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Influenza virosomes serve as antigen delivery vehicles and pre-existing immunity toward influenza
improves the immune responses toward antigens. Here, vaccine efficacy was evaluated in non-human
primates with a COVID-19 virosome-based vaccine containing a low dose of RBD protein (15 pg) and
the adjuvant 3M-052 (1 pg), displayed together on virosomes. Vaccinated animals (n=6) received two
intramuscular administrations at week 0 and 4 and challenged with SARS-CoV-2 at week 8, together
with unvaccinated control animals (n=4). The vaccine was safe and well tolerated and serum RBD

IgG antibodies were induced in all animals and in the nasal washes and bronchoalveolar lavages in

the three youngest animals. All control animals became strongly sgRNA positive in BAL, while all
vaccinated animals were protected, although the oldest vaccinated animal (V1) was transiently weakly
positive. The three youngest animals had also no detectable sgRNA in nasal wash and throat. Cross-
strain serum neutralizing antibodies toward Wuhan-like, Alpha, Beta, and Delta viruses were observed
in animals with the highest serum titers. Pro-inflammatory cytokines IL-8, CXCL-10 and IL-6 were
increased in BALs of infected control animals but not in vaccinated animals. Virosomes-RBD/3M-052
prevented severe SARS-CoV-2, as shown by a lower total lung inflammatory pathology score than
control animals.

Abbreviations

ACE2 Angiotensin-converting enzyme 2
BAL Bronchoalveolar lavage

BSA Bovine serum albumin
COVID-19 Coronavirus disease of 2019

d Day

DLS Dynamic light scattering

eVLP Enveloped virus-like particle
ELISA Enzyme-linked immunosorbent assay
FcRn Neonatal Fc receptor

GC Germinal center

GMT Geomean titer

HA Hemagglutinin
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H,SO, Sulfuric acid

im. Intramuscular

IgG Immunoglobulin G

IgA Immunoglobulin A

mAb Monoclonal antibody

NHP Non-human primate

NT Neutralizing titer

NTA Nanoparticle tracking analysis
PBS Phosphate buffer saline

PDI Polydispersity index

RBD Receptor binding domain

RNA Ribonucleic acid

RT Room temperature

TCIDs, 50% Tissue culture infectious dose
TLR7/8 Toll-like receptor 7 and 8
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
S Spike envelope protein

sgRNA Subgenomic ribonucleic acid
voC Variant of concern

Tth T follicular helper cell

UPLC Ultra Performance Liquid Chromatography
WHO World Health Organization

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)'"? is an airborne pathogen** responsible
for the pandemic coronavirus disease of 2019 (COVID-19)%’. It enters the body primarily through the upper
respiratory tract (nasal cavities, mouth, and throat) but the primary SARS-CoV-2 replication site is the nasal
tissue® from where it spreads to the lungs and other organs and can also infect the central nervous system’.

SARS-CoV-2 uses its receptor binding domain (RBD) present in the spike (S) viral membrane glycoprotein'’
for binding to the cellular receptor angiotensin-converting enzyme 2 (ACE2)'"!? for infecting cells'®. The broad
tissue distribution of the ACE2'* may explain the numerous organs susceptible to SARS-CoV-2 infection. Fur-
thermore, isolation and characterization of neutralizing monoclonal antibodies from SARS-CoV-2 convales-
cent patients confirm that RBD and S are key targets for blocking infection'*-*’, indicating that RBD and S are
promising vaccinal antigens. It was postulated that SARS-CoV-2 vaccines delivered intramuscularly for eliciting
protective antibodies should prevent massive virus replication and tissue damage in the lungs. This protection is
thought to be due in part by the ability of vaccine-induced circulating antibodies to reach the highly vascularized
lung tissues and the transport of IgG across the mucosal lung tissue into the lumen by the neonatal Fc receptor
(FCRII)ZLZZ.

Using different vaccinal antigens and vaccine technologies®—** numerous different vaccine products against
COVID-19 have been evaluated between 2020 and 2022. The main current vaccines are: mRNA vaccines
(BNT16b2/Comirnaty, mRNA-1273/Spikevax, CVnCoV), adenoviral vector vaccines (ChAdOx1/Vaxzevria
or Covishield, Ad26.COV2.S, Ad5-nCoV/Convidecia, Ad5-Ad26/Sputnik V, Ad26/Sputnik V Light), peptide
based vaccine (EpiVacCorona), inactivated vaccines (CoronaVac, BBIBP-CorV, WIBP-CorV BBV 152/Covaxin,
VLA2001, COVIran Barekat), S-based protein vaccines (NVX-CoV2373, VLP-S plant derived/Covifenz, CoV2
preS dTM/VidPrevtyn Beta, SCB-2019), RBD-based protein vaccines (Corbevax, ZF2001/Zifivax, CIGB-66/
Abdala, UB-612 with S1-RBD with T cell epitopes from S2, membrane and nuclear protein), and RBD conjugated
vaccines (FINLAY-FR-1/2 or Soberana 01/02). Although the antibody titer level for achieving protection is not
yet determined, these prophylactic COVID-19 vaccines were successful in preventing disease complications,
hospitalizations and death. However, the vaccine-induced antibody protective immunity seems to be short-
lived*-%%, as reported by rapid drops of antibody titers within 4-6 months post-vaccination.

Furthermore, developing vaccines offering effective broad cross-strain protection is hampered by high genome
mutation rates that are common to RNA viruses*** as also reported for SARS-CoV-24"*2, Mutations result in
amino acid changes in various viral proteins, including the S or RBD antigen that can significantly reduce to
different degrees the recognition by neutralizing antibodies induced during natural infection or vaccination®*=*.
This evolution/selection process allows the emergence of new virus variants that escape antibody recognition,
and the Omicron B.1.1.529 variant is a good example with 37 mutations located in S protein*. Therefore, the
future vaccines targeting conserved S or RBD regions and/or combining antigens of different virus strains may
hold better cross-strain protection. Due to rapid waning immunity, combined with the rapid emergence of new
variants, regular boosts may be necessary for preserving the population protection by antibodies.

According to the World Health Organization (WHO) website dedicated to the COVID-19 vaccine tracker,
there are about 380 vaccines under investigation. By end of 2022, about 172 vaccines are in clinical develop-
ment, and near 200 vaccine candidates are in pre-clinical development with about 80 candidates that are based
on proteins and 20 using virus-like particles (VLPs) for displaying proteins, indicating that subunit vaccines are
still an effective platform for the development of safe COVID-19 vaccines and can contribute to diversify the
vaccine pipeline, with a demonstrated good tolerability and safety profile.

