
reassess the finding that only F2 of S+ VLP seem to mediate fusion in the cell-free assay,
F1-F10 were re-analyzed in the cell-based fusion assay with NM∼LgBiT+, ACE2+ U251MG
(Figure 21E). Similarly, also the cellular assay revealed that exclusively F2 of S+ VLP were
fusogenic, while F3 displayed only minor signals. Thus, F2 and F3 of S+ VLP were shown to
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be identical with respect to SFL and CD63∼HiBiT protein and particle numbers but differ
substantially with respect to fusogenicity. S+ VLP preparations therefore seem to consist
of two different subtypes, which appear in fraction F2 and F3. During the applied method
of purification, samples are separated according to their specific weight, causing vesicles of
lower molecular weight to rise higher than heavier ones. Therefore, F2 S+ VLP were as-
sumed to be lighter or smaller than the particles contained in F3. In order to investigate the
difference in S+ VLP subtypes, fractions were additionally analyzed by anti-S1 and anti-S2
WB (Figure 21B). While F2 was found to be completely free of cleaved S1 subunit, S2- and
VLP-associated S1 was found in F3. Notably, most of the S1 protein and smaller bands
of degraded products e.g. RBD, were detected in the fractions from F6 onwards and thus
in fractions of high total protein content. Hence, S+ VLP preparations seem to be largely
contaminated with free, soluble S1 subunit. Another difference between F2 and F3 was that
cleaved S2 and complexes of associated S2+S1 were mostly found in F3. Taken together,
F2 and F3 contain equal amounts of particles and SFL but only F2 S+ VLP are fusogenic.
F3 S+ VLP on the other hand bear proteolytically cleaved S2 and S1 but appear heavier.
These findings seem contradictory, as partial loss of S1 subunits upon priming should result
in lighter particles and is thought to enhance fusion.[10] Even if cleaved S1 would have an in-
hibiting effect, e.g. by blocking interactions with ACE2, this does not explain the difference
in weight.

Experiments with purified S+ VLP and ACE2+ EV ultimately confirmed fusion of donor
and acceptor vesicles but raised questions about difference in F2 and F3 S+ VLP subtypes.
Furthermore, analysis revealed a contamination with soluble S1 protein, which is prone to
compromise any neutralization of S+ VLP, as NAbs are likely intercepted by free S1 or RBD
instead of S on S+ VLP. To learn more about the VLP-EV fusion and to make a prag-
matic attempt to eliminate free S1 during the VLP egress, a S(B.1) mutant was constructed,
S∆Furin, which contains three amino acid substitutions of arginine to delete the protease site
Arg682-Arg683-Ala684-Arg685 (RRAR) of spike.[7] By replacing the recognition motif of fu-
rin and furin-like proteases, cleavage at the S1/S2 site was impeded. Next, preparations of
CD63∼HiBiT+, S+ VLP were generated with plasmids for S(B.1) or S∆Furin, compared for
particle concentration by NTA and analyzed for fusion with NM∼LgBiT+, ACE2+ U251MG
cells or U251MG derived CD63∼LgBiT+, ACE2+ EV (Figure 20C). While fusion with cells
was impaired down to 29% residual fusion, cell-free fusion with EVs was blocked entirely.
According to the cellular fusion assay, the RRAR motif and thus proteolytic cleavage at this
site is beneficial for S fusogenicity, as S∆Furin VLPs showed reduced entry, which is in concor-
dance with published literature on the role of furin for SARS-CoV-2 transmissibility.[10,123]

In previous experiments with chloroquine and camostat-mesylate, cell-free fusion of S+ VLP
with ACE2+ EV was found to be CTSL and TMPRSS2 independent, but to undergo cleav-
age via a protease, which can be inhibited by BB94 (Figure 19B). The experiment with
S∆Furin additionally demonstrated that VLP-EV fusion exclusively occurs with S+ VLP that
are processed at the furin site of S (Figure 20C). For this cell-free process, two possible
scenarios would be plausible that either follow a two-step model or require just a single step.
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If priming at the RRAR site occurred already during the S+ VLP egress, an additional sec-
ond cleavage step, e.g. at the S2’ site during the fusion with a recipient EV would require
another cofactor, which could then be inhibited by BB94. Alternatively, S+ VLP are not
primed during their egress but rather processed at the S1/S2 site only upon fusion with an
ACE2+ EV, which can then be inhibited by BB94. As use of S∆Furin impairs fusion, which
would mainly be mediated by F2 S+ VLP that contain SFL but no cleaved S1 or S2 and
therefore are not primed, the second model is more likely. Thus, S+ VLP that fuse with
ACE2+ EV are not primed during their egress but processed by a cofactor on the recipient
EV. In conclusion, VLP-EV fusion was found to be distinct from fusion with cells in terms
of protease usage but other than that is also S-mediated and ACE2 receptor specific.

2.7 Cell-free VLP Neutralization Test

Just as the VLPNT uses S+ VLP fusion with cells to quantify NAbs, a similar cell-free
VLP neutralization test (cfVLPNT) was developed, which is based on S+ VLP fusion with
ACE2+ EV. As described, NAb block S on VLPs and therefore also delivery of CD63∼HiBiT
to CD63∼LgBiT+, ACE2+ EVs (Figure 18). For such a test, fixed amounts of S+ VLP and
ACE2+ EV were each pre-incubated separately with a serial dilution of sample and then
mixed. After 4 h, substrate was added and luminescence was quantified in a standard lumi-
nometer. Similar to the VLPNT, the mean luminescence level of S+ VLPs and ACE2+ EV
with PBS instead of diluted samples, was set to 0%, while background luminescence obtained
with ∆vFPEV and ACE2+ EV was defined as 100% neutralization. The 50% neutralization
titer VLPN50 was determined alike.

2.7.1 Neutralizing Monoclonal Antibodies

To demonstrate specific neutralization of S+ VLP in the cfVLPNT, the four in-house gen-
erated COVEV3 anti-S mAbs were tested, of which 5B9, 35B12 and 42E2 were known to
be neutralizing. These three NmAbs were shown to potently neutralize S(B.1)+ VLP also
in the cell-free test, with VLPN50 between 0.8 and 1.6 nM, while 5D1 was found to be non-
neutralizing, as expected (Figure 22A). Results with purified mAb samples in the cfVLPNT
were therefore qualitatively in concordance with results from the VLPNT.

2.7.2 Serum Analysis

To investigate the performance of the cfVLPNT, sera from a fraction of the COVID-19
patient cohort, from exemplary COVID-19 vaccinees and all healthy, naive donors were
analyzed (Figure 22B). Sera of naive donors resulted in unexpectedly strong neutralization at
higher concentrations. Of 12 sera from healthy and immunologically naive donors obtained
from mid 2019 and earlier, 11 reached 50% neutralization and more, with some showing
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Figure 22. Cell-free VLP neutralization test validation.
(A) Four anti-S specific mAbs and the negative control PBS were analyzed in the cell-free VLP neutral-
ization test (cfVLPNT), which is based on fusion of S+ VLP with ACE2+ EV, for their SARS-CoV-2 B.1
neutralization capacity. Mean values of three biological replicates are displayed, error bars indicate standard
deviations. 50% neutralization values, VLPN50, are listed or indicated as not applicable (n.a.).
(B) Titers of sera from 30 COVID-19 patients, 4 COVID-19 vaccinees and 12 healthy naive donors, tested in
the cfVLPNT with S(B.1)+ VLPs, are shown. Median values are indicated in red. Titers above the dotted
line (1:≥ 70) indicate samples which scored positive for spike specific neutralizing antibodies according to
the criteria applied. Titers in square brackets indicate sera with VLPN50 below the limit of detection (LOD).
(C) Correlation of VLPN50 titers from the cfVLPNT versus VNT100 titers obtained in a conventional virus
neutralization test (cVNT) using infectious SARS-CoV-2. Pearson correlation data (coefficient r, confidence
interval CI, sample size n and p-value) of 30 sera from COVID-19 patients are shown and the linear relation-
ship is indicated. Data below the dotted horizontal line denote sera which scored negative in the cfVLPNT.
Results left of the dotted vertical line denote sera which scored below the limit of detection (1:< 8) in the
cVNT; these VNT100 values were defined as 1:4 and indicated in square brackets.
(D) Correlation of VLPN50 titers from the cell-free (y-axis) and the cellular (x-axis) VLPNT. Pearson
correlation data of 30 sera from COVID-19 patients are shown, as in panel C, with linear relationship
indicated. Data below the dotted horizontal line denote sera which scored negative in the cfVLPNT. Results
left of the dotted vertical line denote sera which scored negative (1:< 25) in the VLPNT.
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Figure 22. continued from previous page.
(E) In the upper table, results of 30 COVID-19 samples tested in the cfVLPNT and a cVNT are compared.
Concordant positive (CP), concordant negative (CN), and discrepant (D) results are indicated. In the
middle table, sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV)
of the cfVLPNT were calculated based on the 21 COVID-19 serum samples with neutralizing capacity,
according to the cVNT and 12 serum controls of healthy naive donors collected prior to mid 2019. In the
bottom table, results of 30 COVID-19 samples tested in the cfVLPNT and the VLPNT are compared. Test
results are indicated as: pos., positive; neg., negative; <LOD, below limit of detection; TP, true positive;
FN, false negative; FP, false positive; TN, true negative.

VLPN50 titers as high as 1:68. Based on the maximal titers of naive sera in the cfVLPNT,
an additional small margin was added and a preliminary minimal cutoff of 1:≥70 defined,
to classify samples as neutralizing in this test format and yet ensure specificity for SARS-
CoV-2 in vitro neutralizing antibodies. The 4 sera of COVID-19 vaccinees after prime-
boost immunization from 2021 showed high neutralization potential consistently up to 100%
inhibition of S+ VLP fusion and VLPN50 titers of 1:182 to 1:556. Therefore, specimens
form these vaccinees were all classified to contain NAbs. Strikingly, results with 30 sera
from acute or convalescent COVID-19 patients were inconsistent with VLPN50 titers ranging
from 1:46 to 1:1134. As a consequence of the defined cutoff, only 18 out of 30 COVID-
19 specimens were classified as neutralizing in the cfVLPNT. Additional data and all the
individual titers are listed in Supplementary Table S2. Obviously, with the cfVLPNT in
its applied methodology, weakly and moderately neutralizing serum samples were hardly
separable from non-neutralizing ones. Apparently, sera from healthy and naive donors seem
to cause a strong unspecific neutralization, either by antibodies binding other antigens than
S or by non-specific matrix effects from other blood components. This critically impacts the
performance of the cfVLPNT, as only serum specimen with high neutralization capacity can
be identified, while still ensuring the specificity of the test.

In an attempt to overcome this issue, serum samples were treated prior to the cfVLPNT
at 56◦C for 30min and afterwards centrifuged to inactivate complement system components
and eliminate debris. Yet, this also did not alter unspecific neutralization of naive specimens.
Similarly, also use of concentrated ACE2+ EV to overcome the shortfall of acceptor particles
compared to donor S+ VLPs, resulted in higher RLU baselines but could not overcome the
problem. With the insight about the contamination of S+ VLP preparations with free S1,
preceding results of the VLPNT and cfVLPNT probably underestimated the concentration
of NAbs in serum and recombinant samples, compared to a hypothetical test with a S+ VLP
stock free of unbound S1. All other types of cVNT and pVNT most likely also suffer from
this issue, as they similarly utilize raw virus stocks as inocula and therefore also contain
free S1 and defective virus particles that seemingly lower the neutralization capacity of a
sample. For the VLPNT and other VNTs, this is probably rather a matter of the titers’
numerical values, than a serious problem. In the cfVLPNT however, weak discrimination
between neutralizing and non-neutralizing samples has to be tackled. To test the effect of
purified inocula free of unbound S1, F2- and raw S+ VLP were used in a cellular VLPNT
and a cfVLPNT with serum from a vaccinee and a naive donor (Supplementary Figure S3
and Figure 21F). While non-specific neutralization was barely affected in both tests, use of
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F2- over raw S+ VLP resulted in increased specific neutralization capacity of the neutralizing
sample. Especially for the cfVLPNT, this could therefore be a possible solution to increase
the hitherto limited potential to discriminate between a neutralizing and a non-neutralizing
serum sample. Yet, the generation of such F2 S+ VLP preparations in larger quantities
is effortful and time consuming, which is why this workaround was only demonstrated in
principle but not applied in general for the cfVLPNT. A more practical approach to eliminate
the contamination by using S∆Furin, which cannot be cleaved to S1, is considered impossible
as such S+ VLP do not support cell-free fusion with U251MG derived ACE2+ EV.

