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Abstract

Neutralizing antibodies (NAbs), and their concentration in sera of convalescents and vaccinees are a solid
correlate of protection from COVID-19. The antibody concentrations in clinical samples that neutralize
SARS-CoV-2 are difficult and very cumbersome to assess with conventional virus neutralization tests
(cVNTSs), which require work with the infectious virus and biosafety level 3 containment precautions.
Alternative virus neutralization tests currently in use are mostly surrogate tests based on direct or
competitive ELISA formats or use viral vectors with the spike protein as the single structural component of
SARS-CoV-2. To overcome these obstacles, we developed a virus-free, safe and very fast (4.5 h) in vitro
diagnostic test based on engineered yet authentic SARS-CoV-2 virus-like-particles (VLPs). They share all
features of the original SARS-CoV-2 but lack the viral RNA genome and thus are non-infectious. NAbs
induced by infection or vaccination, but also potentially neutralizing monoclonal antibodies can be reliably
guantified and assessed with ease and within hours with our test, because they interfere and block the ACE2-
mediated uptake of VLPs by recipient cells. Results from the VLP neutralization test (VLPNT) show
excellent correlation to a cVNT with fully infectious SARS-CoV-2 and allow to estimate the reduced

neutralization capacity of COVID-19 vaccinee serawith variants of concern of SARS-CoV-2.

Author summary

The current pandemic caused by SARS-CoV-2 is a mgor challenge not only for COVID-19 patients,
medical staff, headthcare systems and the general public, but also virologists and clinical laboratories. A
particular challenge are safety issues which require biological safety level 3 to work with and study the
pathogen. An alternative are virus-like particles (VLPs) of SARS-CoV-2, which are authentic in terms of
viral structure and function but are harmless bioproducts in nature. We engineered V LPs which are close-to-
perfect mimics of SARS-CoV-2 by all structural, biochemical, physical and functional criteriatested. SARS-
CoV-2 VLPs were used in virus neutralization tests (VNTS). Because high concentrations of neutralizing
antibodies correlate with protection from COVID-19 practical VNTSs are urgently needed. We developed an
authentic, virus-free, thus safe yet very fagt in vitro diagnostic test with SARS-CoV-2 VLPs. Virus
neutralizing antibodies induced by natural infection or vaccination but also certain monoclonal antibodies
inhibit VLP fusion with recipient cells carrying ACE2. Quantitative results from a conventional
neutralization test with fully infectious SARS-CoV-2 and results from the VLP-based neutralization test
correlate perfectly. The setup of the test is very flexible and allows to analyze sera for their neutralizing

capacity against different variants of concern and in a Sandardized assay format.
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I ntroduction

In December 2019 a novel respiratory infectious disease, emerging in the city of Wuhan, China, and leading
to an outbreak of severe cases of pneumonia (Wu et al., 2020) marked the beginning of the ongoing
pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a virulent member
of the Coronaviridae family. The virus likely originated from a wildlife reservoir in bats but spreads easily
among humans via droplets and aerosols. As of November 2021, the associated Coronavirus disease 2019
(COVID-19) accounts for more than 5 million deaths worldwide (WHO dashboard, https://covid19.who.int).
Aside from subclinical infections, COVID-19 can vary from weak symptoms to mild or severe pneumonia
with dyspnea, to critical clinical courses with acute respiratory distress syndrome (ARDS) requiring external
ventilation and intensive care.

SARS-CoV-2 is a hon-segmented, enveloped Betacoronavirus with a positive-sense single-stranded
RNA genome of almost 30 kb with open reading frames (ORFs) encoding a replicase polyprotein
(ORF1&/ORF1b), four structural proteins spike (S), envelope (E), membrane (M) and nucleoprotein (N, also
known as nucleocapsid) and seven accessory proteins (Hu et a., 2021; Mittal et al., 2020). In detail, Sisa
class | fusion protein, which assembles in homotrimers, comprising three S1 domains on top of three S2
units, each separated by a S1/S2 furin cleavage site. While S1 contains the receptor binding domain (RBD),
S2 bears the fusion peptide and two heptad repeats, mediating membrane proximity and fusion (Hofmann
and Pohlimann, 2004). Proteolytic processing at the S1/S2 site, which often occurs during egress from avirus
producing cell primes S for an additional second cleavage at the S2' site within the S2 domain. The second
cleavage facilitates presentation of the fusion peptide upon endosomal uptake by the susceptible host cell
(Shang et al., 2020; Stevenset al., 2021).

Angiotensin-converting enzyme 2 (ACE2) on target cells serves as cellular receptor for SARS-CoV -
2, which attaches to ACE2 via the receptor binding motif (RBM) in the S1 subunit. To make the RBM
accessible, S in its pre-fusion conformation undergoes conformational changes, exposing one RBD of the
protomer in the ACE2-accessible “up” orientation (Mittal et al., 2020). Receptor binding then triggers
endocytosis and proteolytic processing of S at the S2' site by either the cell surface protease TMPRSS2
(Hoffmann et al., 2020a) or endosomal Cathepsin L (CTSL) (Stevens et al., 2021), enabling insertion of the
fusion peptide in the host membrane and membrane fusion. Subsequent release of the viral RNA cargo into
the cytoplasm initiates translation and further steps downstream to turn the cell into a virus shedding factory
(Mittal et al., 2020).

Immunity to SARS-CoV -2 is granted by the innate, but also the adaptive immune system in the form
of anti-S antibodies (Hu et al., 2021) causing direct neutralization of virions as well as Fc mediated antibody-
dependent cellular phagocytosis (ADCP), complement-dependent cytotoxicity (CDC) and antibody-
dependent cellular cytotoxicity (ADCC) (Zohar and Alter, 2020). Besides humoral immunity, cellular
immune response also supports broad and durable immune protection, primarily in the form of CD8" T cells
targeting the nucleoprotein, but also spike specific CD4" T cells (Cohen et al., 2021; Niesdl et al., 2021).

In the course of the pandemic, several mutations in the spike gene led to enhanced viral infectivity

and spread. The first mgjor mutation was the single amino acid mutation D614G, which led to higher viral
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loads and worldwide spread displacing the original Wuhan-2019 strain within only a couple of weeks
(Korber et a., 2020). Meanwhile, other strains such as B.1.1.7, the Alpha variant of concern (VOC) also led
to enhanced transmissibility (Davies et al., 2021), which is probably due to the N501Y mutation in S,
enhancing ACE2 affinity (Zahradnik et a., 2021). B.1.617.2, the Delta-V OC currently predominates as it is
more transmissible than the Alpha strain (Burki, 2021; Liu and Rocklov, 2021), yet it is controversial
whether this is caused by increased viral loads (Luo et al., 2021; Singanayagam et al., 2021), but the risk to
become hospitalized when infected with the Delta-VOC is increased by a factor of about 2 (Sheikh et al.,
2021). Moreover, new VOCs such as 'Omicron’ are a lingering threat.

Asaresult of the global effort in COVID-19 vaccine development, two mRNA vaccines, BNT162b2
by BioNTech/Pfizer and mRNA-1273 by Moderna, as well as a chimpanzee adenovector ChAdOx1 vaccine
(AZD1222) by AstraZeneca were licensed by the FDA and EMA (among other vaccines). For infections
with the Alpha- and Delta-V OCs, these vaccines significantly reduce the risk for symptomatic COVID-19,
effectively attenuate disease severity and reduce the rate of mortality (Abu-Raddad et a., 2021; Lopez
Bernal et al., 2021; Sheikh et al., 2021). The current vaccines, however, do not seem to confer serile
immunity as break-through infections even in fully vaccinated individuals can occur as early as two to three
months after the second shot (Levine-Tiefenbrun et a., 2021; Singanayagam et al., 2021).

Neutralizing antibodies (NAbs), induced by infection or vaccination or applied in the form of
monoclonal antibodies (mAbs) or convalescent plasma (DeFrancesco, 2020) have the potential to establish
immunity to SARS-CoV-2 and to protect from severe COVID-19. As such, the concentration of NAbs is
generally accepted as a relevant correlate of protection. In lineg, high NAb titers were shown to be directly
associated with a lower risk of symptomatic SARS-CoV-2 infections and therefore are highly predictive to
protect from COVID-19 (Earle et al., 2021; Feng et al., 2021; Khoury et al., 2021). Noteworthy, also anti-S
IgG and anti-RBD 1gG antibodies, which do not necessarily inhibit viral infection in vitro, showed
acceptable correlation with protection, yet NAD titers determined with a conventional virus neutralization
test (CVNT) were found to correlate best (Feng et al., 2021).

Reliable quantification of NAbs in clinical samples is problematic for several reasons. One reason
lies in the diversity of VNTs and their standardization and validation (Krammer, 2021). Undisputed ‘gold
standard’ for quantitating NAbs are conventional virus neutralization tests (CVNTS). They rely on replication
competent virus stocks, which, as such, guarantee correct virion composition and an authentic infection
process. Different versions of cVNTs are in use (Khoury et al., 2020): (i) In multi-cycle assays, NAbs
interfere with viral infection and reduce its replication rate, monitored by quantitating the amount of viral
antigen generated within a defined period of time post infection. (ii) cVNTSs based on limiting dilution use
the initial inactivation of the inoculum by NAbs and the reduction of the viral cytopathic effect (CPE) as a
function of replica plating of the virus-antibody mix. (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. cVNTs and PRNTSs depend on the formation of CPESs and require visual
enumeration. As a consequence, the tests are hardly scalable and cumbersome to standardize between
different laboratories. All cVNTs involve handling of infectious virus, which, in case of SARS-CoV-2
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require typical containment measures of a BSL-3 facility. In addition, all cVNTs take up to several days until
readout. Consequently, several alternativesto measure NAb concentration have been devel oped.

