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ABSTRACT In the early COVID-19 pandemic with urgent need for countermeasures, 
we aimed at developing a replicating viral vaccine using the highly efficacious mea­
sles vaccine as vector, a promising technology with prior clinical proof of concept. 
Building on our successful pre-clinical development of a measles virus (MV)-based 
vaccine candidate against the related SARS-CoV, we evaluated several recombinant MV 
expressing codon-optimized SARS-CoV-2 spike glycoprotein. Candidate V591 expressing 
a prefusion-stabilized spike through introduction of two proline residues in HR1 hinge 
loop, together with deleted S1/S2 furin cleavage site and additional inactivation of 
the endoplasmic reticulum retrieval signal, was the most potent in eliciting neutraliz­
ing antibodies in mice. After single immunization, V591 induced similar neutralization 
titers as observed in sera of convalescent patients. The cellular immune response was 
confirmed to be Th1 skewed. V591 conferred long-lasting protection against SARS-CoV-2 
challenge in a murine model with marked decrease in viral RNA load, absence of 
detectable infectious virus loads, and reduced lesions in the lungs. V591 was further­
more efficacious in an established non-human primate model of disease (see compan­
ion article [S. Nambulli, N. Escriou, L. J. Rennick, M. J. Demers, N. L. Tilston-Lunel et 
al., J Virol 98:e01762-23, 2024, https://doi.org/10.1128/jvi.01762-23]). Thus, V591 was 
taken forward into phase I/II clinical trials in August 2020. Unexpected low immuno­
genicity in humans (O. Launay, C. Artaud, M. Lachâtre, M. Ait-Ahmed, J. Klein et al., 
eBioMedicine 75:103810, 2022, https://doi.org/10.1016/j.ebiom.2021.103810) revealed 
that the underlying mechanisms for resistance or sensitivity to pre-existing anti-measles 
immunity are not yet understood. Different hypotheses are discussed here, which will 
be important to investigate for further development of the measles-vectored vaccine 
platform.

IMPORTANCE SARS-CoV-2 emerged at the end of 2019 and rapidly spread worldwide 
causing the COVID-19 pandemic that urgently called for vaccines. We developed a 
vaccine candidate using the highly efficacious measles vaccine as vector, a technology 
which has proved highly promising in clinical trials for other pathogens. We report 
here and in the companion article by Nambulli et al. (J Virol 98:e01762-23, 2024, https://
doi.org/10.1128/jvi.01762-23) the design, selection, and preclinical efficacy of the V591 
vaccine candidate that was moved into clinical development in August 2020, 7 months 
after the identification of SARS-CoV-2 in Wuhan. These unique in-human trials of a 
measles vector-based COVID-19 vaccine revealed insufficient immunogenicity, which 
may be the consequence of previous exposure to the pediatric measles vaccine. The 
three studies together in mice, primates, and humans provide a unique insight into the 
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measles-vectored vaccine platform, raising potential limitations of surrogate preclinical 
models and calling for further refinement of the platform.

KEYWORDS COVID-19 vaccine, prefusion-stabilized spike, measles vector, vectored 
vaccine

H uman severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged 
in the province of Hubei in China at the end of 2019 (1, 2) and has rapidly 

spread worldwide causing the coronavirus disease 19 (COVID-19) pandemic with over 
764 million confirmed cases and over 6.9 million reported deaths as of 5 May 2023 
(3), when WHO declared the end of the health emergency status (4). Fifty vaccines 
were approved for use at the end of year 2022, based on mRNA, adenovirus vectoriza­
tion technologies, inactivated virus, subunit strategies, or DNA (5), and 13 vaccines are 
currently granted Emergency Use Listing by WHO (6). They have played an undoubted 
essential role in containing the pandemic escalation, as well as in the current gradual 
transition to an endemic situation (7).