Here, we report the development of a subunit COVID-19 vaccine based on recombinant SARS-CoV-2 RBD
proteins produced in yeast***° that are displayed on influenza virosomes acting as antigen carriers® >, together
with membrane anchored 3M-052 as TLR7/8 agonist. As known in cell membrane biology, the proteins present
in a fluid lipid membrane are free to move in cis and/or rotate on their axis, and similarly at the virosome lipid
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membrane surface, which may facilitate the access to antigen epitopes. Virosomes have a mean diameter of
80-120 nm, they are devoid of nucleic acid and are non-infectious, and they belong to the enveloped virus-like
particles®**. Influenza virosomes are constituted of synthetics lipids and viral components derived from the
influenza membrane, such as the hemagglutinin (HA) and neuraminidase (NA) glycoprotein that serve as a
source of universal T-helper epitopes for the lipid-anchored vaccinal antigen® . As opposed to most VLPs that
are mixed with 1-2 adjuvants for improving their immunogenicity®>*®, which means the presence of free-form
adjuvants, virosomes with lipid-anchored adjuvants into their lipid membrane have no free-form adjuvants.

More than 80 million doses of virosome-based vaccines have been safely administered, with the hepatitis A
vaccine (Epaxal® commercialized in 1994)°7-%° and the seasonal influenza vaccine (Inflexal® commercialized in
1997)%62 The excellent tolerability and safety profiles of those virosomal vaccines were documented in children®,
adults® and elderlies®®, including subjects with chronic inflammatory diseases®*® or immunocompromised®'.
Clinical stage virosomal vaccines against HIV-1° and Plasmodium falciparum malaria®” were also previously
evaluated successfully in human Phase I trials. Influenza-based virosomes can be manufactured under liquid
or lyophilized form for intramuscular or subcutaneous administration, as well as under liquid or thermostable
spray-dried powder for intranasal delivery®®®. Virosomal vaccines are generally stored refrigerated, but a new
thermostable spray-dried powder initially developed for our nasal HIV-1 vaccine remained stable for few months
at 40 °C/75% relative humidity without compromising the vaccine bioactivity®.

This new manufacturing process was also applied for the development of a thermostable nasal COVID-19
vaccine, starting with an intermediate product under a liquid form subsequently downstream processed into
nasal powder, which is currently under investigation. Meanwhile, we were interested to find out if the liquid
version of our COVID-19 vaccine, without the excipients for spray drying but having comparable virosome-RBD
and buffer composition, could induce protection, when administered intramuscularly to non-human primates
(NHP). As the liquid virosomal vaccine is formulated for being compatible for nasal administration, the 3M-052
was selected as mucosal adjuvant that serves as pathogen-associated molecular patterns (PAMP) for targeting
TLR7/87°, mimicking the RNA immunostimulatory action of many respiratory viruses (ex. Influenza, SARS-
CoV-2). A very low dose of 3M-052 was strategically proposed for the design of a nasal vaccine to favor an
excellent vaccine tolerance and safety profile, and to facilitate the acceptance of regular boosts in the population.
This explains the low adjuvant dose present into the tested intramuscular liquid vaccine reported here. The liquid
COVID-19 vaccine was found safe and well tolerated, and vaccinated macaques were protected against SARS-
CoV-2 nasal/intratracheal challenge, and lung tissues had weak cell infiltrations, respective to control animals.
Virosome-RBD may represent an alternative to many subunit vaccines containing much higher antigen and/or
adjuvant doses, with the advantage to be also compatible for nasal immunization.

Results

Safety, tolerance and immunogenicity. We have evaluated a COVID-19 vaccine candidate containing
15 pg of RBD and only 1 pg of 3M-052 adjuvant per dose, which might be sufficient as a seasonal COVID-
19 vaccine to be administered to a population with pre-existing SARS-CoV-2 immunity. To mimic the natu-
ral influenza immunity present in humans with anti-HA antibodies that can bind influenza virosomes, rhesus
macaques were primed with inactivated influenza virus four weeks before the first vaccine administration. The
serum anti-HA titers were confirmed in the serum pools collected four weeks after the first (1/53,000) and sec-
ond vaccination (1/63,000) (see Fig. S1 in the supplementary materials). Subsequently, animals were vaccinated
intramuscularly twice at week 0 and 4 (Fig. 1).

The vaccine was well tolerated and safe, and no local reactions were observed at the immunization site dur-
ing the four days of observation following each immunization. Animals showed normal behavior and appetite,
overall clinical chemistry (Table S1) and hematology parameters (Table S2) were in the normal range. We per-
formed the systemic inflammatory cytokine profiles at 3 weeks post vaccination to better evaluate the residual
mid-term effect due to vaccination. For this reason, levels of IL-1f, IL-6, IL-8, IL-10. IL-12p40, IL-17A, IL-23,
GM-CSE IFNB, IFNy, TNFa, CXCL10 and CCL2 were measured in serum collected two weeks after the second
immunization (week 6).

None of these cytokines or chemokines remained increased in serum and were all expressed at baseline levels
(not shown). However, increased levels of IFNP, TNFa and IENy were observed locally in the nasal wash col-
lected three weeks after the second immunization in four out of 6 immunized animals, and IL-10 was increased
in three immunized animals (Fig. 2). Meanwhile, one of the four control animals also showed an increase in these
nasal cytokine levels (Fig. 2), indicating that other factors besides immunization may trigger the same kind of
responses. There was no increase in any of these cytokines or chemokines observed in BAL fluid collected three
weeks after the second immunization (data not shown).

The specific RBD antibody responses were measured in serums at weeks -4, 2, 4, 6, 8 and 9, with a vaccina-
tion at week 0 and 4 and the challenge from week 8 to week 9 (Fig. 1). Pre-existing influenza immunity did not
prevent virosome-RBD immunogenicity, serum anti-RBD IgG titers are shown for immunized animals (Fig. 3a),
with a pre-immune serum geomean titers (GMT) baseline < 100 that increases to 5,525 at four weeks after the
first immunization, and four weeks after the second immunization (week 8) the serum GMT increased to 61,420.
Those vaccine-induced serum GMTs at week 4 and 8 were significantly higher (p=0.0095) than the serum GMTs
of the control group (GMT around 100). Notably, macaques with the lowest serum titers (animals V1 and V2)
were also the two older animals from that vaccinated group (Table 1). In our NHP study, we observed that at
week 8, a weak serum IgA response was detected in only two macaques out of six (Fig. 3a), which are animals
with high serum IgG titers. Further investigations are required to understand these differences.

