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Abstract

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a single-stranded
RNA virus that emerged in December 2019 from Wuhan city (China). Since then, the epidemic
caused by its spread has impacted the whole world and an impressive number of variants
emerged of which seven have been considered as Variant of concern (VOC) by the World
Health Organization. The illness caused by SARS-CoV-2 is the coronavirus disease 2019
(COVID-19) and has officially caused the death of almost 7 million people.

In a race against time, vaccine development has accelerated with the first large-scale production
for human of RNA vaccines. However, other antiviral compounds have also been studied as
concerns raised about vaccine protection against VOCs given the impressive number of
mutations they carry. A better understanding of how SARS-CoV-2 enters the host cell to
establish its infection and proliferation is key to developing our knowledge of this family of
viruses that has already triggered epidemics twice since the beginning of the 21" century.

In order to spread, viruses need to enter a host cell and hijack their cellular machinery to
replicate themselves. The SARS-CoV-2 virus enters host cells through interactions between its
spike glycoprotein (S), divided into two sub-units (S1-S2), and host cell surface molecules. The
main host cell surface molecule interacting with S is the angiotensin-converting enzyme 2
(ACEZ2) receptor although other functional receptors have been described for SARS-CoV-2,
Therefore, several parties are involved in mediating the entry of SARS-CoV-2 into the host cell
which means that many targets exist for the development of antiviral compounds.

In this context, recent work has identified two lactam molecules, Lactavir and pyroglutamate,
as compounds with antiviral effects on SARS-CoV-2 infection. Moreover, these molecules are
similar to the pyroglutamyl function present on many extracellular proteins following the
cyclisation of an N-terminal glutamine, including the S protein and the ACE2 receptor.

The work carried out during this thesis focused on identifying the mechanism of action of
Lactavir and its effect both on in vitro interactions between S1 and ACE2, and on the in cellular
infectivity of Spike pseudotyped Vesicular Stomatitis Viruses (S*VSVs) in a human cell line
(A549). Also, we aimed at gaining some insights into the importance of the N-terminal
pyroglutamate (pGlu) function present on the S protein for the S1-ACE2 interaction.

Concerning the in vitro experiments, we verified the sequence of two commercial proteins by
mass spectrometry and confirmed the sequence of S1(Val) but established that the sequence
given for the S1(pGlu) protein was truncated. By using BioLayer Interferometry (BLI), we
found that the addition of Lactavir has no impact on the interaction between S1 and ACE2
regardless the S1 used. Also, we measured that the presence or absence of the N-ter pGlu
residue on S1 has no impact on the affinity constant of the S1-ACE2 interaction. We highlight
also that Lactavir does not act as an inhibitor on ACE2 enzymatic activity.

For the in cellular experiments, we improved the VSV production and we determined that there
are no significant effects of Lactavir on the infectivity of VSVs pseudotyped with the S from
the Wuhan strain. Preliminary results with a VOC (Delta) were obtained but no conclusions
can be drawn for these.

Overall, this thesis has improved our knowledge concerning the impact of Lactavir on the
Spike-ACE?2 interaction. These results can be used for further research to identify and
characterize antiviral compounds.
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1. Introduction

The introduction aims at providing the important concepts related to this work. The first part of
the introduction describes the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
characteristics including taxonomy, genome characteristics, physiopathology of the
coronavirus disease 2019 (COVID-19) and variants classification. The second part summarizes
the SARS-CoV-2 entry process with its life cycle, replication steps and necessary protagonists.
Then the emphasis is placed on the identification of a new antiviral drug as well as the
pyroglutamylation process. Finally, the basic principles of the in vitro and in cellular techniques
used during this master thesis are explained.

1.1 SARS-CoV-2 characteristics
1.1.1 Taxonomy

Coronaviruses (CoVs) are enveloped, positive- and single-stranded RNA (ssRNA) viruses that
form a family of important pathogens for humans, mammals such as livestock or domestic
animals and avian species. 3 The Coronaviridae family is within the order of Nidovirales and
the suborder of Cornidovirineae. The associated subfamilies are Letovirinae, Pitovirinae and
Orthocoronavirinae that can be further divided in four genera: alphacoronavirus,
betacoronavirus, gammacoronavirus and deltacoronavirus (See Figure 1). * The two first
genera are known to exclusively infect mammalian species and their intermediate hosts, which
carries the virus without being too affected, are rodents and bats while the two latter have a
larger host spectrum and their intermediate hosts are birds. -3
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Figure 1 : Representation of a taxonomic tree for the SARS-CoV, SARS-CoV-2 and MERS-CoV species of
viruses. Created with BioRender based on International Committee on Taxonomy of Viruses (ICTV)*



To date, seven human coronaviruses (HCoVs) have been characterized with four of them
causing mild-to-moderate respiratory infections (HCoV-NL63, HCoV-229E, HCoV-HKU1
and HCoV-OC43). Since 2002, three highly pathogenic coronaviruses causing severe
respiratory pathologies with a significant mortality rate have emerged. In 2002, severe acute
respiratory syndrome coronavirus (SARS-CoV) has appeared in China and spread to 29
countries while in 2012, the middle east respiratory syndrome coronavirus (MERS-CoV)
popped up in Saudi Arabia and spread to 27 countries. More recently, in December 2019, the
SARS-CoV-2 was discovered in the city of Wuhan in China and developed in a pandemic all
over the world in less than four months. The sequence identity shared between SARS-CoV-2
and SARS-CoV is 75-80% which accelerated the research and development of a rapid medical
answer.

Those three viruses are part of the betacoronavirus genus and are similar concerning the general
genome organization and life cycle but their receptors and internalization manner may differ
from one to another. 23°6 The initial reservoir of SARS-CoV-2 is not unambiguously identified
but it is known that bats and pangolin are reservoirs for alpha- and beta-coronaviruses. Similar
coronaviruses sharing up to 96.2% of genome sequence with the SARS-CoV-2 genome have
been detected in bats population near the initial epicentre of the pandemic (RaTG13).23>7
However, it is unknown if there was an animal intermediate host allowing the evolution of the
virus before infecting humans and, moreover which animal was the intermediate host. Wildlife
animals and domesticated or laboratory animals are two possible trails of intermediate hosts
after reports attested SARS-CoV-2 infection in pangolin, dogs, cats and ferrets, 289

1.1.2 Genome characteristics

SARS-CoV-2 nucleocapsid (N) contains a ~30kb positive sSRNA genome capped in 5’,
polyadenylated in 3* and every open reading frame (ORFs) is flanked by 5’ and 3’ untranslated
regions. Two-third of the ORFs encodes for non-structural proteins (nsp1-16) involved in virus
replication and assembly while the last third encodes for four structural proteins (nucleocapsid,
membrane (M), envelope (E), spike proteins (S)) and other accessory proteins (See Figure 2).
The ORFs encoding for the accessory proteins are interspersed between the ORFs encoding the
structural proteins. The accessory genes show high variability among coronaviruses and are
non-essential for the viral replication but are supposed to have an important role in the host
cells. For instance, SARS-CoV-2 genome contains accessory genes involved in the disruption
of the cellular machinery with consequences such as apoptosis of the infected cell or inhibition
of interferons (IFs) and host antiviral response. 2°

(+)ssRNA

Figure 2 : Representation of the SARS-CoV-2 virion. A) 3D graphical representation B) Cross-section
representation with associated elements (see Genome characteristics). Created with BioRender.



1.1.3 Physiopathology

The infection by SARS-CoV-2 leads to respiratory pathologies and lung injuries call
coronavirus disease 2019 (COVID-19). The typical symptoms are fatigue, dry cough and fever
that may lead, in severe case, to pneumonia, dyspnea, acute respiratory distress syndrome
(ARDS) and/or multi-organ failure resulting in the necessity use of intensive care units (ICU).
The incubation period last for 1 to 14 days (most commonly being around 5 days) and a severe
disease develops around eight days after illness onset and the death arise around 16 days after
onset.28° The bronchial epithelial cells, pneumocytes and upper respiratory tract cells are the
main target of the SARS-CoV-2 virus due to the high expression of proteins related to the
infection mechanism (See section 1.2.2 and 1.2.3).’

Asymptomatic and symptomatic patients are the main source of infection through aerosol
spread even though the virus is sensible to the environment where alteration of the envelope
occurs leading to a decrease in the effectiveness of cell entry. 20 All age groups in the
population are susceptible to SARS-CoV-2 infection, but the clinical need differs by age. The
median age of infection is around 50 years and before that, the infected person is more likely
to be asymptomatic (<10 years) or to develop a mild disease (from 10 to <50 years). Over 60
years old, the infected person is more likely to develop a severe disease and after 68 years to
develop a critical disease leading to death.28°

To date, there are some drug treatment for COVID-19 such as remdesivir, molnupiravir or
paxlovid to manage the symptoms and reducing the risk of being seriously ill. However,
vaccination is considered as the main tool to control this disease in the long-term. -3

1.1.4 Classification and variants

The original strain of SARS-CoV-2 from Wuhan has undergone several genetic variations
during its spread all over the globe and the World Health Organization (WHO) labelled the
most threatening variants along with the Greek alphabet instead of the scientific names
produced by GISAID, Nextstrain and Pango. This labelling has a purpose of using non-
stigmatising and easy-to-pronounce terms. 14

Variants of interest (VOI), variants or concern (VOC) and variants under monitoring (VUM)
are highly supervised internationally and this classification is adjusted periodically to represent
the evolution of the pandemic. A VVOI is designated if it has been demonstrated that he no longer
poses a major risk to global public health compared to other SARS-CoV-2 variants. A VOC is
a variant that shows an increase in transmissibility or in virulence or alternatively a decrease in
the effectiveness of the public health system or the social measures (vaccines, therapeutics and
diagnostics). In addition, a VUM s a variant with suspected threatening genetic changes that
can affect virus characteristics and that may pose a risk in the future.>*2

To this date, seven variants of SARS-CoV-2 virus received a lot of attention and were at one
time on the list of VOCs. Following the Greek alphabet, they are identified as Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Lambda (C.37), Mu (B.1.621) and Omicron
(B.1.1.529). The latter and some of its descendent lineages are the last variants classified as a
VOC. Omicron variant is the current dominant variant circulating globally and it has led to
significant subvariants emerging from intra-Omicron evolution. An increasing diversity of this
VOC can be hazardous to the global threat and it explains why the WHO developed a specific
category regrouping every Omicron subvariants under monitoring.*2



In the context of this work, | worked with the S from the initial Wuhan strain and from the
Delta and Omicron variants:

The Delta variant (B.1.617.2) possess impressive features with 23 new mutations
compared to the alpha strain. It emerged in India in December 2020 and spread out faster than
previous variants at that time (See Figure 3 for Belgium example). This variant is more
pathogenic because its S protein binds with higher affinity to ACE2 receptor, thanks to the
L452R mutation *°, and escape the immune system due to E484Q and T478K mutations.1®18
Moreover, patients infected with the Delta variant required more frequently hospitalization in
intensive care unit (ICU) due to more severe symptoms.
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Figure 3 : Weekly representation of the frequency of VOC in Belgium for 2021 by using a baseline surveillance network using whole
genome sequencing (WGS) approach. VOCs take over from each other as they develop. The Omicron variant started to spread in
Belgium from 24/11/2021. Figure from Laenen et al. (2022)*°

The Omicron variant (B.1.1.529) emerged in South Africa in November 2021 and has
an unusual high number of 32 mutations in its S protein, 15 of them being located in the receptor
binding domain (RBD). This variant enhance its transmissibility through three approaches:
enhance ACE2 binding (Q498R, N501Y), enhance cleavage at the S1/S2 junction (See Section
1.2.2) (H655Y, N679K, P681H) and increasing viral load (R203K and G203R).5?° Currently,
this variant and its numerous sub-lineages are dominant over all other variants and followed by
the WHO with care. Omicron was reported to be more frequent in the younger age range while
having a lower risk of hospitalization and death than with the previous variants.

The global response in creating vaccines has helped to slow the number of infections and the
spread of COVID-19, but the question of vaccine efficacy in relation to different variants arose
as soon as variants with many mutations appeared. The promise of being able to modify the
RNA sequences of mMRNA-based-vaccines according to virus mutations has also been a major
argument for the development of this industry and the scale-up of it allowed the distribution of
millions of doses in a record time compared to the classical vaccine techniques such as viral-
vectored vaccines, inactivated virus-bases vaccines and recombinant proteins.'! Fortunately, all
COVID-19 vaccines have a high efficacy against the Wuhan strain (89.1%) and the VOCs
(Delta: 74-80.1%, Omicron: 88%) after two doses of SARS-CoV-2 vaccination.>?12?



1.2 SARS-CoV-2 entry process

This section covers the life cycle of the SARS-CoV-2 virus and the replication steps after
membrane fusion. A detailed description of the spike glycoprotein and ACE2 receptor as well
as other actors implicated will conclude this section.