Surrogate virus neutralization tests (SVNT), often performed in an ELISA format, do not specifically
guantitate NAbs but antibodies that bind to spike RBD epitopes or antibodies that interfere with the RBD-
ACE2 interaction. Given the apparent limitations of SVNTSs, pseudotyped virus neutralization tests (pVNTS)
have been developed. They quantitate NAbs using susceptible ACE2-positive target cells but rely on viral
vectors with spike as the only SARS-CoV-2-derived component. These genetically engineered viral vectors
are either replication incompetent, or single-cycle infectious retro-, rhabdo- or lentivirus particles, which
contain the spike protein in their envelopes. Infection of suitable cells with these vectors is monitored by de
novo transcription and translation of a phenotypic reporter protein such as luciferase or a fluorescent protein
(Khoury et a., 2020). pVNTs, which require BLS2 laboratory standards, are difficult to reproduce, poorly
suitable for up-scaling and automation and their readout takes two to three days. Only recently, a version of
PVNT has been proposed, which makes use of a fast lentivirus-based transfer of an enzyme reporter
(Miyakawa et al., 2020). Commonly, pVNTs are in wide use but the assembly, morphogenesis, structure and
composition of retro- or lentiviral vector particles differ dramatically from that of coronaviruses. The
versions of different cVNTs and pVNTSs to analyze SARS-CoV-2 NAbs have recently been summarized by
Khoury et al. (Khoury et al., 2020).

Given the clinical relevance of NAbs and the problems with and limitations of the various VNTSs, we
developed a virus- and GMO-free diagnostic VNT that is safe and quick and quantifies SARS-CoV-2 NAbs
at a level and quality comparable to a cVNT. We established a protocol to produce authentic virus-like-
particles (VLPs), which also encompass an activator peptide to trace them. The identity of the VLPs was
thoroughly examined by cryo-electron microscopy (cryo-EM) as well as with biochemical methods to
validate their biochemical, physical and functional characteristics in comparison to infectious SARS-CoV -2.
Our results document that SARS-CoV-2 VLPs enter target cells via ACE2, mediate membrane fusion in
endosomes and deliver their luminal protein cargo into the cytosol, thus mimicking all steps of infection of
the pathogen prior to viral transcription. Therefore, NAbs that provide protective immunity from SARS-
CoV-2 aso prevent ‘infection’ with SARS-CoV-2 VLPs. Our test quantitates them and its results show
excellent correlation to a cVNT with infectious virus using a set of double-blinded COVID-19 patient serum
samples. Additionally, our work demonstrates that this VLP neutralization test (VLPNT) allows for the
evaluation of VOCs by simply adapting the assay to the B.1.617.2 Delta variant and measuring reduced NAb
titersin serafrom COVID-19 vaccinees.

By meeting important requirements for quality, automation, reproducibility, and rapidness, this test
isavaluable tool for vaccine and therapeutic antibody development, as well as for high-throughput screening
of vira entry inhibitors. As the test format is flexible it can easily be adapted to mutants of SARS-CoV -2

that may emerge in the future.
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Results

M anufacturing of SARS-CoV-2 VL Ps

SARS-CoV-2 VLPs, termed S" VLPs, were generated by transient co-transfection of expression plasmids
encoding all four structural proteins of the virus: S (Wuhan-2019, D614G or B.1.617.2), M, N and E in
defined stoichiometry into HEK293T cells. To trace the S* VLPs, a fifth expression plasmid was co-
transfected to express a chimeric reporter protein consisting of the human CD63 tetraspanin protein and, at
its carboxy terminus, an activator of split-nano-luciferase (CD63~HiBiT). Three days after transfection,
assembled S* VLPs were present in large quantities in the cell culture medium. Further purification and

concentration were optional and applied if needed to characterize the S VLPs in detail.

cryoEM of SARS-CoV-2 VLPs
Cryo-€electron microscopy (cryo-EM) of the S™ VLPs revealed spherically shaped vesicles in the range of 60
to 150 nm in diameter with a membrane consisting of an intact lipid bilayer (Fig. 1). Like SARS-CoV-2
virions (Ke et al., 2020; Liu et al., 2020; Yao et al., 2020), the VLPs displayed a characteristic corona of
dense, needle-like radial proteins protruding perpendicularly from the membrane. On the distal ends of the
protrusions spacious heads sit on slimmer stems, suggesting that these structures correspond to the viral
glycoprotein spike of SARS-CoV-2. The shape and dimensions of the protrusions which are about 25 nmin
length and have a stem width of 7 nm clearly support this assumption. In addition, elongated structures are
observed on certain spike bearing particles (white arrows in Fig. 1). These structures might correspond to
spike protein protrusions lying down on the vesicle surface, likely caused by surface tension effects prior to
plunging of the sample in cryogen. Also, evaporation might reduce the height of the liquid film causing a
partial air contact of the particle’s envelope and a redistribution and flattening of surface components in
contrast to spikes from the periphery, which maintain their integrity in the surrounding liquid phase.
Alternatively, these elongated structures may also correspond to some elements such as fibrous proteins
present in the lumen of S" VLPs.

SARS-CoV-2 virions contain a complex of ribonucleoproteins (N) and the ~30 kb RNA genome, but
S" VLPs seemingly do not contain a similar luminal mass (Fig. 1) probably because the VRNA genome is
absent. Together with N, the large vVRNA molecule might act as a sizing factor, which could explain the
variability in diameter seen inthe S* VLP preparations. Other than that, our S" VLPs seem to mimic SARS-
CoV-2 virions structurally (Fig. 1).

M olecular characterization of SARS-CoV-2 VLPs(S" VLPs)

Spike, S, the viral fusion protein (FP) of SARS-CoV-2 isa highly glycosylated type | transmembrane protein
which assembles as homotrimers. It encompasses the two domains S1 and S2, which are proteolytically
separated by cellular furin protease. After furin cleavage, S1 and S2 remain non-covalently associated
(Millet and Whittaker, 2015), but it appears as if furin cleavage is dispensable for infection (Papa et al.,
2021).
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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 virionsand S" VLPs. We used two commercially available antibodies
that recognize S1 or S2 together with 43A11, a new, in-house generated high affinity monoclonal antibody
(Supplementary Fig. S1), which exclusively recognizes non-dissociated S (but not the single S1 or S2
domains; Fig. 2C) to visualize S1, S2, S full-length (S™) and higher order S™ complexes in S* VLP
preparations under reducing and non-reducing conditions. By western blot (WB) analysis (Fig. 2), we
confirmed the presence of S1 and S2 domains, S, trimers of S™ (S™5 or S2;S15) and other additional S
complexes in our S* VLPs preparations. Proteolytic cleavage by furin and possible subsequent dissociation
of Sl during viral egress (Papa et al., 2021; Zhang et a., 2020), but also dimeric S complexes might
generate certain additional higher order complexes (Ou et al., 2020), which we also observed in Fig. 2. In S*
VLP preparations from HEK293T cdlls the majority of S is efficiently cleaved, presumably by furin (Fig.
2B, top panel, reducing conditions), but S1 and S2 domains remain largely complexed in single and higher
order S™ conformations (Fig. 2A,C, top panels, non-reducing conditions). The presence of S2, S™ and S™;
in lysates of S" VLP producer cells was further confirmed with serum of a COVID-19 convalescent donor
(Fig. 2D) and showed a pattern similar to the S2 specific commercial antibody (Fig. 2A, top panel, reducing
conditions).

Parallel to S* VLPs, we analyzed a heat inactivated (56°C, 15 min) SARS-CoV-2 virus stock
harvested from infected Vero E6 cells. Compared to S* VLPs, the virus stock showed a smilar S
composition, but the S2 specific antibody recognized only S™, whereas the S1 antibody detected both S™
and S1. Using the 43A11 monoclonal antibody (mAb), the SARS-CoV-2 virus stock was found to contain S
in its distinct trimeric state, but also monomeric S™. Repeated passaging of SARS-CoV-2 on Vero E6 cells
can lead to the loss of the furin cleavage site as has been previously reported (Turonova et a., 2020), which
might explain the equal fraction of non-cleaved S (Fig. 2B, lower panel) and the absence of the separate S2
domain in the virus stock in Fig. 2A. We conclude that our S* VLP preparations and an authentic SARS-
CoV-2 virus stock are similar according to WB analyses but differ with respect to the fraction of furin
cleaved S.

We aso developed a highly sensitive sandwich enzyme-linked immunosorbent assay (ELISA) to
characterize S* VLP and the SARS-CoV-2 virus preparations and to quantify their S content. We used the
mMAbs 43A11 together with 55E10, a second in-house generated anti-S mAb (Supplementary Fig. S1), which
recognize orthogonal, non-overlapping epitopes. As external reference we employed a commercially
available recombinant S protein to obtain a calibration curve to assess the amount of S (Fig. 3A). The assay
reliably detected S concentrations as low as 3 ng mL™ recombinant protein (Fig. 3A) as well as S protein in
S" VLP preparations (Fig. 3B), and was found to be highly specific when probed with control samples
consisting of extracellular vesicles (EVs) without a viral fusion protein (AvFP EV's). Using this ELISA, we
quantified our S VLP productions and heat inactivated SARS-CoV -2 virus stock (RT-gqPCR, ct value of
15.3) and found about 626 +20ng mL™ and 149+ 6ngmL™ S protein, respectively, according to the S
protein standard (Fig. 3C).
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Particle analysis of SARS-CoV-2 VLPs

Next, we quantified the number of total physical particles in our samples via nanoparticle tracking analysis
(NTA). Intriguingly, co-expression of M, N, E together with S increased the number of particles drastically
compared to transfections of Salone (Fig. 3D), suggesting that SARS-CoV-2 S" VLPs consigting 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 (Siu et al., 2008). NTA of our samples indicated that our S* VLP
preparations contained 9.1x10™ mL™ particles, while comparable preparations of EVs obtained from
HEK293T cdlls after transfection with the S encoding expression plasmid (S EV in Fig. 3D) only yielded
5.0x10° mL™ particles. The heat inactivated SARS-CoV-2 virus stock was determined to contain 7.2x10°
mL™ particles. Total particle counts included 1.5x10° mL™ bovine EVs from fetal bovine serum (FBS)
contained in cell culture medium. Bovine EVs corresponded to 2% and 30% of total particle numbersin S
VLPand S" EV preparations, respectively.