2.7.3 Correlation of cfVLPNT to cVNT and VLPNT

For the validation of the cfVLPNT, results of the 30 COVID-19 sera tested were compared
with their results in the cVNT with infectious SARS-CoV-2.[114] As described, titers in the
cVNT ranged from 1:8 to 1:>1024 also for this subset of the cohort and 21 out of 30 samples
were found to be neutralizing with VNT100 of 1:≥8, while the 9 remaining sera performed
below the LOD and were denoted as 1:4. To compare the cfVLPNT with the cVNT directly,
VLPN50 titers of the 30 COVID-19 samples were correlated with the respective VNT100

titers (Figure 22C). The Pearson coefficient of log10 transformed data (n = 30) revealed
a significant positive correlation (r = 0.710 and p = 1.1 × 10−5). This indicates that the
cfVLPNT in principle allows to quantitate the SARS-CoV-2 in vitro neutralization capacity.
An analysis of the 30 COVID-19 samples in both tests found 13 sera to be CP, 4 were CN,
whereas 13 sera were found to be discrepant (Figure 22E, upper table). The discrepant
results were likely caused by experimental differences between the two tests,[44] as the cVNT
is a multi-cycle assay that requires 100% reduction of CPE (VNT100), while the cfVLPNT
is a single-cycle assay just as the VLPNT and scores at 50% reduction of S+ VLP fusion
(VLPN50). Also mechanistic differences could cause inconsistency, as the cfVLPNT is based
on a single, rather delicate fusion mechanism between S+ VLP and ACE2+ EV, instead of
multiple uptake routes into cells. As described, the calculation of sensitivity and specificity
of the novel cfVLPNT was again based on clearly attributable positive (neutralizing) and
negative (non-neutralizing) specimens, using the 21 COVID-19 samples which had scored
above the LOD in the cVNT along with 12 sera from healthy, naive donors (Figure 22E,
middle table). Of the 21 positive samples, the cfVLPNT classified 13 samples as TP, while
all 12 negative sera were considered TN with the applied cutoff. Therefore, the sensitivity of
the VLPNT was calculated to be 62%, while its specificity was 100%. Based on the analyzed
data set (n = 33), the PPV of the test was 100% and the NPV 60% (Equations 3 to 6 on page
39). As the high cutoff lowers the sensitivity, the current version of the cfVLPNT requires
optimization.

Additionally, the cfVLPNT results of the tested COVID-19 sera were compared with
their results in the cellular VLPNT with U251MG cells. As described, titers in the VLPNT
ranged from 1:15 to 1:1250 for this subset of the cohort and 26 out of 30 samples were
found to have neutralizing activity with VLPN50 1:≥25, while the 4 remaining sera had



2.7 Cell-free VLP Neutralization Test 53

been classified as negative. To compare the cfVLPNT with the VLPNT directly, VLPN50

titers of the 30 COVID-19 samples from one test were correlated with the respective VLPN50

titers of the other (Figure 22D). The Pearson coefficient of log10 transformed data (n = 30)
revealed a significant and strong positive correlation (r = 0.855 and p = 1.8 × 10−9). The
direct comparison of the 30 COVID-19 samples in both tests found 17 sera to be CP, 3 were
CN, whereas 10 sera were found to be discrepant (Figure 22E, bottom table). Especially the
high cutoff of 1:≥70 in the cfVLPNT caused a lot of the COVID-19 samples to be classified
as negative, although they do contain NAbs according to the other tests. Overall, results
from the cfVLPNT correlated better with those from the VLPNT, than those of the cVNT.
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3 Discussion

3.1 Monoclonal Spike Antibodies

During the first months of the COVID-19 pandemic, clinics were not only overwhelmed by
the sheer number of patients but also faced an acute lack of treatment options and antivi-
rals. Simultaneously, it was uncertain whether a universally effective vaccine would ever
become available. Therefore, also therapeutic monoclonal antibodies were urgently needed,
even though they often only display moderate efficacy in the context of viral infections. For
these applications and especially respiratory diseases, a common problem of mAbs is their
limited circulation and tissue infiltration, as e.g., IgG is inefficiently translocated into the
lung epithelium, a major site of viral replication in case of SARS-CoV-2.[39] Additionally,
treatments often require large quantities of mAbs, which is problematic as their production
is costly and industrial scale up limited. Therefore, from early on mAbs were likely to be
only part of treatment regimens in addition to safe and effective vaccines. Nevertheless,
therapeutic mAbs were thought to benefit individuals without strong immune responses to
vaccination, such as elderly or immunocompromised patients, as they could also be used
for prophylaxis.[39] Passive immunizations but also therapy, especially require NmAbs, anti-
bodies that have the potential to neutralize viral infections. Thus, multiple candidates that
partly also showed promising activity in animal models were immediately published.[124,125]

Antibodies were often used in combination, as so called cocktails, to reduce the risk of be-
coming obsolete by escape mutants in the antigen.[57,126] Later, use of therapeutic mAbs
was shown to reduce hospitalization and mortality, and thereof to be especially promising in
individuals that were seronegative upon infection.[26]

As also the novel VNT required anti-S antibodies as molecular tools and reference, mAbs
and NmAbs had to be generated. Due to their favorable properties to present complex
antigens in their native state,[51,55] EVs were engineered to carry S protein and used for
immunizations of rats (Figure 3). EVs in general but also SARS-CoV S bearing EVs have
already qualified as potential vaccine candidates.[52,127] From three immunizations, several
antibodies were generated by hybridoma technique. The efficiency of specific clones ob-
tained, varied between the single immunizations, but was probably an effect of quality and
quantity of the administered antigen batch, not the use of Freund’s incomplete adjuvant. As
especially NmAbs were of interest, a selection of candidates from the third immunization was
pre-screened for in vitro SARS-CoV-2 neutralization with the novel VLPNT to determine
the most promising ones. In total, six S specific antibodies were pursued further and charac-
terized in detail (Table 2). The affinity of the individual antibodies to native S protein was
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determined and compared to two recombinant human mAbs REGN10987, imdevimab and
REGN10933, casirivimab, with emergency use authorization for the treatment of COVID-19
(Figure 4A).[39,56,57] For S(B.1), KD values of the novel mAbs were found to be of similar
scale as the two therapeutic ones and published values.[58,59] Therefore, especially 43A11,
5B9, 35B12 and 42E2 were concluded to be S specific, high-affinity antibodies. When ana-
lyzed with S(B.1.1.529 BA.1), all affinities were severely impaired, except for 35B12, which
approximately retained its binding. Among these mAbs, 35B12 is therefore the only one,
that was unaffected by the most recent variant tested.

Additionally, the epitopes of the COVEV mAbs were roughly localized to the individual
domains of S by WB experiments (Figure 4B). All six antibodies were found to bind con-
formational epitopes, which is indicative of the exceptional properties of mAbs obtained by
immunizations with engineered EVs compared to immunizations with e.g., plain peptides
that often yield antibodies against linear epitopes. Two of the novel antibodies, 43A11 and
55E10 were furthermore found to bind unconventional epitopes, as they exclusively recognize
bands of ∼210 kDa (Figure 4B). As the individual subunits appear at 120 kDa and 90 kDa
for S1 and S2 respectively (Figure 8C), both mAbs recognize a complex of both subunits.
Yet, uncleaved full-length spike SFL, as well as cleaved but non-dissociated S1+S2 could
both contribute to this complex. Experiments with fractionated S+ VLP gave access to
two populations, F2 and F3, which displayed equal patterns in WB for the 210 kDa band
when analyzed with 43A11, but disparate ones when analyzed with an anti-S2 mAb that
also recognizes the single subunit S2 (Figure 21B). Possible explanation for this disparity
could be that both fractions contain equal amounts of SFL, but only F3 additionally con-
tains associated S1+S2 complex of cleaved subunits detected with the anti-S2 antibody. As
a consequence, 43A11 would necessarily recognize intact, uncleaved spike protein and bind
an epitope close to the S1/S2 cleavage site (Figure 2A). Even though this hypothesis was
found to be a plausible explanation which is not in conflict with the results presented, con-
firmation by a structural elucidation technique such as e.g., x-ray crystallography, cryo-EM
or cross-linking mass spectrometry, is missing.[60] For the remaining four mAbs, simpler epi-
tope regions were identified by WB (Figure 4B). The three antibodies 5B9, 35B12 and 42E2,
which were specifically selected because of their strong neutralization capacity, were found
to recognize epitopes within the S1 subunit. This was not surprising given the fact that
most SARS-CoV-2 NAbs are elicited against the RBD of S,[107,108] or partly also against the
NTD.[128,129] Therefore, the absolute majority of neutralizing epitopes are located in S1. In
concordance with this, all novel NAbs obtained from the conducted immunizations, were
specific for S1. The epitope of the remaining antibody 5D1 could not be specified further,
as not only S1+S2, but also bands for both individual subunits were detected. It seems like
the antibody recognizes epitopes that occur not only in S2, but also in S1. Thus, further
experiments would be necessary to clarify the exact epitope.

For 55E10, 43A11 and 35B12, also the amino acid sequences and CDRs were determined.
Computational annotation of the sequences unambiguously allocated the obtained amino
acid sequences to VH, VL, CL and CH chains of IgG. Alignment of their amino acid sequences
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revealed no augmented homology in their CDRs and therefore distinct paratopes. These
sequences (Supplementary Table S1) were then used to recombinantly express human IgG
chimeric antibodies of those rat mAbs and test them for S binding and specificity (Figure 4D).
Secreted, chimeric antibodies were again found to selectively bind SARS-CoV-2 S protein,
confirming the integrity of the amino acid sequence. In order to develop a sandwich ELISA
for the detection of S, the mAbs 43A11 and 55E10 were additionally tested for identical
epitopes. In a competition experiment, 55E10 was found to be incapable of displacing
43A11 from occupied S molecules and vice versa (Figure 4C). Therefore, both antibodies
were found to bind orthogonal epitopes. As this prerequisite was fulfilled, a protocol for a
sensitive sandwich ELISA was optimized to detect S in biological samples such as S+ EV
or S+ VLP preparations at minor concentrations. Calibration with recombinant S protein
revealed a LOD of low nanomolar range and testing of S-negative samples did not result in
elevated non-specific signal (Figure 9). Thus, the S protein assay was found to be highly
sensitive and specific.

Table 2. Characteristics of the novel monoclonal anti-spike antibodies.
From immunizations with animals, six novel mAbs have been generated, that bind the S protein of SARS-
CoV-2. Among other techniques, antibodies were analyzed with the novel VNTs for their in vitro neutral-
ization capacity. Besides the ancestral strain, also two VOCs were tested.

COVEV1 COVEV3

55E10 43A11 5D1 5B9 35B12 42E2

Subclass IgG2b IgG2b IgG2b IgG2b IgG2a IgG2b

Affinity KD(B.1) [nM] 4.2 1.0 5.0 2.5 2.5 1.4
KD(B.1.1.529) [nM] 5.9 5.8 1.0 ∼10

Neutralization

VLPN50
a(B.1) [nM] 1.9 1.1 1.4

VLPN50
b(B.1) [nM] 1.4 1.6 0.8

VLPN50
a(B.1.617.2) [nM] 1.5 1.0 0.8

VLPN50
a(B.1.1.529) [nM] 0.9

Sequence ✓ ✓ ✓

Epitope SFL SFL S2/SFL S1/SFL S1 S1
aDetermined by VLPNT
bDetermined by cfVLPNT

In a collaboration with the TUM university hospital, this assay was then used to assess
whether circulating S protein can be found in the blood of COVID-19 patients. In those
samples, the partners at MRI successfully detected S+ EVs or S+ exosomes by nanoscale
flow cytometry, using fluorescently labeled 43A11 mAb. A conventional approach to detect
S protein should thus confirm their finding. S protein on vesicular structures found in blood
could give important insight into the biogenesis and tropism of SARS-CoV-2 and also affect
neutralization in the circulatory system.[62] Before this question could be addressed, the
ELISA had to be optimized for human plasma samples, which posed a problem in certain
control samples. Some samples of healthy donors exhibited strong signals in the assay,
which were found to be non-specific. Rat Fc binding autologous antibodies were therefore
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suspected to crosslink capture and detection antibody and to result in an arbitrary signal. In
concordance with this hypothesis, pre-incubation of plasma samples with a rat IgG isotype as
decoy effectively quenched this unspecific signal but retained specific S signals (Figure 5B).
Yet, this phenomenon has already be reported by Degn et al., who found anti-rat κ light
chain antibodies with a prevalence of 40% among blood donors.[130] Next, a set of plasma
samples from COVID-19 patients with acute SARS-CoV-2 infection and from healthy donors
was tested in the anti-Spike ELISA and WB but found no signals for S protein (Figure 5C,
D). Thus, the tested samples did not contain detectable amounts of S protein, according to
the applied methods. It is worth mentioning though that the collaborators at MRI detected
S+ EVs in the blood of COVID-19 patients using nanoscale flow cytometry, which is thought
to be a more sensitive method.

As described, the 43A11 anti-S mAb was shown to be an essential molecular tool through-
out this work, not only because of its use in flow cytometry, WB and ELISA, but also for
sophisticated applications such as the nano flow technology (Figure 10). There, fluorophore
coupled 43A11 was used to detect S+ VLP and SARS-CoV-2 virions on single particle level.
Additionally, the antibody conjugate was used to localize S inside or on top of S+ VLP loaded
cells via confocal fluorescence microscopy (Figure 12). This suggests that the antibody could
be a valuable tool for further imaging applications, such as e.g. in histology for the staining of
SARS-CoV-2 infected cells. Furthermore, the antibody could be used to investigate potential
differences in the biogenesis of S+ VLP and the viral replication machinery of SARS-CoV-2.
Subcellular localization of S with a resolution on the level of single compartments could give
important insight into the egress mechanisms of S+ VLP from transfected cells and virions
from infected cells.