1.2.1 Life cycle and replication steps

Entry of SARS-CoV-2 into cells is mediated by the transmembrane glycoprotein S which forms
homotrimers (See Section 1.2.2) and by binding to the angiotensin-converting enzyme 2
(ACE?2) receptor on the host cell surface (See Section 1.2.3) 2-2°. The crossing of the plasma
membrane is a complex phenomenon due to the amphipathic nature of the lipid bilayer.
Concerning viral entry, endosomal entry (See Figure 5.1A) and cell surface entry (See Figure
5.1B) are the two main modes known by the scientific community. For SARS-CoV-2, the
endosomal entry pathway requires binding to ACEZ2 at the cell surface inducing endocytosis of
the virions. Within the acidic environment of the endolysosome (See Figure 5.1C), the
cathepsin L proceed to cleave the S2’ site and induce fusion of the viral and endolysosome
membranes (See Figure 5.1D).?*

The cell surface entry pathway requires binding to ACE2 at the cell surface and the
transmembrane protease serine 2 (TMPRSS2) to cleave the S2’ site and induce the fusion of
the viral and cell membranes (See Figure 5.1A).2% Surprisingly, the Omicron variant expresses
suboptimal cleavage of the S1/S2 site and a reduced ability to utilise TMPRSS2 due to multiple
mutations on its S protein. Thus, this variant is associated with a shift in cell tropism as it needs
less the expression of TMPRSS?2 to infect a cell.?’

Inside the infected cell, the viral gene expression starts with the translation of orfla and orflb
from the positive strand RNA genome (See Figure 5.3). The polyproteinla (ppla) is encoded
by ORF1a while polyproteinlab (pplab) is formed by continuous translation of ORFla and
ORF1b due to a ribosomal programmed frameshift. This leads to a stoichiometry between ppla
and pplab (1,4-2,2 ppla for 1 pplab) and to the release of sixteen nsp after proteolytic cleavage
(See Figure 4)

This cleavage enables nspl to target the host cell machinery, nsp 2-11 to provide necessary
supporting function to the viral replication and transcription complex (RTC) in addition to nsp
12-16 that compose this complex having an RNA proofreading function based on RNA-
modifying and RNA-processing enzymes (See Figure 5.4).

7a 8

IS DS 1)) )
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Figure 4 : Representation of the open reading frames (ORFs) of the SARS-CoV-2 genome. Created on BioRender.

The establishment of the viral RTC is one limiting step for virus replication which starts with
the synthesis of negative-strand copies of the viral genome that serves as direct templates for
the production of full-length new positive-strand genomes (See Figure 5.5). The translation of
those will either generate more RTCs or be packaged in new virions thanks to the structural
proteins produced in the host endoplasmic reticulum (ER) and the golgi apparatus (See Figure
5.6). The nucleocapsid and the structural proteins will be assembled and be ready to bud from
the infected cell to infect other cells (See Figure 5.7 & 5.8).
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Created on BioRender and base on Hu et al. (2021) 8
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Figure 6 : Representation of the full-length SARS-CoV-2 S protein. Black circle represents the N-glycans sites with a high occupancy (>95%)
while O-glycans sites are not represented. The O-glycosylation sites are numerous but only two of them shows a relative high occupancy (T323
and S$325) on the S protein.?® Figure from Jackson et al. (2022)2



1.2.2 The Spike glycoprotein

The homotrimer S protein of SARS-CoV-2 is composed of three monomeric type | membrane
protein heavily glycosylated with 22 N-linked glycans and an approximate size of 180
kilodalton (kDa). The exact number of N-/O-glycosylation sites vary according to the mutations
pattern in the different variants. -3 Previous studies shows that those sugars have a real
importance in the interaction between the S protein and other receptors such as DC-/L-SIGN.
On the other hand, those glycosylation serves as a shield to mask the protein from antibodies
and protect the virus from the immune response.? 32

Each S protein (1273 residues) consists of a cytoplasmic tail, a transmembrane domain and two
subunits which are S1 and S2. The S1 subunit, from residue 14 to 686, comprises the N-terminal
domain (NTD), the RBD and two C-terminal domains (CTD1 and CTD2) composed of -
strands. In the Wuhan strain, CTD2 possess an important disordered structure designated as the
630 loop (from residues 620 to 640) when the residue 614 is an aspartic acid (D).243334 A major
difference between the Wuhan strain and other VOCs is the presence of a D614G substitution
which stabilizes greatly the S trimer compared to the Wuhan trimer. The ordered 630 loop
enhance ACE2-binding affinity and the entry efficiency of the virus.?433-3°

The RBD emerges from antiparallel B-strands constituting the two CTDs which intrinsically
links those three partners. The RBD recognizes specifically the ACE2 receptor via the receptor
binding motif (RBM) and, therefore, is a critical target for antiviral compounds and antibodies
2636 However, the NTD can also be targeted for infection neutralisation 22738 Each RBD can
be found in a closed or open conformation (See Figure 7). The RBDs in closed conformation
are gathered in the centre of the trimer, occluding the RBM and making it unreachable for the
ACE2 receptor. The RBM is exposed only in the open conformation while CDT1 and NTD
moves to accommodate this exposition. 243 The transition from close to open conformation is
made through a semi-open state capable of binding ACE2 and stabilizing the RBD in the final
open conformation.44!

Figure 7 : Cryo-EM structure of the SARS-CoV-2 S protein in the open and closed conformations. In the open
state, there is only one open RBD domain. Each of the monomer is depicted in a different color (green, cyan
and magnet). RBM and RBD are shown respectively in red and cyan cartoon. PDB accession codes: open
state (6VYB) and close state (6VXX). Modified from Ning et al (2021)*

1 Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) also known as Cluster of Differentiation 209
(CD209)/Lymphocytes-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (L-SIGN) also known as Cluster of Differentiation
209 L (CD209L)
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The S2 subunit, from residue 686 to 1273, comprises a hydrophobic fusion peptide (FP), a
structural element known as fusion-peptide proximal region (FFPR), a central helix (CH)
between two heptad repeats (HR1, HR2), a transmembrane domain (TM) and a cytoplasmic tail
(CT) (See Figure 6). The purpose of the S1 subunit is to bind the receptor(s) on the host cell
while the function of the S2 subunit is to fuse the virus and host cell membranes.?*

This huge S protein will go through posttranslational cleavages by host cell proteases at two
major cleavage sites: the S1/S2 site, at the junction between the S1 and S2 subunits, and the
S2’ site in the S2 subunit (See Figure 6).243442-4

The first is a multibasic site (Arg-Arg-Ala-Arg) also called furin-like cleavage site which is
absent in SARS-CoV and other coronaviruses. The cleavage by furin of this site is also called
“priming” of the S protein because it happens during the biosynthesis of the S protein and the
virion formation. This cleavage destabilises the S protein and the S1 and S2 subunits will held

together by noncovalent interactions and this is suspected to promote the binding to Ace2.
23,24,34,46

The second is a cleavage site recognized by either the TMPRSS2 at the cell surface or by
cathepsins in the endolysosome. TMPRSS?2 is present in the respiratory, gastro-intestinal and
urogenital epithelium and its importance in respiratory virus infection like SARS or influenza
virus is well known 244748

The cleavage of the S2’ site occurs after the S protein binds to the receptor and not during the
biosynthesis nor the intracellular transport. More importantly, the cleavage of FCS and S2’ is
mandatory for coronavirus infection. This cleavage results in large-scale conformational
changes for the S2 subunit between prefusion and postfusion conformation depending on the
detachment of the S1 subunit (See Figure 8)

Prefusion state Viral attachment Fusion intermediate

FP is inserted into cell
membrane propelled

by HR1 transformation Folding back Postfusion state and viral penetration

{
Cell membrane

RBD ‘down’

Fusion
pore

~HR1

«\p

R B | SR : it
Viral Folding back of HR2 places Membranes in proximity form
membrane RBD samples ‘one-up’ RBD in ‘up’ S1 dissociation FP juxtaposed to TM fusion pore, allowing viral
or ‘three-down’ conformation induces dramatic genome release into the cell
conformation binds ACE2 S2 conformational
changes

Figure 8 : Schematic representation of the transition between the prefusion conformation to the postfusion conformation. The RBDs of
the prefusion S trimer are alterning between the “down” (close) and “up” (open) conformations. Since one “up” RBDs binds the ACE2
receptor, it will expose the S2° cleavage site to TMPRSS?2 cleavage, allowing the release of conformational constraints on the FP and a
cascade of refolding events in S2. The refolding of HR1 will trigger the penetration of FP in the host cell membrane while the S1 subunit
will dissociate from the S2 subunit. HR2 rearrangements will lead to postfusion structure of S2, bringing the two membranes together
and facilitating the fusion of membranes and viral entry.?*4 Modified from Jackson et al. (2022).



After cleavage, the HR1 will refold and insert the FP through the target cell membrane. This
FP (residues 816-857) contains many hydrophobic, alanine and glycine residues, as well as a
disulfide bond and is capable of penetrating into the host bilayer. The insertion of the FP is
supposedly the same as with other coronaviruses. Thanks to this insertion, a central three-
stranded helix (HR1) will be circled with three single-stranded helixes (HR2) forming a
fusogenic hexameric core structure called six-helix bundle structure (6-HB).3*#® This stable
postfusion structure will bring together the host membrane and the viral membrane facilitating
the membrane fusion and creating fusion pores (See Figure 8).%° Several studies have also
demonstrated the ability of the S1 subunit of the S protein to disrupt the lipid bilayer of the host
membrane and thus facilitate virus penetration. These disruptions occur through non-specific
interactions that alter the composition of the bilayer. °1>2

1.2.3 The ACE2 receptor

ACE?2 is an acid carboxypeptidase removing a single amino acid from the C-terminus of its
substrates. It is composed of 805 amino acids and its first half contains a single metallopeptidase
domain with a zinc-binding motif (HEXXH) at the catalytic site. The second half is the C-
terminal part of the enzyme including the transmembrane domain. The physiological role of
ACE?2 is to convert angiotensin-1 and angiotensin-II into angiotensin-(1-9) and angiotensin-(1-
7) respectively. This enzyme is involved in the renin-angiotensin-aldosterone system (RAS)
and the downregulation of ACE2 during SARS-CoV-2 infection is allegedly implied in disease
severity due to the similarities between SARS-CoV and SARS-CoV-2.24%3

The interaction between the RBD of S protein and ACE2 has been described by using cryo-
electron microscopy®, dynamic simulations®® and atomic force microscopy®® among other
techniques. This interaction is based on a network of hydrophilic interactions involving the side
chains of 20 residues from ACE2 and 17 residues from the RBD (See Figure 9).

The interplay between the ACE2 receptor and the SARS-CoV-2 and SARS-CoV RBDs are
almost identical even though several residues in the RBD of new VOCs have mutated.>"® An
interesting paradox must be noted, despite several mutations and an extra ACE2-interacting
residue (Lys417), enhancing the affinity of the RBD for ACE2, the SARS-CoV-2 S trimer does
not bind ACE?2 as effectively as the SARS-CoV S trimer.242559
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Figure 9 : A) Structure of the RBD from SARS-CoV-2 (grey) bound to ACE2 (pink). B) Enlarged box showing
the main interacting residues in the interface. From Vijayan & Ali (2020)5%



The distribution of ACE2 expression throughout the respiratory tract follows the SARS-CoV-
2 infection gradient with a high expression in the nasal ciliated cells being infected during the
early stage of infection, followed by the upper bronchial epiderma and ending with a lowest
expression in the type Il alveolar cells. The highest expression of ACE2 are in the thyroid, the
heart muscle, kidneys, the small intestine, and the colon. >%-52 Those viral growth sites are
consistent with the observed transmission of coronaviruses via the faecal-oral route in addition
to the respiratory route.?

1.2.4 Others actors or attachment factors

Since SARS-CoV-2 infects many organs, alternative or cooperating candidate receptors are
investigated as contributors to viral dissemination in vivo. This section briefly describes the
ones that have been established as biologically relevant. We can classify them in two categories:
cell attachment factors for SARS-CoV-2 virus and alternatives receptors to ACE2.2

The first category regroups receptors known to bind the S protein and whose depletion or
increased expression impacts the SARS-CoV-2 infection in presence of ACE2. Those co-
factors are heparan sulfate (HS)%3%4, scavenger receptor class B member 1 (SRB1)®, C-type
lectins (DC-SIGN/L-SIGN)3286-68 and neuropilin-1 (NRP1)5°7°,

The second category contains functional receptors enabling SARS-CoV-2 infection in absence
of ACE2. Those are Kremen protein 1 (KREMEN1)? and asialoglycoprotein receptor 1
(ASGPR1)™

Regardless of the receptor, there is a need for more studies on the specificity of these receptors
in their interactions with the SARS-CoV-2 virus in order to understand more precisely the
essential first steps of virus attachment to the cell membrane. This, together with the distribution
of all these receptors within the organs, will probably allow us to better understand the broad
infectious spectrum of the virus (See Section 1.1.4).