To obtain quantitative data of our S VLPs at the level of single particles, we developed a nano flow
technique to assess the fraction of S-positive particles among all particles released by HEK293T cells.
Particles were purified from cell culture supernatants and incubated with the dye CellTraceViolet (CTV;
Thermo Fisher Sci.), which exhibits fluorescence upon enzymatic ester hydrolysis in the lumen of intact
vesicles after membrane penetration. Subsequently, particles were stained with the fluorescently labeled anti-
S mAb 43A11 and analyzed by our nano flow technology using a cytometer (CytoFLEX, Beckman Coulter).
To distinguish instrument noise from particles we pre-gated on CTV" events and SSC-H (Fig. 4A) and
measured the fraction of S-positive particles eventually. S* VLPs, i.e., particles obtained after transient
transfection of HEK293T cells with the plasmids encoding S, M, N and E, constituted 37.5% of all CTV"
particles. The inactivated SARS-CoV-2 stock contained about 10% S-positive particles (Fig. 4B). Thermal
treatment of the SARS-CoV-2 sample might have lowered the esterase activities in both virions and EVs,
which might explain the generally lower fraction of CTV" particles (0.11% of all events) in this SARS-CoV -
2 virus stock (top panels in Fig. 4B). We therefore estimated the fraction of SARS-CoV-2 virions and S’
VLPsto bein acomparable range but S V LPs were abundant by a factor of three or more.

Our preparations of S" VLPs were found to contain 626 ng mL™ S protein on average (Fig. 3C) and a
particle concentration of 9.1x10™ mL™ (Fig. 3D), and consisted of 37.5% S’ particles (Fig. 4B). Assuming
even digribution of S molecules per S particles and the given molecular weight of 134.4 kDa for the
truncated recombinant S protein standard, we calculated a theoretical number of 82 S molecules,
corresponding to 27 trimers per S* VLP. This number is in the range described by others for SARS-CoV -2
(Ke et al., 2020; Turonova et a., 2020; Yao et a., 2020). Regarding the inactivated SARS-CoV -2 stock, we
determined 149 ngmL™ S protein, 7.2x10° mL™ overall particles and 10% S' particles, which would
correspond to 311 S trimers per particle. This surprisingly high number is probably attributable to technical
limitations of staining heat inactivated particles along the protocol described above and thus underestimating

of the number of S particles.
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Virus-free neutralization test

Towards a virus-free neutralization test we analyzed the capacity of S VLPs to fuse with appropriate target
cells. First, we transduced various cell lines (HEK293T, LN18, A549, Huh7, Vero and U251IMG) to
congtitutively express human ACE2 and validated its expression by WB. Of these cell lines, Huh7 and Vero
cells had previously been used for infection with spike-pseudotyped retrovirus vectors (Yang et al., 2020).
Recently, we identified the human U251MG cell line to take up EV's equipped with VSV-G very efficiently
suggesting that these cells might also be suitable to act as S VLP recipient cells (Albanese et al., 2021).

Next, we engineered EVs to contain SARS-CoV-2 spike together with CD63~BlaM (a chimer of
human CD63 and B-lactamase), concentrated them via ultracentrifugation and incubated them with the panel
of recipient cells as described above for 4 h. Upon uptake and fusion of these EV s with recipient cells, BlaM
translocates to the cytoplasmic compartment of the recipient cells. Only BlaM® cells loaded with an
appropriate subgtrate (CCF4-AM, Thermo Fisher Sci.) convert CCF4-AM to fluorescent CCF4, which is
retained in the cytosol and can be quantified via flow cytometry on single cell level as described in the
context of HIV-1 (Cavrois et al., 2002), and later by us (Albanese et al., 2021) and others (Carlon-Andres
and Padilla-Parra, 2020; Cavrois et al., 2014; Desai et al., 2017; Feeley et al., 2011; Jones and Padilla-Parra,
2016).

ACE2" Vero cells took up S* EV's but not control EV's lacking a viral fusion protein (AvFP EVs)
(Supplementary Fig. S2A). Y et only about 21% of Vero cells turned BlaM-positive even with a high dose of
S" EVs, while 75% of all cells became positive with control EV's equipped with CD63~BlaM and VSV-G
(vesicular stomatitis virus glycoprotein G) as aviral fusion protein (VSV-G' EV's; Supplementary Fig. S2B).
In contrast, up to 97% ACE2" U251MG cells became BlaM-positive with S* EV's, while cells incubated with
AVFP EVs remained BlaM negative (Supplementary Fig. S2C, D). The fusion of ACE2" U251IMG cells with
S" or VSV-G" EVs was equally efficient in this setting (Supplementary Fig. S2C, D). To demonstrate the
endosomal uptake and fusion of EV's with the recipient cells, we pre-treated ACE2" U251MG cells with
chloroquine prior to incubation with S* EV's (Supplementary Fig. S2E). Chloroquine deacidifies endosomes
and thus also inactivates the endosomal -pH-dependent cysteine protease Cathepsin L (CTSL), which primes
S for SARS-CoV-2 entry in certain cell lines in vitro (Hoffmann et al., 2020a; Hoffmann et al., 2020b).
Thus, delivery of BlaM was found to be strictly dependent on endosomal processing of Sinrecipient cells.

Next, we used ACE2" U25IMG cells in preliminary neutralization experiments to test and quantify
the reduction of S-mediated fusion of BlaM equipped S" EV's by neutralizing serum antibodies. Sera from
SARS-CoV-2 vaccinees and COVID-19 convalescent patients displayed dose-dependent neutralization,
while sera from healthy and naive donors barely showed any effect (Supplementary Fig. S2E). We
concluded that all steps of the S-mediated and ACE2-dependent cellular uptake of S* EVs are highly
reminiscent of SARS-CoV -2 infection.

Optimization of the VL P fusion assay
The applicability of the assay described above is limited as its readout relies on flow cytometry, requires an
overnight incubation step for the intracellular accumulation of CCF4 and depends on concentrated S" EV's
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preparations. We therefore developed this assay further by replacing BlaM with nano-Luciferase (nLuc). To
avoid known background problems due to protein leakage of intact luminescent nLuc, we adapted its split
variant consisting of an incomplete and inactive nLuc polypeptide (LgBiT) and the self-associating activator
peptide of 11 amino acids (HiBiT) for our purposes (Dixon et a., 2016; Miyakawa et al., 2020; Y amamoto et
al., 2019).

Similar to BlaM, we fused HiBIT to the C terminus of CD63 (CD63~HiBIiT) (Somiya and Kuroda,
2021) to be incorporated into S™ particles. As recipient cells, we engineered ACE2" U251IMG cells to
congtitutively express N-myristoylated LgBiT (NM~LgBIiT) as membrane-associated reporter enzyme. This
system proved to be ailmost free of leakage as HiBiT and LgBIT are tightly associated with the cellular and
EV membranes, respectively, and are not secreted in detectable amounts. In the split nLuc system, the
turnover of a suitable substrate is only catalyzed upon successful intracellular recongtitution of both parts of
nLuc (Dixon et a., 2016). As a consequence, this assay has a very low background, which otherwise is a
major problem when working with fully active enzymes as protein reporters.

We also turned from S" EVsto SARS-CoV-2 VLPs, i.e., S" VLPs encompassing al four structural
SARS-CoV-2 proteins, because co-expression of M, N and E together with S and CD63~HiBIT (Fig. 5A) led
to higher particle numbers and enhanced fusogenicity of VLPs with ACE2" U25IMG cells (Fig. 3D). We
determined the optimal stoichiometry of plasmid DNAs in this practical, readout-based approach to obtain S
VLPs which resemble SARS-CoV-2 in many aspects as documented by cryo-EM, WB, ELISA, NTA and
nano flow technology as shown in Fig. 1 to 4. The engineered S" VLPs enter ACE2" recipient cells in a
receptor-dependent manner, require correct processing of S by proteases and escape from endosomes via the
post-fusion conformation of S, very reminiscent of infectious SARS-CoV-2 virions. Upon endosomal fusion
the membrane anchored HiBiT is delivered into the cytoplasm of the LgBiT" recipient cell, where the
functional enzyme reconstitutes in situ to support substrate turnover and emission of light as shown
schematically in Fig. 5C. A scientific animation demonstrates this simple but very efficient principle
(https://youtu.be/6wckXobT_bM).

Analogous to the EV system with BlaM as reporter protein, we assessed whether S* VLPs fuse
exclusively with susceptible ACE2" cells viathe viral entry factor S. We generated S VLPs (S, M, N, E,
CD63~HiBiT)*, VSV-G' EVs (VSV-G, CD63~HiBiT)" and AVFP EVs (M, N, E, CD63~HiBiT)", incubated
them with ACE2" or ACE2 NM~LgBiT" U251MG cells for 4 h and quantified their fusion with the different
target cells. As expected, S* VLPs fused exclusively with ACE2" cells but not with ACE2 cells (t-test,

p<0.0001) (Fig. 6). Furthermore, fusion relied grictly on the presence of a vira fusion protein such as S
because AVFP EV's were barely taken up (t-test, p<0.0001). In contrast, VSV-G" EV's fused with ACE2" and
ACE2 cells a similar levels due to VSV-G's broad tropism (t-test, p value non-significant) (Fig. 6). We
conclude that this system meets all requirements of aS" VLP-based neutralization test.

VLP neutralization test (VLPNT)
S-specific NAbs can prevent entry of SARS-CoV-2 virions into hogt cells and thus protect from viral
infection via diverse modes of actions. Most antibodies block the attachment of S to ACE2 receptors by
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binding to the receptor binding motif (RBM) of S1 (Niu et a., 2021; Piccoli et al., 2020) or stal S in its
closed, i.e., receptor binding domain (RBD) “down” pre-fusion conformation (Tortorici et al., 2020). Yet,
certain S-specific NAbs also neutralize without disrupting the ACE2 interaction (Brouwer et al., 2020).
Possible other mechanisms include the inhibition of proteolytic processing of S by, e.g., TMPRSS2 or CTSL
or the interference with the heptad repeats or glycosylated surfaces in S2, which are required to promote the
fusion of the viral envelope with the endosomal membrane as described in the context of SARS-CoV or
MERS-CoV (Keng et al., 2005; Shanmugargj et al., 2020). NAbs with their multiple mechanisms to disrupt
S functions also reduce, interfere or even block S VLPs and the delivery of CD63~HiBiT to susceptible
target cells. As a result, reduction of luminescence from reconstituted nLuc might likely correlate with
SARS-CoV-2 neutralization (Fig. 5D).