SARS-CoV-2 has posed an alarming health threat, in contrast to the phylogeneti­
cally related, highly pathogenic, yet distinct beta coronaviruses identified in humans 
during the past two decades: the first coronavirus associated to severe acute respira­
tory syndrome (SARS-CoV) (8, 9), which emerged in 2002 in China and caused an 
outbreak confined in time, and the Middle Eastern respiratory syndrome coronavirus 
(MERS-CoV) (10, 11), which emerged in 2012 in Saudi Arabia and remained geographi­
cally constrained and largely limited to zoonotic infection. Similar to other coronaviruses, 
SARS-CoV-2 is an enveloped, positive-stranded RNA virus, whose replication takes place 
in the cytoplasm of infected cells. Viral particles are composed of four major structural 
proteins, the nucleoprotein (N), the small envelope protein (E), the membrane protein 
(M), and the large spike protein (S). The spike protein is critical for virus cell entry 
[reviewed in reference (12)]. It is a type-I transmembrane glycoprotein of 1,273 amino 
acids, which assembles into homotrimers at the surface of viral particles giving the 
virion its crown-like appearance. Each spike monomer (180 kDa) is composed of an 
N-terminal signal sequence, followed by a large, highly glycosylated ectodomain, a 
transmembrane domain, and a short cytoplasmic tail (13–15). During biosynthesis of the 
S protein within the infected cell, the N-terminal signal sequence is cleaved off following 
endoplasmic reticulum (ER) insertion, and the resulting polypeptide is cleaved into S1 
and S2 subunits by proprotein convertases of the host secretory pathway such as furin 
at a multibasic cleavage site. This site was not present in the spike protein of SARS-CoV 
(16) but was found important for cell entry of MERS-CoV (17). Non-covalently linked 
S1 and S2 subunits are assembled on mature viral particles. The S1 subunit carries the 
receptor-binding domain which binds human angiotensin-converting enzyme 2 (hACE2), 
and the S2 transmembrane subunit contains the fusion machinery. Receptor hACE2 
engagement exposes an additional internal site within S2 subunit, the S2' site, which 
is cleaved by transmembrane protease serine 2 (TMPRSS2) in lung cells, a process that 
triggers a series of conformational changes, leads to the shedding of the S1 subunit and 
release of the fusion peptide from its buried position, and activates subsequent fusion 
between viral and cellular membranes (16, 18–20).

The humoral immune response to SARS-CoV-2 infection is mediated by antibod­
ies elicited mostly against the structural S and N proteins, including neutralizing 
antibodies directed against S identified in naturally infected COVID-19 patients (21, 
22). There is strong evidence for a protective role of neutralizing serum antibodies, 
although SARS-CoV-2-specific T and B cell memory certainly contributes some degree of 
protection (23, 24). Prior efforts from us and others in preclinical vaccine development 
for the related SARS-CoV and MERS-CoV have also established the spike protein as an 
essential vaccine target (25–28). Along these lines, the COVID-19 vaccines currently in 
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use target the spike protein and induce neutralizing antibodies and virus-specific T cell 
responses in vaccinated individuals [reviewed in references (29, 30)].

From the day the sequence of SARS-CoV-2 was available in January 2020, we 
launched our effort on the development of a replicating viral vector vaccine. Our 
approach was based on the measles vector (31, 32) as a clinical phase II-proven vaccine 
platform with demonstrated safety and high immunogenicity (33, 34) and our prior 
experience with SARS-CoV (26). We notably demonstrated that live-attenuated measles 
virus (MV) used as a vector for the native SARS-CoV spike (MV-SARS-CoV) induced 
strong humoral immune responses and full protection in susceptible mouse models (26). 
Replicating viral vector-based vaccines are particularly attractive for mass vaccination as 
they may induce strong and long-lasting immunity after only one or two injections 
and are compatible with low-cost manufacturing processes and large-scale vaccine 
deployment needed to control the COVID-19 pandemic. As such, the measles vaccine 
induces both efficacious humoral and cellular immune responses, has an excellent safety 
record, and provides durable protection (35). The most advanced measles vector-based 
vaccine candidate to date, a candidate against chikungunya virus (CHIKV), developed 
using the same measles Schwarz platform (MV-CHIK), has shown to be well tolerated and 
highly immunogenic in phase I and II clinical trials (34, 36). Importantly, a single dose 
resulted in seroconversion in approximately 90% of subjects receiving the highest tested 
dose levels, highlighting that one dose might be sufficient to gain clinical benefit which 
is crucial in a pandemic.