Box 1: Cell lines definition and TCIDs, measurement

Caco-2 is an immortalized cell line of colorectal adenocarcinoma cells and is used as a model of the intestinal barrier as it
differentiates spontaneously in a heterogeneous population of intestinal epithelial cells.”

Calu-3 is an immortalized cell line of lung adenocarcinoma cells and used as a model of the human epithelial airway.”

Vero cell is a lineage of cell isolated from kidney epithelial cells from an African green monkey. They are widely used as host
cells for growing viruses due to their interferon deficiency.”

HEK?293 is an immortalised cell line of human embryonic kidney 293. They are easy to grow in culture and to transfect. The
HEK293T variant is more efficiently transfectable with DNA.™

Ab549 is an immortalized cell line of adenocarcinomic human alveolar basal epithelial cells used as a model of alveolar type 11
pulmonary epithelium.”

TCIDs is the median tissue culture infectious dose and assess the threshold where the amount of virus dilution required to induce
a cytopathic effect in 50% of cultured host cells is reached. Based on this, it is possible to calculate the Infectious Unit per milliliter
(1IU/mL) of the virus solution which represents the number of virus particle capable to infect a host cell.

2 Kremen (kringle containing protein marking the eye and the nose) proteins
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1.3 Identification of a new antiviral drug

A new antiviral molecule of interest has been discovered in the research group of Pr. Patrice
Soumillion. It was named Lactavir deriving from its lactam structure paired with its antiviral
properties.

Lactavir is generated by intramolecular condensation of carbocysteine (S-(carboxymethyl)-L-
cysteine), a simple amino acid used in some mucolytic syrups (See Figure 10). Suspecting a
COVID-19 illness, a researcher in the group was surprised his fast recovery after taking up he
syrup. Literature analysis revealed some sparse data reporting antiviral effect of carbocysteines
and a collaboration with Prof. Steeve Boulant in Heidelberg (Germany) was then initiated.
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Figure 10 : From left to right: structure of carbocysteine, Lactavir, pyroglutamate and Lactam3.

As a first step, the effect of Lactavir on SARS-CoV-2 infection of two types of cells were
assessed (Caco-2 and Calu-3). Those experiments highlight the fact that carbocysteine is not
affecting the virus infectivity while Lactavir was able to reduce SARS-CoV-2 infectivity by
20-30% at a concentration as low as 50nM. However, antiviral effect was not observed when
using Vero cells. SARS-CoV-2 virus is known to enter by the endosomal pathway in Vero cells
while it is fusing to the plasma membrane in the two other tested cell types (Caco-2 and Calu-
3). As a result, those experiments provide some clues on the mode of action of the antiviral
compound and it suggest an activity during the membrane fusion steps (See Appendix 1).

In an effort to better understand the mechanism of action of the Lactavir, two other lactams
were found with similar antiviral activity. These are pyroglutamate (pGlu/pE) and Lactam 3
which are Lactavir without the sulphur or with a CH; instead of a sulphur atom respectively
(See Figure 10).

In a second step, the virus replication after 24h drug incubation on primary bronchial and nasal
cells was assessed by using gPCR and TCID50 tests. This allowed us to confirm that
carbocysteine does not have an inhibition effect on viral replication while Lactavir and other
similar compounds (pGlu and Lactam 3) caused a strong inhibition effect of almost 50% for
the gPCR test and a diminution in virus production up to three orders magnitude (See Appendix
2A & 2B).

Lastly, the capacity of Lactavir to inhibit syncytia formation due to the S protein fusogenic
properties was tested. A syncytium is a multinucleate cell resulting from multiple cell fusions
sharing a single cytoplasm. In the case of SARS-CoV-2 infection, infected cells can express the
S protein at their plasma membrane and therefore bind and fuse to other cells leading to syncytia
formation. ’" The results show a significant diminution of cell fusion when treated with
micromolar Lactavir concentration confirming the putative impact of the antiviral compound
in viral membrane fusion mechanism (See Appendix 2C).
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1.4 Pyroglutamylation process

The pyroglutamate (pGlu/pE) formation is a common and well-known post-translational
modification at the N-terminus of peptides and proteins. It implies a glutamate (Glu) or a
glutamine (GIn) N-ter residue that will undergo a cyclization releasing H,O (for Glu) or NHs
(for GIn) (See Figure 11).78-8% The cyclization will form a y-lactam (five membered ring cyclic
amide) at the N-terminus extremity. Although cyclisation can occur spontaneously at a low rate,
in vivo pyroglutamylation of both Glu and Gln is catalysed by two types of glutaminyl
cyclases.’® 708!

The first one, a Golgi resident glutaminyl cyclase named isoQC or gQC catalyzes the pGlu
formation after cleavage of the protein peptide signal. The second one, secretory glutaminyl
cyclase (QC/sQC), is present extracellularly.®

\5‘\\Proten i‘ \<jL Protein e Protein
NH,

(2

0O OH

N-terminal GIn N-terminal pyroGlu N-terminal Glu

Figure 11 : Schematic representation of a N-terminal pyroglutamate from a glutamine residue (GIn) or from
a glutamate residue (Glu). Figure from Liu et al. (2011)"

The pyroglutamyl residue is present on numerous extracellular and membrane anchored
proteins and, just by looking at the first residue after signal peptide cleavage, we can assume
the potential presence or absence of this chemical function.

This post-translational modification is important for a wide range of proteins from the CX3CL1
mediating adhesion and cell migration in the inflammatory process® to mammalian
thyrotropin-releasing factor (TRF) receptor recognition specificity.53.

In our study, the sequence of the S protein contains a signal peptide from 1 to 13 residues and
the 14th residue is a glutamine.®* The sequence of the ACE2 contains a signal peptide from 1
to 17 residues and the 18th residue is also a glutamine34. Therefore, we can assume that both
protein S and the ACE2 receptor are pyroglutamylated by the isoQC/gQC in cellular when
expressed in mammalian cells while TMPRSS2 is not.
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1.5 Biolayer interferometry (BLI) technology:

With the huge development of the biopharmaceutical industry, specifics tools to characterize
biophysical and kinetics properties of molecular interactions are becoming more and more
important and interesting for a higher-throughput analysis. &2 In this context, real-time and
label free (RT-LF) platforms are gaining ground against more classical techniques using
labelling reagents.®® A RT-LF platform makes easy the measurement of
association/dissociation rates (ka/kdq) and equilibrium dissociation constant (Kp) of ligand-
analyte interaction without using labelling reagents. It helps reducing the time to set up the
experiment and it minimizes the potential impact of a label on the binding interaction. 888

There are two main well-known RT-LF platform:

1) Surface Plasmon Resonance (SPR) in which the ligand is immobilized on the surface
of a sensor while the solution containing the analyte will flow in contact with the
ligand through a microfluidic system. 87:88.9

2) Biolayer Interferometry (BLI) technology is a platform that allows the analysis of
crude material without worrying about clogging because it does not require the use
of a microfluidic system. 8588 |t uses biosensors coated with immobilized ligand that
are dipped into wells containing soluble material including analytes without any
washing step needed such as in filter binding or pull-down assay. This allows the
characterization of transient and/or very weak interactions while not disturbing the
reaction equilibrium, 8588091

The BLI technology consists of the analysis of the reflection of an incident polychromatic white
light beam sent through a specific fibre-optic disposable biosensor. The biosensor tip is
industrially coated with a capture tag (Ni-NTA, ProteinA, Streptavidin...) allowing the
immobilization of a ligand equipped with a linking tag (His tag, Fc domain, biotin...) capable
of interaction with a free analyte in solution.

The white light is directed towards two interfaces separated by a thin layer at the tip of the
optical fibre. The first interface is an internal reference layer and the second one is the biolayer
itself which is the interface between the immobilized protein and the surrounding solution at
the surface of the tip (See Figure 12).
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Figure 12 : Focus on the optical fiber of the biosensor tip and the BLI signal process. See main text for more
information. From Sartorius
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The light reflected along the optical fibre will be collected by a spectrometer where some
wavelengths will show constructive interference and others destructive interference. The
binding of an analyte to an immobilized ligand on the biolayer will change the optical thickness
of the molecular layer (in nm) at the tip of the biosensor and cause a change in the phase of the
reflected light. The resulted spectral shift in the interference pattern (AA in nm) can be
monitored over time allowing to derive kinetic information about the interaction mechanism.
This interaction can be further detailed by testing modified analyte or by changing analysis
parameters such as buffer, pH, analyte concentration or temperature. &

The different steps of a typical BLI assay are described in Figure 13. The biosensor is moved
from one well to another by a robotic arm and the sample plate is constantly in orbital motion
to avoid the effects of diffusion on kinetic measurements and to induce flow across the
stationary biosensor surface. This technology is non-destructive for the sample and there is no
need to label or modify the sample protein.

Baseline 2 Loading 3 Baseline 4 Association | 5 Dissociation

Kkkk  kkkk  KBEE

EXZIE S S
Apia ARAL ARAL XAX

4
¥ Biosensor tag @ Linking tag Y Ligand & Analyte
B 1 2 3 4 5

Loading Association Dissociation

——

———

Binding (nm)

— i
0 : Baseline

0 500 1000 1500

Time (s}

14

Figure 13 : A) Representation of the biosensor surface during the five classical steps during a BLI experiment with Ni-NTA or Protein A
biosensors. B) Typical data acquisition with the program from Sartorius. 1)FEirst baseline: This step is necessary to ensure that there is no
signal drift and to make sure that the biosensor used and the buffer solution used do not interact. 2)Loading step: The loading step is where
the biosensors are dipped into a well containing the ligand in solution that will interact with the tag on the surface of the biosensor.
3)Second baseline: Biosensors coated with the ligand are dipped in a buffer solution to assess any drifts and identify the shift (in nm) induced
by the loading of ligand. 4)Association step: Biosensors linked with the ligand are dipped into wells containing the analyte in solution and
the two interactants (ligand-analyte) are free to associate with each other providing us information over the dynamics of the binding
interaction.5) Dissociation step: During the dissociation phase, the biosensors are dipped in a buffer solution and the signal is monitored as
the complexes break down over time.



Box 2: Definition of the kinetic parameters of a protein-protein interaction

Association rate constant (ks [M.s]) determines the concentration of AB complex formed par second in a 1 molar solution of A
and B.

Dissociation rate constant (kq [s]) determines the fraction of complexes dissociating per second. It is a good indicator of the
stability of the interaction; the smaller is the kg, the more stable is the complex.

Affinity constant or equilibrium dissociation constant (Kp [M]) represents the ratio of the dissociation rate constant (kq) on the
association rate constant (ka).

By using BLI technique, we can characterize protein-protein interaction but we have to be
careful with the terms used. The first interaction partner is the ligand that will be load on the
biosensor and immobilized while the analyte is the second partner and is free in solution. Both
are interaction partners and the best way to assess the interaction is to perform the experiment
two times with every partner in the immobilized position.

If it is assumed that one ligand molecule (A) interacts with one analyte molecule (B)
independently and conversely, then the binding model is a simple 1:1 interaction involving an
association rate constant “ka” and a dissociation rate constant “kq” at equilibrium (See Equation
1). The complex (AB) formation follows a pseudo-first-order kinetics where the association
rate constant “ka,”, the dissociation rate constant “kq” and the concentration of the unbound
analyte are establishing the observed rate constant “kons” which reflects the combined
association and dissociation of two binding partners (See Equation 2).

By using equations fitting the association and dissociation curves obtained during the
experiment (See Figure 13B steps 4 and 5), it is possible to determine first the “kq” from the
dissociation curve because the concentration of analyte is equal to zero during this step based
on Equation 2, “kg” is then equal to “kons”. Next, we can further can evaluate the “ka” from the
association curve by using the pre-calculated “kq” value in Equation 3.

Using “kq” and “ka” previously obtained, we can determine the equilibrium dissociation
constant “Kp” of the protein-protein interaction (See Equation 4).