Towards aVLP-based virus neutralization test (VLPNT), we incubated a defined amount of S" VLPs
with serial dilutions (starting from 1:10 to 1:1,800) of sera from acute or convalescent COVID-19 patients,
COVID-19 vaccinees or healthy, naive donors and quantified the resulting dose-dependent neutralization as
shown in Fig. 7A. Mean luminescence level of S° VLPs, only, was set to 0% neutralization; while
background luminescence obtained with AvFP EVs was set to 100% neutralization. The half maximal
neutralization titer was determined by extrapolating sigmoidal curve values that correspond to 50% signal
reduction after background correction. This value was termed VLPNs. It is considered equivalent to VNTs
and PRNTs of conventional VNTs (cCVNTS) and plaque reduction neutralization tests (PRNTS), respectively.

Sera of naive donors resulted in no to little 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 a few showed VLPNs, titers of 1:16 or lower (Supplementary Fig. S3A).
Sera of 13 COVID-19 vaccinees after prime-boost immunization from 2021 showed high neutralization
potential consistently up to 100% inhibition of S* VLPs fusion and VLPNs, titers of 1:27 to 1:352
(Supplementary Fig. S3A). Data on individual titers and types of vaccines which the donors received can be
found in Supplementary Fig. S3D and Supplementary Tab. S1. Based on the maximal titers of naive serain
our VLPNT, we added an additional margin and defined a preliminary minimal cutoff of 1: >25 to classify
samples with neutralizing activities.

Asthere is considerable demand for global harmonization and standardization of NAD titers obtained
from different laboratories using different versions of SARS-CoV-2 VNTs (Kristiansen et al., 2021), the
World Health Organization (WHO) supplies laboratories with a standard plasma pooled from 11 British
patients, who recovered from COVID-19 (Mattiuzzo et al., 2020, WHO/BS/2020.2403). We applied this
standard (NIBSC 20/136) with a defined neutralization activity of 1000 International Units per mL (IU mL"
1), VLPNs, values of multiple individual experiments with the WHO standard were obtained (Supplementary
Tab. S1) and used to convert our serum VLPNs titers to harmonized titers expressed as 1U mL™ as shown in
Supplementary Fig. S3A, right panel. In six independent VLPNT experiment with the WHO standard, we
calculated a coefficient of variation (CV) for logyo transformed titers of CV = 0.04 and CV = 0.23 for
untransformed titers, for the within-laboratory repeatability and the resulting imprecision of quantification,
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respectively. Clearly, additional experiments and standardizations have to be conducted to generate data for
an assessment according to the Clinical Laboratory Standards Institute (CLSI) guidelines (Chesher, 2008).

We aso used our VLPNT to test two potent neutralizing recombinant mAbs, REGN10987,
imdevimab and REGN 10933, casirivimab, which have been approved under emergency use authorization for
the treatment of COVID-19 by the Food and Drug Administration (FDA) (2020; Baum et al., 2020;
DeFrancesco, 2020). Their VLPNs, were found to be 1.8 nM and 7.3 nM, respectively, while a human IgG
isotype control mAb did not show any neutralization (Fig. 7A).

Based on these results we concluded that the VLPNT qualifies for the measurement of neutralizing

activitiesin clinical samples.

VLPNT and cVNT compared

For the validation of our VLPNT we compared the VLPNsg titers of a defined set of sera with results from a
CcVNT using infectious SARS-CoV-2, the ‘gold standard’ in the field (von Rhein et a., 2021). Towards this
end, we tested 23 well documented serum samples from patients with confirmed SARS-CoV-2 infection
under double-blinded, randomized conditions in our VLPNT. Relevant details about their clinical status,
PCR results, SARS-CoV-2 strains and neutralizing serum titers data had been collected prior to our analyses
(Supplementary Tab. S1).

When analyzed in our test, serum VLPNs titers of the 23 COVID-19 sera varied from 1:18 to 1:
>2,000 and therefore scattered wider than serum titers from vaccinees, even though the medians were similar
(Supplementary Fig. S3A, left panel). Data on the individual titers and the patients' clinical symptoms can be
found in Supplementary Fig. S3C and Supplementary Tab. S1. Due to the previously defined cutoff for the
VLPNg, of 1: >25 (Supplementary Fig. S3A, left panel), a single COVID-19 sample (sample A3) was
classified as non-neutralizing even though the highest titer of a naive, SARS-CoV-2 negative serum was
found to be 1:16 (Supplementary Fig. S3A).

The 23 COVID-19 samples were also tested in a cVNT with replication competent SARS-CoV -2
virus. The titers were determined based on 100% reduction of CPE (VNT1o) and their values ranged from
1:8 to 1: >1024 (Fig. 7B). In the cVNT, 17 out of 23 samples were found to have neutralizing activity with
VNT00 1: >8, while the 6 remaining sera performed below the limit of detection (LOD) and were set to 1:4
per definition. A comparison of the 23 COVID-19 samples in both tests found 16 sera to be concordant
positive (CP), none was concordant negative (CN), whereas 7 sera were found to be discrepant (D)
(Supplementary Fig. S3B, left panel). This discrepancy likely resulted from experimental differences
between the two tests (Khoury et al., 2020). The cVNT ‘gold standard’ relies on 100% reduction of CPE
(VNT100) While the VLPNT scores at 50% reduction of S VLP fusion (VLPNsg) suggesting that the latter
test might be more sensitive to identify serum samples with weakly neutralizing activities.

Excluding the 6 seratested in the cVNT with VNTqo values below LOD (samplesin bracketsin Fig.
7B), we analyzed the performance of the VLPNT using the 17 COVID-19 samples which scored positive in
the cVNT aong with 12 sera from healthy, naive donors from mid 2019 and earlier as controls
(Supplementary Fig. S3B, right panel). Of the 17 COVID-19 samples, the VLPNT classified one sample to
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be false negative, while all 12 healthy naive sera were considered true negative. Therefore, the sensitivity of
our VLPNT was calculated to be 94%, while its specificity was 100% (n = 29). Based on the small sample
number the positive predictive value (PPV) was calculated to be 100% suggesting that our SARS-CoV -2
VLPNT hasthe potential to become areliable diagnostic tool.

We also compared the VLPNT with the cVNT by correlating the VLPNs, titer results of all 23
COVID-19 samples with the respective VNT 1 titers, regardless of whether they were considered CP, CN or
D (Fig. 7B). The Pearson coefficient of log,o transformed data (n = 23) revealed a highly significant positive
correlation (r = 0.917 and p = 7.9x10™). Given the very strong correlation, the VLPNT is not only a
qualitative test for the in vitro diagnostics of NAbs but also yields reliable titers of NAbs faithfully reflecting
titers obtained in acVNT with infectious SARS-CoV-2.

Test adaptation to Delta-SARS-CoV-2 (B.1.617.2)

Finally, we adapted the VLPNT to test and compare the currently predominant variant of concern (VOC) of
SARS-CoV-2 by mutating S (D614G) to S (B.1.617.2, §- or Delta variant) and generated S* (B.1.617.2)
VLPs. We re-tested all 13 sera of SARS-CoV-2 vaccinees (Supplementary Fig. S3D) in the VLPNT with S
(B.1.617.2) VLPs, determined their VLPNs, titers and compared them to titers obtained with the D614G S
variant (Fig. 7C). Pearson coefficient of log,o transformed data (n = 13) was calculated and showed strong
positive correlation (r = 0.911; p = 1.5x10°). Apparently, NAbs induced by different SARS-CoV-2 vaccines
based on Wuhan-2019 spike cross-neutralized VOC B.1.617.2, but neutralization titers were significantly
lower as shown by a paired t-test of log,, transformed data (p = 0.0002, n = 13). While the mean titer for
D614G S" VLPs was found to be 1:135, the mean titer of 1:80 obtained with B.1.617.2 S" VLPs was reduced
by a factor of 0.59. A reduced capacity of convalescent or vaccinee sera to cross-neutralize B.1.617.2 has
been demonstrated previously in apVNT (Liu et a., 20214d), but also in acVNT (Planas et al., 2021). Thus,
our finding appears to be consistent with published work. The successful adaptation of the VLPNT to a
prevalent VOC indicates that our test is flexible and versatile to address and answer questions on cross-
neutralizing antibodies between existing and future SARS-CoV -2 variants of concern including the currently
spreading B.1.1.529 VOC, named Omicron.
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Discussion

Serum antibody levels are a predictive and easily accessible medical parameter of individual immune
protection from viral infections and related diseases. For SARS-CoV-2, especially NAD titers were shown to
correlate with clinical protection from COVID-19 (Khoury et al., 2021). In clinical virology, the detection
and quantitation of NAbs in biological samples is commonly performed with conventional VNTs (CVNTS),
which mostly rely on in vitro cytopathic effects (CPE) and the formation of plaques in infected cell
monolayers. NAbs interfere with cellular infection but the formation of plaques depends on replication
competent virus. As a consequence, these tests require appropriate containment and regulatory measures.
cVNTs with SARS-CoV-2 for ingtance require a BSL-3 containment. Moreover, the tests take several days
and they are difficult to normalize and to sandardize between different laboratories. Plague formation
requires visual microscopic inspection by trained personnel and PRNTs are thus labor intensive and
cumbersome. Therefore, surrogate methods have been invented and used, which are commonly based on
pseudotyped retro- or lentiviruses so-called pVNTs. The tests, which are manageable in BSL-2 laboratories
rely on de novo expression of a reporter enzyme or fluorescent protein encoded by the viral vector, but they
il require up to three daysfor final assessment.

The artificial, replication deficient retro- or lentiviral vectors can be problematic because viral
glycoproteins, which mediate attachment, uptake and fusion with cellular membranes might perform
differently in the context of viral vectors compared to their authentic viral host (Khoury et al., 2020; Syed et
al., 2021). S-pseudotyped retro- or lentiviral vectors mostly bud from the plasma membrane where S is
incorporated into the envelope of the vector with uncertain stoichiometry (Giroglou et al., 2004; Syed et 4.,
2021). Very much in contradt, the envelopes of coronaviruses carry a discrete number of S trimers per
particle, which assemble in the ER-Golgi intermediate compartment together with M, E and N in a given,
optimal stoichiometry (Ujike et al., 2016).