Three of the vaccinated animals also had RBD specific IgG (but no IgA) in the nasal wash (Fig. 3b) and in
BAL fluid (Fig. 3¢) collected at week 7, while there were none detected in the control group (Fig. 3b). One week
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Figure 1. Immunization and challenge schedule in rhesus macaques. Four weeks before vaccination (week

-4), Rhesus macaques of the virosome vaccine group (n=6) and the control group (n=4) were immunized
intramuscularly (i.m.) with inactivated influenza virus particles (grey arrow) to prime immune responses against
influenza specifically the hemagglutinin (HA). Subsequently, animals of the vaccine group were immunized at
weeks 0 and 4 by the i.m. route with influenza-derived virosomes displaying the RBD derived from the SARS-
CoV-2 Wuhan strain (open arrow). At week 8 (day 56: d56 of the study design), all animals were challenged
(corresponding to d0) by the combined intranasal and intratracheal route with 1x 10° TCID;, of SARS-CoV-2
(green arrow). At different timepoints before and after challenge (d56 to d63-d65), diverse types of samples were
collected, as indicated by color coded arrowheads. Animals were sacrificed either at day 7 (d63), 8 (d64) or 9
(d65) post-challenge.
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Figure 2. Cytokine responses in nasal washes during immunization. IFN (upper left panel), TNFa (upper
right panel), IFNy (lower left panel) and IL-10 (lower right panel) cytokine levels (pg/mL) measured in nasal
washes, either before immunization (week -4) or three weeks after the second immunization (week 7). Macaques
immunized with virosomes-RBD (V1 to V6 in blue) and control animals (C1 to C4 in orange). Each animal is
represented by a different symbol. For the serum, week -4 versus week 7 (21 days after last immunization), the
vaccinated group is not significantly different from the control group for IFNB, TNFa, IFNy and IL-10 (Mann-
Whitney test). However, there is a significant increase of cytokines in nasal washes of virosome vaccinated
animals (week-4 versus week 7, Mann-Whitney test) for IFN (p=0.087), TNFa (p=0.013), IFNy (p=0.087),
and IL-10 (p=0.433), while these increases are not observed in control animals.
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Figure 3. RBD specific IgG and IgA ELISA and serum neutralizing activity. (a) ELISA serum IgG (left graph)
and IgA (right graph) antibody titers overtime toward SARS-CoV-2 RBD are shown for the vaccinated and
control group. Serum IgG titers at week 4 (p=0.0095) and week 8 (p=0.0095) are significanlty higher in the
vaccinated group than the control group, but at week 9 there is no significant difference (p=0.076). (b) ELISA
nasal wash (NW) IgG (left graph) and IgA (right graph) antibody titers overtime against SARS-CoV-2 RBD. (c)
ELISA BAL IgG (left graph) antibody titers overtime against SARS-CoV-2 RBD. Each animal is represented by
a symbol, blue for vaccinated animals and orange for control animals. Mean and SEM are shown in columns for
each group of animals. Blue arrows indicate the day of immunization at week 0 and week 4, green arrow the day
of the challenge at d56/week 8. For IgA in serums, NWs and BALs, there was no significant difference between
the groups (p>0.05). (d) Individual serum neutralizing antibody titers from week 8/d56 were determined by
neutralization assays with five different live SARS-CoV-2 strains. The determined geomean (GM) neutralizing
titers (NT) are the following: Italian strain INMII from 2019 as an original Wuhan-like (GM NT 42), Alpha
B.1.1.7 (GM NT 85), Beta B.1.351 (GM NT 16), Delta B.1.617.2 (GM NT 40) and Omicron B.1.1.529 (geomean
NT 7). There was no significant differences for the neutralizing titers between the Wuhan-like original strain
with the Beta (p=0.125) and Delta strain (p=0.750), but a higher neutralizing titer against the Alpha strain was
observed (p=0.031). However, we observe an apparent reduced neutralizing activity toward the Omicron strain,
respective to the Wuhan. The closed circles and squares in light blue are animals with the lowest serum RBD
titers that are also the oldest animals. NIBSC 21/234 serves as a positive control (open black circle). The grey
area is the baseline observed for pre-immune neutralizing activity (dilution 1/5), and serums for the V1 and V2
old animals. Data points beneath this area are below the detection limit.
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Animal name ‘ Animal code | Age (years) ‘ Weight (kg)

Vaccinated group

R05078 V1 16.03 17.85
R12080 V2 9.18 12.47
R13071 V3 8.22 16.95
R16096 V4 5.02 9.35
R17037 V5 4.24 8.10
R17114 V6 4.16 7.25

Mean 7.81 12.00

Control group

R14135 C1 7.09 14.20
R16085 C2 5.07 9.30
R11079 C3 10.17 13.80
R13123 C4 8.15 10.30

Mean 7.62 11.90

Table 1. Animal name, age and weight at the start of the study.

after SARS-CoV-2 challenge (week 9), all control animals developed RBD-specific serum IgGs and a modest
IgA response (Fig. 3a), while the serum IgG responses decreased in five out of six immunized animals, with only
animal V1 showing an increase in IgG levels. Despite the decrease in IgG, there was an increase in RBD specific
IgA responses in five out of six immunized animals. Following the challenge, all immunized and control animals
showed either an increase or became positive for RBD specific IgG and IgA in the nasal wash (Fig. 3b). After
euthanasia, BAL were not collected due to the risk of interference with the histopathology evaluation.

Emerging SARS-CoV-2 variants of concern (VOC) have increased resistance to neutralization by antibodies
that reduces the vaccine efficacy?’, with altered virus transmissibility, pathogenicity, and infection effectiveness’".
Because the animal protection assesses only the SARS-CoV-2 Wuhan-like strain, it does not predict about the
protection toward other VOCs. Therefore, the cross-strain serum neutralizing antibodies (week 8) were evaluated
(Fig. 3d), using a validated neutralization assay with live viruses. The determined geomean (GM) neutralizing
antibody titers (NT) were the following: Wuhan-like (GM NT 42), Alpha B.1.1. 7 (GM NT 85), Beta B.1.351
(GM NT 16), Delta B.1.617.2 (GM NT 40) and Omicron B.1.1.529 (geomean NT 7). When looking individual
animals, the V1 oldest animals with the lowest serum titer (Fig. 3a) has also no neutralizing activity (Fig. 3d),
and this impact strongly the calculated mean titers and it is preferable to show the geomean neutralizing titers.
The four youngest animals with the highest serum titers (V3 to V6), those serums neutralize equally well the
Wauhan, Alpha, Delta but slightly less the Beta strain (Fig. 3d), with no significant difference between the Wuhan
and the most distant Delta variant (p=0.750), The Omicron B.1.1.529 was poorly neutralized and this is most
likely due to the heavily mutated RBD surface buried in the S down position of that variant*®.

RBD specific T-cell responses, as measured by IFNy and IL-4 ELISpot assay, remained below detection level
in all immunized animals (not shown). These results contrast with our rat study, immunization with virosome-
RBD led to significant levels of T cells producing IFNy and only low IL-4 responses in the draining lymph nodes
(data not shown).