Equation 1 : Molecular interaction at equilibrium Equation 2 : Details of the observed rate constant
k,
A+B—— AB Kops= k, X [Analyte] + ky
d
Equation 3 : Details of the association constant ks Equation 4 : Details of the affinity constant Kp
— kobs_kd K :M]Xi :&
a D k
[Analyte] [AB] a

The “Kp” is a measurement of the strength of the bound established between the ligand and the
analyte. A small “Kp” indicates a tight interaction between the analyte and the ligand.
Moreover, it corresponds to the concentration of analyte at which half of the ligand binding
sites are occupied at equilibrium if the analyte is in large access compared to the bounded
ligand. It is mandatory to know the concentration of analyte to be able to calculate the “Kp”
and the “ka” but not for the “kq” that is concentration independent. The “kq” can be useful for
classifying solutions of analyte of unknown concentration based on off-rate.
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1.6 Vesicular stomatitis virus (VSV) technigue

Following the recommendation of Biosafety in Microbiological and Biomedical Laboratories
(BMBL), an existing classification includes 4 possible risk groups (RG) (See Appendix 3).%2

Viruses belonging to RG 3 (such as SARS-CoV-2, lymphocytic choriomeningitis virus (LCM)
or retroviruses like human immunodeficiency viruses-1 [HIV] and simian immunodeficiency
virus [SIV]) are a major threat for human and animal health and the democratisation of their
study in less dangerous conditions can only be beneficial. ®* One way to overcome their
dangerousness in the lab is by pseudotyping the envelope of a non-pathogenic virus with a
protein from the pathogenic one (such as the Spike protein). The outcome is a pseudovirus
which is a recombinant viral particle composed of envelope proteins derived from the pathogen
and modified genes so that they are incapable to produce surface proteins on their own. They
can infect susceptible cells, but they will be unable to produce viable viruses due to the lack of
genes for their surface proteins.  Thanks to that, it is possible to safely handle pseudoviruses
in BSL-2 laboratories. 9%

To prepare envelope-pseudotyped viruses, there are several possible vectors (also called
packaging systems) coming from retroviruses like the lentivirus (derived from HIV-1), the
murine leukemia virus (MLV) or the vesicular stomatitis virus (VSV).% In our case, a previous
researcher at the nanoBioPhysics lab was already working with the VSV packaging system
which is known as a versatile tool to produce pseudotyped viruses. For example, this system
has already been used for the study of envelope proteins from different viruses like Ebola Virus,
Hepatitis C virus, etc. % The VSV particle is bullet-shaped and possess a lipid envelope
including trimeric glycoprotein (protein G). There is a helical nucleocapsid protein, also known
as ribonucleoprotein (RNP) and coated with RNA (N-RNA), associated with large polymerase
protein (L) and accessory phosphoprotein (P) in the centre of the viral particle. The last
structural component is the matrix protein (M) located underneath the membrane and associated
with the N-RNA (See Figure 14). The RNA genome of the VSV is unsegmented and possess a
negative polarity which, if naked, is not infectious.%*

In the context of this work about the SARS-CoV-2 virus, | will use VSVs whose gene encoding
G protein, essential for their ability to infect cells, is deleted (VSVs-AG). Those VSVs-AG will
be pseudotyped with the S protein of SARS-CoV-2 (S*VSVs-AG) and their capacity to infect
mammalian cells through the fusogenic activity of the S protein will be evaluated.

Box 2: Main replication steps of VSVs

The viral replication cycle of the VSV can be separated in three steps but should be considered
as a continuum of events.

1) Attachment, entry and uncoating of VSV in the host cell

Due to his wide capacity of infection, it is supposed that the VSV may be able to attach multiple
surface molecules due to its G protein. It will be internalized via clathrin-dependent endocytosis
and hand over to an early endosome where a pH threshold will spark a conformational change
promoting the viral and host cell membranes fusion.

2) Replication cycle of VSV in host cytoplasm

The host translation machinery is used to translate the viral mMRNAs and each of the viral
protein plays a specific role in the hijacking of the host cellular machinery.®®

3) Assembly and budding of the VSV from the host cell
Acquisition of a lipid envelope coated with G proteins.

For more information, see Whelan S.P.J. (2008)%
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2. Objectives and strategies

This master thesis is inspired by preliminary results obtained by Prof. Soumillion in
collaboration with the team of Prof. Steeve Boulant when he was at the University Hospital of
Heidelberg.

Together, they discovered that small delta- and gamma-lactams, including Lactavir and
pyroglutamate, are endowed with antiviral activity against SARS-CoV-2 (See Section 1.3).
Even if antiviral activity is clearly demonstrated and points toward a reduced membrane fusion,
the mechanism underlying the observed effect is not precisely understood.

Given the presence of a pyroglutamyl residue at the N-terminus of both S protein and the ACE2
receptor, the aim of this work is to investigate a possible link with the activity of the small
lactams.

Three objectives will be pursued in this master thesis:

1) Evaluate a possible implication of the pyroglutamyl residue of S protein in its in vitro
interaction with the ACE2 receptor as well as the potential impact of Lactavir on this
interaction.

2) ldentify a possible inhibition of ACE2 enzymatic activity by Lactavir since this
compound can be considered as a mimick of a C-terminus and ACE2 is a
carboxypeptidase.

3) Develop the pseudotyped VSV technique by using S*VSV-AG and assess the impact of
Lactavir on in cellular conditions.

To complete the first objective, we will perform BLI assays which will enable us to highlight
two features concerning the ACE2-S1 interaction. The first feature is to detect if the presence
or absence of pGlu at the N-ter part of the S1 protein has an impact on the binding affinity
between the ACE2 receptor and S1. The second feature is to assess if the addition of Lactavir
in the in vitro environment has an impact on the binding affinity of the interaction.

The second objective will be completed by realising ACE2 activity assays in the presence of
Lactavir and look for a potential inhibition.

For the last objective, we aim to optimise the VSV production and to pseudotype them with
three variants of S proteins (Wuhan, Delta and Omicron) and to test their infectivity on A549
cells over-expressing ACE2 and TMPRSS2. The infectivity of those pseudotyped VSVs will
be assessed in presence of a gradient of Lactavir. The use of SARS-CoV-2 variants also aims
to identify whether either would be more sensitive to the antiviral compound in order to better
understand the action mechanism of the latter.
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3. Materials and Methods

3.1 Invitro experiments

3.1.1 Purified compounds
Human angiotensin-converting enzyme 2

The purified ACE2 protein used for each of our experiment is a Human ACE2, Fc Tag
expressed from HEK293 cells by AcroBiosystems (Cat. No. ACE2-H5257). The company
gives us several information which are that the predicted N-terminal part of the protein is a
GIn18 and the C-terminal part carries a human IgG1 Fc tag. They calculated a molecular weight
(MW) of 100 kDa and an SDS-Page under reducing condition of the sample migrate around
125-150 kDa due to glycosylation (See Annexed document).

50ug of powder was firstly solubilized in 83uL of demineralised sterile water to obtain a
solution at 600ug/mL. 50 pL aliquots at 100pug/mL were made and stored at -80°C as indicated
by the supplier.

SARS-CoV-2 S1 subunit (GIn14)

The purified S protein used for each of our experiment is the subunit 1 of the SARS-CoV-2
virus expressed from HEK?293 cells by Genscript (Cat. No. Z03501). The company gives us
several information which are that the predicted N-terminal part of the S1 is a GIn14 and the
C-terminal part carries no tag. They calculated a MW of 78.3 kDa and an SDS-Page under
reducing condition of the sample migrate around 100 kDa due to glycosylation (See Annexed
document).

100ug of powder was firstly solubilized in 69uL of demineralised sterile water to obtain a
solution at 1,45mg/mL. 50 pL aliquots at 100pug/mL were made and stored at -80°C as indicated
by the supplier.

His-tagged SARS-CoV-2 S1 subunit (Vall6)

The purified S protein used for each of our experiment is the subunit 1 of the SARS-CoV-2
virus, His tag expressed from HEK?293 cells by Genscript (Cat. No. Z03485). The company
gives us several information which are that the predicted N-terminal part of the S1 is a VVal16
and the C-terminal part carries a polyHis tag. They calculated a MW of 79 kDa and an SDS-
Page under reducing condition of the sample migrate around 100-110 kDa due to glycosylation
(See Annexed document).

100ug of powder was firstly solubilized in 69uL of demineralised sterile water to obtain a
solution at 1,45mg/mL. 50 pL aliquots at 100pug/mL were made and stored at -80°C as indicated
by the supplier.

Lactavir

Lactavir’s chemical name is (3R)-5-oxothiomorpholine-3-carboxylic acid and it was purchased
at Enamine (Catalog ID: EN300-657320; CAS number: 62305-89-9). The formula of this
product is CsH7NOsS and the calculated MW is 161.2 kDa (See Annexed document). 50,5 mg
of powder was solubilized in 25,26 mL of demineralised water to obtain a solution at 20mM
stored at -20°C.
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3.1.2 Mass Spectrometry (MS)

Preparation for in solution samples:

Chloroform-methanol precipitation: Each sample was transferred to 0.5 mL polypropylene
Protein LoBind Eppendorf tubes and precipitated with chloroform-methanol method. ¥’

In-solution trypsin digestion: 20ul of 100 mM TEAB (triethylammonium bicarbonate) were
added to reach pH 8.5. Proteins were reduced by 5mM DTT (dithiothreitol) and alkylated by
15 mM iodoacetamide. Proteolysis was performed with 0.5 ug of trypsin and allowed to
continue overnight at 37°C. Each sample was dried under vacuum with Savant Speed Vac
Concentrator.

Peptide separation using nanoUPLC: Before peptide separation, the samples were dissolved in
20 ul of 0.1 % (v/v) formic acid and 2% (v/v) acetonitrile (ACN). Peptide mixture was separated
by reverse phase chromatography on a NanoACQUITY UPLC MClass system (Waters)
working with MassLynx V4.1 (Waters) software. 200ng of digested proteins were injected on
a trap C18, 100A 5 um, 180 um x 20 mm column (Waters) and desalted using isocratic
conditions with at a flow rate of 15 pL/min using a 99% formic acid and 1% (v/v) ACN buffer
for 3 min. Peptide mixture was subjected to reverse phase chromatography on a C18, 100A 1.8
um, 75 um x 150 mm column (Waters) PepMap for 130 min at 35°C at a flow rate of 300
nL/min using a two part linear gradient from 1% (v/v) ACN, 0.1 % formic acid to 35 % (v/v))
ACN, 0.1 % formic acid for 90 min and from 35% (v/v) ACN, 0.1 % formic acid to 85 % (v/v)
) ACN, 0.1 % formic acid for 10 min. The column was re-equilibrated at initial conditions after
washing 30 min at 85% (v/v) ACN, 0.1 % formic acid at a flow rate of 300 nL/min. For online
LC-MS analysis, the nanoUPLC was coupled to the mass spectrometer through a nano-
electrospray ionization (nanoESI) source emitter.

LC-QTOF-MS/MS Analysis (DDA): DDA(Data Dependent Analysis) analysis were performed
on an SYNAPT G2-Si high definition mass spectrometer (Waters) equipped with a
NanoLockSpray dual electrospray ion source (Waters).Precut fused silica PicoTipR Emitters
for nanoelectrospray, outer diameters : 360 um; inner diameter: 20 um; 10 pm tip; 2.5” length
(Waters) were used for samples and Precut fused silica TicoTipR Emitters for nanoelectrospray,
outer diameters : 360 um; inner diameter: 20 um; 2.5 length (Waters) were used for the lock
mass.solution. The eluent was sprayed at a spray voltage of 2.8 kV with a sampling cone voltage
of 25 V and a source offset of 30 V. The source temperature was set to 80°C. The cone gas flow
was 20 liters/h with a nano flow gas pressure of 0.4 bar and the purge gas was turned off. The
SYNAPT G2Si instrument was operated in DDA (data-dependent mode), automatically
switching between MS and MS2. Full scan MS and MS2 spectra (m/z 400 - 2000) were acquired
from 2 min after injection to 30 min in resolution mode (20,000 resolution FWHM at m/z 400)
with a scan time of 0.1 sec. Tandem mass spectra of up to 10 precursors were generated in the
trapping region of the ion mobility cell by using a collision energy ramp from 17/19 V (low
mass, start/end) to up to 65/75 V (high mass,start/end). Charged ions (+2, +3, +4) are selected
to be submitted to the MSMS fragmentation over the m/z range from 50 to 2000 with a scan
time of 0.25 sec. For the post-acquisition lock mass correction of the data in the MS method,
the doubly charged monoisotopic ion of [Glu]-fibrinopeptide B was used at 100 fmol/ul using
the reference sprayer of the nanoESI source with a frequency of 30 s at 0.5ul/min into the mass
spectrometer.

ESI-QTOF data processing: Data were processed with UNIFI (Waters) using spike protein
sequence from the company. Carbamidomethylation, as the variable Cysteine modification,
oxidation as the variable Methionine modification and Pyro-glu from Q as Glutamin
modification. Trypsin as the digestion enzyme were selected and one miss cleavage allowed.
MassLynx V4.1 (Waters) software was used to search charged peptides and to compare spectra.
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3.1.3 BLI design

The BLI machine used during this master thesis is an Octet® R2 Protein Analysis System from
Sartorius company and the biosensors used were purchased from the same company (Ni-NTA
item no.:18-5101; ProA item no.:18-5010). Due to the high costs of biosensors, we initially
used Ni-NTA biosensors due to their easy capacity of regeneration by treating them with an
acidic solution (10mM glycine - pH 1.7) followed by a neutralization into Phosphate Buffer
Saline (PBS: 10mM NaxHPO4, 2mM KH2POg4; 2,7mM KCI) for both 5 seconds. After three
cycles of this treatment, the NTA biosensor is incubated with a NiCl> solution (10mM NiCl: in
H>0). The Ni-NTA biosensor allowed us to perform experiments with the S1-His as ligand and
the ACE2-Fc as analyte.