We performed such pVNT for SARS-CoV-2, produced S-pseudotyped, replication incompetent
MLV retroviruses, pre-incubated them with different human sera, infected hACE2" Vero cells, cultivated
them for 48 h to allow expression of the GFP reporter gene and analyzed them by flow cytometry and
fluorescence microscopy (Supplementary Fig. S4). On average about 80% of cells were infected, while pre-
incubation of the test vectors with sera from COVID-19 convalescent patients and COVID-19 vaccinated
individuals reduced the fraction of infected cells in a dose dependent manner. Conversely, sera from healthy
naive individuals did not show an effect. pVNTs allow to quantitate NAbs with SARS-CoV-2 specificity, but
they are biologically distant from infectious SARS-CoV -2 stock, they take several days and they depend on
qualified S-pseudotyped virus stocks with reproducible vector content and infectivity.

Miyakawa et al. (Miyakawa et al., 2020) considered the unfavorable time-to-readout problem of
pPVNTs and replaced the HIV-borne reporter gene with a reporter protein consisting of the HIV capsid
protein with a carboxy-terminal HiBiT domain following the principle proposed by Cavrois et a. in 2002
(Cavrois et al., 2002). Similar to our approach (Fig. 5) recipient Vero cells expressed LgBIiT constitutively to
monitor the fusion of the S-pseudotyped HIV particles, which shortens the time-to-readout to 3 to 4 hours
(Miyakawa et al., 2020). This approach, however, does not solve or address the relatively weak correlation
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of pVNTs and live-virus cVNTs observed in clinical samples (Feng et al., 2021), which probably reflects
differences in viral morphogenesis, egress, composition of S-pseudotyped retro- and lentiviral vector
particles and their mode of uptake by recipient cells compared to SARS-CoV-2 virions.

For SARS-CoV (Hsieh et al., 2005), and later SARS-CoV-2, VLPs were shown to mediate transport
and delivery of reporter transcripts that encompass cis-acting packaging signal sequences mimicking the
generation of authentic SARS-CoV-2 and their infectivity (Syed et al., 2021). Thisis a mgor achievement,
but the readout still depends on de novo expression of the reporter transcript encoding luciferase in this
report.

Our test overcomes the current limitations of quantitating SARS-CoV-2 NAbs as it is based on
harmless, non-infectious VLPs engineered to be authentic morphological and functional mimics of SARS-
CoV-2 virions. Firstly, we optimized conditions for in vitro generation of such S* VLPs and characterized
them together with a sample of heat-inactivated SARS-CoV -2 stock using standard approaches together with
anovel nano flow technology. By cryo-EM, we confirmed the presence of intact, native S VLPs with the
characteristics of coronaviruses in our preparations. Furthermore, the S* VLPs contain S trimers, a
molecular concentration of S very similar to authentic SARS-CoV-2 virions and particle number and ratio of
S particles comparable to virus stocks. We calculated the number of S trimers per particle to be 27 and
therefore well within the range of published figures which vary from 24 to 40 (Ke et al., 2020; Turonova et
al., 2020; Yao et a., 2020).

Secondly, we engineered S" VLPs to carry a chimeric, membrane anchored and luminally oriented
enzyme (BlaM) or an activator peptide (HiBiT) and generated hACE2" Vero cells and a hACE2" U251IMG
cell line, which carries hACE2" together with an inactive, membrane-associated split reporter nLuc enzyme
(LgBiT). In quantitative fusion experiments with S* VLPs we showed that only ACE2" cells take up S’
VLPs, while ACE2 cells were not susceptible as expected. Uptake strictly depended on spike, the viral
entry factor and one of the three SARS-CoV -2 membrane proteins, indicating that our S* VLPs do not only
structurally and molecularly resemble SARS-CoV-2 virions but also share their specific fusogenic
characterigtic and tropism. A limitation of this in vitro cell model is that CTSL but not TMPRSS2
contributed to spike cleavage and processing unlike the infection pathway in human lung cells. cVNTSs that
use African green monkey Vero cells as targets for SARS-CoV-2 aso suffer from this limitation, which can
be easily mitigated by modifying the target cellsto express hTMPRSS2 but not CTSL.

With the thoroughly characterized S VLPs and our reporter system, we went on and demonstrated
the proof-of-concept for a VLPNT. We incubated S" VLPs with 23 sera from COVID-19 and convalescent
patients, 13 COVID-19 vaccinees and two neutralizing recombinant mAbs (REGN10987, imdevimab and
REGN10933, casrivimab) and quantitated the resulting reduction of VLP-cell fusion. We controlled our test
with 12 sera from healthy and naive donors and an 1gG isotype mAb, for which we did not find significant
neutralization capacities. We quantitatively evaluated all samples to determine their individual titers. Based
on the tested cohort of donors we defined a titer of 1: >25, to classify a sample to contain SARS-CoV -2
specific neutralizing antibodies (NAbs). Below this level matrix effects from healthy, naive sera came into
play, which is why even weaker neutralizations cannot be distinguished from artefacts. For the 23 COVID-
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19 samples we correlated the titers with the double-blinded results from a cVNT with SARS-CoV-2,
resulting in convincing quantitative concordance. Thereby, we verified our VLPNT versus a cVNT and
found good preliminary sensitivity and specificity of all test parameters.

Determining NAD levels is of epidemiological and clinical relevancy, as a reduction below a certain
threshold can impact protection from infection and increase the personal risk to develop COVID-19. Khoury
et al. found that 20% of the mean NAb level detected in convalescent sera provided 50% protection from
symptomatic disease (Khoury et al., 2021). Based on these data, a minimal NAD titer could be specified,
below which booster shots might become advisable.

Since the gtart of the pandemic in December 2019, the SARS-CoV-2 genome has undergone several
mutations especially in the S protein. The origina Wuhan-Hu-1 isolate (Wu et a., 2020) rapidly gained the
D614G spike mutation (Korber et al., 2020) and evolved further to the B.1.617.2 VOC, which is the
predominant variant in USA and Europe as of November 2021 (data of cdc.gov and ecdc.eu). Inour VLPNT,
emerging VOCs such as the very recently identified B.1.1.529 Omicron VOC can be tested as to whether
they present as immune escape mutants and resist neutralization when using sera from vaccinees or
convalescent patients vaccinated resp. infected with previous SARS-CoV -2 dtrains. Thisis because S VLPs
that contain newly identified spike variants can be produced and validated rapidly and with ease using the
WHO reference standard. Along this line, we re-analyzed sera from 13 vaccinees using S VLPs with
B.1.617.2 spike and found cross-neutralization but also a significant reduction of neutralization titers
concordant with published findings (Liu et al., 2021a; Planas et a., 2021). In principle, our VLPNT should
also be capable of identifying antibody dependent enhancement effects (ADE), which are known for other
viruses and has also been reported in the context of SARS-CoV-2 infection (Liu et al., 2021b).

In summary, we present a rapid and safe virus-free yet authentic test to quantitate SARS-CoV-2
NADbs. The structurally and biochemically well characterized S* V LPs faithfully replicate the initial steps of
SARS-CoV-2 infection and allow their quantitative analysis. The VLPNT correlates very well when put to
the test with a set of COVID-19 patient sera analyzed in a benchmark cVNT with fully infectious, calibrated
SARS-CoV-2 gtock. The technology fulfills important automatization and upscaling criteriato be suitable for
high-throughput screening approaches in low containment laboratories for potential neutralizing mAbs or
anti-viral drugs. In principle, this assay is adaptable to other (emerging) enveloped viruses such as, e.g.,
Dengue virus, West Nile Virus, Respiratory Syncytial Virus, Epstein-Barr virus, and cytomegalovirus and
therefore could play an important role in disease preparedness. Additionally, the VLPNT is a platform
technology that could simplify the testing of samples in clinical studies during vaccine development and

allow for the immune status surveillance among, e.g., healthcare workers or people at risk.
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Material and Methods

Cél linesand cell culture

HEK293T (CID3915); HEK293, S (CID4618); U25IMG, hACE2" (CID4663); U251IMG, hACE2"
NM~LgBiT" (CID4697) and Vero, hACE2" (CID4608) cells were maintained in DMEM medium (Gibco,
Thermo Fisher Scientific), supplemented with 8% FBS (AC-SM-0143, Anprotec) and Pen/Strep (Gibco,
Thermo Fisher Scientific). Cells were cultivated at 37°C in a water-saturated atmosphere with 5% CO,. Cell
viability was monitored by trypan blue exclusion and cultures with more than 95% viable cells were used in
all experiments. Cell lines congtitutively expressing S, hACE2 or NM~LgBIT were generated by retroviral
transduction or transient transfection of parental cells with expression plasmids followed by selection with

the respective antibiotic and flow cytometric cell sorting.

SARS-CoV-2 VLPsand other engineered EVs

To generate S' VLPs containing appropriate levels of SARS-CoV -2 spike (D614G or B.1.617.2) and control-
EVs, HEK293T cells were transfected using Transi T-293 (MIR2700, Mirus) according to the manufacturers
protocol with carefully adjusted ratios of codon-optimized expression vectors coding for S, VSV-G, or mock
together with CD63~HiBIT or CD63~BlaM and, optionally, M, N and E. The expression plasmids are
termed p7413.1 (S:D614G) or p7487.1A1 (S:B.1.617.2), p5451 (VSV-G), p5025 (mock), p7447.SA11
(CD63~HiBiT), p7200.2 (CD63~BlaM), p7395.LA3 (M), p7396.NA9 (E), p7391.MA5 (N), respectively.
After 72 hours, S VLPs, VSV-G" EVs or control EVs were harvested from cell culture supernatants
(DMEM, 8% FBS, supplemented with Pen/Strep, Gibco, Thermo Fisher Scientific) after low-speed
centrifugation at 7°C for 10 min at 300xg and 20 min at 4200xg and generally used without further
processing. If necessary and as indicated, S" VLP and EV supernatants were concentrated by ultrafiltration
with 100 kDa cutoff or sedimented by ultra-centrifugation at 100,000xg, 4°C, 2 h followed by floatation in a
discontinuous iodixanol (Optiprep, Sigma-Aldrich) density gradient (bottom to top: 1.75 mL sample with
34% final Optiprep concentration; 1.65 mL 30% Optiprep in PBS; 0.6 mL PBS) and ultra-centrifugation at
160,000xg at 4°C for 4 h. Collected fractions were washed with PBS by ultra-centrifugation at 100,000xg,
4°C, 2 h, and resuspended. Particle preparations were flash frozen in liquid nitrogen for storage at -80°C and
subsequently characterized by WB, NTA, nano flow technology, ELISA and cryo-EM.