The key characteristic of a therapeutic mAb, used for treatment of a viral infectious
disease, is its capacity to neutralize infection of cells. A NmAb with the necessary specificity
and affinity to bind to a virus and block its entry can therefore mitigate the pathology as-
sociated with a productive infection.[131] In order to be a successful candidate, a NmAb has
to display potent in vitro neutralization in a suitable VNT, as well as a certain resilience
to mutations in the antigen of escape variants.[39] After fulfilling certain safety criteria in
pre-clinical models, such as absence of antibody dependent enhancement (ADE), a candi-
date can enter clinical studies to evaluate tolerance and later its effectiveness to minimize
virulence in vivo.[131] Neutralization per se is mediated by antibodies that prevent entry of
virions into host cells and thus protect from initial infection. In the case of SARS-CoV-2,
NAbs were found to be specific for the viral glycoprotein spike but mediate neutralization
via diverse modes of action. Most NAbs block the attachment of S to the cellular receptor
ACE2 by binding to the RBM of S1,[107,108] or stall S in its closed, i.e. RBD ‘down’, pre-fusion
conformation (Figure 2).[109] To investigate the in vitro neutralization of the novel COVEV
mAbs, they were tested in the novel VLPNT. Of the six antibodies, three (5B9, 35B12 and
42E2) were found to be potently neutralizing S of the B.1 strain (Figure 17), with VLPN50

values in the low nanomolar range (Table 2). 35B12 and 42E2 showed even lower VLPN50

values than two fully human therapeutic mAbs REGN10987 and REGN10933, with known
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activity.[57,132] All of these NmAbs also effectively neutralized the SARS-CoV-2 Delta VOC
B.1.617.2, whereas only one of them, 35B12, retained the capacity to also neutralize the
Omicron variant B.1.1.529 BA.1. This complete loss of neutralization is attributable to the
many mutations in the S gene of Omicron, that account for immune evasion and broad anti-
body escape.[36,106] Thus, the absolute majority of clinically applied therapeutic antibodies,
including REGN10987 and REGN10933, is severely impaired by the emergence of the novel
VOC and consequences for clinical studies and therapy have yet to be evaluated.[106,133,134]

Because of its characteristics regarding the B.1, the B.1.617.2 and the B.1.1.529 BA.1 vari-
ants, 35B12 was concluded to be a pan-variant neutralizing antibody.

3.2 VLP Neutralization Test

NAb levels in human serum samples are considered a predictive and easily accessible correlate
of protection from viral infectious diseases, including COVID-19.[40–42] In clinical virology,
detection and quantitation of NAbs in biological samples is generally performed using cVNTs
that mainly depend on CPE and the formation of plaques in monolayers of infected cells.
This type of assay depends on replication competent virus and consequently requires the reg-
ulatory and safety measures of a BSL-3 containment in the case of SARS-CoV-2. Moreover,
these tests take several days for the CPE to progress and are visually evaluated by trained
personnel. Therefore, PRNTs are labor intensive, cumbersome and difficult to normalize and
standardize between laboratories.[44] To overcome these problems, the focus reduction neu-
tralization test (FRNT), also known as microneutralization assay (MNA) can be conducted,
which relies on the identification of infected cells as foci by immunostaining.[45,135,136] Yet,
this test requires numerous steps to completion and also takes several days.

Surrogate assays have thus been developed, which are often based on pseudotyped retro-
or lentiviruses and de novo expression of a reporter enzyme or fluorescent protein, encoded
by the viral vector (Figure 6). These pVNTs are manageable in BSL-2 laboratories but still
require up to two to three days for a final assessment.[44,64,137] These artificial replication
deficient vectors can be problematic as the glycoproteins, which mediate attachment, uptake
and fusion with cellular membranes, might perform differently in the context of the original
virus.[44,138] For instance, S-pseudotyped retro- or lentiviruses mostly bud from the plasma
membrane where S is incorporated into the envelope with uncertain stoichiometry,[67,138]

while the envelopes of coronaviruses carry a discrete number of S trimers per particle, which
assemble in the ERGIC together with M, N and E in a given, optimal stoichiometry.[71]

The unfavorable time-to-readout problem of pVNTs was reconsidered by Miyakawa et al.,
who substituted the HIV-borne reporter gene with a chimeric reporter protein consisting of
the HIV capsid protein with a carboxy-terminal HiBiT domain,[99] following the principle
proposed by Cavrois et al. in 2002.[92] Similar to the approach of the VLPNT (Figure 13), re-
cipient Vero cells expressed LgBiT constitutively to monitor the fusion of the S-pseudotyped
HIV particles, which shortened the time-to-readout to 3 to 4 hours.[99] However, this ap-
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proach does not improve the partly moderate correlations of pVNTs and cVNTs observed
in clinical samples with r values ranging from 0.31 to 0.89 for SARS-CoV and SARS-CoV-
2.[41,45,46,139,140] Inconsistencies between the two types of tests have also been reported with
MERS-CoV and are often neglected to justify the use of pVNTs.[141,142] Differences in mor-
phogenesis, composition and mode of entry probably account for the disparities between
S-pseudotyped vectors and SARS-CoV-2 virions.

Another type of test is the sVNT, which can be performed within short time in a stan-
dard laboratory at BSL-1. However, this assay does not specifically quantitate NAbs, but
antibodies that interfere with the RBD-ACE2 receptor interaction. As the majority of NAbs
are not necessarily elicited against the RBD, and not every NAb can displace the interac-
tion with ACE2 but blocks by other mechanisms,[142] they display rather weak correlation
to cVNTs.[45–47] Therefore, they are of limited applicability, only.

Table 3. Comparison of various types of virus neutralization tests (VNTs).
To evaluate the SARS-CoV-2 in vitro neutralization by serum- or recombinant antibodies, alternatives to
cVNTs have been developed, which each possess various advantages and disadvantages. The following table
is a side by side comparison of exemplary methods from the superordinate test categories, as well as the two
novel VNTs based on SARS-CoV-2 VLPs.

sVNT pVNT cVNT VLPNT cfVLPNT

Analyte anti-RBD Ab NAb NAb NAb NAb
BSL 1 2 3 1 1
Time 2-3 h 2 d 5 d 4.5 h 4.5 h

Inoculum rec. RBD pseudotyped SARS-CoV-2 VLP VLP
e.g. HIV

Basis binding infection infection fusion fusion
Target rec. ACE2 cells cells cells ACE2+ EV
Readout HRP de novo GFP CPE BlaM, nLuc nLuc
Reference [143] [48] [114] [48]

Ideally, methods for the quantitation of NAbs as summarized in Table 3, should resemble
the biological system of infection very closely and yet be safe. For SARS-CoV,[69] and later
also SARS-CoV-2, VLPs were shown to mediate transport and delivery of reporter transcripts
that encompass cis-acting packaging signal sequences.[138] Uptake of VLPs, release of RNA
and subsequent translation, kind of mimic an infection by SARS-CoV-2, yet without the
replication machinery. This was a major achievement as VLPs resemble the shell of virions,
but the readout described by Hsieh et al. still depends on de novo expression of GFP,
encoded by the reporter transcript. Simultaneously, the aim of this project was to develop
a novel VNT for SARS-CoV-2, which is quick, safe and yet depicts the process of a native
infection.

The current limitations of quantitating NAbs are overcome by the VLPNT, as it is
based on harmless, non-infectious, engineered VLPs, which are authentic morphological and
functional mimics of SARS-CoV-2 virions. At first, conditions for the generation of S+ VLP
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were investigated and revealed an optimum for the transfected amount of S encoding plasmid
(Figure 14A), as observed by others.[138] Next, the particles were characterized using WB
(Figure 8), ELISA (Figure 9), negative stain- and cryo-EM (Figure 7), NTA (Figure 9D) and
nano flow technology (Figure 10). Thus, S+ VLPs were shown to authentically resemble the
shell of SARS-CoV-2 virions and to contain SFL trimers at a comparable molecular number
per particle.[82,84,88]

Secondly, the S+ VLPs were characterized functionally, to evaluate their capability to
enter cells. Therefore, they were engineered to carry a chimeric, membrane anchored and
luminally oriented enzyme (BlaM) or activator peptide (HiBiT). Additionally, hACE2+ Vero
cells and an ACE2+ U251MG cell line that carries inactive, membrane-associated split nLuc
enzyme (LgBiT) were generated. Carryover of BlaM or reconstitution of nLuc (Figure 13C)
thus indicates successful fusion. Experiments with CD63∼BlaM+, S+ EV and S+ VLP qual-
itatively showed that fusion depends on the presence of a vFP, e.g. spike (Figure 11A-D)
and that only ACE2+ cells are susceptible (Figure 12). Of note, self-assembling S+ VLP
not only resemble SARS-CoV-2 virions more accurately than S+ EV but were secreted more
abundantly (Figure 9D) and showed greater fusogenicity (Figure 14E). Quantitative experi-
ments confirmed that CD63∼HiBiT+, S+ VLPs only fuse with ACE2+ cells and that uptake
strictly depends on S (Figure 15A). These findings indicate that S+ VLPs not only resemble
SARS-CoV-2 virions structurally and molecularly, but also share their specific fusogenic char-
acteristic and tropism. Yet, a limitation of Vero cells was that mostly CTSL mediated spike
processing (Figure 11E), while natural infection of human lung cells in vivo with SARS-CoV
and SARS-CoV-2 is largely facilitated by TMPRSS2.[13,144–147] Since fusion with U251MG
cells was shown to largely depend on TMPRSS2 (Figure 15B), they were used for further
experiments. Additional overexpression of TMPRSS2 did enhance fusion with S+ VLP of
the B.1 variant, but not with B.1.1.529 BA.1 (Figure 14G), suggesting that Omicron makes
less use of this pathway and uses alternative proteases instead. This is concordant with re-
cently published results that also showed no enhanced infectivity but a shift of tropism away
from TMPRSS2 with Omicron.[137,148,149] Compared to B.1, an overall reduction of S+ VLP
fusogenicity was observed for Omicron, which might seem contradictory to the rapid spread
of the variant.[104] Yet, its infectivity was reported to be reduced and the increased trans-
missibility of the variant allocated to improved S stability,[105] widespread immune evasion
and broad antibody escape.[36,106] As the VLPNT with B.1.1.529 BA.1 did not benefit from
overexpression of TMPRSS2, the U251MG cell line with endogenous expression level was
used for the test.

With the thoroughly characterized S+ VLPs and reporter system, the proof-of-principle
of a rapid and safe VLPNT was demonstrated (Figure 13D). The assay was put to the
test with sera from COVID-19 patients and vaccinees (Figure 16B), as well as recombinant
NmAbs (Figure 17) and controlled with non-neutralizing mAbs and sera from healthy and
immunologically naive donors. Based on the tested cohort, a minimal titer was defined to
classify a serum sample with SARS-CoV-2 specific NAbs. Below this level matrix effects
from naive sera interfered that could not be distinguished from artefacts. For the COVID-
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19 samples, titers were correlated with double-blinded results from a cVNT, resulting in
convincing quantitative concordance (Figure 16D). Thereby, results from the VLPNT were
verified and good sensitivity and specificity parameters found. Quantitating NAbs is epi-
demiologically and clinically relevant since a decrease below a certain threshold impacts the
individual protection from infection and increases the personal risk to develop COVID-19.
Khoury et al. found that 20% of the mean NAb level detected in convalescent sera pro-
vided 50% protection from symptomatic disease.[42] Such findings could be used as basis to
recommend booster shots if a minimal NAb titer is undercut.