In the present study performed in the first half of 2020, we evaluated recombi­
nant measles vectors expressing the native spike glycoprotein of SARS-CoV-2 or 
modified versions of this glycoprotein relying on prefusion stabilization of the spike 
and/or inactivation of the furin cleavage site (FCS). Our various recombinant vectors 
proved highly immunogenic and conferred protection against intranasal challenge with 
SARS-CoV-2 in susceptible mouse models. These preclinical studies allowed in June 2020 
the selection of the most potent MV-SARS-CoV-2 vaccine candidate (MV-ATU3-S2P∆F2A, 
named V591) that was further brought to phase I/II clinical studies in August 2020 
in parallel to its evaluation in non-human primates (NHP) (see companion article by 
Nambulli et al. [37]). In spite of its protective efficacy in both preclinical models following 
challenge with an early pandemic isolate of SARS-CoV-2, the immunogenicity of the 
selected V591 candidate in humans was low leading to discontinuation of further 
development (38, 39). Hypotheses for these discrepant findings and their importance 
for the future development of the measles vaccine platform are discussed.

RESULTS

Production and characterization of MV-SARS-CoV-2 recombinant viruses 
encoding native spike protein

For SARS-CoV, we previously showed that the membrane-anchored, full-length spike 
(S) protein was the most potent antigen when expressed from the measles vector 
(26). It induced the highest level of neutralizing antibodies and full protection from 
challenge with SARS-CoV in a susceptible murine model. Likewise, the membrane-anch­
ored, full-length S protein of SARS-CoV-2 was chosen as antigen for the development 
of a measles-vectored vaccine against SARS-CoV-2. The spike nucleotide sequence was 
optimized both for transcription by MV vector and for translation in human cells. This 
codon-optimized sequence of S was introduced into either additional transcription 
unit (ATU) 2 (between MV phosphoprotein P and matrix M genes) or ATU3 (between 
MV hemagglutinin H and polymerase L genes) within a cDNA corresponding to the 
anti-genome of the MV Schwarz (MVSchw) vector (Fig. 1A, and Materials and Methods). 
Corresponding MV-ATU2-S and MV-ATU3-S were successfully rescued as described in 
Materials and Methods. Ten viral clones were individually expanded in Vero NK cells 
for each of ATU2-S and ATU3-S recombinant viruses to collect P0 viral stocks, whose 
infectivity was determined by endpoint dilution titration.
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All clones of MV-ATU3-S recombinant virus grew to similarly high titers of approxi­
mately 107 50% tissue culture infectious dose (TCID50)/mL (Fig. 1B). In contrast, most 
recombinant MV clones expressing SARS-CoV-2 S from ATU2 grew to approximately 
100-fold lower titers with the notable exception of two viral clones yielding titers in 
the 106–107 TCID50/mL range (Fig. 1B, red dots). Viral genetic stability was checked by 

FIG 1 Production and characterization of MV-SARS-CoV-2 recombinant viruses expressing native SARS-CoV-2 spike protein from either ATU2 or ATU3 site. 

(A) Schematic representation of SARS-CoV-2 spike sequence (blue box) inserted as an additional transcription unit at either the ATU2 or the ATU3 position 

(represented by red triangles) of the Measles virus Schwarz vector (underneath). MV anti-genome is cloned downstream of T7 RNA polymerase promoter 

(T7) and framed at its 5' end by hammerhead ribozyme (hhR) and at its 3' end by hepatitis delta virus ribozyme (hδvR) followed by T7 RNA polymerase 

terminator (T7t). MV-encoded proteins are indicated: N (nucleoprotein), P (phosphoprotein), C and V accessory proteins, M (matrix protein), F (fusion protein), H 