One week after the challenge, the spleen cells were collected, and he percentage of Germinal center (GC) B
cells, respective to the total B cell population, was relatively high in five out of six animals from the vaccinated
group, as compared to the control group (Fig. 4), but did not reach significance (p=0.068). Higher numbers of
spleen follicular helper (Tth) cells were only observed in 2 out of 6 vaccinated but there is no significant differ-
ence between the two groups (p =0.325). Possibly, the five weeks post-vaccination time point might have been
suboptimal for evaluating the Tth cell population. Although the spleen was collected one week after the viral
challenge, the infected control group had no or very low detectable GG B cells in the spleen and therefore, the
virus production had no significant impact on the GC B cell number. This implies that vaccine-induced immune
responses are mainly responsible for the increase of spleen GC B cells.

Virosomes-RBD vaccine efficacy against SARS-CoV-2 challenge. The virosomal vaccine efficacy
for preventing SARS-CoV-2 infection and replication in the upper and lower respiratory tract was daily moni-
tored by quantifying the subgenomic mRNA (sgRNA) by real-time PCR as a marker of replicating virus in
nasal washes, the throat (swabs) and the lungs (BAL fluid) (Fig. 5). All control animals became virus positive
in the nasal wash, throat and BAL. In contrast, three out of six vaccinated animals had no detectable virus in
either nasal wash, throat or BAL. Animal V1 that is the oldest vaccinated animal with the lowest serum RBD
antibody titers had the highest virus load in nasal wash and throat, comparable to the virus loads observed in the
control group, and this V1 animal was the only vaccinated animal that showed low level virus replication in the
BAL (Fig. 5¢). Two other animals, V3 and V6, showed modest to low virus replication in the throat and animal
V2 developed low virus levels in the nasal wash. For the sgRNA in nasal wash at day 2 and 4 post challenge,
there was no significant difference between the vaccine and control group (Fig. 5a, right panel), while there
was a significant sgRNA reduction in the throat and BAL of vaccinated animals. In the immunized animals, no
viral sgRNA could be detected in any of the processed tissues of the respiratory tract, which included the nasal
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Figure 4. Immunization with Virosomes-RBD induces germinal center B cells in the spleen. The relative
percentage of germinal center (GC) B cells over total B cells (left panel) and CD4 + T follicular helper cells (Tth)
over total CD4 + T cells (right panel) in the spleen is shown. Virosomes-RBD vaccinated (blue) and control
animals (orange). Median values are indicated by horizontal black lines. Although we observed an increase in
the percentage of GC B cells in the spleen at the day of necropsy in the virosomes-RBD group, it does not reach
the 0.05 significance threhold (p=0.068), in part because the increase was observed for only 3 out of 6 animals.
Tth cells were not significantly different between the virosomes-RBD vaccine and the control group (p=0.325).

mucosa, trachea, right and left bronchus and seven lung lobes (data not shown). Instead, three of the four control
animals had detectable virus in either one (animal C1) or five (animal C2 and C4) lung lobes, while no virus was
detected in the tissues of animal C3 (data not shown). Those data clearly indicate that animals vaccinated with
virosomes-RBD were protected against SARS-CoV-2, although the old V1 animal had a lower level of protection.

Inflammatory cytokine profile and lung histology in macaques exposed to SARS-CoV-2. It
was previously shown that SARS-CoV-2 infection in humans and in NHPs induces an increase in inflammatory
cytokines and chemokines in BAL and serum samples’>7* and that COVID-19 vaccines can provide a protective
effect against such increase””. In agreement with these studies, we observed increased levels of IL-8, CXCL-10
and IL-6 in BAL samples of infected control animals, but not in any of the six vaccinated animals (Fig. 6b). In
this study, the nasal washes were also analyzed. However only one of the four control animals showed increased
levels of these inflammatory cytokines and chemokines, peaking at d4 for IL-8 and at d2 for CXCL10 and IL-6.
The control animal C1 that remained strongly virus positive until d7 (Fig. 5a) and animal C4 that showed again
an increased production of virus in the nose at d7, were the animals that showed these increased cytokine levels
(Fig. 6a). A similar increase was also observed in the vaccinated old animal V1 that also had the highest level of
virus replication in the nose. The data suggest that virus replication in the nose and lungs drives the induction of
pro-inflammatory cytokines, which is more consistently observed in BAL samples.

Euthanasia was planned at day 7, 8 or 9 post SARS-CoV-2 infection, with the manipulation of only two to
four animals during each day due to the heavy workload for sample preparation during necropsy. Pulmonary
lobes (upper, middle, lower, accessory right and upper, middle, lower left) were processed for histopathologi-
cal analyses. Microscopic examination showed reduced lung pathology in the immunized animals (Fig. 7b), as
compared to the control animals (Fig. 7¢), although some residual pathology was still observed in the immunized
animals, as compared to healthy uninfected control (Fig. 7a). Quantitative assessment showed in immunized
animals a reduction in total inflammatory pathology score as well as reduced levels of perivascular inflammatory
infiltrates, peribronchiolar inflammatory infiltrates, alveolar cellular exudate and oedema, and alveolar septal
inflammatory cells (Fig. 7d). Histology data have confirmed that vaccinated animals have better preserved lung
tissues than control animals, indicating that RBD-induced antibodies have protected from severe SARS-CoV-2
lung pathology.

Discussion

There is a growing interest for developing COVID-19 vaccines with regular strain adjustment for the S antigen
or combining S antigens from different strains for a broader cross-strain antibody repertoire. However, stud-
ies have indicated that the various neutralizing regions are not equally accessible or exposed on the S protein
of different virus strains, which can impact the breadth of the natural or S-based vaccine induced neutralizing
antibodies”. For these reasons, a RBD-based vaccine is another attractive alternative vaccine strategy’®. Most
neutralizing antibodies predominantly target the RBD region!*-*° that also harbors the few highly conserved
antibody epitopes shared across other SARS-CoV-2 Beta coronaviruses**#*-82. Therefore, the RBD antigen without
the surrounding S antigen structure could fully expose all potential neutralizing regions, favouring a focused
immune response toward all key RBD sites, including cross-strain neutralizing antibodies to support the devel-
opment of pan-sarbecovirus vaccines.

Furthermore, most of the human population now harbours low to high levels of natural and/or vaccine-
induced immunity toward SARS-CoV-2. In this context, subsequent recall vaccination with boosts may not
necessarily require the administration of high antigen and adjuvant dose, as performed during the primary
vaccination regimen with two vaccine doses in naive subjects. Therefore, we designed and tested a COVID-
19 vaccine with a lower RBD dose (only 15 pg) with a single adjuvant at a very low dose (1 pg), administered
intramuscularly to macaques of this NHP study, but other studies are ongoing for evaluating a similar virosome-
RBD/3M-052 formulation for the nasal route.
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Figure 5. Control of SARS-CoV-2 replication by virosomes-RBD vaccine. SARS-CoV-2 sgRNA load (copies/
mL) and area under the curve (AUC) for the sgRNA load (copies/mL) in nasal washes (a), throat (b) and lung
bronchoalveolar lavages (BAL) (c) of virosomes-RBD immunized macaques (blue, left panels) and control
animals (orange, middle panels) at different days post-challenge. Each animal is represented by a symbol. All
data are shown relative to the day of challenge (day 0, day of virus administration) done at day 56 of the study.
Panels on the right show statistical evaluation on SARS-CoV-2 sgRNA load in nasal washes on day 2 and 4
(upper right), in the throat (middle right panel) and in BAL fluid on day 2 and 4 (lower right panel). Median
values are indicated by horizontal black lines. Significant differences between the groups are indicated in the
graph by a horizontal line and p-value (Mann-Whitney test).