In the S gene in particular, the SARS-CoV-2 genome has undergone several mutations
since the onset of the pandemic. With the VLPNT, it can be tested, whether emerging strains
such as the Omicron VOC present immune escape and resist neutralization by sera from
vaccinees, convalescents or people with BTI of a previous variant. As S+ VLP that contain
newly identified S mutants can be rapidly produced, the VLPNT can be adapted quickly.
Exemplary sera from vaccinees were re-analyzed using S+ VLPs of B.1.617.2 or B.1.1.529
BA.1 spike and partial cross-neutralization found (Figure 16E). Yet, a significant and severe
reduction of neutralization titers was observed for both variants, which is in concordance
with published findings.[115–117,150] Among the NmAbs tested, none of them showed major
impairment with the Delta variant, yet 4 out of 5 entirely lost their neutralization efficacy
when tested with Omicron (Table 2). The broad antibody escape of Omicron in particular is
indicative of a widespread immune evasion and can explain the high number of BTIs.[36,106]

Furthermore, the gradual decline of NAbs in the body poses a problem to the immu-
nity of the population. Within 6 months after the last natural or artificial immunization,
titers in the blood of convalescents, vaccinated and individuals with BTI were shown to
decrease.[106,151–153] In a small case report of three vaccinees, this process could also be re-
constituted with the VLPNT (Supplementary Figure S2). While the seronegative specimens
were also non-neutralizing, clear seroconversion and effective neutralization were observed
only upon second vaccination. Serum drawn 6 months after, was found to neutralize below
threshold for all three individuals accordingly. A third exposure to the antigen, by vacci-
nation in the form of an additional third shot (booster dose) or also a BTI, was reported
to increase NAb titers again and was indeed observed for the three vaccinees.[106,117,152] Re-
peated affinity maturation by somatic hypermutation gives access to memory B cells and
antibodies with even greater affinities.[129,153] Thus, booster shots were found to retrieve vac-
cine efficacy, partly even for the novel variants.[34,154] In principle, the VLPNT should also
be capable of identifying opposite effects such as ADE, which is known for various viruses
and has also been reported in the context of SARS-CoV-2 infection.[155]

As stated above, the VLPNT is a rapid novel test, which has the potential to surpass
other VNTs and still exhibits the authenticity and validity of a cVNT but without infec-
tious virus (Table 3). However, a limitation of this assay is its dependency on living cells.
Ideally, an IVD would not require a cell culture laboratory, handling and maintenance of
cell lines and should only have long-lived components at basic storage conditions. Further-
more, the VLPNT was solely demonstrated with a single human cell line, U251MG and
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the most common non-human primate line in the field, Vero cells. Even though both cell
lines are not only susceptible for SARS-CoV-2 infection, but also permissive for its replica-
tion, they are exemplary and by no means the only legitimate cell types for VNTs.[90] As
there are partly substantial differences between cell lines concerning in vitro infection with
SARS-CoV-2, other human e.g., lung derived types might be preferential over the neuronal
U251MG cells. Yet, it is questionable whether an ideal cellular model that is universal for
all VOCs can be defined at all, as also human lung epithelial Calu3 or human intestinal
epithelial Caco2 cells perform differently with individual variants.[148] Another limitation of
this study could be the serum sample set of COVID-19 patients. A bias in age and sex are
allegedly the disparities towards older (median age 62) and male (67%) individuals. How-
ever, as exclusively hospitalized patients were recruited to the cohort, this simply reflects
the epidemiological situation of an overproportionate disease severity and mortality among
males and in the advanced age groups.[156] Hence, individuals with severe (31%) or critical
(31%) disease progression are highly overrepresented by the cohort, compared to the situa-
tion among the whole population (Table 13).[4] For natural infections, disease severity was
shown to be positively correlated with neutralizing and binding antibody titers.[40] Thus,
specimens from the cohort could display a bias in NAb titers and might not be suitable
for general interpretations on the humoral immune response to COVID-19 (Supplementary
Figure S1A). Yet, as demonstrated by a cVNT, this set of specimens covers the full range of
highly, as well as weakly neutralizing samples (Figure 16D). Therefore, it can be considered
as an ideal data set for the purpose of validating a novel quantitative VNT.

3.3 Cell-free VLP Neutralization Test

With the aim of developing a simplified assay, the possibility of substituting living cells by
ACE2+ EV as acceptors for the S+ VLP was investigated. As this implies fusion of two vesi-
cles, repulsive forces between the membranes must be overcome. Commonly, hydrophobic
effects, elastic restraints and electrostatic repulsion between negatively charged phospholipids
prevent spontaneous fusion of vesicles with cells. Thus, specialized proteins are needed, which
undergo a series of irreversible conformational changes that facilitate membrane approxima-
tion and ultimately enable fusion. Viruses have evolved three classes of fusion proteins for
this purpose that partly require proteolytic processing or a drop in pH for activation.[121]

To test whether EVs could serve as recipients for S+ VLP, the VLPNT described above was
adapted to CD63∼LgBiT for an optimal incorporation of the reporter protein into EVs. Suc-
cessfully, co-incubation of CD63∼HiBiT+, S+ VLP and CD63∼LgBiT+, ACE2+ EV resulted
in strong luminescence, indicating efficient VLP-EV fusion (Figure 18). The potential of
ACE2+ EV to block the binding of spike RBD and to function as decoys has recently been
published by El-Shennawy et al..[118] While they also demonstrated that ACE2+ EV can pro-
tect transgenic mice from infection with SARS-CoV-2, they did not investigate whether the
finding is caused by attachment or fusion of ACE2+ EV and virions. Direct membrane fusion
of vesicles has been demonstrated with isolated and immobilized plasma membrane EVs on a
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surface but only with S pseudotyped HIV particles.[119] According to a thorough search of the
relevant literature, the data presented in this work is the first report of a cell-free VLP-EV
fusion entirely mediated by the vFP, the corresponding receptor and necessary cofactors.

Initially, fusion of S+ VLP with vesicles was characterized and found to strictly depend on
ACE2 on EVs and S on VLPs (Figure 19A). Therefore, S+ VLP exhibit the identical tropism
towards acceptor EVs, as compared to recipient cells. Surprisingly, VSV-G+ EV used as
positive control in the cell-based assay were found to be completely incapable of fusing with
U251MG derived EVs. As VSV-G is a class III fusion protein that requires a drop in pH for
activation,[121] an acidic pulse was examined but could not rescue fusion. Thus, the receptor
of the VSV or relevant cofactors seem to be absent on these EVs. As expected, VLP-EV
fusion was independent of CTSL processing. But in contrast to fusion with cells, fusion of
S+ VLP with ACE2+ EV was found to be entirely independent of TMPRSS2 (Figure 19B).
When tested with a broad MMP inhibitor BB94, batimastat, fusion was completely inhibited
at nanomolar concentrations. Therefore, VLP-EV fusion is a delicate process, presumably
mediated by a single protease on the surface of the recipient EV. It is tempting to speculate
that this protease is ADAM17, that has recently been proposed for SARS-CoV-2 entry at
the plasma membrane.[103] Experiments with S∆Furin, a S1/S2 cleavage defective mutant
with deleted RRAR motif, showed that S+ VLP fusion with cells benefits from priming at
the S1/S2 site, presumably by furin (Figure 20C). Yet when S∆Furin VLP were tested with
ACE2+ EV, cell-free fusion was entirely impaired. Thus, S processing at the S1/S2 site is
a mandatory prerequisite for fusion with EVs. Consequently, two distinct models can be
drafted for the proteolytic processes involved: i. One possibility would be that the VLPs are
primed at S1/S2 during their biogenesis, before they are later processed at S2’ by a protease
on the ACE2+ EVs. ii. Alternatively, VLPs could also egress without priming and rather
be cleaved at both sites just upon contact with the ACE2+ EVs. As S+ VLP preparations
were shown to be largely cleaved (Figure 8A) and HEK293T producer cells are known to
efficiently process S on VLPs by furin,[10] the first model (i.) is more likely to describe the
proteolytic process accurately in concordance with the current literature.[9]

Fractionation of S+ VLP and ACE2+ EV preparations in density gradients found that
fusion only occurs with intact vesicles (Figure 21). Furthermore, the presence of two S+ VLP
subtypes was revealed, which differ in molecular weight, S1 and S2 composition and explicitly
in fusogenicity, but not in SFL content. While F2 S+ VLP fused with ACE2+ EV and ACE2+

cells, F3 S+ VLP did so much less efficiently. Thus, the lighter or smaller particles in F2,
which presumably were not primed at the S1/S2 site, constitute the only subtype capable of
fusion with EVs and cells. This is contradictory to the hypothesis (i.) discussed above, that
only furin primed S+ VLP can fuse with ACE2+ EV and more in support of the second model
(ii.), as priming during egress seemed to be adverse, as seen with F3 S+ VLP. Paradoxically,
primed particles from F3 should account for the lighter particles, due to partial loss of S1
subunit and should not be found at higher density in the gradient than the unprimed ones
of F2. A difference in size between the subtypes could also account for the separation but
would not necessarily cause a difference in fusogenicity. The exact cause of these observations
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and effects could not be unveiled and remains to speculation. Thus, further experiments
with fractionated S+ VLP and S mutants are necessary. Additionally, analysis revealed a
contamination of the raw S+ VLP preparations with soluble S1 protein, as large amounts
were found in the gradient fractions that do not contain particles. Free S1 was shown to
compromise the VLPNT and the cfVLPNT, as NAbs are intercepted and therefore can no
longer neutralize S+ VLP (Supplementary Figure S3). Yet, cVNTs and pVNTs are similarly
compromised, as they use raw virus stocks as inocula, and therefore also contain free S1 and
defective virus particles. While the VLPNT and other VNTs tolerate this issue, this caused
problems in the cfVLPNT, so that weakly neutralizing and non-neutralizing serum samples
could hardly be discriminated. Use of F2 S+ VLP, which are free of soluble S1, increased
specific neutralization and could therefore improve the cfVLPNT performance.

Nevertheless, the proof-of-principle of a cfVLPNT could be successfully demonstrated
with NmAbs and non-neutralizing controls (Figure 22A). Importantly, the VLPN50 values
obtained only differed marginally from their results in the VLPNT (Table 2). Yet, first results
obtained with human serum samples were less clear, as an analysis of a subset from the cohort
of COVID-19 patients, vaccinees and healthy and immunologically naive donors revealed
(Figure 22B). Because the naive sera displayed strong neutralization, a high cutoff value
had to be defined, in order to still ensure high test specificity. Probably due to interfering
matrix effects by the serum, weaker neutralization was indistinguishable from artefacts. Heat
inactivation of the complement system or use of concentrated ACE2+ EV were unsuccessful
in eliminating this background. Still, for the COVID-19 samples, the cfVLPNT performance
correlated well with results from the cVNT and the VLPNT (Figure 22C, D). Because of its
high threshold value that ensures the necessary specificity, an evaluation of the cfVLPNT
revealed only a poor sensitivity (Figure 22E). Taken together, the cfVLPNT in its current
form is only suitable to detect serum samples with high titers and needs further improvement
to be used as an IVD.

Both, the VLPNT and the cfVLPT follow simple and quick protocols that just require
standard laboratory equipment, luminescence substrate, qualified S+ VLP preparations and
dedicated cells or EVs (Supplementary Figure S4). For the cfVLPNT, even plating of cells
on the day before can be omitted. The VLPTN can also be evaluated primitively with a
camera of a mobile phone instead of a luminometer and is thus suitable for poorly equipped
laboratories (Supplementary Figure S5). In addition, both assays significantly reduce safety
issues and the amount of work and time, when compared to a cVNT or a pVNT (Table 3).
Additionally, the authenticity of the S+ VLP based tests is superior to tests with pseudotyped
particles and faithfully reflects the original virus.
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4 Conclusion

In summary, the development of two novel VNTs that are based on SARS-CoV-2 VLPs is
described, as well as the generation and characterization of several monoclonal, high affinity,
S specific antibodies that effectively neutralize SARS-CoV-2 in vitro.

The novel VLPNT is a rapid, virus-free and safe assay to quantitate SARS-CoV-2 NAbs.
It uses authentic S+ VLP, which were structurally and biochemically well characterized,
faithfully replicate the initial steps of SARS-CoV-2 infection and can be quantitatively traced
upon cell entry. When put to the test with a set of COVID-19 patient sera, NAb titers
determined with the VLPNT were shown to correlate very well with results from a benchmark
cVNT with fully infectious SARS-CoV-2. Furthermore, the VLPNT is adaptable to emerging
VOCs, as demonstrated for the B.1.617.2 Delta- and B.1.1.529 BA.1 Omicron variants. As
this technology fulfills important criteria for automation and up-scaling, it could be developed
into a high-throughput screening approach for potential NmAbs or anti-viral-entry drugs in
laboratories of low BSL. Most importantly, the VLPNT could simplify the testing of samples
in clinical studies during vaccine development, the immune status surveillance among, e.g.,
healthcare workers or people at risk and the evaluation of immunity to emerging VOCs. In
principle, this assay could be suitable as a platform technology for other enveloped viruses
such as Dengue virus, West Nile Virus, EBV, respiratory syncytial virus (RSV) and human
cytomegalovirus (CMV). If adaptable to enveloped emerging viruses other than SARS-CoV-
2, this assay could play an important role in future disease preparedness.