(hemagglutinin), and L (polymerase). (B) Viral production obtained from cells infected with MV-ATU2-S and MV-ATU3-S recombinants. The plot shows infectious 

titers (TCID50/mL) of P0 viral stocks obtained for 10 viral clones randomly selected from 2 independent rescue experiments and expanded. Red dots point 

to outlier viruses with unexpectedly high titers compared to mean titers obtained for the other MV-ATU2-S recombinants. Bars show medians. (C) Cells were 

infected at an MOI of 0.05 TCID50/cell with two viral clones (# 1, 2) of recombinant MV-ATU3-S or the parental MVSchw or were not infected (NI). Protein extracts 

collected at 39 h post-infection were analyzed by Western blot and probed with anti-SARS-CoV spike polyclonal rabbit antibodies (upper panel) and anti-MV 

nucleoprotein polyclonal rabbit antibodies (lower panel). The left and right part of each panel are from the same membrane (unnecessary in-between lanes have 

been removed). The positions of SARS-CoV-2 native S, S1, and S2 cleaved products, and MV N protein are shown with respect to molecular weight markers (in 

kilodalton). (D) Images of cell monolayers infected at an MOI of 0.05 TCID50/cell with MV-ATU3-S (clones # 1, 2) or the parental MVSchw and observed at 39 h 

post-infection. Areas of fused cells are highlighted by white frames.
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Sanger sequencing of the entire ATUs for 10 viral clones retrieved following transfection. 
While all MV-ATU3-S recombinants harbored the input S sequence, the two MV-ATU2-S 
with higher infectious titers harbored mutations or insertions/deletions in the phospho­
protein gene sequence (gene end and/or gene junction) which immediately precedes 
the spike transgene. Noticeably, one of the two clones had a compensating frameshift 
deletion in the spike transgene and five quasi-species missense substitutions compatible 
with ADAR-mediated RNA editing. Upon subsequent passage (P1) of the ATU2-S viruses 
with initial low titers, whenever infectious titers reached high levels, viruses were found 
to contain multiple quasi-species substitutions including nonsense substitutions in the 
inserted S sequence. In contrast, the sequence of two randomly selected MV-ATU3-S 
clones was shown to be stable following further passage (P1) by next-generation 
sequencing (NGS) analysis of the full-length genome. These results indicate that the 
fully codon-optimized S gene generates unstable MV recombinants when inserted into 
position ATU2. Consequently, MV vectors with S inserted into ATU2 were not taken 
forward.

Spike expression in MV-ATU3-S-infected Vero cells was confirmed by Western blot 
analysis of cell lysates using polyclonal rabbit antisera raised against recombinant S 
protein of SARS-CoV (26, 40), which cross-reacted with SARS-CoV-2 S antigen. As shown 
in Fig. 1C (upper panel), a major product with the expected apparent molecular mass 
of 170 kDa corresponding to full-length S was expressed in similar amounts by two 
representative viral clones. Additional products with apparent molecular masses of 90 
and 80 kDa, respectively, were also detected, demonstrating that S was partially cleaved 
into its S1 and S2 subdomains. Upon infection of Vero cells, the MVSchw parent typically 
induces the formation of multinucleated cells or syncytia as the result of the interaction 
between MV fusion (F) and attachment (H) glycoproteins and the host cell plasma 
membrane. Small syncytia formed initially fuse together progressively, resulting in a few 
wide areas of fused cells at 39 h post-infection (p.i.) (Fig. 1D, left panels). Comparatively, 
at the same time point after infection, a strikingly increased number of large syncytia 
were formed in cells infected with any of the two MV-ATU3-S clones assayed (Fig. 1D, 
right panels). This enhanced spread of MV-ATU3-S in Vero cell monolayers was extremely 
reproducible and was supported by increased production of measles nucleoprotein (N) 
in the corresponding cell lysates as compared to lysates prepared from MVSchw-infected 
monolayers (Fig. 1C, lower panel). The fusogenic phenotype of MV-ATU3-S suggested 
that native spike was expressed at the surface of infected cells and was functional, 
thus able to interact with the angiotensin-converting enzyme 2 (ACE2) receptor present 
on neighboring cells and to promote cell fusion. This enhanced SARS-CoV-2 S-driven 
fusogenic phenotype was considered a potential safety concern and risk for developing 
the vaccine. To address this concern, prefusion-stabilized forms of the spike antigen were 
introduced into the MV genome.