Western blot
Concentrated S* VLPs or EV's were lysed in non-reducing 5x Laemmli buffer and separated by SDS-PAGE.
Proteins were transferred to nitrocellulose membranes (GE Healthcare Life Science) by semi-dry blotting
(Bio-Rad) and membranes were blocked for 1 h in 5% (w/v) non-fat milk in ddH,O at room temperature
(RT). Membranes were incubated at 7°C overnight with primary anti-spike antibody (43A11, rat IgG,
Helmholtz Zentrum Mulnchen; 1A9, mouse IgG, GeneTex; PA5-81795, polyclonal rabbit antibody,
Invitrogen) at 1:2000 dilution in 5% (w/v) non-fat milk (Carl Roth) in ddH,O, washed 3 times in TBST
(Tris-buffered saline with 0.1% Tween-20) and incubated at RT for 1 h with horseradish peroxidase (HRP)-
conjugated secondary antibody (1112-035-062, goat anti-rat 1gG, Jackson Immuno Research Europe; 7076S,
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horse anti-mouse 1gG, Cell Signaling; 7074S, goat anti rabbit 1gG, 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 repeated (3x)
washing in TBST, blots were incubated with ECL reagent (GE Healthcare) and imaged using a Fusion FX
(Vilber).

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 plate (Thermo Fisher Scientific) were coated at RT for 5 h with 2 ug mL™ anti-spike
capture antibody (55E10, rat IgG, Helmholtz Zentrum MulInchen) or isotype in PBS. After washing with
PBST (PBS, 0.05% Tween-20), free binding sites were blocked at RT for 2 h in 5% (w/v) non-fat milk (Carl
Roth) in PBS. Samples of recombinant spike protein (S1+S2 extracellular domain, 40589-V08B1, Sino
Biological), S VLPs, or controls were diluted asindicated (Fig. 3A, B) in PBS and incubated at 7°C for 16 h
on the antibody coated plate. After washing, HRP conjugated anti-spike detection antibody (43A11, rat IgG,
Helmbholtz Zentrum Mul_ nchen) diluted 1:500 in 5% (w/v) non-fat milk in PBS) was added at RT for 2 h,
washed again and incubated at RT with 100 uL TMB substrate reagent (BD555214, Becton Dickinson). The
reaction was stopped by adding 50 pL 1 M H,SO, and absorbance was measured a 450 nm in a
CLARIOstar Plus (BMG Labtech). Data analysis was performed with GraphPad Prism 9.2.

NTA Analysis

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 the S* VLP, virus stock and EV preparations. Samples were diluted in filtered PBS to achieve
a vesicle concentration of approximately 1x10” mL™. Pre-acquisition parameters were set to a sensitivity of
75, a shutter speed of 50, aframe 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.

Analyssof S"VLP, SARS-CoV-2 and EV particleswith nano flow technology

Single particles were analyzed using our nano flow technology 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, Thermo Fisher Scientific) at 37°C for 20 min and quenched with PBS with 1% BSA.
Upon washing via a 100 kDa cutoff Amicon ultra filter, the samples were stained with AlexaFluor488
conjugated anti-S antibody (43A11, rat IgG, Helmholtz Zentrum Mullnchen), diluted and afterwards
analyzed in the flow cytometer.

Cryo-electron microscopy
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Aliquots of 4 uL 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 quickly plunged into liquid
ethane cooled by liquid nitrogen, using a Leica EM CPC 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 (FEI, USA) operated at 200 kV. Images were recorded with an Eagle
2k CCD camera (Thermo Fisher, USA).

EV fusion assay with BlaM readout

For EV fusion or EV neutralization assays with cytometric readouts, 2x10* Vero, hACE2" or U251MG,
hACE2" cells (CID4608, CID4663, Helmholtz Zentrum Miinchen) in 100 uL DMEM (8% FBS, Pen/Strep
supplemented) were seeded per well in a 96-well plate (353072, Falcon) and incubated o/n at 37°C, 5% CO..
Where indicated, the cells were pre-incubated at 37°C for 1 h with chloroquine or were left without further
treatment. The spent medium was replaced with up to 100 pL concentrated EVs (S', mock or VSV-G,
CD63~BlaM™) with or without prior pre-incubation with serum samples. After 4 h incubation at 37°C, 5%
CO;, the supernatant was removed, adherent cells were washed in PBS, trypsinized and moved to a V-
bottom shaped 96-well plate and sedimented by centrifugation. After washing the cells once in CO,
independent medium (8% FBS, Pen/Strep supplemented, Gibco, Thermo Fisher Scientific), 50 pL staining
solution were added and the cells were incubated at RT in the dark o/n. The staining solution was composed
of 2 uL CCF4-AM, 8 pL solution B (K1095, Thermo Fisher Scientific) and 10 pL 250 mM Probenecid
(P8761, Sigma) per 1 mL supplemented CO, independent medium. After enzymatic turnover of the CCF4,
cells were washed once with PBS (+3% FBS) and analyzed by flow cytometry using an LSR Fortessa
instrument (BD) with a high throughput auto sampler. The 409-nm wavelength laser (violet) was used for
excitation of the FRET substrate, resulting in emission of intact, non-cleaved CCF4 subgrate at 520 nm
(green), whereas emission of cleaved CCF4 substrate was detected at 447 nm (blue).

VLPNT with nanoL uciferase readout

For viruslike-particle neuralization tests (VLPNTs), 2x10° U251IMG (hACE2", NM~LgBiT") cells
(CID4697, Helmholtz Zentrum Minchen) in 100 uL 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% CO,
overnight. The following day, serial dilutions of serum samples by a factor of 2 starting at 1:2 to 1:360 were
prepared in PBS in a 96-well plate. 12 L of the serial serum dilutions each were added to 48 uL S" VLP (S,
M, N, E, CD63~HiBiT) to obtain a series of final dilutions ranging from 1:10 to 1:1800. S" VLPs and serum
dilutions were incubated at 37°C for 30 min in a 96-well plate. Thereafter, the mix was transferred to
recipient cells after removal of their culture medium and the cells were incubated at 37°C, 5% CO, for 4 h.
Prior to readout, the supernatant was removed and replaced with 25 pL substrate mix (20 uL OptiMEM,
Gibco, Thermo Fisher Scientific +5 pL 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, only, was set to 0% neutralization; while background luminescence obtained
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with AVFP EV's was set to 100% neutralization. The half maximal neutralization titer was determined by
extrapolating sigmoidal curve values that correspond to 50% signal reduction after background correction.
This value was termed VLPNs,. The WHO international standard (NIBSC 20/136) was used in between runs

and as within-run reference.

Anti-spike antibody generation

To obtain spike antigen in its authentic conformation for the immunization of rats, a congtitutive spike
expressing HEK293 cell line (CID4618, Helmholtz Zentrum MuInchen) expressing SARS-CoV-2 spike™
(D614G) was egtablished. To boost expression levels further, the cells were transiently transfected with an S
expression plasmid (p7413, Helmholtz Zentrum Mulinchen) prior to the isolation of S* EVs from
conditioned media three days after transfection. EVs were purified and concentrated by ultrafiltration,
density gradient ultra-centrifugation and subsequently characterized as described above. For the generation
of anti-spike antibodies, S* EV's were used to immunize rats in a prime-boost-boost scheme, 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 congtitutive spike expressing HEK293 cell line
(CID4618, Helmholtz Zentrum MuInchen) via flow cytometry. The resulting anti-spike antibodies
(COVEV: 43A11 and 55E10) were then characterized thoroughly to validate their high affinity and

specificity for spike™.

Antibody production

Antibodies 43A11 and 55E10 were purified from hybridoma supernatants (Helmholtz Zentrum Mu_Inchen
Core Facility Monoclonal Antibodies). Antibodies REGN10987 and REGN 10933 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,
respectively in citric acid buffer. Fractions were pooled, neutralized with 1 M Tris (pH 8.0) and separated on
Superdex200 prep grade (17104301, Cytiva) in PBS for monomers or buffer exchanged to PBS via ultra-
filtration, respectively. Directly coupled AlexaFluor488 labelled antibodies were generated using
commercial kits (A10235, Thermo Fisher Scientific).

SARS-CoV-2 pseudotyped virus neutralization test (pVNT)

S-pseudotyped retrovirus stocks were generated by co-transfecting expression plasmids coding for S, gag
and pol (from murine leukemia virus) and a myeloproliferative sarcoma virus (MPSV) based retroviral
vector encoding eGFP (p7413, p4037, p6895, Helmholtz Zentrum Mul_ nchen) into HEK293T cells. After 48
h, the supernatant was harvested and centrifuged at 7°C for 10 min at 300xg, 20 min at 4200xg and flash
frozen for storage (-80°C). For pVNTs, 5x10° Vero (hACE2") cells (CID4608, Helmholtz Zentrum
Munchen) in 100 uL DMEM (8% FBS, Pen/Strep supplemented) were seeded per well in a 96-well plate
(353072, Falcon) and incubated at 37°C, 5% CO, overnight. The cells were then pre-incubated for 1 h at
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37°C in 50 pL, 8 pg mL™ protamine sulfate in DMEM with or without chloroquine and retroviral stocks
were pre-incubated for 30 min at 37°C with 5x serum dilutions in PBS. 50 uL of this mix where then added
to the pre-incubated cells and centrifuged for 90 min at 800xg, at 37°C. After 48 h at 37°C, GFP expression

was quantified by flow cytometry using an LSR Fortessa instrument (BD).