Additionally, the proof-of-concept for a cell-free version of this test is demonstrated, which
is based on the fusion of S+ VLP with ACE2+ EV. The findings presented here are among
the first reports of fusion between a viral and a non-viral vesicle but to fully understand
the underlying mechanisms, e.g. the protease usage, demands further elucidation. Prelim-
inary results from the cfVLPNT successfully demonstrated the quantitation of NAbs and
their correlation with the cVNT but leave room for improvement of essential test parame-
ters. Although this second novel test could profit from its independence from living cells, it
first requires further optimization to perform serodiagnosis of comparable quality with the
VLPNT.
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5 Experimental Procedures

5.1 Materials

The following tables list relevant materials which have been essential for this work and all
conducted experiments. Table 4 summarizes compounds and drugs that have been used
for inhibitor studies of the VLPNT and cfVLPNT, as well as selected chemicals, which were
commercially obtained by the supplier, indicated in the methods section. Table 5 and Table 6
list all DNA plasmids used for transient protein expression and stable transduction with
retroviral vectors for this project. Identifiers (IDs), ORFs, backbone vectors, constructs and
reference sources are indicated, with amino acid modifications in single letter code. Cell lines
and plasmids are deposited at the department of gene vectors (AGV), Helmholtz Zentrum
München. Table 7 gives an overview on all antibodies used for this work, with supplier ID
or clone ID, antigen specificity, host species, subtype, producer, usage and conjugates, if
applicable. Antibodies and conjugates were either obtained from the monoclonal antibody
core facility of the Helmholtz Zentrum München (HMGU) or purchased from the respective
supplier as indicated. Table 8 states all eukaryotic cell lines used in this work with their
respective cell line identifier (CID), phenotype, species and ID of genomically integrated
plasmids. Table 9 shows sequences of primers’ used for rat antibody sequencing. DNA primer
were ordered and commercially synthesized (Metabion). Table 10 states special centrifuges
and rotors for ultracentrifugation, essential for this work. In Table 11, relevant software
products can be found, with their respective usage.

Table 4. Drugs and compounds.

Substance CAS RN Mode of action

Chloroquine 50-63-5 Deacidifying lysosomotropic agent[66]

Camostat-mesylate 59721-29-8 TMPRSS2 inhibitor[102]

BB94 (Batimastat) 130370-60-4 MMP inhibitor[122]

Probenecid 57-66-9 Organic anion transporter (OAT)-1 and -3
inhibitor[92]

Protaminesulfate 9009-65-8 Transduction enhancing polycation[157]
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Table 8. Cell lines.

Cell type CID Phenotype Plasmid ID Species

HEK293 3093 Homo sapiens
4618 SARS-CoV-2 S(B.1)+ p7413 Homo sapiens

HEK293T 3915 HEK293, SV40 TAg Homo sapiens
4594 hACE2+ Homo sapiens

U251MG

4629 hACE2− Homo sapiens
4663 hACE2+ p7440 Homo sapiens
4685 hACE2−, NM∼LgBiT+ p7454 Homo sapiens
4684 hACE2+, NM∼LgBiT+ p7406, p7454 Homo sapiens
4697 hACE2+, NM∼LgBiT+ p7406, p7454 Homo sapiens
4694 hACE2−, CD63∼LgBiT+ p7458 Homo sapiens
4693 hACE2+, CD63∼LgBiT+ p7406, p7458 Homo sapiens
4727 hACE2+, CD63∼LgBiT+ p7440, p7458 Homo sapiens

Vero 690 Cercopithecus aethiops
4608 hACE2+ p7406 Cercopithecus aethiops

Huh7 4619 Homo sapiens

Table 9. Primer for rat antibody sequencing.

Primer Specificity Sequence 5’-3’

cDNA
CH1 IgG2a ACAAGGATTGCATTCCCTTGG
CH1 IgG2b GCATTTGTGTCCAATGCCGCC
CL κ CTCATTCCTGTTGAAGCTCTTGACGAC

Anchor Poly-dC-tail CUACUACUACUAGGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG

Nested CH1 IgG2a/b CTACTAGCATGCTCGAGCTCAATTTTCTTGTCCACCTTGGTGC
CL κ CTACTAGCATGCTCGAGCTCATTCCTGTTGAAGCTCTTGACGACGGG

(I: deoxyinosine)

Table 10. Ultracentrifugation equipment.

Centrifuge Rotor rpm [min−1] × g at rav Producer

Optima L-70 SW28Ti 24 000 100 000 Beckman Coulter
SW32Ti 24 000 100 000 Beckman Coulter
SW60Ti 39 000 160 000 Beckman Coulter

Sorvall MTX150 S55-AT2 43 000 100 000 Thermo Fisher Scientific
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Table 11. Software aids.

Name Version Usage Producer

Bio-1D CFR21 WB documentation Vilber
ChimeraX 0.92 Molecular modeling UC
Diva 8.0.1 Flow cytometry (FC) measurement Becton Dickinson
Excel 16.54 Data analysis Microsoft
FlowJo 10.8.0 FC analysis Becton Dickinson
ImageJ (Fiji) 2.1.0/1.53c Image processing NIH
LATEX 1.40.24 Text editing (MacTex) TeXnical group
MacVector 18.1.4 Nucleotide and protein analysis MacVector
MARS V4.01 R4 Lumino- & photometer plate reader BMG Labtech
PowerPoint 16.54 Illustrations Microsoft
Prism 9.3.1 Data analysis and visualization GraphPad Software

5.2 Methods

Substantial parts of the experimental procedures described in this study have previously been
published and can therefore also be found partially identically in the material & methods
section of the respective manuscript.[48]

5.2.1 Plasmid Production in Prokaryots

Chemically competent bacteria, Escherichia coli (E. coli), strain DH5α (Invitrogen), were
transformed by heat-shock at 42◦C with plasmid deoxyribonucleic acid (DNA) and let re-
cover at 37◦C, before plating on LB agar plates with the respective antibiotic (100µgmL−1

ampicillin, Carl Roth; 30 µgmL−1 chloramphenicol, Carl Roth; 30 µgmL−1 kanamycin, Carl
Roth) and over night (o/n) incubation at 37◦C. Single colonies were picked to inoculate
sterile LB medium, supplemented with the respective antibiotic and cultivated at 37◦C o/n.
Cultures were harvested by centrifugation, cryo-stocks prepared in glycerol and flash frozen
in liquid N2 before storage at -80◦C. Plasmid DNA was prepared from E. coli pellets using
Endofree Plasmid Maxi Kit (12362, Qiagen) according to the manufacturer’s instructions.
Concentration and purity of DNA preparations was assessed using a Nanodrop ND-1000
spectrophotometer (Peqlab Biotechnologie) and the respective absorbance profile at 260 nm
and 280 nm.

5.2.2 Eukaryotic Cell Lines and Cell Culture∗

HEK293 (CID3093); HEK293T (CID3915); HEK293, S+ (CID4618); U251MG, hACE2+/−

(CID4663, CID4629), U251MG, hACE2+/−, NM∼LgBiT + (CID4697, CID4685), as well as
U251MG, hACE2+/−, CD63∼LgBiT + (CID4727, CID4694) cells were maintained in DMEM

∗As published by Roessler et al. 2022.[48]
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(Gibco, Thermo Fisher Scientific), supplemented with 8% FBS (AC-SM-0143, Anprotec),
penicillin (Pen) and streptomycin (Strep) (Gibco, Thermo Fisher Scientific). Vero (CID690)
and Vero, hACE2+ (CID4608) cells were maintained in RPMI 1640 (Gibco, Thermo Fisher
Scientific), supplemented with 8% FBS (AC-SM-0143, Anprotec) and Pen/Strep (Gibco,
Thermo Fisher Scientific). Adherent cell lines (Table 8) were cultivated at 37◦C in a water-
saturated atmosphere with 5% CO2. Cell viability was monitored by trypan blue exclusion
and cultures with more than 95% viable cells were used in all experiments. Cell lines consti-
tutively expressing hACE2, TMPRSS2, NM∼LgBiT, CD63∼LgBiT or S were generated by
retroviral transduction or transient transfection of parental cells with expression plasmids
followed by selection with the respective antibiotic or single cell seeding and flow cytometric
cell sorting.[48] For cryopreservation of eukaryotic cells, cultures were washed once with PBS,
trypsinized or detached with TrypLE (Gibco, Thermo Fisher Scientific), washed again with
PBS and pelleted by centrifugation, resuspended in pre-cooled freezing medium (Bambanker,
Nippon Genetics Europe), before frozen at -80◦C. For long term storage, cells were transfered
and stored in the gas phase of liquid N2. Frozen cells were quickly thawed by resuspending
and washing in 37◦C pre-warmed cell culture medium and centrifugation, before seeding on
cell culture plates.

5.2.3 Flow Cytometry

For flow cytometry, 2×105 cells were washed once with buffer (PBS, 3 vol% FBS), centrifuged
for 6min at 300× g, resuspended in 50 µL buffer, supplemented 1:100 with a respective pri-
mary mAb (Table 7) or supplemented 1:2 with respective hybridoma supernatant and incu-
bated at 7◦C for 20min. For primary antibodies without fluorescence label, cells were washed
once with 1mL buffer as described and resuspended in 50 µL buffer, supplemented 1:500-
20 000 with a respective fluorescently labeled secondary antibody. After repeated washing
with 1mL buffer, 450µL buffer were added and cells analyzed in a flow cytometer. For ana-
lytical flow cytometry, cells were analyzed in a LSR Fortessa (Becton Dickinson), preparative
sorting was performed in a FACSAria III (Becton Dickinson).

5.2.4 Anti-Spike Antibody Generation∗

To obtain spike antigen in its authentic conformation for the immunization of rats, a con-
stitutive spike expressing HEK293 cell line (CID4618) expressing SARS-CoV-2 S(B.1) was
established. To boost expression levels further, cells were transiently transfected with an
S expression plasmid (p7413) prior to the isolation of S+ EVs from conditioned medium
three days after transfection. EVs were purified and concentrated by ultrafiltration, density
gradient ultracentrifugation and subsequently characterized as previously described.[48] For
the generation of anti-spike antibodies (immunizations: COVEV1, COVEV2 and COVEV3),

∗As published by Roessler et al. 2022.[48]
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S+ EVs were used to immunize rats in a prime-boost-boost scheme with up to 1.7×1011 parti-
cles per injection according to NTA, either with or without addition of Freund’s incomplete
adjuvant, before splenic B cells were isolated to establish hybridoma cell clones. Specific
clones were subsequently identified by screening of hybridoma supernatants for binding to
the constitutive spike expressing HEK293 cell line (CID4618) via flow cytometry using a
high throughput sampler on a LSR Fortessa instrument (Becton Dickinson). The result-
ing anti-spike antibodies were then characterized thoroughly to validate their affinities and
specificities for spike.[48]

5.2.5 Antibody Production∗

COVEV (43A11, 55E10, 5D1, 5B9, 35B12 and 42E2) and other antibodies (FLAG 4H3,
EXOM 24F9) were purified from hybridoma supernatants, while REGN10987 and
REGN10933 antibodies were purified from CHO cells transiently transfected with expression
plasmids encoding the heavy and light chains. Briefly, cell culture supernatant was loaded
on a protein GammaBind Plus Sepharose (17088602, Cytiva) or HiTrap MabSelect SuRe
(29049104, Cytiva) column, washed with PBS and antibodies were eluted at pH 2.7 or 3.5, re-
spectively in citric acid buffer. Fractions were pooled, neutralized with 1 M Tris (pH 8.0) and
separated on a Superdex200 prep grade (17104301, Cytiva) in PBS for monomers or buffer
exchanged to PBS via ultrafiltration, respectively. Directly coupled AlexaFluor488 labelled
antibodies were generated using commercial kits (A10235, Thermo Fisher Scientific).[48]

5.2.6 Antibody Sequencing

Amino acid sequences of COVEV antibodies were determined by sequencing from hybridoma
mRNA. Therefore, RNA was isolated from pellets of hybridoma cells (Monarch total RNA
miniprep kit, TS2010S, New England Biolabs), reverse transcribed to cDNA and amplified by
rapid amplification of cDNA ends (RACE)-PCR (18374058, Thermo Fisher Scientific).[158] In
detail, 2.5 µg isolated RNA and 40 pmol chain specific primer (Table 9) were mixed in 15 µL
diethyl pyrocarbonate (DEPC)-treated H2O, incubated for 10min at 70◦C and placed on ice
for 1min, before adding 2.5 µL 10×PCR-buffer, 2.5 µL 25mM MgCl2, 1 µL 10mM dNTP mix
and 2.5 µL 0.1mM dithiothreitol (DTT). After homogenization, samples were incubated at
42◦C for 1min and mixed with 1 µL SuperScript II reverse transcriptase (18064014, Thermo
Fisher Scientific), before incubating at 42◦C for 50min, followed by 70◦C for 15min, to
stop the reaction. After brief centrifugation, 1 µL RNase mix was added and samples were
incubated at 37◦C for 30min. Next, cDNA was purified (S.N.A.P kit, K199925, Thermo
Fisher Scientific), by mixing with 120µL 6M NaI, loading on a spin column, repeated wash-
ing via centrifugation with buffer and cold 70 vol% EtOH, followed by elution with 50 µL
H2O at 65◦C. A fraction of the product, 10 µL, were then subjected to terminal deoxynu-
cleotidyl transferase (TdT) 3’-tailing, by adding 6.5 µL DEPC-treated H2O, 5 µL 5×buffer,

∗As published by Roessler et al. 2022.[48]
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2.5 µL 2mM dCTP, incubating at 94◦C for 2.5min, on ice for 1min, brief centrifugation and
adding 1 µL TdT. Upon, 10min at 37◦C, TdT was heat inactivated at 65◦C for 10min and the
reaction placed on ice. 3’-poly-dC-tailed cDNA, was then replicated by mixing 26 µL H2O,
10 µL 5×buffer, 3 µL 25mM MgCl2, 1 µL 10mM dNTP, 5 µL dC-tailed cDNA, 2 µL 10 µM
forward anchor primer, 2 µL 10 µM nested RACE reverse primer for CH1 or CL (Table 9),
1 µL GoTaq polymerase and subsequent PCR, in a thermocycler (T gradient, Biometra),
following the protocol, described in Table 12. Successful amplification was evaluated by
electrophoresis (150V, 30min) on an analytical 1% (w/v) agarose (Life Technologies) gel
in TAE buffer (Tris base, acetate, EDTA, Carl Roth). The remaining PCR product was
purified by a spin column kit (11992242, NucleoSpin PCR clean-up kit, Macherey-Nagel),
pre-mixed with the respective nested RACE reverse primer for CH1 or CL and send for
Sanger-sequencing (Eurofins Genomics). Resulting DNA sequences were analyzed and an-
notated at www.abysis.org.