Due to lack of consistency, we invert the ligand and the analyte by using Protein A biosensors
for immobilizing the ACE2-Fc protein. The strong interaction between protein A and the Fc-
tag is more specific and does not rely on an electrostatic interaction as in the case of Ni-NTA
biosensors with the His tag.

For these experiments, the set up was shorter to maximize the reproducibility, diminish the
impact of evaporation and with new biosensors to avoid the potential impact on the regeneration
on the biosensor. Due to the high concentration of ACE2-Fc used, we reused them to perform
experiments on a maximum of three days (two cycles of freezing and thawing). In this type of
experiments, the concentrations are expressed in nanomolar and thus the four concentration of
analytes used were +316nM (25pg/mL), +253,2nM (20pg/mL), +126,6nM (10pg/mL),
+63,29nM (5ug/mL) and referred later on by 316nM, 253,2nM, 126,6nM and 63,29nM.

A first experiment includes a range of analyte (S1Val or S1pGlu) concentration from 63,29nM
to 316nM and is performed in triplicate (See Figure 15) to analyse a potential difference in the
binding affinity of the S1Val and the S1pGlu with the ACE2 receptor.

Table 1 : Organization of the experiment testing the interaction between S1Val or S1pGlu with ACE2 receptor.

One set = 2 rows

Steps/row Baseline (1) Baseline (3) Association (4) Dissociation (5)
Time (s)/well 250 600 60 300 300

Total time per set | ~25 minutes

9 10 11 12

Y@l 0] [0]0/0/0]08/0/e
10 0] 10/0/00!0/0/0!0
10 10l 10]0/00/0/0)0/e
10! 10]0]0]0/0]0/0/00!0
0OO000VOVOVOO)

al YO YO YO YO YO XC 0 O YO X W

Figure 15 : Experimental repartition in a plate for the experiment described in Table 1.
Light cyan: PBS buffer; Red: ACE2 receptor (50ug/mL or 632nM); Dark green to light green: Decreasing concentration range of either
S1Val or S1pGlu (316nM — 63,29nM); Yellow: reference sensor without analyte.
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A second experiment, also done in triplicate, involved a fixed concentration of analyte
(253,2nM) with a range of Lactavir concentration (ImM — 100uM — 10uM — 1uM — 0.1uM) to
assess the potential impact on the binding affinity of the S1Val or S1pGlu with the ACE2
receptor.

To design our experiments, we used the BLI Octet Discovery 12.2 software and the Octet
Analysis 12.2 software to process them. Throughout the experiment, measurements are
recorded every 0.2s and plotted on a global graph as shown in Figure 13b. We processed our
experiments by correcting our data by aligning the Y axis to the start of association step with
an inter-step correction aligned on the dissociation step and by filtering the whole with the
Savitzky-Golay filter to smooth our curve and extract the successive derivatives.

For the specificity of the kinetic analysis, we have to focus the analysis software on the
association/dissociation steps with a classical binding model of 1:1 and choose a global (group)
fitting of the data. For example, one set of the kinetic graph of ACE2 - S1(Val) is presented in
Figure 21A while the Figure 21B represent the kinetic graph for the triplicate experiment of
this interaction.
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3.1.4 Enzymatic assay design

The fluorogenic ACE2 substrate used is a synthetic substrate Mca-APK(Dnp)-OH from
AnaSpec (Catalog#AS-60757 — Lot#2155954) with a molecular weight of 696.7 g/mol. This
ACE2 substrate is a FRET peptide using 2,4-dinitrophenyl (Dnp) to quench the fluorescence of
methoxycoumarin (Mca) (See Figure 16). Whenever the substrate is cleaved by the enzyme,
the interaction is broken and the fluorescence of Mca increases. The peptide was reconstituted
by adding 100pL 1%NH4OH to 1mg powder and dilute in 900uL PBS to obtain a Img/mL
solution. Aliquots of 100uL at 1,43mM were stored at -20°C as recommended by the supplier.
Before use, each aliquot was thaw at room temperature and further diluted with buffer assay
without ZnCl; to obtain a 1mM solution.
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Figure 16 : Chemical structure of the fluorescent ACE2 substrate Mca-APK(Dnp)-OH.

The assay buffer is composed of 0,05M MES, 0,3M NaCl at pH 6.8. Solutions containing assay
buffer and various concentrations of ZnCl, (10uM and 100uM) were also prepared and pH was
verified to stay at pH 6.8. All of those solutions were stocked at 4°C and warmed to room
temperature before use. Lactavir solutions and ACE2 aliquots were prepared using
demineralised water and stored at -20°C. Before use, those solutions were thaw at room
temperature.

The enzymatic activity of the ACE2 enzyme with a fluorescent peptide was monitored in
Greiner 96 black microtiter plate using a Tecan Infinite 200Pro. The parameters used on the
Tecan were determined with first experiments by using an automatic detection to establish the
best gain (65) and Z-position (17800um). The kinetic duration is 45 minutes with an interval
time of 10 seconds at 35°C. The mode used is top reading fluorescence with an excitation
wavelength  of 325nm (bandwidth=9nm), an emission wavelength of 393nm
(bandwidth=20nm) and an integration time of 20us for 25 flashes.

The protocol used for the enzymatic assay is the following. First, preparation of each well by
adding 5pL of 1mM peptide (50uM final concentration (Cs)), 45uL of assay buffer and 10uL
of Lactavir (variable concentrations) or 10uL demineralised water for controls. Second,
initiation of the reaction by adding 50uL of 100nM ACE2 enzyme (50nM Cy) or assay buffer
for controls. Finally, start of fluorescence measurements within one minute after addition of
ACE2.

A maximum of six conditions were tested simultaneously in order not to create too much
variation between the different wells. However, four conditions seem to be the best compromise
for this kind of experiment.
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3.2 In cellular experiments

3.2.1 Main reagents used:

Gibco™ Dulbecco’s Modified Eagle Medium (DMEM) (Catalog number :11965092) is
enriched in glucose, L-glutamine and phenol red but without sodium pyruvate nor HEPES.

Gibco™ Advanced DMEM (Catalog number: 12491015) is enriched in glucose, sodium
pyruvate, non-essential amino acids and phenol red but without L-glutamine.

Gibco™ Dulbecco’s Phosphate Buffered Saline (DPBS) (Catalog number: 14190250) is
enriched with calcium, magnesium, glucose and sodium pyruvate but without phenol red.

Gibco™ Fetal Bovine Serum (FBS) (Catalog number: 16000044) is deactivated at 56°C for
30min. and then frozen by 25mL aliquots for later use.

Gibco™ Trypsin-EDTA (0.5% - no phenol red) (Catalog number: 15400054) is made from
trypsin powder derived from porcine pancreas and contains EDTA but no phenol red. The
solution used is diluted 10x from this stock.

Sigma-Aldrich Penicillin-Streptomycin (P/S) (SKU: P4333-100mL) is a stabilized solution
with 10.000 units penicillin and 10mg streptomycin/mL, 0,1um filtered and suitable for cell
culture.

pCG1 corresponds to the S protein of the Wuhan strain (See Appendix 4)
PUNOL1 corresponds to the S protein of the Delta variant strain (See Appendix 5)
pLV corresponds to the S protein of the Omicron variant strain (See Appendix 6)

3.2.2 VSV production and optimisation

The VSV pseudotyping and production is a long process taking up to a week to do. This subpart
was mainly realised by Kimberley Durlet who is working in the laboratory of Prof. Alsteens.
The main steps are summarised in Figure 17 while the optimised protocol is the follow:

Day 1 — seeding: Seeding 240.000 HEK-293T cells in 6 well plate in 2ml medium

Day 2 — Transfection: Transfection with 8ug of plasmid containing the glycoprotein of interest

Preparation of a mix containing: 1100 ng spike expression vector + 100 ng DsRed expression
vector per well to infect in 50pL of OPTIMEM. Add 50pL of OPTIMEM containing 4ug of
Polyethylenimine per well to infect and mix gently. Incubate the mix for 15 min at room
temperature. Add 100puL of the mix to each well containing cells ready to be transfected.

Day 3 — Transduction: Check transfection efficacy after 24h post-transfection with optical
microscope with DsRed filter (should be min 50%). Discard the supernatant carefully and
transduce with 100uL VSV-AG (1:100) in ImL DMEM (without FBS without F/S). Incubate
during 1h at 37°C then remove medium and wash carefully 1x with PBS. Add 2mL DMEM (+
5%FBS, PS, GlIn, Na-Pyruvate and NEAA) containing anti VSV-G antibody (1:1000) (except
for VSV-G production). Incubation at 37°C and 5% CO2 overnight (o/n).
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Day 4 — Collection and storage: Check transduction efficacy after 24h post-transduction with
optical microscope with GFP filter. Collect supernatant and clear cell debris by 10 min
centrifugation at 1250xg. Aliquot, snap freeze and store at -80°C or keep at 4°C for direct use
(can be stored at 4°C for 1-2 weeks) or perform polyethylene glycol (PEG) precipitation (add
25%PEG to cleared medium for a final PEG concentration of 8%, incubate 4 hours or o/n at
4°C while gently shaking or rotating, centrifuge for 30 min at 3000xg, resuspend pellet in 1 ml
DMEM (+5% FCS, PS, GIn, Na-Pyruvate and NEAA) and aliquot, snap freeze and store at -
80°C).

* 3
G*VSV-AG Ab anti-G protein

S*VSV-AG
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Figure 17 : 1. Transfection of HEK293T cells with two plasmids simultaneously. One of them contains the gene for a red fluorescent protein
(DsRed) and the second one contains a gene for the green fluorescent protein (GFP) and a gene for the S protein. During the transfection, the
second plasmid is 10 times more present than the first one. Thanks to this, if our cell emits red fluorescence, the probability for this cell to
assimilate the second plasmid is really high. 2. There is a high expression of the S protein at the cell surface. 3. Transduction of HEK293T cells
by G*VSV-4G capable of only one infection due to the deleted gene for the G protein. The VSV-4G can use the host cellular machinery to
perform its replication cycle and while the newly formed virion is budding, it will be coated with the content of the membrane surface of the
HEK293T cell (S protein in our case). 4. After 1h of incubation, antibodies (Ab) directed against the G protein will recognise only that protein
and prevent further transduction of unbound G*VSV-4G that could be present in the supernatant. 5. Harvesting of S*VSV-4G from the
supernatant.
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3.2.3 Infectivity assay

The A549cells on which the infectivity assays are performed are cultivated in T75 flasks with
an adequate medium (DMEM+10%FBS+1%P/S) in an incubator (37°C, 5% CO2). At a
confluence between 75% and 90%, we have to pass them and dilute them in another T75 flask.
To do so, we suck up the medium with a fluid aspiration system (VacuuBrand® BVC
professional-Article number: 20727400) while leaving the adherent cells on the bottom surface
of our flask. We wash those cells at least once by using 5mL of PBS then suck it up also. We
detach the cells from the flask using 2mL of Trypsin (1x) and leave it on for about ten minutes
while checking the proportion of detached cells under the optical microscope. After the cells
detach and float freely, we take a precise volume and dilute it in a variable volume to reach the
desired dilution rate. It is really important to avoid the culture of cells at high confluence
because it can impact their developmental process and induce a differentiation of them. The
Ab549cells used are expressing the ACE2 receptor and TMPRSS2 enzyme (ACE2+TMPRSS2).

To realize a TCIDsp test, we seed on Greiner 96 transparent microtiter plate with 100uL/well
of A549 cells (ACE2+TMPRSS2) at a concentration of 120 000 - 150 000 cells/mL in DMEM
(+10%FBS+1%P/S). The concentration is calculated using LUNA-II™ Automated Cell
Counter. Those plates rest o/n to let cells adhere to the bottom surface. Prior the addition of the
infectious agent, the medium is sucked up and replaced with 150uL Advanced DMEM (without
FBS nor P/S) except for the first column where the final volume of 200puL must be added as a
negative control. The second column is infected with 50uL of S*VSV-AG and a serial dilution
is done for the whole plate (dilution factor of 4 or 10 if high concentration of VSV). The dilution
factor can vary depending on the concentration of the batch but the smaller it is, the higher the
accuracy of the TCIDsp.

To realize an infectivity assay, we seed one or multiple plates of 96 wells in the same manner
as for a TCIDsp test and we let them o/n. The medium is sucked up and replaced with 150uL
Advanced DMEM (without FBS nor P/S) and if external compounds are studied during the test,
they must be put into solution and incubated with the cells for at least 1 hour. To infect a plate,
50pL of S*VSV-AG are added to each well for a variable length (between 18h and 24h). It is
particularly important to have plates with both negative (only medium added) and positive
control (virus added without external compounds).