MV-SARS-CoV-2 recombinant viruses encoding stabilized spike variants in 
ATU3 are highly replicative, genetically stable, and lack fusogenic phenotype

We, therefore, designed a series of constructs with two complementary approaches 
aiming at stabilizing SARS-CoV-2 spike protein in a prefusion conformation. Prefusion-
locked spike protein was also expected to elicit higher relevant antibody responses, by 
analogy to what was observed for F protein of respiratory syncytial virus (41) and S 
protein of MERS-CoV (42). One approach relied on the substitution of two residues at 
positions 986 and 987 by proline residues (K986P + V987P, referred to as 2P), by analogy 
with modifications introduced into the spike sequence of SARS-CoV and MERS-CoV (42, 
43). Another approach was to inactivate cleavage at the S1/S2 junction either through 
the substitution of the three arginine residues at positions 682, 683, and 685, comprising 
the multibasic cleavage site (R682G + R683S + R685G, referred to as 3F), or the deletion 
of the entire disordered solvent-exposed loop (14) encompassing the cleavage site 
(residues at positions 675 through 685, referred to as ∆F) (Fig. 2A). We chose to compare 
the most straightforward 3F mutation approach to the loop deletion (∆F) as an attempt 
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FIG 2 Fusion properties of various SARS-CoV-2 spike mutants encoded by MV-ATU3 recombinants. (A) Schematic representation of the primary structure of 

SARS-CoV-2 spike protein, which comprises a signal peptide (SP) and two subdomains, S1 and S2, separated by an FCS. In the S2 domain, the fusion peptide 

(FP), heptad repeats (HR) 1 and 2, connector domain (CD), transmembrane domain (TM), and C-terminal endoplasmic reticulum retrieval signal (ERRS) are shown. 

Positions and combinations of mutations introduced into S sequence (2P, 3F, ∆F, 2A) are indicated below the schemes in yellow, cyan, blue, and green,

(Continued on next page)
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not only to bring further stiffness to the spike by the removal of the disordered loop 
but also to render the shortened peptide loop less accessible to other host proteases 
that could substitute for furin. Mammalian expression plasmids encoding spike variants 
with either 2P or combinations of 2P3F and 2P∆F mutations were generated. Whether 
spike variants promote cell fusion was first evaluated in a transient cell fusion assay 
developed by Buchrieser et al. (44). This assay is based on the co-culture of HEK-293T 
cells stably expressing either of the two split-GFP fragments, which are co-transfected 
by plasmid DNAs allowing expression of hACE2 SARS-CoV-2 receptor, TMPRSS2 protease, 
and either native S or each of the S variants. GFP expression in fused cells was only 
detected if S was expressed at the surface of transfected cells and could trigger fusion 
with the neighboring cell expressing hACE2 receptor at its surface, a feature enhanced 
by the presence of TMPRSS2 protease. Data showed that the spike protein harboring 
either the stabilizing 2P mutation alone or combinations of the 2P mutation with the 3F 
mutation or ∆F deletion inactivating S1/S2 cleavage did not induce fusion in this system, 
in contrast to the native spike (Fig. 2B, GFP-positive cell scoring). Of note, percentages of 
S-expressing cells were higher for the 2P3F and 2P∆F variants than for native S or the 2P 
variant (Fig. 2B, S expression scoring).

Based on these results, recombinant measles vector genomes encoding spike variants 
bearing the 2P substitution alone or combinations of 2P and 3F mutations or ∆F deletion 
were engineered in ATU3. In SARS-CoV, alteration of spike C-terminal ER retrieval signal 
(ERRS) was found to affect spike cell surface location upon co-expression with M protein 
but to only marginally alter spike subcellular localization and cell surface expression 
when the spike protein was expressed on its own (45). To investigate the putative benefit 
of altering the equivalent ERRS in SARS-CoV-2 spike expressed from MV, a combination of 
the 2P and ∆F modifications together with substitution of codons at positions 1269 and 
1271 by alanine codons (K1269A + H1271A, referred to as 2A) (see Fig. 2A) was engi­
neered. Corresponding recombinants MV-ATU3-S2P, MV-ATU3-S2P3F, MV-ATU3-S2P∆F, 
and MV-ATU3-S2P∆F2A were successfully rescued, yielding in all cases high-titered P0 
viral stocks, in the 107 TCID50/mL range. NGS sequencing of the full-length viral genomes 
confirmed the expected sequences with no significant quasi-species, with the exception 
of a silent mutation in the L gene of one viral clone of MV-ATU3-S2P∆F2A. Importantly, 
comparative infection of cells with these viruses revealed slightly delayed to similar 
syncytia formation rate and expansion as that of the parental MVSchw, confirming 
absence of enhanced fusogenic activity, in contrast to MV-ATU3-S (Fig. 3A).