Table 12. RACE PCR protocol.

Cycles Temperature Time Step

94◦C 90 s Initial denaturation

35×
94◦C 30 s Template denaturation
55◦C 30 s Primer annealing
72◦C 60 s DNA extension

72◦C 6min Final extension
4◦C ∞ Final extension

5.2.7 Transient Transfection

For transient protein expression, 4 × 105 HEK293T in 2mL DMEM (8% FBS, Pen/Strep
supplemented) were seeded per well in a 6-well plate (140675, Thermo Fisher Scientific) and
incubated overnight at 37◦C. The next day, medium was exchanged for 1mL fresh medium
and a total of 1 to 2 µg of plasmids in Table 5 were dissolved in 200µL OptiMEM (Gibco,
Thermo Fisher Scientific), mixed with 4.5 µL, 1mgmL−1 polyethylenimine hydrochloride
(PEImax, 24765-1, Polysciences) pH 7.0 in H2O, per 1 µg DNA and incubated for 15min

at room temperature (RT). Alternatively, 2.5 µL TransIT-293 (MIR-2700, Mirus) per 1 µg
DNA were used instead of PEImax. Subsequently, the transfection mix was carefully added
on top of cells and the cells incubated at 37◦C.

5.2.8 Retroviral Transduction

For constitutive protein expression and cell line generation, cells were transduced with repli-
cation deficient retroviral vectors. Retrovirus stocks were generated by co-transfecting ex-
pression plasmids (p4037, p4038) coding for the murine leukemia virus (MLV) polyproteins
group-specific antigen (gag), polymerase (pol) and envelope and fusion protein (env), as

http://www.abysis.org/abysis/sequence_input/key_annotation/key_annotation.cgi
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well as a myeloproliferative sarcoma virus (MPSV) based retroviral vector (MP71),[159] en-
coding the respective protein of interest (Table 6) into HEK293T cells using TransIT-293
(MIR-2700, Mirus) according to the manufacturers protocol. After 48 h, the supernatant was
harvested and centrifuged at 7◦C for 10min at 300× g, 20min at 4200× g and flash frozen
in liquid N2 for storage at -80◦C. For the transduction, 1 × 105 cells were seeded in 1mL

DMEM (8% FBS, Pen/Strep supplemented) per well in a 12-well plate (150628, Thermo
Fisher Scientific) and incubated at 37◦C, 5% CO2 overnight. Cells were then incubated with
a mix of 500µL respective retroviral supernatant and 500µL fresh medium (DMEM, 8%
FBS, Pen/Strep), supplemented with 8 µgmL−1 protamine sulfate (110123, Sigma-Aldrich,
4 µgmL−1 final concentration), before centrifuged for 90min at 800× g, 32◦C. After 48 h

at 37◦C, protein expression was evaluated via FC and cells were selected via an encoded
resistance gene if needed.

5.2.9 Pseudotyped Virus Neutralization Test∗

S-pseudotyped retrovirus stocks were generated by co-transfecting expression plasmids cod-
ing for S, gag/pol (from MLV) and a MPSV based retroviral vector encoding GFP (p7413,
p4037, p6895) into HEK293T cells using TransIT-293 (MIR-2700, Mirus) according to the
manufacturers protocol. After 48 h, the supernatant was harvested and centrifuged at 7◦C
for 10min at 300× g, 20min at 4200× g and flash frozen in liquid N2 for storage at -80◦C.
For pVNTs, 5× 103 Vero, hACE2+ cells (CID4608) were seeded in 100µL DMEM (8% FBS,
Pen/Strep supplemented) per well in a 96-well plate (353072, Falcon) and incubated at
37◦C, 5% CO2 overnight. Cells were then pre-incubated for 1 h at 37◦C in 50 µL, 8 µgmL−1

protamine sulfate (110123, Sigma-Aldrich) in DMEM with or without chloroquine (C6628,
Sigma-Aldrich, chloroquine diphosphate dissolved in ddH2O) and retroviral stocks were pre-
incubated for 30min at 37◦C with 5× serum dilutions in PBS or chloroquine. 50 µL of the
respective mix where then added to the pre-incubated cells and centrifuged for 90min at
800× g, at 32◦C. After 48 h at 37◦C, GFP expression was quantified by FC using a high
throughput sampler on a LSR Fortessa instrument (Becton Dickinson).[48]

5.2.10 Generation of VLPs and Engineered EVs∗

To generate S+ VLPs containing appropriate levels of SARS-CoV-2 S(B.1, B.1.617.2 or
B.1.1.529 BA.1), VSV-G+ EVs and control-EVs, HEK293T cells were seeded and trans-
fected the next day, using PEImax or TransIT-293 (MIR-2700, Mirus), according to the
protocol described on page 77 with carefully adjusted ratios of codon-optimized expression
vectors coding for S, VSV glycoprotein G (VSV-G), or mock together with CD63∼HiBiT or
CD63∼BlaM and, optionally, M, N and E. For S+ VLPs e.g. plasmids for S, M, N, E and
CD63∼HiBiT or CD63∼BlaM were transfected in DNA mass-ratios: 2:5:5:5:80 respectively.
The expression plasmids are termed p7413.1 (S:B.1), p7487.IA1 (S:B.1.617.2), p7501.EA20

∗As published by Roessler et al. 2022.[48]
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(S:B.1.1.529 BA.1), p5451 (VSV-G), p5025 (mock), p7447.SA11 (CD63∼HiBiT), p7200.2
(CD63∼BlaM), p7395.LA3 (M), p7396.NA9 (E), p7391.MA5 (N) and can be found in Ta-
ble 5. Medium exchange was performed 6 h after the addition of the transfection mix to
reduce a potential carry-over of plasmid DNA. After 72 h, S+ VLPs, VSV-G+ EVs or control
EVs were harvested from conditioned cell culture supernatants (DMEM, 8% FBS, supple-
mented with Pen/Strep, Gibco, Thermo Fisher Scientific), low-speed centrifuged at 7◦C for
10min at 300× g and 20min at 4200× g and generally used without further processing.[48]

For hACE2+/−, CD63∼LgBiT+ EVs, 4× 106 U251MG (CID4727 or CID4694) were seeded
on a 130mm cell culture dish (168381, Thermo Fisher Scientific) in 18mL (DMEM, 8% FBS,
Pen/Strep) and incubated for 72 h prior to harvest from conditioned media as described.

5.2.11 Purification of VLPs and Engineered EVs∗

If necessary and as indicated, S+ VLP and EV supernatants were concentrated and further
purified for some experiments. In these instances, EV depleted medium was utilized for
S+ VLP and EV generation, to avoid enrichment of FBS EVs. Therefore, medium (DMEM,
20% FBS, Pen/Strep) was ultracentrifuged at 100 000× g, 4◦C for 16 h (Table 10), decanted,
diluted to 8% FBS with DMEM (Pen/Strep) and sterile-filtered through a 0.22 µm filter
(Techno Plastic Products) prior to usage. S+ VLP and EV supernatants were harvested from
conditioned media as described and concentrated by centrifugal ultrafiltration with 100 kDa
cutoff at 3000× g or sedimented by ultracentrifugation at 100 000× g, 4◦C, 2 h. Further
separation was achieved by floatation and fractionation in a carefully stacked discontinuous
iodixanol (Optiprep, Sigma-Aldrich) density gradient (bottom to top: 1.75mL sample with
34% final Optiprep concentration; 1.65mL 30% Optiprep in PBS; 0.6mL PBS) and ultra-
centrifugation at 160 000× g, 4◦C for 4 h. Collected fractions of 400µL were washed with
PBS by ultracentrifugation at 100 000× g, 4◦C for 2 h, and resuspended. Particle prepara-
tions were flash frozen in liquid nitrogen for storage at -80◦C and subsequently characterized
by WB, NTA, nano flow technology, ELISA, cryo-EM, Pierce BCA protein assay (23225,
Thermo Fisher Scientific), VLPNT and cfVLPNT.[48]

5.2.12 Western Blot∗

Samples of S+ VLPs and other EVs from cell culture supernatants, concentrates or purified
preparations were mixed with non-reducing 5×Laemmli buffer [10% (w/v) SDS, 300mM
Tris/HCl pH 6.8, 30 vol% gylcerol and bromophenol blue] or reducing 5×Laemmli buffer
[10% (w/v) SDS, 300mM Tris/HCl pH 6.8, 30 vol% gylcerol, 25 vol% 2-mercaptoethanol
and bromophenol blue] and incubated at 95◦C for 5min, if indicated. For cell lysates, cells
were washed with PBS, resuspended in RIPA buffer [150mM NaCl, 50mM Tris/HCl pH
7.4, 1 vol% NP-40 (IGEPAL CA-630, Sigma-Aldrich), 0.5% (w/v) sodium deoxycholate,

∗As published by Roessler et al. 2022.[48]
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0.1% (w/v) SDS, supplemented with cOmplete EDTA-free protease inhibitor (Roche)], in-
cubated for 30min on ice and centrifuged for 30min at 16 000× g. After discarding the
pellet, lysates were normalized to protein concentration using Bradford reagent (Bio-Rad)
and a photometer. Samples were separated by 4-12% or 10% SDS-PAGE, at 100V for 2.5 h
in Bis-Tris-glycin buffer (MOPS NuPAGE, Thermo Fisher Scientific), supplemented with
5mM Na2O5S2 for reducing blots. Proteins were transferred to nitrocellulose membranes
(GE Healthcare Life Science) by semi-dry blotting (Trans-Blot turbo transfer system, Bio-
Rad) at 18V for 45min in blotting buffer [0.3% (w/v) Tris, 200mM glycin, 0.04 vol% SDS,
20 vol% MeOH] and blocked for 1 h in 5% (w/v) non-fat milk (Carl Roth) in ddH2O at RT.
Membranes were incubated at 7◦C overnight with primary antibodies from Table 7 (43A11,
rat IgG2b, COVEV; 1A9, mouse IgG, GeneTex; PA5-81795, polyclonal rabbit antibody, In-
vitrogen) at 1:2000 dilution in 5% (w/v) non-fat milk (Carl Roth) in ddH2O, washed 3 times
in TBST (Tris-buffered saline with 0.1% Tween-20) and incubated at RT for 1 h with HRP
conjugated secondary antibody from Table 7 (1112-035-062, goat anti-rat IgG, Jackson Im-
muno Research Europe; 7076S, horse anti-mouse IgG, Cell Signaling; 7074S, goat anti rabbit
IgG, Cell Signaling) at 1:20 000, 1:2000 and 1:2000 dilution respectively, in 5% (w/v) non-fat
milk in PBST (PBS, 0.05% Tween-20). After 3×washing in TBST, blots were incubated
with ECL reagent (GE Healthcare) and imaged using a Fusion FX (Vilber).[48]

5.2.13 ELISA∗

For the quantitation of spike in samples from various sources, a sandwich enzyme-linked
immunosorbent assay (ELISA) was developed, using two anti-spike antibodies with non-
overlapping epitopes. First, wells of a Nunc MaxiSorp 96-well plate (44-2404-21, Thermo
Fisher Scientific) were coated at RT for 5 h with 100µL 2 µgmL−1 anti-S capture antibody
(55E10, rat IgG2b, COVEV) or isotype mAb (FLAG 4H3, rat IgG2b) in PBS. After wash-
ing (4× 300µL) with PBST (PBS, 0.05 vol% Tween-20), free binding sites were blocked with
300µL 5% (w/v) non-fat milk (Carl Roth) in PBS at RT for 2 h and the plate washed
again (4× 300µL PBST). Samples of recombinant spike protein (S1+S2 extracellular do-
main, 40589-V08B1, Sino Biological), S+ VLPs, or controls were diluted as indicated in PBS
and 100µL incubated at 7◦C for 16 h on the coated plate. After washing (4× 300µL PBST),
100µL HRP conjugated anti-spike detection antibody (43A11_HRP, rat IgG2b, COVEV)
diluted 1:500 in 5% (w/v) non-fat milk in PBS, were added at RT for 2 h. Upon repeated
washing (4× 300µL PBST), the plate was incubated at RT with 100µL TMB substrate
reagent (BD555214, Becton Dickinson). The reaction was stopped after 12min by adding
50 µL 1M H2SO4 and absorbance was measured at 450 nm with 590 nm as reference wave-
length in a CLARIOstar Plus (BMG Labtech). Upon subtraction of the reference OD, data
analysis was performed with GraphPad Prism 9.2.[48]