Such virosomal vaccines should retain good immunogenicity due to the presence of repetitive antigen motifs
(RBD) displayed at the surface of particles that favors the cross linking of cell surface receptors that improves
the immune system activation®>°¢. Therefore, dose sparing effect for both antigen and adjuvant is expected with
virosomes as enveloped VLPs displaying RBD with adjuvant bound on the same particle®®. The absence of free-
form adjuvant is expected to prevent systemic circulation and minimize unspecific immune activation, improving
the vaccine tolerability and safety profile®>. When 3M-052 is physically bound to the antigen/particle, it improves
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Figure 6. Control of SARS-CoV-2-induced cytokine storm in BAL fluids, but not in nasal washes, after
intramuscular virosomes-RBD vaccination. Pro-inflammatory cytokine levels of IL-8, CXCL10 and IL-6 in (a)
nasal washes (NW) and (b) BAL fluid of virosomes-RBD immunized (blue) and control (orange) animals. All
data are shown relative to the day of challenge (day 0). Levels in each individual animal (indicated by different
symbols) in time are shown. No measurements were performed on day of challenge, but data obtained at day 7
before challenge are shown.

the Th1 CD4 +and CD8+ T cell responses, respective to free 3M-052%¢. Therefore, similar observations might be
also achieved with virosomes-RBD/3M-052 but this could not be investigated during our NHP study.

Because the tested liquid vaccine is based on the nasal virosomal vaccine with a low dose adjuvant for safety
reason, the intramuscular immunization was not expected to elicit a strong humoral RBD specific response.
However, if such a vaccine candidate still supports protection in naive macaques, one can then assume that a
similar or stronger immune response would be achieved in NHPs or humans that acquired pre-existing SARS-
CoV-2 immunity recently. The low adjuvant dose in our virosomal COVID-19 vaccine candidate is also a main
differentiator, respective to most RBD-based subunit vaccines, using the RBD monomeric form®, the dimeric
RBD#® or VLP displaying RBD”” that contain a high dose of adjuvant. Excluding alum based adjuvant, higher
doses are used with squalene based oil-in water adjuvant®’, 25 pg of M-Matrix®, 500 or 750 pg of each of CpG-
alum combination® or 5-10 pg of 3M-052 mixed with alum®%.

The currently tested COVID-19 vaccine based on virosomes-RBD/3M-052 was well tolerated and no safety or
tolerability concern arose from the investigations, based on the monitoring of local and systemic effects, animal
behavior, clinical chemistry, hematology, and the inflammatory cytokine profile measured in the serums, nasal
washes and BALs (IL-1, IL-6, IL-8, IL-10. IL-12p40, IL-17A, IL-23, IFNf, IFNy, TNFa, CXCL10 and CCL2).
This excellent tolerance and safety profile is in line with other virosome-based vaccines toward various pathogens
previously evaluated in humans®®61:6667,

Our study in male Rhesus macaques showed that a good priming in 5 out 6 animals (Fig. 3a) was observed,
with a serum geometric mean titer (GMT) of 6,400, and after the second vaccine administration, a good boost
effect is observed in all animals (GMT 97,000). However, the oldest animal V1 (16 years) had a weak antibody
response after two immunizations. Regarding the immunogen-induced IgAs (Fig. 3a), the response was generally
low respective to the IgG response, which correlates with the relative abundance of IgG over the IgA isotype in
the serum, but was detected only in two animals with high serum IgG titers. This may suggest that the detection
of IgA is more likely feasible if the vaccine induces high serum titers.

Although most vaccinated animals have only low to intermediate serum titers, we evaluated the macaque
serums in microneutralization with life viruses (Fig. 3d), keeping in mind the known correlation between
serum titers and serum neutralizing activity. For the four animals (V3-V6) with good serum titers, comparable
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Figure 7. Immunization with virosomes-RBD reduces lung inflammatory pathology. Lung histopathology
visualized by light microscopy of hematoxylin and eosin (H&E) tissue staining of lung lobes from representative
animals of each group. (a) Lung tissue from an uninfected animal showing intact pulmonary structures

and lack of inflammation. (b) Lung tissue of animal V3 from the virosomes-RBD vaccine group exhibits
minimal to mild interstitial infiltrate of inflammatory cells, and rare oedema and fibrin. (¢) Lung tissue of
animal C1 from unvaccinated, infected (control) group with histological features of moderate to severe
interstitial inflammation, alveolar cellular infiltrates, abundant oedema and frequent fibrin presence. Image
magnification 50x, representative images are shown. (d) Lung inflammatory pathology scores for the vaccinated
(blue dots) and control group (orange dots). The total pathology score as well as the scores for perivascular
inflammatory infiltrates, peribronchiolar inflammatory infiltrates, alveolar cellular exudate, and alveolar septal
inflammatory cells are shown for animals immunized with virosomes-RBD (blue symbols) and control animals
(orange symbols). Maximum total score is 336 and maximum score per individual parameter is 28. Significant
differences between the groups are indicated in the graph by a horizontal line and p-value (Mann-Whitney test).

neutralizations were observed between the Wuhan-like, Alpha B.1.1.7, and also with the most distant Delta
B.1.617.2 strain, while it was lower for the Beta B.1.351, with the lowest neutralizing activity toward the Omicron
B.1.1.529. The data provide evidence that RBD can induce heterologous protection, but not necessarily toward
all variants. The weak neutralization of Omicron is more likely due to poor antibody binding to the RBD of this
VOC*, This suggests that RBD might not be always accessible on variants. For an optimal pan-sarbecovirus
vaccines, it might be required, in addition to combine RBD antigens of different strains, to include S2 or other
antigen targets that harbor different and complementary conserved epitopes.

Designing a RBD-vaccine triggering antibodies toward most if not all RBD regions might have the best chance
to achieve the broadest cross-strain protection, but this may also depend on how the RBD antigen is exposed
to the immune system. Our virosomal vaccine displays Wuhan derived RBD with a certain number of random
orientations, with the objective to maximize most epitope exposure. Meanwhile, we cannot exclude the pos-
sibility that epitopes underneath a given RBD anchored antigen proximal to the virosome membrane are poorly
accessible. Ideally, the virosomal RBD vaccine should contain RBDs from two or three most representative VOC
for eliciting the broadest protection toward a maximum number of VOC.