SARS-CoV-2 neutralization test (VNT 10)

Human sera were heat-inactivated at 56°C for 30 min and diluted in a series of two-fold dilution steps (1:4 to
1:512). 100 plague-forming units (PFU) of SARS-CoV-2 stock (German isolate BavPat1/2020; European
Virus Archive Global # 026 V-03883, GenBank: MZ558051.1) contained in 50uL was added to an equal
volume of diluted serum. The mixture was incubated at 37°C and approximately 20,000 Vero C1008 cells
(ATCC, Cat#CRL-1586) were added after 1 hour. After a four-day incubation period, the cytopathic effect
(CPE) was evaluated by light microscopy. Virus neutralization was defined as the complete absence of CPE
in a given serum dilution (VNTo). The reciprocal geometric mean titer (GMT) was calculated from the
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 GMT of 377 for 100% absence of CPE in this test. Neutralization
assays were performed in the BSL-4 laboratory of the Ingtitute of Virology at Philipps University Marburg,
Germany (Romero-Olmedo et al., 2021).

Patients and specimens

We included 23 serum specimens collected between April 6, 2020, and June 25, 2020, from 18 patients
infected with SARS-CoV-2 at the LMU Klinikum, Munich, Germany. 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 Fakultét der Ludwig-Maximilians-Universitdt M inchen, Pettenkoferstr.
8a, 80336 Miinchen, Germany). Clinical data were obtained from health records and all patient data were
anonymized for analysis. All patients were tested positive for SARS-CoV-2 by rRT-PCR in nasopharyngeal
or oropharyngeal swabs. The median age of the 18 COVID-19 patients was 60 years (interquartile range 52
to 75 years), and 11.1% (2/18) of these individuals were female. We categorized the disease severity of the
COVID-19 patients according to the WHO guideline "Clinical Management of COVID-19" (World Health
Organization, 2020): 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 >30 min™, severe
respiratory distress, SpO, <90% on room air), critical (one of the following: acute respiratory distress
syndrome, sepsis, septic shock). Three patients were categorized as asymptomatic, 2 patients as mild, 6

patients as moderate, 5 patients as severe, and 2 patients as critical.
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Virusstock preparation

CaCo-2 cells (American Type Culture Collection, ATCC, Virginia, USA) in cell culture medium (Dulbecco's
Modified Eagle's Medium containing 2% FBS) were challenged for 2 h with aclinical 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). After three additional days, the cell culture supernatant was
harvested and stored at -80°C. The virus stock was characterized by rRT-PCR. Heat-inactivation of the virus
stock was performed by incubating the sample for 30 min at 56°C.
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Figures and figure legends

Figure 1. Cryo-electron microscopy images of SARS-CoV-2 VLPs(S" VLPs)

The images show different SARS-CoV-2 virus-like-particles (S* VLPs) of approximately 60 to 150 nm in
diameter recorded by cryo-electron microscopy (cryo-EM). The particles bear the characteristic corona of
radial, dense spike-like proteins protruding from the envelopes' intact lipid bilayers, which are characteristic
for trimers of the viral glycoprotein of coronaviruses, spike (S), as observed for SARS-CoV-2 virions. The
particle in the right panel shows elongated structures (white arrows), which might correspond to spike
protein protrusions lying down on the vesicle surface, likely caused by surface tension effects prior to rapid
freezing of the sample. White scale bar in all three panels correspondsto 100 nmin length.
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Figure 2. Spike western blot analyses of protein lysatesfrom S* VLPsand SARS-CoV-2 virus stock

Western blot anayses of S* VLPs and extracellular vesicles (EVs) produced in or spontaneously released
from HEK?293T cells, and SARS-CoV-2 virus stock produced from infected Vero E6 cells are shown.
Antibodies are directed againgt the S1 or S2 domains or recognize the intact, full-length (FL) spike molecule
S™. The analyses confirm the presence of spike protein in various statesin S VLPs and SARS-CoV-2 virion
preparations but not in EV's which served as negative control.

(A, B) Commercially available S2 and S1 specific monoclonal respective polyclonal antibodies detect both
spike domains in cell-free preparations of S VLPs as well as S™ protein (top panels). The S2 domain
specific antibody also detects trimeric S™ (S™3) and spike complexes of higher order under non-reducing
(non-red.) conditions. In SARS-CoV-2 virus stock (bottom panels) the antibodies detect S™ protein and the
S1 domain in panels A and B but not the S2 domain.

(C) 43A11, an in-house developed, high affinity monoclonal antibody (Supplementary Fig. S1) recognizes
full-length spike (S™) exclusively, confirming the presence of mono- and trimeric S™ protein complexes in
S" VLPs (top panel) and SARS-CoV-2 virus stock (bottom panel).

(D) Serum from a convalescent COVID-19 patient contains antibodies directed against the S2 domain, S™
and S™ multimers in protein lysates from HEK293T cells transiently transfected with expression plasmids
encoding the four structural components (S, M, N, E) of SARS-CoV-2.
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Figure 3. Spike-specific, quantitative sandwich ELISA and nanoparticle tracking analysis (NTA) of S
VLP preparationsand heat-inactivated SARS-CoV-2 virus stock

Two in-house generated monoclonal antibodies (43A11 and 55E10), which exclusively recognize two
orthogonal, non-overlapping epitopes in S protein, were used to establish a sandwich ELISA (enzyme-
linked immunosorbent assay) for the quantitation of spike protein in biological samples.

(A) Cadlibration of the spike-specific sandwich ELISA with a commercially available recombinant (rec.) S
protein standard, which encompasses the extracellular domain (ECD) of S. The calibration curve of three
independent replicates allows for calculating the amount of S protein in samples within the linear range of
optical density (OD) values (0.7 < OD < 1.7, r* > 0.99). The detection limit of this assay was estimated to
correspond to 3 ng mL™ recombinant S protein.

(B, C) Concentrated (conc.) and non-concentrated S* VLPs from supernatants of transiently transfected
HEK293T cells were analyzed for their amount of S™ protein. Based on the linear regression function in
panel A, the concentration (c) of S was calculated (ng mL™) of 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-gPCR. Controls are solvent (PBS) and extracellular vesicles without a viral fusion
protein (AvFP EVS) harvested from cell culture medium of HEK293T cells transiently transfected with
expression plasmids coding for M, N, E and CD63~HiBiT but omitting S.
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(D) Nanoparticle tracking analyses (NTA) of three independent preparations of unconcentrated and
concentrated S* VLPs (S, M, N, E, CD63~HiBiT) and S" EVs (S, CD63~HiBiT omitting M, N and E) 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 VVero E6 cells are provided.
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Figure 4. Nano flow technology of S* VLPsand heat-inactivated SARS-CoV-2 virus stock

(A) HEK293T cells transfected with S, M, N, E, CD63~HiBiT or with M, N, E, CD63~HiBiT but without S
yield S" VLPs or control AvFP EV's, respectively. After two rounds of low-speed centrifugation cell culture

supernatants containing either S* VLPs or control AvFP EV's were stained with the membrane permeable dye
CellTraceViolet (CTV), which exhibits fluorescence only upon its uptake followed by esterase activation
within the lumen of intact membranous vesicles. A heat-inactivated SARS-CoV-2 virus stock was also
stained with CTV for comparison. Subsequently, samples were counter-stained for the presence of surface
spike protein using the monoclonal anti-S antibody 43A11. The samples were diluted and analyzed using a
CytoFLEX LX flow cytometer (Beckman Coulter Life Sci.).

(B) Panels in the top row show all recorded events analyzed for their sideward scatter (SCC-H) using a violet
excitation laser (y-axis) and CTV staining (x-axis). CTV" events were gated as shown to identify sub-
cellular, intact particles (S VLPs, AVFP EVs, SARS-CoV -2 virus) to distinguish them from instrument noise
seen in the PBS control. CTV" events were analyzed for their staining with the anti-S antibody 43A11
coupled to AlexaFluor488 (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% in control AvFP EVs.
The low fraction of CTV-positive eventsin SARS-CoV-2 virus stock (0.11%) compared with preparations of
S" VLPs (0.61%) and AVFP EV's (0.37%) might be the consequence of a reduced esterase activity in virions

(and extracellular vesicles) after heat inactivation at 56°C for 15 min to inactivate viral infectivity.


https://doi.org/10.1101/2021.12.29.21268487
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2021.12.29.21268487; this version posted December 31, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

A HEK 293T B

B0, g ”SS/R
A 27

Transfection N . cD63
CD63~HiBIT M ~HIBIT
SARS-CoV-2 VLP SARS-CoV-2
(S*VLP)
\1. Entry
ACE2ZNfiTmPRsS2 .
T NM~LgBIiT
2. Endocytosis \ / N
( 3. Fusion
CTSLK\\\G
N\ \\\ yd
Recipient cell T~ ~
D m Fusion R
R R i
b=l
T
N
1=+ =% Neutralization .g
/ +> e Q T T T >
’., oy —,\\ Z 1:1000 1:100 1:10
A4 Serum dilution
S*VLPs + NAbs U251MG,
ACE2*, NM~LgBIiT*
30 min 4 h 2min
pre-incubation incubation Substrate loading and Readout

Figure5. VLP neutralization test (VLPNT)

(A) Engineered VLPs were generated in vitro by transient co-transfection of HEK293T cells with an
optimized ratio of expression plasmids encoding the four SARS-CoV-2 dructural proteins S, M, N, E and a
chimeric membrane anchored activator peptide (CD63~HiBiT). The resulting particles were termed S* VLPs
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 complexed with N.

(C) Basic steps of VLP entry and reconstitution of nano Luciferase (nLuc). Similar to infection with SARS-
CoV-2, spike, the trimeric viral fusion protein in the envelope of S" VLPs (Fig. 1) mediates attachment to the
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host cell receptor ACE2, triggering endocytosis and proteolytic processing by TMPRSS2 or CTSL. The
ensuing fusion of the S” VLP envelope with cellular membranes exposes 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 nano Luciferase (nLuc*) reporter addition of
substrate will induce bioluminescence, which can be quantified in a standard luminometer in 96- or 364-well
cluster plates.