For the quantitation of spike from blood samples, human plasma and recombinant protein
standard were diluted 1:10 in PBS, supplemented with 10 µgmL−1 rat IgG2b (FLAG 4H3)

∗As published by Roessler et al. 2022.[48]
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as scavanger, prior to the o/n incubation step on the coated plate. Thereby unspecific cross-
binding of human antibodies to the capture rat antibody was quenched and assay interference
reduced, as previously described by others.[130]

5.2.14 NTA∗

Nanoparticle tracking analysis (NTA) was performed with the ZetaView PMX110 instrument
(Particle Metrix) and the corresponding software (ZetaView 8.04.02) was used to measure the
number and the size distribution of S+ VLPs, virus stock and EV preparations. Samples were
diluted in filtered PBS to achieve a vesicle concentration of approximately 1.0 × 107mL−1.
Pre-acquisition parameters were set to a sensitivity of 75, a shutter speed of 50, a frame rate
of 30 frames per second and a trace length of 15. The post-acquisition parameters were set
to a minimum brightness of 20, a minimum size of 5 pixels and a maximum size of 1000
pixels.[48]

5.2.15 Nano Flow Technology∗

Single S+ VLP, SARS-CoV-2 virions or EV particles were analyzed using a nano flow tech-
nology and a CytoFLEX LX cytometer (Beckman Coulter Life Science) with samples of
S+ VLPs, SARS-CoV-2 stock and EVs pre-stained with CellTraceViolet (CTV, C34571,
Thermo Fisher Scientific) at 37◦C for 20min and quenched with PBS with 1% (w/v) bovine
serum albumin (BSA). Upon washing via a 100 kDa cutoff Amicon ultra filter, samples were
stained with AlexaFluor488 conjugated anti-S antibody (43A11, rat IgG2b, COVEV), di-
luted and afterwards analyzed in the flow cytometer.[48]

5.2.16 Negative Stain Electron Microscopy

For TEM with negative contrasting, aliquots of 20 µL from crude or purified S+ VLPs were
deposited on EM grids coated with a perforated carbon film and incubated for 5min.
Upon draining excessive liquid with a filter paper, 20 µL 2% (w/v) phosphotungstic acid,
H3[P(W3O10)4] · nH2O, (79690, Sigma-Aldrich) in ddH2O, were added on top of the grid
and incubated for 1min, before blotting excessive liquid with a filter paper and drying the
sample in vaccum. For negative stain electron microscopy (nsEM), grids were mounted on
a respective rack and analyzed in a Zeiss EM109/900 (Carl Zeiss) at 80 kV, with up to
140 000×magnification.

5.2.17 Cryo-Electron Microscopy∗

Aliquots of 4 µL from crude or purified S+ VLPs were deposited on EM grids coated with
a perforated carbon film. After draining the excess liquid with a filter paper, grids were

∗As published by Roessler et al. 2022.[48]
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quickly plunged into liquid ethane cooled by liquid nitrogen, using a Leica EMCPC cryo-
chamber, and stored in cryo-boxes under liquid nitrogen until use. For cryo-EM observation,
grids were mounted onto a Gatan 626 cryoholder and transferred to a Tecnai F20 microscope
(Field Electron and Ion Company, USA) operated at 200 kV. Images were recorded with an
Eagle 2k CCD camera (Thermo Fisher Scientific).[48]

5.2.18 EV Fusion Assay with BlaM Readout∗

For EV fusion or EV neutralization assays with flow cytometry readout, 2 × 104 Vero,
hACE2+ or U251MG, hACE2+ cells (CID4608, CID4663) in 100µL DMEM (8% FBS,
Pen/Strep supplemented) were seeded per well in a 96-well plate (353072, Falcon) and incu-
bated o/n at 37◦C, 5% CO2. Where indicated, the cells were then pre-incubated at 37◦C for
1 h with chloroquine (C6628, Sigma-Aldrich, chloroquine diphosphate in ddH2O) or were left
without further treatment. The spent medium was replaced with up to 100µL concentrated
CD63∼BlaM+ EVs (S+, mock or VSV-G+) with or without prior pre-incubation with serum
samples. After 4 h incubation at 37◦C, 5% CO2, the supernatant was removed, adherent cells
were washed with PBS, trypsinized and moved to a V-bottom shaped 96-well plate (277143,
Thermo Fisher Scientific) and sedimented by centrifugation. After washing the cells once in
CO2 independent medium (8% FBS, Pen/Strep supplemented, Gibco, Thermo Fisher Sci-
entific), 50 µL staining solution were added and cells incubated at RT in the dark o/n. The
staining solution was composed of 2 µL CCF4-AM, 8 µL solution B (K1095, Thermo Fisher
Scientific) and 10 µL 250mM probenecid (P8761, Sigma-Aldrich, in 300mM NaOHaq.) per
1mL CO2 independent medium (Thermo Fisher Scientific) supplemented with 8% FBS,
Pen/Strep. After enzymatic turnover of CCF4, cells were washed once with PBS (3 vol%
FBS) and analyzed by FC using an LSR Fortessa instrument (Becton Dickinson) with a high
throughput auto sampler. The 409 nm wavelength laser (violet) was used for excitation of
the fluorescence resonance energy transfer (FRET) substrate, resulting in emission of intact,
non-cleaved CCF4 substrate at 520 nm (green), whereas emission of cleaved CCF4 substrate
was detected at 447 nm (blue).[48]

5.2.19 Confocal Fluorescence Microscopy

For LSCM, initially 7.5× 104 U251MG hACE2+/− cells (CID4697, CID4685) per well were
seeded in 1mL DMEM (8% FBS, Pen/Strep supplemented) on 12mm glass coverslips (Carl
Roth) in 12-well plates (150628, Thermo Fisher Scientific). After 20 h at 37◦C, 5% CO2,
medium was removed and replaced with 1mL S+ VLPs (CD63∼BlaM+) or DMEM and in-
cubated for further 7 h at 37◦C. Upon removal of the medium, cells for BlaM readout were
then incubated at RT overnight in the dark with 500µL staining solution, consisting of of
2 µL CCF4-AM, 8 µL solution B (K1095, Thermo Fisher Scientific), 10 µL 250mM probenecid
in 300mM NaOHaq. (P8761, Sigma-Aldrich) per 1mL CO2 independent medium (Thermo

∗As published by Roessler et al. 2022.[48]



5.2 Methods 83

Fisher Scientific), supplemented with 8%FBS, Pen/Strep. Cells for antibody staining, were
treated with 500µL CO2 independent medium (supplemented with 8% FBS, Pen/Strep) in-
stead. After S+ VLP fusion and substrate turnover, medium was removed and cells carefully
washed with 1mL PBS, before fixation with 4 vol% paraformaldehyde (PFA) (50-980-487,
Electron Microscopy Sciences) in PBS for 10min at RT. Afterwards, cells for BlaM read-
out were washed with PBS. Cells for antibody staining were permeabilized with 0.3 vol%
Tween-20 in PBS for 10min at RT, blocked with 3% (w/v) BSA in PBS for 40min at RT
and stained for 1 h in the dark at RT with 1 µgmL−1 43A11_AlexaFluor647, 1:3500 DAPI,
1% (w/v) BSA in PBS. Upon 3×washing with 1% (w/v) BSA, 0.1 vol% Tween-20 in PBS,
and 3×washing with PBS, coverslips were dried by blotting, mounted upside down on glass
slides with 7µL ProLong Diamond Antifade Mountant (Thermo Fischer Scientific) and let
dry overnight at 4◦C, before sealing the next day. Imaging by LSCM was conducted with a
Leica DMi8 TCS SP8 confocal microscope (Leica Microsystems) and processed using ImageJ
(NIH).

5.2.20 VLPNT with Nanouciferase Readout∗

For VLPNTs, 2× 104 U251MG (hACE2+, NM∼LgBiT+) cells (CID4697) in 100µL DMEM
(8% FBS, Pen/Strep supplemented) were seeded per well in a 96-well Lumitrac200 (655075,
Greiner Bio-One) plate and incubated at 37◦C, 5% CO2 overnight. The following day, serial
dilutions of serum samples by a factor of 2.1 starting at 1:2 to 1:360 were prepared in PBS
in a 96-well plate. 12 µL of the serial serum dilutions each were added to 48 µL normalized
S+ VLP (S, M, N, E, CD63∼HiBiT) to obtain a series of final dilutions ranging from 1:10 to
1:1801. S+ VLPs and serum dilutions were incubated at 37◦C for 30min in a 96-well plate.
Thereafter, 50 µL were transferred to recipient cells after removal of their culture medium
and the cells were incubated at 37◦C, 5% CO2 for 4 h. Prior to readout, the supernatant was
removed and replaced with 25 µL substrate mix (20 µL OptiMEM, Gibco, Thermo Fisher Sci-
entific, +5 µL nano-Glo diluted 1:20 in LCS buffer, N2012, Promega). Bioluminescence was
immediately quantified in a CLARIOstar Plus reader (BMG Labtech). Mean luminescence
level of S+ VLPs, with PBS instead of serum, was set to 0% neutralization; while back-
ground luminescence obtained with ∆vFPEVs was set to 100% neutralization. For serum
or antibody samples, the titers that corresponded to 50% neutralization were determined
by modeling nonlinear, sigmoidal 4PL curves using Graphpad Prism 9.3.1 and calculating
values that correspond to 50% absolute signal reduction after background correction. This
value was termed 50% VLP neutralization titer (VLPN50). The WHO international stan-
dard (NIBSC 20/136) was used as in-between runs and as within-run reference. For inhibitor
experiments, cells were pre-incubated for 1 h at 37◦C in 100µL DMEM (8% FBS, Pen/Strep
supplemented) with chloroquine (C6628, Sigma-Aldrich, chloroquine diphosphate dissolved
in ddH2O) or camostat-mesylate (SML0057, Sigma-Aldrich, dissolved in DMSO) prior to
incubation with S+ VLPs.[48]

∗As published by Roessler et al. 2022.[48]
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5.2.21 Cell-free VLPNT

For a cfVLPNT, serial dilutions of serum samples by a factor of 2.1 starting at 1:6 to 1:1081
were prepared in PBS in a 96-well plate. 7 µL of the serial serum dilutions each were added to
28 µL normalized S+ VLP (S, M, N, E, CD63∼HiBiT) in a 96-well plate to obtain a series of
final dilutions ranging from 1:30 to 1:5403. In parallel, 5 µL of the serial serum dilution were
added to 20 µL ACE2+, CD63∼LgBiT+ EV supernatant in a 96-well Lumitrac200 (655075,
Greiner Bio-One) to obtain equal final serum dilutions ranging from 1:30 to 1:5403. Both
mixtures were pre-incubated at 37◦C for 30min, before 25 µL of the S+ VLP- serum mix were
transferred to the 25 µL ACE2+ EV - serum mix. The final mixture was then incubated at
37◦C, 5% CO2 for 4 h. Prior to readout, 6.6 µL nano-Glo diluted 1:20 in LCS buffer (N2012,
Promega) were added and bioluminescence was immediately quantified in a CLARIOstar
Plus reader (BMG Labtech). VLPN50 calculation of the cfVLPNT was performed similar as
described for the VLPNT. For inhibitor experiments, S+ VLPs and ACE2+ EVs were pre-
incubated seperately for 30min at 37◦C with chloroquine (C6628, Sigma-Aldrich, chloroquine
diphosphate dissolved in ddH2O), camostat-mesylate (SML0057, Sigma-Aldrich, dissolved
in DMSO) or BB94 (SML0041, Sigma-Aldrich, dissolved in DMSO) prior to mixing with
each other and incubation.