All vaccinated animals were protected, with 5 out of 6 animals with no detectable sgRNA in BAL. The oldest
vaccinated animal (V1) with the lowest serum titer had a single timepoint (day 2) with low BAL sgRNA. The
three youngest animals had also no detectable RNA in nasal washes and throat swabs. Importantly, all vacci-
nated macaques were protected against severe SARS-CoV-2 lung pathology disease (Fig. 7), as shown by lower
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inflammatory scores than the control animals. Despite the presence of suboptimal RBD specific serum antibody
titers with low serum neutralizing titers in 4 out of 6 animals (V2, V3, V5 and V6), with the oldest animal (V1)
having no detectable serum neutralizing antibodies toward the Wuhan-like strain, it was remarkable that all
vaccinated animals were protected against the lung pathology. Importantly, all vaccinated animals were also
protected against an increase of the pro-inflammatory cytokines IL-8, CXCL-10 and IL-6 in the BALs, while
those cytokines were increased in BALs of all infected control animals, which may drive a stronger recruitment
of inflammatory cells into the lungs, causing more tissue damages.

Although the limited number of animals doesn’t allow statistical analysis, we noticed that only the youngest
macaques (V4 to V6, <6 years of age during immunization) had detectable nasal and BAL IgGs (Fig. 3b,c). The
nasal tissue is the primary SARS-CoV-2 replication site from where it spreads. The presence of nasal antibodies
in the three younger animals (V4-V6) could also have contributed to neutralize a fraction of the SARS-CoV-2
inoculum administered during the challenge, and further prevented the early virus infection event in the naso-
pharynx, explaining the absence or very low levels of detectable sgRNA in the nose and throat of those animals
(Fig. 5). It remains to be determined if such nasal antibodies could also reduce the virus transmission from vac-
cinated to naive animals. Considering the importance of the mucosal antibody front line defense during early
virus acquisition and infection in the upper and lower respiratory tract, we can postulate that the younger vac-
cinated population is more efficiently protected by intramuscular vaccines than the older vaccinated population,
which could be potentially due to better systemic IgG migration to the respiratory tract.

Immunosenescence or the immune system aging alters the function and quality of immune organs and
immune cells, and consequently, the immunization of older individuals is generally associated with an immune
response of a lower quantity and quality that contributes to a lower vaccine protection®’. Therefore, detecting
more SARS-CoV-2 sgRNA in the nasal, throat and BAL in the older animals might not be surprising, while in
younger animal with a stronger immunity there are no detectable viruses. We should point out here that intra-
muscular vaccines are known to poorly induce good mucosal immunity. Therefore, achieving sterile immunity
in the nose, throat and lungs is unlikely achievable. Some viruses could reach the upper and lower respiratory
tracts and cause mild lung tissue inflammation under control and prevent disease complications (Fig. 7), for this
reason, some people may prefer the term partial protection.

There are evidence that SARS-CoV-2 specific CD4 +and CD8+T cell responses may contribute to virus clear-
ance and milder disase®®. Interestingly, protein mutations affecting antibody epitopes have a limited impact on
epitopes recognized by the memory T cells, as the overall T cell reactivty is maintained toward most defined T
cell peptides in vaccinated or SARS-CoV-2 exposed subjects®. Therefore, the presence of CD4 +and CD8+ T cells
induced during natural infection and/or vaccination could indeed contribute to protection against future VOC.

The proposed virosomes-RBD vaccine is mainly intended for the induction of protective antibodies but
virosomes can also induce CD8 T cells®'~**. However, the frequency of induced CD8 T cell is expected to be low,
particularly with a low RBD dose, as compared to viral vectors and mRNA that support de novo protein syn-
thesis with efficient loading of major histocompatibility complex class I antigens with antigen-derived peptides.
Furthermore, RBD is a small antigen (25 kDa) with a more limited set of potential peptides for eliciting a strong
CD8 T cell response, as compared to a bigger S protein (180 kDa). These aspects may explain the difficulty to
detect RBD specific T cell responses in our study. We cannot exclude the possibility that with a higher RBD
dose, beside the improvement of the B cell response, also a higher frequency of CD8 T cells could be elicited in
SARS-CoV-2 naive subjects or boost the pre-existing RBD specific memory T cells established after vaccination
and/or natural SARS-CoV-2 antigen exposure.

With the complex logistic related to the vaccine freezing conditions during distribution and storage, it is
encouraged to develop vaccines that are stored refrigerated (+2-8 °C). For this vaccine efficacy study on NHP,
we used refrigerated liquid virosomes for intramuscular administration. Recently, we optimized a thermostable
powder formulation with virosomes-RBD/3M-052 for nasal administration that is under currently investiga-
tion, as an alternative to the intramuscular route. Such nasal formulation will allow cold chain independent
transport and is expected to efficiently elicit and boost protective mucosal IgG and IgA antibodies in the nasal
and lung tissues.

Material and methods

RBD antigen. The recombinant SARS-CoV-2 RBD219-N1C1 protein was designed and produced originally
at Baylor College of Medicine (Texas, USA), using previously published methods***. The RBD219-N1C1 con-
struct encodes a monomeric RBD protein of 218 amino acids (332-549) produced in Pichia pastoris, with the
deletion of the asparagine 331 (N331) and the mutation of the last cysteine residue by an alanine substitution
(C525A).

Virosome formulation. For this immunogenicity study, RBD219-N1C1 protein was conjugated on a lim-
ited amount of lysine residues (<4) to a reactive phospholipid (1,2-Dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-(succinimidyloxy-glutaryl)-L-a-phosphatidylethanolamine, NOF Europe, Belgium). Virosomes with
lipidated RBD integrated into their lipid bilayer were prepared as described earlier®®.

Briefly, B-propiolactone-inactivated influenza virus A/Brisbane/59/2007 HIN1 (Segirus, Australia) was solu-
bilized in 100 mM 1,2 dihexanoyl-sn-glycero-3-phosphatidylcholine (DCPC) (Avanti Polar Lipids, Alabaster,
AL, USA) in HN buffer (5 mM HEPES, 142.5 mM NaCl, pH 7.4) and the viral nucleocapsid was removed by
high-speed centrifugation. To the supernatant, solubilized synthetic 1,2 dioleyl-sn-glycero-3-phosphatidylcholine
(DOPC, Merck & Cie, Schafthausen, Switzerland) in 100 mM DCPC, HN buffer was added. DCPC was then
removed by dialysis in a gamma-irradiated slide-A-lyzer cassette (10 kDa cut-off; Thermo Scientific, Geel, Bel-
gium) against HN buffer. The resulting pure and homogenous virosomes were stored at +2-8 °C until further use.