After this incubation period, the plates are either washed two times by using PBS and scanned
or scanned with the media using the Amersham Typhoon. The scans are analysed by using
Image) to obtain images and by ImageQuantTL software to quantify the intensity of
fluorescence of our samples. Washing steps result in scans with less background effect and
nicer images. An example of the scan obtained is provided in Appendix Figure 7.
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4. Results and discussion

This chapter will present and discuss the results obtained during this work. We worked by using
two axes: in vitro experiments and in cellular experiments.

For the first axis, we validated first the S1 sequences used by MS and performed BLI
experiments to evaluate the impact or not of Lactavir on S1-ACE2 interaction. We finished by
evaluating the potential effect of Lactavir on ACE2 enzymatic activity by performing ACE2
inhibition assays. The second axis was studied by producing VSV and by performing infectivity
assays with pseudotyped VSVs on A549 cells in presence of Lactavir to assess its antiviral
effect.

4.1 Invitro experiment

4.1.1 Validation of S1 sequence by MS

Two purified S1 proteins, called S1(Val) and S1(pGlu), were purchased to perform our BLI
experiments and we first wanted to validate their sequence by MS to check for the presence or
absence of N-terminal pyroglutamate. Indeed, while S1(pGlu) should have a wild type
pyroglutamylated N-terminus, the S1(Val) is truncated by two residues and should not have
this feature.

In a first step, we digest the protein using trypsin to cut the protein in smaller peptides just after
Arginine (R) and Lysine residues (K) and by calculating each peptide weight, we can highlight
them in the MS spectrum. Based on the sequences given by the company, S1(Val) and S1(pGlu)
should generate N-terminal hexa- and octa-peptides (peptides 1a and 1b, Figure 18) with 703.41
and 974.48 Da as expected masses ((M+H)") respectively. 40 Da should be added to the
expected mass of peptide 1b because of both GIn14 pyroglutamylation (-17 Da) and Cys15
alkylation by iodoacetamide (+57 Da, proteins are reduced and alkylated prior to trypsin
treatment).
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Figure 18 : Representation of the expected N-terminal primary sequence of S1 proteins. Red dashes represent
the trypsin cleavage sites (after Lys and Arg). A) Sequence for the S1(Valine) with a specific N-ter part (1a)
and a second peptide similar in both proteins (2). B) Theoretical sequence for the S1(pGlu) with a specific N-
ter part (1b) and the second peptide (2). C) Unexpected sequence for the S1(pGlu) with a specific N-ter part
(1c) and the second peptide (2).

To attest that our analysis worked, we were able to identify many S1 peptides in both samples,
including the peptide 2 (residues 22-34) of the S1 protein (See Appendix 8). Due to a
miscleavage of the S1(Val), a longer peptide 1a-2 (16-34) was also identified on the MS
spectrum (See Appendix 9). We examined our S1(pGlu) sample to attest the absence of this
peptide and highlight its unique presence in the S1(Val) sample (See Appendix 10).
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For S1(pGlu), peptides 1b or 1b-2, with and without pyroglutamylation were not detected.
However, by visual comparison of MS spectra, an abundant peptide present in the S1(pGlu)
sample and absent in the S1(Val) sample, and featuring an expected LTTR C-terminal signature
in the fragmentation spectrum was observed. Its 1211,7 Da molecular weight is unexpected and
the peptide is detected with two distinct charged states (+3 or +2) (See Appendix 11).
Interestingly, the same peptide was found at two different elution times with different +3/+2

ratios.
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Figure 19 : MSMS fragmentation spectrum of the +3 peptide (m/z = 404.9). The grey box represents the unexpected sequence of the N-ter

part of the S1(pGlu) protein. The mass of the amino acids is cumulative throughout the mass spectrum until the total mass of our peptide
which is 1212.7 Da.

The proportion of +3 peptide at retention time 15.3min is much higher than at time 15.98min
and inversely for +2 peptide (See Appendix 12). The presence of two elution times suggests the
presence of two isomers of this peptide interacting differently with the column. This may be
indicative of the presence of a peptidyl-prolyl bond (Xaa-Pro) in this peptide undergoing slow
cis/trans isomerization.

Based on these observations and automatic de novo sequence prediction based on the
fragmentation spectrum (See Appendix 13), we found that the observed peptide is compatible
with the unexpected pEPVTLNSLTTR sequence (See Figure 18C & 19). If true, this means
that the pyroglutamate is present at the N-terminus but its primary sequence does not
correspond to the SARS-CoV-2 spike protein.

After these analyses, we realized that a NXT glycosylation site was present at the N-termini of
expected S1(Val) and S1(pGlu) proteins (not in the unexpected sequence discussed above) and
that glycosylation of Asnl17 was indeed reported in the literature. A quantitative MS analysis
on recombinant S1 protein produced in HEK293 cells indicated that the major glycan on Asn17
was composed of 4 hexoses, 4 N-acetylated hexoses and one sialic acid corresponding to an
additional mass of 1751 Da. %
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Since our commercial proteins are produced in similar HEK293 cells, it is probable that this
glycosylation is also present on our proteins but we were unable to distinctively detect its
presence in none of our proteins with the conditions used to perform the MS. Moreover, the
glycosylation would only occur on the expected peptides thanks to the presence of the
consensus sequence (N-X-S/T) but not in the unexpected sequence mentioned above for the
S1(pGlu) protein.

4.1.2 Evaluation of the S1-ACE2 interaction with BLI

Within this part of this master thesis, we used BLI to study S1-ACE2 interaction. However, this
technique is quite new in the laboratory (acquired early last year). In order to validate the
accuracy and reproducibility of the data, we have performed several tests to find the best
experimental conditions and performed triplicates for each experiment.

The main limitation of this technique is the cost of purified proteins due to the high
concentration at which we must work. It was important to us to do as many runs as possible
with one sample of proteins or to reuse them between experiments.

Optimisation of the experiment setup was done and we were able to test up to three separate
conditions per row in a 96well plate, reaching up to 24 different sensograms. However, the
length of such an experiment was of almost 12 hours leading to evaporation of the solutions.
As a result, the recording of 6 sensograms during a ~3hours experiment at 30°C leads to almost
25% of solution evaporation while performing the same experiment at 20°C leads to a solution
evaporation of less than 15%. Interestingly, the recording of 12 sensograms (~6hours) at the
lower temperature leads to less than 20% of evaporation.

We tested also to re-use our proteins after an experiment by freezing them again and reusing
them later on. Until now, proteins were used after only one congelation due to the aliquots
production (these are subsequently referred to as fresh proteins). The results obtained after
comparison between fresh and reused proteins were not convincing enough and we preferred
to set aside this possibility even though the higher the concentration of the protein, the less
pronounced the effects of freeze/thaw cycles.

To avoid possible non-specific interaction with the Ni-NTA biosensor, we tried also to add
0.02% Tween and 0.1% BSA in our buffer solution. Due to unusual results, we decided to stop
using BSA because there seems to have residual IgG in the BSA solution reacting with the Fc-
tag of our ACE2 protein and so other experiments were performed with only Tween 0.02%.
However, it turns out that the presence of Tween 0.02% in the solution seems to impact the
interaction due to an association and dissociation steps that are too fast compared to the
condition without Tween 0.02%. For the rest of our experiments, we decided to use nothing but
PBS for our solution.

With ProteinA biosensors, we performed two experiments:

1) We investigated the specific interaction between ACE2-Fc protein immobilized on the
sensor and the soluble S1 protein of SARS-CoV-2 with or without pGlu (S1pGlu or
S1val).

2) We evaluated an eventual effect of Lactavir on the in vitro interaction between ACE2
and each purified S1.
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4.1.2.1 S1-ACE2 interaction

In a first experiment, we decided to measure and compare the binding forces of S1(Val) and
S1(pGlu) with the ACE2 receptor. This experiment will enable us to determine if the S1 N-
terminus is contributing to the interaction.

Practically, we ran a BLI experiment detailed in Figure 15 and obtained a complete sensogram
as shown in Figure 20. Also, the kinetic graph of the first replicate is represented in Figure 21A
while the kinetic graph of the triplicate is represented in Figure 21B.
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Figure 20 : Complete sensogram of a BLI experiment with the S1Val at 316nM as analyte and ACE2-Fc at
632nM as ligand. All the steps for a BLI experiment were previously explained and consists in the following
steps: A first baseline followed by the loading step and a second baseline (B). The Kinetic part of the
experiment includes the association and dissociation steps and is further developed in Figure 24A.

With this experiment, we highlight that our measurements are reproducible. We also provided
a sufficient number of repetitions to get a good precision in our results (See Figure 22). Also,
we can compare them to the literature and our results are in the same nanomolar range which
suggests a good accuracy. %%

We realised this experiment in triplicates but we have to aggregate the Kp values obtained for
the different concentrations in analytes (316nM, 253,2nM, 126,6nM and 63,29nM) from the
triplicate to obtain an average Kp value corresponding to the affinity between our ligand and
our analyte of interest.

As seen in Figure 22, both Kp values are around 21nM and there is no significant difference
between S1(Val) and S1(pGlu). It is certain that the sensitivity of the machine is high on large
orders of magnitude but this also implies a more complicated distinction on very small scales
of magnitude. A significant difference of interaction between two proteins is evidenced by one
or two orders of magnitude variation.

It is however difficult to definitely conclude that the pGlu is not contributing since the mass
analysis raised some concern about the N-terminus of S1(pGlu) (See section 5).
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Figure 21 : Kinetic graph of the ACE2-S1(Val) interaction by BLI with four concentration of S1(Val) tested (316nM, 253,2nM, 126,6nM and
63,29nM). A. Kinetic graph of one replicate where the short dashes represent the fit proposed by the software while the solid lines are the
measured data. B. Kinetic graph of the triplicate where the bold line represents the mean of three separate experiments and the coloured area
represent the standard deviation (SD).
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Figure 22 : Interval plot of Kp values between ACE2 and either S1(Val) or S1(pGlu). Those data were obtained
by performing the experiment detailed in Figure 15 on a total of 12 samples.

4.1.2.2 Effect of Lactavir

Next, we measured the binding forces of S1(Val) and S1(pGlu) toward the ACE2 receptor in
presence of various concentration of Lactavir ranging from 0,1uM to 1mM (0,1uM, 1uM,
10uM, 100uM, 1mM) at a fix concentration of the S1 analyte (20pg/mL corresponding to ~
250nM). The objective here is to evaluate a potential impact of Lactavir on the binding
interaction between the ACE2 receptor and the S1(Val) or S1(pGlu).
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Prior to start, we had to attest if the addition of Lactavir in solution could be detected during
the experiment and if our compound was aggregating against our ligand prior or after its
attachment to the biosensor, leading to disturbances in the signal. We added 1mM of Lactavir
in every well (starting from the first baseline) and we compared it with a condition without
Lactavir. No differences were observed during this test which indicates that our compound
cannot be detected and that it does not disturb the binding of the ligand to the biosensor.

As represented on Figure 23, we can assess that the S1-ACE2 interaction seems not affected by
Lactavir in the tested concentration range. Even though there is sometimes a higher variability
than during the first experiment without Lactavir (up to 50nM of difference with Lactavir), we
have to highlight that this experiment was only reproduced 3 times and that the high variation
observed is due to outliers.

For the S1Val, we can make abstraction of one outlier (Kp value = 47nM in Figure 23A) and
the visual trend is similar across all tested Lactavir concentrations. Moreover, by comparing
the mean Kp values for the S1(Val) from each Lactavir concentration (See Table 2), the trend
is almost identical and the standard deviation (SD) highlight well the presence of an outlier at
1uM of Lactavir.

Table 2 : Kp values between ACE2 and either S1(Val) or S1(pGlu)in presence of Lactavir. SD= Standard

Deviation
=3 S1(Val) 51(pGlu)
Mean [ SD Mean sD
1mM 3,72E-08 2,15E-09 4,36E-08 2,08E-08

100puM 3,68E-08 2,26E-09 4,28E-08 9,78E-05
10umM 3,74E-08 2,76E-09 3,28E-08 1,43E-08
1M 4,02E-08 6,10E-09 3,55E-08 6,03E-05
0.1pmM 3,66E-08 1,95E-09 3,02E-08 2,76E-09

[Lactavir]

Concerning the S1pGlu, there are also some outliers but in greater numbers (Kp value £ 67nM
in ImM condition, Kp value = 54nM in 100uM condition and Kp value £ 49nM in 10uM
condition) (See Figure 23B). To date, we do not have a single explanation to address those
outliers and we don’t know why they are higher with this S1pGlu.

Is it due to the intrinsic difference between the two S1? Is it because of a defective biosensor?
Is it due to an operating error? It is most likely a combination of those and more experiments
should be performed to completely lift the veil on this result.