(D) To test body fluids for the content of neutralizing SARS-CoV-2 antibodies (NAbs), S* VLPs are pre-
incubated with seria dilutions (on the basis of 2) of the samples for 30 min. Suitable medical samples are
sera of COVID-19 patients, vaccinated or naive individuals or other body fluids such as saliva or nasal
excretions. SARS-CoV-2 NAbs will interfere with all steps of S* VLP attachment to ACE2, receptor-
mediated intake, endosomal fusion of the VLP envelope with the endosome and escape to the cytoplasm.
Target cells are U251IMG cells engineered to express both ACE2 and NM~LgBIT (LgBiT). Upon encounter
with S VLP-borne CD63~HiBiT, NM~LgBIT is reconstituted into a fully functional nLuc reporter enzyme,
which can be quantitated. Neutralizing SARS-CoV-2 antibodies reduce or even block the delivery of the
CD63~HiBIT activator entirely, which can be quantified in a standard clinical laboratory with aid of a
luminometer and within 4.5 hours. A freely accessible scientific animation narrates the principle of the
VLPNT (https://youtu.be/6wckXobT_bM).
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Figure 6. Specificity and tropism of S" VLPs

U251MG cells were transfected to express NM~LgBIiT congtitutively. In addition, we established a
derivative of these NM~LgBIT cells with the human ACE2 receptor to obtain both ACE2-negative (ACE2)
and positive (ACE2") target cells. The two cell lines were incubated with S VLPs carrying CD63~HiBiT,
with EV's without a viral fusion protein (AvFP EVs) obtained from supernatants of HEK293T cells after
transient transfection of expression plasmids encoding M, N, E and CD63~HiBIiT (but not S) or with EVs
from HEK293T cells after transient transfection of expression plasmids encoding CD63~HiBiT and protein
G of the vesicular stomatitis virus (VSV-G™ EVS). The specificity of spike-mediated, ACE2-dependent
fusion of all three particle classes was validated measuring luciferase activities upon recongtitution of the
split nano-luciferase in the indicated cell types. The results document the high specificity of S* VLPs to fuse
exclusively with ACE2" cells, while AvFP EV's yielded background signals, only. Both cell lines were
equally positive when incubated with control VSV-G* EVs indicating their ACE2 receptor independent
uptake and fusion, reflecting the broad tropism of VSV. Data are based on at least four independent
experiments. p-values of three independent t-tests are indicated (ns; not significant).
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Figure 7. Correlation of VLPNT and cVNT data and VOC cross-neutralization usng sera from
COVID-19 patients and vaccinees

(A) VLPNT neutralization data with dilutions of sera obtained from three individuals (a naive healthy donor,
the COVID-19 patient A12 and a BNT162b2 vaccinee) and the WHO reference serum (NIBSC 20/136) as
international standard are shown. The graphs are examples and include mean neutralization results from
three independent biological replicates. Serum dilution which resulted in half maximal signal reduction,
equivalent to 50% neutralization, was termed VLPNg, titer. A recombinant human mAb, REGN10987 with
known neutralizing activity showed potent neutralization in the assay at low molar concentration (c), while
an 1gG isotype control mAb did not show any neutralizing activity.

(B) Validation of the VLPNT by correlating V LPNs titers versus VN T titers obtained in acVNT, the gold
standard using infectious SARS-CoV-2 virus. Pearson correlation data (sample size n, coefficient r and p-

value) of 23 sera from confirmed COVID-19 patients are shown and the linear relationship is indicated. The
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sample denoted A3 is a single serum sample referred to in the Result section. Results 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 VNT o0 Values were defined
as 1:4 and indicated by sguare brackets.

(C) VLPNT with a SARS-CoV-2 variant of concern (VOC) compared with Wuhan-2019 D614G. S VLPs
were harvested from supernatants of HEK293T cells transiently transfected with expression plasmids
encoding either Wuhan-2019 D614G or Delta mutant B.1.617.2 S protein together with M, N, E, and
CD63~HiBiT. NAbs in sera of 13 COVID-19 vaccinees were cross-neutralizing, but less potent in
neutralizing the 6-mutant B.1.617.2 compared with the Wuhan-2019 D614G mutant. Data were statistically
analyzed using the paired t-test.
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Supplementary Figure S1. Binding and dissociation constant estimation of four spike-specific mAbs
Binding affinities of four recombinant anti-spike mAbs were analyzed by flow cytometry using a HEK293
cell line that expresses spike protein congtitutively. Mean fluorescence intensity (MFI) values were
determined for various concentrations (c) of the antibodies with the aid of alabeled secondary antibody. MFI
data of biological triplicates were analyzed according to a one-site specific binding model to estimate the
dissociation constant Kp of the mAb to its antigen.

(A) Binding curves of two in house generated rat 1gG anti-S mAbs 43A11 and 55E10 are shown.

(B) Binding curves of two spike-specific neutralizing human 1gG mAbs, REGN10987 and REGN10933, are

shown for comparison.
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Supplementary Figure S2. VLPNT with the BlaM reporter system
A version of the spike-specific VLPNT is shown which uses extracellular vesicles (EVs) and p-lactamase
(BlaM) as protein reporter. It consists of afusion of BlaM to the carboxy-terminus of human CD63, which is

efficiently incorporated into the membrane of EVs. HEK293T cells transiently co-transfected with
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CD63~BlaM and spike encoding plasmids release extracellular vesicles termed S EV's. Upon incubation of
ACE2" recipient cells, CD63~BlaM is transferred to the cells cytoplasm and BlaM cleaves the substrate
CCF4 altering the emission spectrum of the cells, which is analyzed by flow cytometry. BlaM-positive cells
within the gate show blueish fluorescence (x-axis) compared with greenish cells, which contain uncleaved
CCF4 (y-axis).

(A) Flow cytometry plots show the gating strategy of intact Vero cells (Ieft panel) as recipient cells,
engineered to express human ACE2 and loaded with the BlaM substrate CCF4. The top row middle and right
panels show untreated Vero hACE2" cells and cells incubated with concentrated (conc.) AVFP EVs,
respectively. The AvFP EVs contain CD63~BlaM, only, but lack the viral fusion protein (vFP). The two
bottom panels show examples of recipient Vero hACE2" cells after the successful delivery of R-lactamase
using two different types of particles. The lower left and right panels show Vero ACE2" cells incubated with
S" EVs and VSV-G' EVs, respectively. The fraction of cells which have taken up VSV-G' EVsiis larger
compared to the fraction of cells which were incubated with S* EV's.

(B) Data from four biological replicates (examples are shown in panel A) are summarized and graphically
displayed. Results from t-tests are indicated; ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.

(C, D) Experiments were conducted as in panels A and B with U251MG recipient cells stably expressing
human ACE2. They were found to be better targets for S* EVsthan ACE2" Vero cells as 97% of the ACE2*
U25IMG cells incubated with S EV contained cleaved CCF4 compared to 21.4% of ACE2" Vero cellsin
panels A and B.

(E) Neutralization experiments with three sera and a PBS control using ACE2" U251MG cells as recipients
and S" EVs containing the CD63~BlaM protein reporter. In the left panel, concentration dependent
neutralization of S* EVs using sera from an individual vaccinated with BNT162b2 and a COVID-19
convalescent are compared with a naive, healthy donor (and PBS as negative control). Fusion of S" EVs with
ACE2" U251MG cells was efficiently blocked by low concentrations (c) of chloroquine indicative of the
endosomal uptake of S* EV's (right panel).
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Supplementary Figure S3. Diagnostic VLPNT performance and serum titer classification according to
the donors medical history.

(A) VLPNs titers of sera from 23 COVID-19 patients, 13 COVID-19 vaccinees, 12 heathy naive donors
and six independent replicates of the WHO convalescent COVID-19 reference serum (NIBSC 20/136) are
grouped and shown with median values (red bars). The dashed horizontal line indicates V LPNsq titers below
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which the test does not score spike-specific neutralizing antibodies according to our criteria. The left and
right panels show the grouped V LPNs titers prior to and after their normalization to international units (1U)
with the WHO standard, respectively. Values in square brackets indicate sera with VLPNs, values below the
limit of detection (LOD). The sample denoted A3 is a single serum sample referred to in the Result section.
(B) The left panel compares the results of 23 COVID-19 samples tested in the VLPNT and the cVNT.
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 17 COVID-19 serum samples with neutralizing capacity in 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 LOD.

(C) VLPNsp serum titers of 23 COVID-19 patients are sorted according to their clinical disease course. Red
bars indicate median values of grouped data.

(D) VLPNsp serum titers of 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 VLPNsy below the LOD.
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Supplementary Figure S4. pVNT with spike-pseudotyped retroviral vector s encoding GFP
Spike-pseudotyped retrovirus stock based on a murine leukemia virus vector encoding GFP was used in
pseudotyped virus neutralization tests (pVNT) for the quantification of NAbs. Readouts rely on de novo
expression of the retrovirally transduced GFP genein ACE2" recipient cells analyzed by flow cytometry.

(A) A spike-pseudotyped retroviral vector preparation was incubated with Vero cells engineered to express
human ACE2. The cells of 12 biological replicates were analyzed for GFP expression 48 h post infection by
flow-cytometry yielding about 80% GFP" cells (top dot plot). Preincubation of the retroviral vector inoculum
with a final concentration of a 1:10 diluted serum from a BNT162b2 vaccinated individual for 30 min
efficiently blocked GFP expression (bottom plot).

(B) Merged fluorescence and brightfield microscopic images of Vero ACE2" cells visualize recipient cells
infected with spike-pseudotyped retroviral vectors incubated with PBS as a negative control (top) and after
adding neutralizing serum (bottom) as examples of the experiment described in panel A. White scale bar
corresponds to 100 pm in length.

(C) Three sera from a vaccinee after BNT162b2 prime-boost immunization, a COVID-19 convalescent and a
healthy naive donor were titrated with fixed doses of spike-pseudotyped retroviral vector inoculum (left
panel). Infection of ACE2" Vero cells with pseudotyped vector particles was efficiently blocked by pre-
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incubating recipient cells with low concentrations (c) of chloroquine preventing endocytosis (right panel).
Half maximal inhibitory concentrations | Cs; are calculated, or indicated as not applicable (n.a.).
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