Scientific Reports |

(2023) 13:5074 | https://doi.org/10.1038/s41598-023-31818-y nature portfolio



www.nature.com/scientificreports/

Adjuvant was inserted into the virosomal membrane by post-insertion. Briefly, 3M-052 (3M, St. Paul, MN, USA)
was dissolved in ultrapure ethanol, and a small quantity of this adjuvant was rapidly mixed with the virosomes
and incubated for 30 min at RT before long-term storage at +2-8 °C.

RBD-virosomes were characterized as described® for their contents, RBD and 3M-052 by UPLC, and influ-
enza HA by ELISA. Particle size and homogeneity was determined by nanoparticle tracking (NTA). Antigen and
adjuvant integration was confirmed by sucrose density gradient analysis followed by UPLC. RBD coupling and
epitope integrity on conjugated RBD was demonstrated by a sandwich ELISA in which antibodies to the viroso-
mal hemagglutinin were used to coat ELISA plates. After blocking, plates were incubated with virosomes and the
presence of native RBD on the virosomes was verified by using specific conformation-dependent antibodies to
RBD’®. The final virosomes were 0.22 pm sterile filtered and aliquoted into glass vials. Two separated glass vials
were prepared, one for each day of immunization (d0 and d28), and each glass vial for intramuscular admin-
istration was supplied in HN buffer, containing 30 ug/mL of RBD and 2 ug/mL of 3M-052 as TLR7/8 agonist.

Non-human primate study. The study was performed with 10 adult healthy male rhesus macaques
(Macaca mulatta) randomly distributed into one vaccine treated group with 6 animals (V1-V6), and one
untreated group (non-vaccinated) serving as control group with 4 animals (C1-C4). Age and weight of each
animal is specified in Table 1. Enrolled animals were free of fecal pathogens and showed normal clinical chem-
istry and hematology values and did not have serum antibodies toward simian T-cell leukemia virus (STLV),
to simian retrovirus (SRV), or to the RBD of the Spike protein of SARS-CoV-2, as tested by ELISA. Animals
were housed in pairs with a compatible cage mate in ABSL3 facilities at the BPRC. The macaques were offered a
daily diet which was optimized for rhesus macaques. Different enrichment items (toys, extra food puzzles) were
offered daily. Drinking water was available ad libitum. At the start of the study (at time of influenza vaccination),
the age of the animals ranged from 4.15 to 16.03 years (mean age 7.74 years), and they weighed between 7.02 and
18.27 kg (mean weight 11.79 kg). Animal anesthesia was performed according to the following procedures: (a)
For blood sampling and intramuscular immunizations, we used Ketamin 5 mg/kg with Medetomidine 0.05 mg/
kg (administered intramuscularly); (b) For BAL sampling and nasal wash, we used Ketamin 10 mg/kg with
Medetomidine 0.05 mg/kg (administered intramuscularly). To help for faster recovery after anesthesia, animals
received intramuscularly Atipamezol at 0.25 mg/kg. For euthanasia, animals received first intramuscularly Keta-
min at 12 mg/kg with Medetomidine 0.05 mg/kg, then Pentobarbital at 70 mg/kg administered intravenously.

The study protocol was reviewed and approved by the Dutch “Centrale Commissie Dierproeven”
(AVD5020020209404-2) according to Dutch law, article 10a of the “Wet op de Dierproeven” and BPRC’s Ani-
mal Welfare Body.

All methods described into the protocol were performed according to Dutch guideline and approved by the
Ethics Committee for the Biomedical Primate Research Centre (Rijswijk, Netherlands). The study is reported in
accordance with ARRIVE guidelines.

Immunization schedule and SARS-CoV-2 challenge. Four weeks prior to vaccination, all animals
(including controls) were primed intramuscularly with 0.5 mL of whole inactivated Influenza virus, contain-
ing 15 ug HA (A/Brisbane/59/2007 HIN1, solution at 30 ug HA/mL). Then, animals V1-V6 were immunized
intramuscularly twice at day 0 and day 28 with 0.5 mL of adjuvanted virosomes-RBD (15 pg of RBD and 1 pg
of 3M-052 adjuvant). Local reactions at the immunization sites were recorded on days 1, 2, 3, and 4 following
each immunization by Draize scoring. Clinical chemistry and hematology measurements were performed to
monitor systemic adverse effects. Two weeks post each vaccination, blood was drawn to monitor B and T-cell
immune responses. Four weeks post final vaccination, at day 56 (week 8) all animals were exposed to 1x 10’
TCIDs, SARS-CoV-2 (isolate BetaCoV/German/BavPat1/2020 p.4) that is like the Wuhan strain but containing
the D614G mutation (obtained from the European Virus Archive, Charitéplatz 1, Berlin, Germany). Virus chal-
lenge was performed through the combined intranasal (0.25 mL per nostril) and intratracheal (1.5 mL) route.
Animals were monitored for 7-9 days post challenge during which samples were collected: Nasal washes, throat
swabs and bronchoalveolar lavages were analyzed for the presence of subgenomic RNA (sgRNA) representing
replicative viruses, and animals were sacrificed, and lung histopathology was studied (see Fig. 1).

ELISA. Individual serum samples obtained from rhesus macaques before and at two weeks after each immu-
nization, at time of challenge and one week post SARS-CoV-2 challenge, were tested for the presence of binding
IgG against SARS-CoV-2 RBD proteins using an ELISA, as previously described”. IgA antibodies were meas-
ured using a commercial monkey IgA ELISA kit (Mabtech, Nacka Strand, Sweden) according to manufacturer’s
instruction. Additionally, nasal washes taken three weeks after the second immunization and post challenge
and BAL fluid from three weeks after the second immunization were tested for the presence of IgG and IgA
antibodies. Half area plates were used, that were coated overnight at 4 °C with 1 pg/mL recombinant RBD Spike
protein of SARS-CoV-2 (ExpreS2ion Biotechnologies, Horsholm, Denmark), 50 uL per well. For IgG antibody
detection the plates were blocked with PBS/3%BSA w/v (blocking solution) for 2 h at 37 °C. Serum, nasal wash
or BAL samples were applied in two step serial diluted starting from 1:100 for serum, 1:5 for nasal washes and
1:10 for BAL fluid in PBS/1%BSA/0.05% Tween-20 and incubated 1 h at 37 °C. Bound anti-RBD antibodies
were detected using GAHu-IgG (H+L)-HRP (1:1250 in 1% BSA/PBS). The reaction was developed with TMB
substrate (50 puL/well for 20 min at RT in the dark) and stopped with 50 uL/well Stop solution (2N H,SO,). The
absorbance was measured at 450 nm.