However, the visual tendency is similar across Lactavir concentration and no significant
differences can be highlighted (See Figure 23B). Again, by comparing the mean Kp values for
the S1pGlu from each Lactavir concentration (See Table 2), the trend is almost the same and
the difference in the Kp values is at the maximum of +15nM, which is not significant to
determine an impact on the binding affinity.

One possible explanation for this is that the impact of Lactavir occurs at a lower concentration
than 0.1uM since antiviral effects were already detected from 50nM with the team of Prof.
Boulant on Caco-2 cells (See Appendix 1). Assuming that we are at saturation of the system
with the concentrations of Lactavir used, we can pool all the data obtained in the presence of
Lactavir and compare them with those obtained without Lactavir.
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If this hypothesis is correct, we can state that there is indeed an effect of Lactavir on S1-ACE2
interaction by performing a t test on these data (See Figure 24). However, given that the
measured Kp remains in the nanomolar range, the biological relevance of this observed
difference should be taken with caution.
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Figure 23 : Interval plot of Kp values between ACE2 and either S1(Val) [A] or S1 (pGlu) [B] at 20ug/mL (£250nM) in presence of a Lactavir
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Figure 24 : Interval plot of Kp values between ACE2 and either S1(Val) (orange) or S1 (pGlu) (green) in
presence or absence of a Lactavir concentration higher than 0,1uM.

To summarise these two experiments, we can state that the presence or absence of pGlu at the
N-ter part of S1 is not impacting the affinity constant of the interaction between ACE2 and the
S1. Also, the addition of Lactavir above 0,1uM has no concentration-dependent impact on the
affinity constant with the two S1. With the tested concentration of Lactavir, we cannot state
that there is an impact from the compound on the Kp values. However, if we assume that we
have a system at saturation and that we decide to compare this saturation tray with the absence
of Lactavir, we detect a significant but modest decrease of the S1-ACE2 affinity. This observed
decrease in affinity should be taken with caution as we still are in a nanomolar range of
measurement.
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4.1.3 ACE2 enzymatic assays

Given the limited knowledge we have about the antiviral mechanism of Lactavir, we do not
know for sure where it interacts and how it interacts. Structural evidences shows that ACE2
catalytic site and ACE2 binding site with S protein are different and one study using
pseudotyped retroviruses has shown that the enzymatic activity and the S protein-mediated
infection are distinct processes with no influence from one to the other. 24559

However, another study highlighted also a large hinge-bending motion by comparing the X-
Ray structures of the native ACE2 to an inhibitor (MLN-4760)-bound ACE2.1° The MLN-
4760 possess two carboxylates that binds inside the catalytic pocket and the binding motion of
the whole inhibitor impacts the key helix for S binding on ACE2 (Highlighted in Figure 9) and
may influence directly the specific S-ACEZ2 interaction (See Figure 25).

Our postulate is that Lactavir, being a carboxylate, might bind to ACE2 in the catalytic pocket
and modulate the S1-ACE2 interaction.

Figure 25 : Superposition of three structures of ACE2. Green ribbon: Native ACE2 (PDB:1R42); Blue
ribbon: ACE2-S1 complex (PDB: 7KNB); Red ribbon: ACE2-MLN-4760 complex (PDB: 1R4L). The key helix
for S binding on ACE2 moves when an inhibitor is bind to ACE2.

Enzymatic assays were performed for two reasons:

The first reason is to assure ourselves that the freezing/thawing process of ACE2 is not
deleterious to its structural conformation. By testing this, we can ensure that the conformational
structure is not impacted which is very important for the BLI experiments we performed
previously.

The second reason is to better understand the antiviral impact of Lactavir and assess if the
presence of Lactavir disrupts the enzymatic activity of ACE2. This action could lead to a
destabilization of the S1-ACE2 interaction due to a bending motion as it has been highlighted
for an inhibitor.1% If an impact is demonstrated, more experiments should be done to attest how
this disruption occurs.
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By recovering ACE2 enzymatic activity, we were able to determine that the freezing/thawing
process of ACE2 did not deteriorate the protein to the point of preventing enzymatic activity
up to a maximum of two cycles, at which point we observed a significant decrease in enzymatic
activity (See Appendix 14).

After a screening of several Lactavir concentrations (0,1uM; 0,5uM; 1uM; 2uM; 4uM; 8uM;
16puM; 50uM) on ACEZ2 inhibition assay, two concentrations were replicated three times
(0,2uM and 1uM) during the same day to avoid any freezing/thawing cycle (See Figure 26).

For this experiment, we used two important control:

a) The negative control (without ACE2) highlight the low fluorescence to the substrate
when no enzymatic activity is noticed.

b) The positive control (with ACE2 and OpM of Lactavir) illustrate the expected enzymatic
activity without any external influence of a compound. By enlarging the graphs, we can
highlight the early steps of the reaction before reaching the tray and illustrate a potential
difference in the rate of reaction.

Overall, there seems to be no significant difference between the positive control and the two
Lactavir concentrations tested even though it has been replicated three times. Based on this
experiment, we can conclude that Lactavir does not act as an inhibitor of ACE2 nor as a
disruptive factor and, therefore, does not impact the S1-ACE?2 interaction through the bending
motion induced by the presence of an inhibitor in ACE2 catalytic site as explained above.
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Figure 26 : ACE2 enzymatic experiment in presence of 10uM of ZnCl,. The negative control is without ACE2

(Black dots). Three concentrations of Lactavir were tested (OuM - 0,1uM - 1uM). The whole length of the
experiment is shown (3600s) and the early minutes of the experiment are enlarged (length=720s)
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4.2 In cellular experiments

4.2.1 VSV production

VSV production proved to be challenging and the optimised production protocol is described
in Section 3.2.2. Initially, we tried to concentrate VSVs by using PEG precipitation without
success as we lost all infectivity from our VSVs in a further infectivity assay. This result is
probably due to the omission of flash freezing the samples before putting them in the -80°C,
since it is known that slow freezing could be deleterious to biological material.

Afterwards, we stopped trying to concentrate our production as it was easier for us to use them
freshly. Theoretically, the VSVs stored at 4°C can be use up to two weeks after production even
though we tested after one month and still found signs of infectivity. However, for the
experiments presented afterwards, the two weeks period of storage was not exceeded.

As the technique was developed by Kimberley Durlet for the research team, she was in charge
of the optimisation of the production and this will not be discussed here. Still, she was able to
improve the production of VSVs to obtain a higher Infectious Units per millilitre (IU/mL) from
1-2x10° IU/mL up to 3x10® 1U/mL with the optimised protocol.

Besides concentration, another challenge is the limited volume of VSV production which is
correlated to the culture conditions of the HEK293T cells. The volume recovered from the
production is of approximately 9,5mL but with the high volume required to infect one plate and
the use by several researchers, the volume production needs to be further improved.

For the later experiments showed in this part, we assessed the TCIDso (See Box 1) of the virus
batch used for the infectivity assay performed the same day. To realise one TCIDs test, you
need 400pL of fresh viruses while for an infectivity assay, you need 4200uL of fresh viruses.
This amount represents almost 50% of our total VSV production so we always diluted our
viruses (two- five- or ten-times) to perform an infectivity assay.

4.2.2 Infectivity assays

As the infectivity tests were directly dependent on the production of VSVs, their frequencies
had to be adapted according to the quantities of VSVs produced and the periods of production.
We tested three different VSV expressing the S protein of various VOCs (Wuhan, Delta and
Omicron). However, we failed to validate the infectivity of the Omicron VSV and only did
further experiments with the VSV expressing the Wuhan (S(Wuhan)*VSV-AG) or Delta S
protein (S(Delta)*VSV-AG).

Next, we used both VSVs to test the influence of either Lactavir or pyroglutamic acid as it has
been shown that both have a similar antiviral effect (See section 1.3). Due to the high number
of conditions tested, the number of biological replicates is low (See Appendix 15) and their
distribution is scattered which makes it difficult to identify a potential impact of the two
antiviral compounds.

The variability of these results motivated us to decrease the number of conditions in order to
increase the number of replicates. To do so, we focused the infectivity tests on the impact of
Lactavir at three concentrations (1 uM, 10uM and 100uM) and we performed the next tests
only with the Wuhan S protein as the Delta S protein was not more produced for the same
reason as above.

35



The following experiment allows us to highlight the interest of increasing the number of
biological replicates. Despite the inability to insert a positive control due to a shortage of virus,
this experiment indicates that while Lactavir has an effect on the infectivity of pseudotyped
VSV, it is not concentration dependent (See Appendix 16)

In total, we realised a dozen of infectivity assays to improve the protocol and our two lasts
experiments were obtained by using the optimised protocol presented in Section 3.2.3.

To perform the second to last experiment, we were able to use fresh S(Wuhan)*VSV-AG at a
high infectivity titer (3x108 IU/mL) when produced. In only 4 days, the calculated infectivity
titer for this batch stored at 4°C dropped to 1,1x10° IU/mL which is not consistent with the
literature.*®* However, A549 (ACE2+TMPRSS2) were infected and we can compare the impact
of a gradient of Lactavir to our positive control (See Figure 27).
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Figure 27 : Impact of a Lactavir range of concentration (1M — 10uM — 100uM) on infected A549 cells
expressing ACE2 and TMPRSS2 S(Wuhan)*VSV-4G. Y axis is Relative Fluorescent Unit (RFU). The
infectivity titer for the VSVs used is 1,1x10% IU/mL. A t Test was performed on the raw data and represented
on the interval plot.

A similar conclusion can be drawn, even with a higher number of biological replicates there
seems to be no significant impact of Lactavir on the infectivity of our Wuhan S pseudotyped
VSVs.

Despite these results, and to make sure we were not missing something, we decided to do a
final experiment, this time using freshly prepared Lactavir. Indeed, the Lactavir used for the
previous tests had been prepared several months earlier, frozen and thawed several times.
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We used a frozen stock of VSVs at a high infectivity titer (7,2x107 IU/mL) before freezing and
used it to perform our last infectivity assay. Again, the infectivity titer from this batch dropped
to an even lower concentration of 2,3x10® IU/mL but A549 (ACE2+TMPRSS2) were still
infected (See Appendix 7).
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Figure 28 : Impact of a Lactavir range of concentration (1uM — 10uM — 100uM) on infected A549 cells
expressing ACE2 and TMPRSS2 S(Wuhan)*VSV-4G. Y axis is Relative Fluorescent Unit (RFU). The
infectivity titer for the VSVs used is 2,3x10° IU/mL. A t Test was performed on the raw data and represented
on the interval plot.

Even with a greater number of positive controls, we can notice a high variability in our
replicates while the values obtained for the negative control are particularly clustered which
indicates that a low infectivity titer makes the analysis harder (See Figure 29). Indeed, the high
variability observed can be due to a greater disparity of S(Wuhan)*VSV-AG within the
different wells due to the low infectivity titer obtained after freezing.

To conclude, no significant effects of Lactavir are observed on the infectivity of fresh or frozen
S(Wuhan)*VSV-AG on A549 cells (ACE2+TMRPSS2). For production reasons, it was
unfortunately not possible to compare the effect of Lactavir on the infectivity of pseudotyped
VSVs with the S protein of two other VOCs (Delta and Omicron). However, we were able to
optimise VSV production and confirm a robust protocol with a high number of replicates for
infectivity testing.
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5. Conclusion and perspectives

The aim of this master’s thesis was to characterize the antiviral effect of Lactavir with in vitro
and in cellular experiments and to obtain more insights concerning the N-terminal pGlu
function present on the S protein of the SARS-CoV-2. To do so, we worked through two main
axes:

The first axis focused on in vitro experiments by using two techniques: BLI and ACE2
inhibition assays.

Due to the use of commercial proteins and our interest in the N-terminal pGlu residue, an MS
analysis was carried out with these proteins while performing in vitro experiments. We were
able to validate the N-ter sequence of S1(Val) which is truncated by two amino terminal
residues (deletion of Q14 and C15) but we did not find the N-terminus sequence of S1(pGlu)
as proposed by the supplier. However, we detected a peptide present in the S1(pGlu) sample
but absent in the S1(Val) sample, and featuring an expected -LTTR C-terminal signature. This
signature corresponds to the end of the first N-ter peptide in the S1(Val) which indicates that
the rest of the sequence is similar between the two samples. The presence of a N-glycosylation
on Asnl7 is expected as it has been reported in the literature. However, we were unable to
distinctively detect its presence with the conditions used to perform the analysis as we did not
used a PNGase which leaves an identifiable scar on the peptide as a feature of a N-
glycosylation.

Interestingly, we detected well the N-ter sequence of S1(Val) with our setup which indicates
that there is no Asnl7 glycosylation on this sample. Both S1 were produced by the same
company with HEK?293 cells which means that if S1(Val) is not glycosylated, there is no reason
to believe that S1(pGlu) would be. Moreover, no corresponding peptide with the additional
glycan mass of 1751 Da (mentioned in Section 4.1.1) was found in further research in the MS
spectrum of S1(pGlu). Based on this observation, we performed an automatic de novo sequence
prediction to gain insights concerning the N-ter of S1(pGlu). We obtained an unexpected
sequence that does not match the sequence provided by the supplier but with a N-ter pGlu
residue (pEPVTLNSLTTR).