5.2.22 Virus Stock Preparation∗

CaCo-2 cells (American Type Culture Collection, ATCC, Virginia, USA) in cell culture
medium (DMEM, 2% FBS) were challenged for 2 h with a clinical isolate of SARS-CoV-2
(GISAID EPI ISL 2967222) previously obtained from a nasopharyngeal swab of a COVID-19
patient. Subsequently, cell culture medium was exchanged, and three days post infection
supernatants were passaged on Vero-E6 cells (ATCC, Virginia, USA). Three days later, the
cell culture supernatant was harvested and stored at -80◦C. The virus stock was characterized
by reverse transcription quantitative real-time PCR (RT-qPCR). Heat-inactivation of the
virus stock was performed by incubating the sample for 30min at 56◦C.[48]

5.2.23 SARS-CoV-2 Virus Neutralization Test∗

Human sera were heat-inactivated at 56◦C for 30min and diluted in a series of two-fold dilu-
tion steps (1:4 to 1:512). 100 plaque-forming units (PFU) of SARS-CoV-2 stock (German iso-
late BavPat1/2020; European Virus Archive Global # 026 V-03883, GenBank: MZ558051.1)
contained in 50 µL was added to an equal volume of diluted serum. The mixture was incu-
bated at 37◦C and approximately 2 × 104 Vero C1008 cells (ATCC, Cat#CRL-1586) were
added after 1 h. After a four-day incubation period, the CPE was evaluated by light mi-
croscopy. Virus neutralization was defined as the complete absence of CPE in a given serum
dilution (VNT100). The reciprocal geometric mean titer (GMT) was calculated from the

∗As published by Roessler et al. 2022.[48]
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highest serum dilution without CPE based on three replicates. The lower detection limit
of the assay was 1:8, corresponding to the first dilution of the serum tested. Two positive
controls were used as inter-assay neutralization standards and quality control for each test.
The WHO international standard (NIBSC 20/136) was tested seven times, resulting in a
geometric mean titer (GMT) of 377 for 100% absence of CPE in this test.[48,114]

5.2.24 Statistical Analysis∗

Data and statistical analyses were performed using Prism 9.3.1 (GraphPad Software, Califor-
nia, USA). For main-, as well as supplementary figures, arithmetic mean values are displayed.
Error bars for y-axes indicate standard deviation (SD) of at least three replicates or more
if indicated. Prior to t-tests and one-way ANOVA, normal- or log10-normal distribution
according to Gaussian distribution was assured.[48]

5.3 Patients and Specimens∗

In this study, 80 serum specimens collected between April 6, 2020, and December 29, 2020,
from 49 patients infected with SARS-CoV-2 2 and hospitalized at the LMU Klinikum, Mu-
nich, Germany were included. Patients are part of the COVID-19 Registry of the LMU
Klinikum (CORKUM, WHO trial id DRKS00021225) and the study was approved on March
23, 2020 by the ethics committee (no. 20-245) of the Faculty of Medicine of the LMU (Ethik-
Kommission bei der Medizinischen Fakultät der Ludwig-Maximilians-Universität München,
Pettenkoferstr. 8a, 80336 München, Germany). Clinical data were obtained from health
records and all patient data were anonymized for analysis. All patients were tested posi-
tive for SARS-CoV-2 by RT-qPCR in nasopharyngeal or oropharyngeal swabs. The median
age of the 49 COVID-19 patients was 62 years (interquartile range 55 to 76 years), and
32.7% (16/49) of these individuals were female. Disease severity of the COVID-19 patients
was categorized according to the WHO guideline ‘Clinical Management of COVID-19’:[160]

asymptomatic (no clinical signs of infection), mild (symptomatic patients without evidence
of viral pneumonia or hypoxia), moderate (clinical signs of pneumonia, including fever,
cough, dyspnoea), severe (clinical signs of pneumonia, plus one of the following: respiratory
rate >30min−1, severe respiratory distress, peripheral oxygen saturation (SpO2) <90% on
room air), critical (one of the following: acute respiratory distress syndrome, sepsis, septic
shock). Three patients were categorized as asymptomatic, 4 patients as mild, 12 patients as
moderate, 15 patients as severe, and 15 patients as critical (Table 13).[48]

Furthermore, serum samples of 12 healthy and naive donors were included as control
group. These specimens were drawn from voluntary, according to their own statements,
healthy donors, mostly laboratory staff, from October 2017 on, but no later than August
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Table 13. Severity of COVID-19 patients.

Disease severity Patients Specimens

Asymptomatic 3 4
Mild disease 4 7
Moderate disease 12 17
Severe disease 15 25
Critical disease 15 27

Table 14. Vaccination scheme.

Prime Boost Vaccinees

BNT162b2 BNT162b2 5
mRNA-1273 mRNA-1273 2
AZD1222 BNT162b2 2
AZD1222 mRNA-1273 3
AZD1222 AZD1222 1

AZD1222 2
BNT162b2 2×BNT162b2 1
AZD1222 2×BNT162b2 2

2019. Therefore, the donors were by definition immunologically naive, with respect to SARS-
CoV-2 infection. The median age of the 12 healthy and naive donors was 32 years (interquar-
tile range 30 to 53 years), and 66.7% (8/12) of these individuals were female.

For test evaluation and VOC studies, serum samples of 13 COVID-19 vaccinees have been
included in this study. They were drawn from voluntary donors, between February 2021 and
September 2021 and mostly originate from laboratory personnel. According to their own
statements, donors were healthy at the time of blood sampling and did not have a history of
prior SARS-CoV-2 infection or COVID-19 until then. The median age of the 13 vaccinees
was 60 years (interquartile range 45 to 67 years), and 53.8% (7/13) of these individuals
were female. All fully vaccinated donors received two shots of the EMA authorized COVID-
19 vaccines BNT162b2 (Comirnaty, BioNTech), mRNA-1273 (Spikevax, Moderna Biotech)
or AZD1222 (Vaxzevria, AstraZeneca) either in a homologous or heterologous prime-boost
scheme (Table 14). Vaccinations were attested for all donors by insight into the respec-
tive documentation. Blood sampling was conducted at least 13 days post second injection
(median 19 days, interquartile range 14 to 33 days), to ensure seroconversion. From three
of those donors, additional blood samples were drawn, after the first dose of vaccine, ∼6
months post second injection and 1-3 months after a third shot (prime-boost-boost) for a
small case study.

Data on all the individual titers, patients’ clinical symptom severity, as well as all fur-
ther information, from patients, vaccinees and naives can be found from page 103 on in
Supplementary Table S2.

For the detection of spike protein in biological samples, 12 human blood plasma sam-
ples (with anticoagulant) of COVID-19 patients in an early stage with acute SARS-CoV-2
infection and 5 additional plasma samples of healthy donors were provided by Dr. Bas-
tian Höchst, Institute of Molecular Immunology, Technische Universität München. Those
specimens were exclusively used for ELISA and WB experiments and thus were not further
specified within this work.
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5.4 Contributions

All experiments shown in this dissertation were personally designed, executed and analyzed,
except for the following contributions of others:

Prof. Dr. Wolfgang Hammerschmidt, Helmholtz Zentrum München, kindly
cloned and provided most of the plasmids listed in Table 5 and Table 6 and helped experimen-
tally to develop the formulation of SARS-CoV-2 S+ VLPs. Furthermore, he and Dagmar
Pich generated and provided the cell lines CID4608, CID4684, CID4685, CID4693, CID4694
and CID4727 (Table 8) and conducted the sample preparation and acquisition for nano flow
technology (Figure 10B).

Dr. Verena Krähling kindly performed cVNTs with replication competent SARS-CoV-2 in
the BSL-4 laboratory of Prof. Dr. Stephan Becker, Philipps Universität Marburg,
at the Institute of Virology.

Prof. Dr. Oliver T. Keppler, Max von Pettenkofer-Institut, Ludwig-Maxi-

milians-Universität München, Dr. Paul R. Wratil, Dr. Johannes C. Hellmuth,
department of medicine III, Klinikum der Universität München, and others,[48] kindly
provided the 80 COVID-19 patient serum samples from the CORKUM registry of the LMU
university hospital.

Prof. Dr. Alain Brisson, UMR-CBMN at CNRS-University of Bordeaux-INP,
Pessac, France, and Sisareuth Tan thankfully accomplished imaging of S+ VLPs by cryo-
EM (Figure 7B).

Prof. Dr. Kaspar Matiasek, Ludwig-Maximilians-Universität München and
Heidrun Schöl kindly helped to perform negative staining of S+ VLP and TEM (Figure 7A)
at the Institute of Veterinary Pathology.

Dr. Manuel Albanese, Max von Pettenkofer-Institut, gratefully conducted virus
generation and inactivation in the BSL-3 laboratory of the Technische Universität

München.

Prof. Dr. Percy Knolle, Klinikum rechts der Isar der Technischen Universität

München and Dr. Bastian Höchst kindly provided 12 COVID-19 patient plasma samples
for the analysis of spike protein in human blood.

The Monoclonal Antibody Core Facility of the Helmholtz Zentrum München

executed animal immunization, hybridoma generation and antibody production.

Dr. Markus Kellner, Helmholtz Zentrum München, kindly provided the purified
antibodies REGN10987 and REGN10933.

Julia Hörmann, Helmholtz Zentrum München, thankfully acquired and processed
confocal fluorescence microscopy images (Figure 12) of stained slides.
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Appendix

Supplementary Table S1. Relevant segments of COVEV rat antibody sequences with CDRs
highlighted.

mAb Chain Amino acid sequence

43A11
VH

QVTLKESGPGILQPSQTLSLTCTFSGFSLKTYGLGVVWIRQPSGKGLEWLANIWWDDDKH
YNPFLKNRLTISKDTSKSQAFLKITNVGTGDTATYYCARMGYYGFQKFYYALYAWGQGTS
VTSP

VL
NIQLTXSPSLLSASVGDRVTLSCKGSQSLNNDLAWYQQKLGEAPKLLIYDTHSLQTGIPS
RFSGSGSGSDYTLTINSLQPEDVATYFCYQYNNGWTFGGGSKLELKRA

55E10
VH

EVKLLESGGGLVQPGGSLSLSCAASGFTFTDFYMSWIRQPPGKAPEWLGVIRNKANSYTI
EYNPSVKGRFTISRDNTQNLLYLQMNTLRAEDTAIYYCASGYYYSTSPDYWGQGVMVTVS
S

VL
DIQMTQSPSSLPASLGDRVTITCRASQDIGSYLRWFQLKAGKSPRLMIYGVINLAVGVPS
RFSGCRSGSDYSLTIKSLESEDMAIYYCLQHNEYPFTFGSGTKLEIKRA

35B12
VH

QVQLQQSGAELTKPGSSVKISCKPSGYTFTNYDISWMKQRPGQALEWIGTINPGSGGTGY
NEKFKGKATLTVDKSSSTAFMQLSSLTPDDTAVYYCARDYDTYPYYFDYWGQGVMVTVSS

VL
DTVLTQSPALAVSPGERVTISCRASESVNSRMHWYQQKSGQQPKVLIYGTSNLESGVPAR
FSGSGSGTDFTLTIDPVEADDSATYFCQQSWNDPNTFGAGTKLELKRA
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Supplementary Figure S1. VLPNT titers of COVID-19 and vaccinee sera.
(A) VLPN50 titers of 80 COVID-19 sera are sorted according to their patient’s clinical disease course. Red
bars indicate median values of grouped data.
(B) VLPN50 serum titers of 12 healthy naive donors and 13 vaccinees are shown according to their prime-
boost scheme of different COVID-19 vaccines received. Red bars indicate median values of the groups.
Values in square brackets indicate serum samples with VLPN50 below the LOD.
(C) The chart shows the data from Figure 16B, normalized to international units (IU), according to the
WHO standard (NIBSC 20/136).
(D) Similar to Figure 16E, VLPN50 results of sera from 13 COVID-19 vaccinees are shown individually and
as box plots for SARS-CoV-2 VOCs B.1, B.1.617.2 and B.1.1.529 (BA.1). Boxes show median and 25th to
75th percentiles. Data were analyzed using a matched one-way ANOVA, with Tukey’s multi comparison test
and a single pooled variance. Results are indicated: ****p ≤ 0.0001. Parts of this figure were adapted from
Roessler et al.,[48] under CC BY 4.0.
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Supplementary Figure S2. Case reports of three vaccinees.
(A) Sera from three donors A-C were analyzed before and after vaccination in flow cytometry on a S+ HEK293
cell line with a fluorescently labeled anti-human IgG secondary antibody for seroconversion. Control samples
without human serum are indicated w/o and show the background of the secondary antibody.
(B) Matching sera of various points of time from the three prime-boost-boost vaccinees A-C were analyzed
in the VLPNT with B.1 S+ VLP. If available, naive serum, drawn before mid 2019, was compared to serum
drawn several weeks (w) or months (m) after primary (1◦), secondary (2◦) or third (3◦) vaccination with a
licensed COVID-19 vaccine.
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Supplementary Figure S3. VLPNT and cfVLPNT with purified S+ VLP preparations.
As described in Figure 21F, S+ VLP from a density gradient’s fraction F2 and raw S+ VLP preparations
were used for a VLPNT and a cell-free VLP neutralization test (cfVLPNT). Use of purified, S1 subunit free,
F2 S+ VLP increased specific neutralization capacity in both assays for a neutralizing sample of a vaccinee,
while non-specific neutralization from a naive specimen, was barely affected.
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Supplementary Figure S4. Schematic workflow of VLPNT and cfVLPNT.
In the scheme above, the working steps for a VLP neutralization test (VLPNT) and a cell-free VLP neutral-
ization test (cfVLPNT) are compared, as described in the methods section from page 83 on.
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Supplementary Figure S5. Photographic readout of the VLPNT.
A microtiter plate of a VLPNT with controls and sera of three COVID-19 vaccinees was analyzed in a
luminometer, as described, giving relative light units (RLU), depicted in a heatmap on the right. Afterwards,
the plate was evaluated by photography and bulb exposure in the dark, with a standard smartphone camera
(IPhone13, Apple) for 30 s. Resulting blue circles on the left side are accumulated luminescence signals from
the respective well. This unsophisticated approach demonstrates that the readout can be simplified for a
poorly equipped laboratory, if needed, while retaining at leas semi-quantitative outcomes.
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