SARS-CoV-2 neutralization. The presence of serum neutralizing activity was outsourced to VisMederi
(Siena, Italy)*®®’, using a validated method with optimized conditions for each tested strain for detecting the
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cytopathic effect. Briefly, the micro neutralization assays were performed with Vero E6 cell line (from Ameri-
can Type Culture Collection) and live virus SARS-CoV-2 produced by VisMederi: Original strain 2019 nCOV
ITALY/INMII similar to Wuhan, Alpha variant B.1.1.7 from the United Kindom, Beta variant B.1.351 from
South Africa, the Delta variant B.1.617.2 from India and the Omicron B.1.1.529 from South Africa. As positive
serum control (opened circle), we used the commercially available NIBSC human serum pool 21/234 containing
high neutralizing antibody titer toward the SARS-CoV-2 original Wuhan-like strain. All macaque serums were
heat inactivated at 56 °C for 30 min prior use. The neutralization titer (NT) is the reciprocal of the highest serum
sample dilution that protects at least 50% of cells from cytopathic effect (NT50%).

Cytokine and chemokine detection. Nasal wash samples and lung brochoalveolar lavages (BAL) were
tested for the presence of cytokines and chemokines using the LEGENDPLEX assay (Biolegend LEGEND-
plexTM NHP Inflammation Panel (13-plex, article no. 740332), according to the manufacturer’s instruction with
some minor modifications. Provided by the manufacturer are incubation plates, assay buffer, matrix solution,
bead solution, wash buffer and standards for each cytokine. Incubation plates were first pre-wet by adding 100
uL/well wash buffer. After removal of wash buffer, 15 puL of matrix-B followed by 15 pL of pre-diluted standard
was added to the appropriate wells. For the test samples, first 15 pL of assay buffer was pipetted into the well,
followed by 15 pL of undiluted sample. The standards were in duplicates, samples were tested singly. 15 uL of
bead solution was added to all wells. After 2 h incubation at RT in a shaker, wells were washed twice with 100 ul/
well wash buffer, 15 pL/well of detection antibody was added and plates were additionally incubated for 1 h at
RT. Subsequently, 15 pL/well of Streptavidin-Phycoerhythrin was added, plates were incubated for 30 min. at
RT, then washed twice with 100 pL/well wash buffer and beads were finally resuspended in 100 wash buffer/
well. Samples were transferred to a 96 well plate and measured on a Aurora FACS machine (Cytek, Fremont,
CA, USA) and analyzed by using company software. The following cytokines were measured: IL-1p, IL-6, IL-10,
IL-12p40, IL-17A, IL-23, GM-CSE CXCL10 (IP-10), CCL2 (MCP-1), CXCL8 (IL-8), IFNB, TNFa, and IFN-y.

Quantification of subgenomic MRNA. Tracheal and nasal swabs, as well as BAL samples were ana-
lyzed for the presence of sgRNA of SARS-CoV-2 E gene using a quantitative real-time PCR as previously
described”®%. Viral RNA was isolated using a QlAamp Viral RNA Mini kit (Qiagen Benelux BV, Venlo, The
Netherlands) following the manufacturer’s instructions. The RT-qPCR assay was carried out using the Brilliant
II QRT-PCR Core Reagent Kit, 1-Step kit (Agilent Technologies BV, Amstelveen, The Netherlands), according
to the instructions provided by the manufacturer in a 25 mL volume with final concentrations of 600 nM for
both primers, 200 nM for the probe, and 5 nM MgCL,, using 10 mL RNA, extracted from 140 mL sample vol-
ume. RNA was reverse transcribed for 30 min at 50 °C. Then, after 10 min incubation at 95 °C, the cDNA was
amplified for 45 cycles, consisting of 30 s denaturation at 95 °C, followed by a 1-min annealing-extension step
at 60 °C. All the reactions were carried out with an iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad
Laboratories BV, Veenendaal, The Netherlands). The amount of RNA was quantified based on a standard curve
made via in vitro transcription of a synthetic target sequence.

FACS analysis. FACS analysis was performed on single cell suspensions that had been prepared from
spleen obtained at autopsy. Mononuclear cells were isolated by lymphocyte separation medium (LSM) density
gradient centrifugation (Organon-Teknica). Cells at the interface were collected and stored in liquid nitrogen.
Thawed cells were first incubated with live/dead blue dead cell stain kit (Molecular Probes, cat. no. L23105).
After 20 min. incubation, the cells were washed and then incubated with a mAb mixture containing: CD21BUV363
(BD bioscience, cat 741,362), CD278VV6¢! (BD, cat 741,609), CD71%4% (BD, cat 746,247), CD955V"!!(biolegend,
cat 305,644), CD38T (Stem cell technologies, cat 10,415), goat anti-human IgDA*** (Southern Biotechnology
Inc, cat 2030-32), CD2978V7% (PD1) (biolegend, cat 329,930), CD185"% (CXCR5) (Ebioscience, cat 12-9185-
42), [gMPerCP-Gy55 (BD, cat 561,285), IgGAPC (BD, cat 550,931), CD3Ax@7% (BD, cat 641,414) diluted in Brilliant
Stain Buffer Plus (BD, cat 566,349). After 30 min. incubation at 4 °C in the dark, the cells were washed and
fixed overnight at 4 °C in 2% paraformaldehyde solution in PBS. Flow cytometry was performed on an Aurora
FACS machine using company software (Cytek, Fremont, CA, USA). For each tube the maximum number of
events were recorded. Germinal center (GC) B cells and T follicular helper (Tth) cells were analyzed by select-
ing cells within the lymphocyte gate, and then the singlets by using the forward scatter area plotted against
the forward scatter height. Subsequently dead cells were excluded and GC were identified as: CD3"8/CD20?*%/
CD38%8/CD71P° cells, while Tth were identified as CD3P°/CD4P>*CD279 (PD1)™¢"/CD185 (CXCR5)P* as
descrined’”!%. The cytometry gating strategy is described in the Supplementary section (Fig. S2).

Lung histophathology. The histopathology scoring on the lung sections was performed by a pathologist
blinded to group allocation for having unbiased scores. Tissue samples from all pulmonary lobes, the upper res-
piratory tract (nasal mucosa, oro/nasopharynx, trachea, left and right bronchus), heart, kidney;, liver, ileum and
colon were collected for histopathology and preserved by immersion in 10% neutral-buffered formalin for 72 to
96 h. Specimens for microscopic examination were processed, embedded in paraffin and sections of 4 um were
stained with hematoxylin and eosin (H&E). The lesions were quantified as follows: 0=no lesions, 1 =minimal,
2=mild, 3=moderate, 4 =severe, using a pulmonary histopathology scoring system for SARS-CoV-2 infection
in macaques as described””.

Statistical analysis. Differences between groups were calculated by using the Mann-Whitney test. A two-
sided a level of 0.05 was used to determine significance. For the neutralization assay, groups were compared by
using the non-parametric Wilcoxon matched pair signed rank test.
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Ethics statement. The animal study was reviewed and approved by the Dutch “Centrale Commissie Dier-
proeven” or CCD (project code AVD5020020209404-2) according to Dutch law, article 10a of the “Wet op de
Dierproeven,” and BPRC’s Animal Welfare Body (IvD).
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