At this point, there are two possibilities:

1) First, there is an Asn17 glycosylation on the S1(pGlu) and not on the S1(Val) and we
were unable to detect it due to the setup conditions which questions the presence of N-
ter pGlu as our de novo sequencing will not match the masses found.

2) Second, the sequence given by the supplier is not correct and some modifications were
done to enable a better expression of the S1 in presence of a N-ter pGlu residue. This
better expression being already present in S1(Val), due to the deletion of the pGlu N-
ter and a Cys, there were no need to further modify the S protein.

To address these two possibilities, it would be essential to repeat this analysis with PNGase
treatment before trypsin digestion. This treatment will remove the N-glycans and allow us to
confirm or refute the presence of this post-translational modification. This will allow us to
directly determine the veracity of the unexpected N-ter sequence for S1(pGlu).

This analysis raises many questions about the commercial production of proteins and the
accuracy of the protein sequences produced. Are these mutations random and there is no
sequence check after production or are they intentional? Does the production of S1 with the
unaltered sequence have a cytotoxic action on the cell?
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Does the mutation of a single amino acid, leaving an N-ter Cys, have a cytotoxic action on the
cells when the protein is expressed? If our unexpected sequence is assessed, why is it needed
to alter the initial sequence to allow a N-ter pGlu?

Regarding BLI experiments, we investigated the interaction between ACE2-Fc immobilized on
the biosensor (ligand) and the soluble S1 protein of SARS-CoV-2 (analyte) with or without
pGlu [S1(pGlu) or S1(Val)]. Given the novelty of the technique in the laboratory, we were able
to highlight the reproducibility of our measurements and relate them to the existing literature
by retrieving Kp values in the nanomolar range.

For the S1-ACE2 interaction, two explanations can be proposed due to the uncertainties raised
by the MS analysis:

1) We assume that there is an absence of pGlu at the N-ter part of S1 which indicates that
we compared two proteins without any pGlu residues. It is expected that there will be
no impact on the affinity constant of the S1-ACEZ2 interaction.

2) We assume that there is a pGlu at the N-ter part of S1 and we can state that the presence
of pGlu residue does not have a significant impact on the S1-ACE2 interaction.

If we want to go further with the second explanation, it would be really important to invert the
protein linked to the biosensor to confirm the affinity range for this interaction. Furthermore, it
is important to consider that ACE2 also has a putative N-ter pGlu residue. It is putative because
no analysis concerning ACE2 has been carried out. It would be interesting to carry the same
experiments and comparing the impact of the presence or absence of pGlu on each of the
proteins. We could use proteins where N-ter pGlu residue is known to be present and treat them
with a pyroglutamyl aminopeptidase that removes the N-ter pyroglutamyl residue. Thanks to
this enzyme, we could obtain two nearly identical proteins except for their N-ter end which will
be truncated.

Concerning the impact of Lactavir on the S1-ACE2 interaction, the addition of Lactavir above
0,1uM has no concentration-dependent impact on the affinity constant regardless of the S1.

In order to ensure that an effect is not missed, it might be interesting to perform the same
experiments with even lower concentrations of Lactavir as the antiviral effects of Lactavir were
detected from 50nM in in vivo experiments (See Appendix 1). A possible assumption would be
that we have a system at saturation in Lactavir where we cannot detect a concentration-
dependent effect. By comparing this saturation tray with the absence of Lactavir, we detect a
modest decrease of the S1-ACE2 affinity for both proteins, from 20-25nM (without Lactavir)
to 35-40nM in Kp values (with Lactavir).

This observed decrease in affinity should be taken with caution as we still are in a nanomolar
range of measurement and the biological relevance of it is hard to determine.

Concerning the ACEZ2 inhibition assay, we performed enzymatic assays in presence of Lactavir
to explore its implication in a potential hinge-bending motion of ACE2. A large hinge-bending
motion has been highlighted in the literature by using MLN-4760 as an inhibitor of ACE2. This
inhibitor possesses two carboxylates that binds inside the catalytic pocket and the binding
motion of the whole inhibitor impacts the key helix for S binding on ACE2. Lactavir, being a
carboxylate, might bind to ACE2 in the catalytic pocket and this could potentially lead to a
modulation of the S1-ACE2 interaction by moving the key helix for S binding to ACE2. If true,
it could provide some clarification for the results obtained with in vivo experiments. However,
we did not measure a significant difference between our positive controls and the two Lactavir
concentrations. These results lead to the conclusion that Lactavir does not act as an inhibitor of
ACE2 nor as a disruptive factor.
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An interesting BLI experiment could be to quantify the effect on the affinity constant of the S1-
ACE?2 interaction by adding the MLN-4760 inhibitor as we did for Lactavir. By doing this, we
could measure the implication of the hinge-bending motion on the S1-ACE2 interaction as it
has already been attested for this ACE2 inhibitor in the literature.

The second axis relied on in cellular experiments by producing pseudotyped VSVs with the S
protein of the following variants (Wuhan, Delta, Omicron). In addition, infectivity assays were
performed in presence of Lactavir to attest the antiviral effects of the compound in cellular with
a physiologically relevant environment.

The VSV production has been greatly improved in order to increase the infectivity titer but
further optimizations in production volume are needed. The production limitation can be
partially overcome by changing the cell culture flasks from T75 to T175 to recover more than
20mL/flask instead of the actual 9,5mL/flask. Increasing the number of flasks will finally
overcome the production problems. Also, the possible long-term storage conditions for VSVs
need to be fully explored in order to determine which is the most efficient for maintaining a
high infectivity titer. One possibility would be to re-test the concentration of VSVs via PEG
precipitation or by using a sugar gradient. However, the impacts of these manipulations need
to be measured by performing TCIDsxo tests at regular intervals afterwards, to ensure that the
infectivity titer is maintained given the significant differences that we have identified
throughout this work.

The infectivity tests were mainly carried out with the S from Wuhan because its production was
optimized. Preliminary results were obtained with two VOCs (Delta and Omicron) but no
conclusions can be drawn due to the non-repetition of results. No significant effects of Lactavir
are observed on the infectivity of fresh or frozen S(Wuhan)*VSV-AG on A549 cells
(ACE2+TMRPSS2). For future experiments, it would be important to perform a second
negative control using A549 cells that do not express ACE2 or TMPRSS2 to ensure that the
infectivity we detect is due to membrane fusion entry and not due to the endosomal pathway.

Given the limited knowledge about the mechanism of action of Lactavir, it would be interesting
to produce and conduct future tests with the two other VOCs as they possess the D614G
mutation that stabilizes the S protein while the Wuhan S does not. Moreover, a Q14N point
mutation on each S protein should be done to investigate the importance or not of the N-ter
pGlu on the protein. With this mutation, we could measure the differences between the native
and modified S protein through infectivity tests.

One trail to explore regarding the analysis of infectivity tests would be to use Fluorescence
Activated Cell Sorting (FACS), which has the advantage of being more accurate than performed
infectivity scans. However, the ability of cells infected with VSVs to resist treatments prior to
the use of the cytometer needs to be assessed.

Overall, we improved the VSV production and reinforce a protocol for infectivity tests using
the VSV technique. We demonstrated also the precision and reliability of the BLI technique by
improving an existing protocol and adapting it to our subject. More importantly, relevant
insights into the in vitro effect of Lactavir on S1-ACE2 interaction and into the in cellular
infectivity assays using S(Wuhan)*VSV-AG were gained. We improved the existing
knowledge concerning Lactavir and these results can be used for further research to identify
future antiviral compounds.

40



6. Appendix
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Appendix 1 : First set of experiment performed at Heidelberg using Carbocysteine as a drug for the first row and
Lactavir as a drug for the second row. Three cell lines were used (Vero cells; Caco-2 cells and Calu-3 cells) to
mimic different types of tissues. For more information on the cell lines, see Box 1.
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Appendix 2 : Second set of experiment performed in collaboration with Heidelberg. B: carbocysteine; C: Lactavir; D: Lactam 3; E:
Pyroglutamate A. Quantification of produced viruses 24h post-infection in Caco-2 cells. A decrease of two order of magnitude is observed
with Lactavir and up to three order of magnitude with pyroglutamate. B. Quantification of viral RNA by qPCR 24h post-infection in Caco-
2 cells. A decrease of +50% is observed with Lactavir, pyroglutamate and Lactam 3. C. Measure of the fusion index for syncytia formation

in presence of Lactavir or Camostat (known inhibitor of TMPRSS2).
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Appendix 3 : Classification of the possible risk groups based on Biosafety in Microbiological and Biomedical

Laboratories (BMBL)

Risk Group Risks and pathogenicity Bio-Safety Level (BSL) of
laboratory facilities:
RG 1 There is no or low individual and community risk. This includes BSL-1

microorganisms that are unlikely to cause human or animal disease

There is a moderate individual risk and low community risk. It includes BSL-2
pathogens that can cause human or animal disease but is unlikely to be a serious

hazard.

There is a high individual risk and low community risk. It includes pathogens BSL-3

that usually causes serious human or animal disease but does is not ordinarily also known as containment.
contagious.

There is a high individual risk and community risk. It means that the pathogens BSL-4

can causes serious human or animal disease, and it can be transmitted from one also known as maximum
individual to another, directly or indirectly. Moreover, effective treatment and containment.

preventive measures are not usually available.
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Appendix 4 :Plasmid corresponding to the Wuhan strain (pCG1)
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Pacl, Swal,Eagl,MotI,PagCI,Begl
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Appendix 5 : Plasmid corresponding to the Delta VOC (pUNOL1)
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Appendix 6 : Plasmid corresponding to the Omicron VOC (pLV)
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No Virus

Virus

Lac1

Lac 10

Lac 100

Virus

Lac 10

Lac 100

Appendix 7 : Scan of the infectivity plate of the 02" of January 2023 with an infectivity titer of 2,3x10° IU/mL. Each green pixel corresponds
to an infected A549 cell. The first row is our negative control without S(Wuhan)*VSV-4G and the second row is our positive control with
S(Wuhan)*VSV-4G but without Lactavir. The interval plot corresponding to this plate is in Figure 33.
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Appendix 8 : MS spectrum for the N-ter part of purchased proteins. A. MS spectrum for S1(Val) sample. B. MS spectrum for
S1(pGlu) sample. C. Red sequence correspond to the retrieved peptide charged positively two times (m/z = 748.38).
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Appendix 9 : A. MS spectrum for the N-part of the S1(Val) protein. B. Red sequence correspond to the retrieved peptide charged
positively three times (m/z = 727.38).

A. B L 726.87

727.36

727.69
727.36

; 12998 726.35
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Appendix 10 : A. MS spectrum for the N-part of the S1(Val) protein with a peptide charged three times positively (m/z = 727.38).

B. MS spectrum for the S1(pGlu) protein. The peptide identified is two times charged positively even though the mass identified
(m/z = 726.87) is close to the peptide in A.
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Appendix 11 : MS Spectrum of the N-ter part of the S1(pGlu) protein. We found two pics representing two peptides charged differently.
The first one is three times charged (m/z = 404.9) while the second one is two times charged (m/z = 606.85).
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Appendix 12 : MS Spectrum of the N-ter part of the S1(pGlu) protein.
A. MS spectrum at elution time 15min30. B. MS spectrum at elution time 15min98.
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Appendix 13 : Fragmentation spectrum of the N-ter part of the S1(pGlu) protein obtained by using the MASCOT software and identification
table of the b and y ions analyzed from the fragmentation spectrum. The monoisotopic mass of neutral peptide is 1211.6510, a fixed
modification (Carbamidomethyl) and a variable modification (N-ter: GIn->pE) have been inserted in the software to obtain this unexpected

sequence.
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Appendix 14 : Evaluation of the impact of freezing cycles on the enzymatic activity of ACE2 with a
fluorogenic substrate Mca-APK(Dnp)-OH. The first freezing cycle describe here correspond to the
realization of aliquots and their long-term storage at -20°C after solubilization of the purified powder of the
compound. The curve corresponding to the three freezing cycle correspond to two thawing/freezing cycle
after the first freezing cycle.
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Appendix 15 : Impact of antiviral compounds on infected A549 cells expressing ACE2 and TMPRSS2 by S(Wuhan)*VSV-4G [A] or
S(Delta)*VSV-4G [B]. pE: Pyroglutamic acid (1uM — 10uM — 100uM); Lac: Lactavir (1uM — 10uM — 100uM). Y axis is Relative Fluorescent
Unit (RFU)
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Appendix 16 : Impact of a Lactavir range of concentration (1uM — 10uM — 100uM) on infected A549 cells
expressing ACE2 and TMPRSS2 by S(Wuhan)*VSV-4G. Y axis is Relative Fluorescent Unit (RFU)
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