Time-course growth experiments showed that the replication of all MV-ATU3 
recombinant viruses expressing prefusion-locked spike was slightly delayed at 24 h p.i. 
compared to parental MVSchw but reached similar peak titers of approximately 107 

TCID50/mL at 48 h p.i. and thereafter (Fig. 3B). Of note, titers of MV expressing native 
S (MV-ATU3-S) peaked similarly at 48 h p.i. with a slightly higher titer than viruses 
expressing prefusion-locked spike but subsequently declined by about 10-fold at 60 h 
p.i., as a probable consequence of greater expansion of fused cell areas followed by 
extensive cytopathic effect (CPE) in the MV-ATU3-S infected cell monolayer. The genetic 
stability of the four viruses harboring the 2P stabilizing mutation and of MV-ATU3-S was 
confirmed after five passages in cell culture by Sanger sequencing of the ATU and NGS 
sequencing of the full-length viral genome.

Analysis of proteins extracted from cells infected at multiplicity of infection (MOI) of 1 
with the various MV recombinants by Western blot using rabbit polyclonal antisera raised 

FIG 2 (Continued)

respectively, and described by the position and nature of the resulting amino acid changes. Mutated S sequences were all inserted in the pCI mammalian 

expression vector and in ATU3 of Measles Schwarz vector, as illustrated at the bottom of the panel. (B) Fusion activities of native S and mutated S proteins 

were measured in transfected HEK-293T cells using split-GFP system in the presence of hACE2 and TMPRSS2 protease. Cells transfected with an empty plasmid 

(pEmpty) provided a negative control. Images of the cell monolayers (examples shown on the right) were analyzed at 18 h post-transfection. Percentages of 

cells expressing the indicated native or mutated S, and percentages of cells exhibiting GFP, scored as GFP areas per cell area, are plotted as means ± SD from 

duplicates.
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FIG 3 Comparative characterization of measles vectors expressing various SARS-CoV-2 S mutants. (A) Images of cell 

monolayers infected at an MOI of 0.05 TCID50/cell with MV-ATU3 expressing the indicated native or mutated S or with 

parental MVSchw and observed at 39 h post-infection. Areas of fused cells are highlighted by white frames. (B) Viral growth 

curves were established following infection of cells with recombinant MV-ATU3 expressing the indicated native or mutated 

S or with parental MVSchw at an MOI of 0.05. Cell-associated viral titers were determined in cell cultures collected at the 

indicated times post-infection. Geometric means of duplicate experiments are presented, and error bars indicate geometric 

SD. (C) Cells were infected at an MOI of 1 with the indicated recombinant MV, or the parental MVSchw, or were not infected 

(NI). Protein extracts collected at 24 h post-infection were analyzed by Western blot and probed with anti-SARS-CoV-2 spike

(Continued on next page)
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against SARS-CoV-2 spike ectodomain demonstrated efficient expression of full-length 
S in all cases (Fig. 3C, upper panel). Partial cleavage of S into its S1 and S2 subdomains 
occurred in MV-ATU3-S2P-infected cells, as in cells infected with MV expressing native 
S. Noteworthy, no difference in SARS-CoV-2 S and control measles N expression levels 
was observed in cells infected with MV-ATU3-S or MV-ATU3-S2P under such a single cycle 
of viral replication (at 24 h p.i., Fig. 3C, lower panel). Inactivation of the furin cleavage 
site either by the 3F mutation (MV-ATU3-S2P3F) or the ∆F deletion (MV-ATU3-S2P∆F, 
MV-ATU3-S2P∆F2A) abolished S cleavage, as expected, and did not have any apparent 
significant impact on S expression levels. In addition, expression of spike was readily 
detected by indirect immunofluorescence of non-permeabilized syncytia in infected 
cultures, indicating that native S and all mutated forms were transported to the cell 
surface (Fig. 3D).

MV-ATU3 recombinant viruses expressing stabilized spike variants induce 
strong anti-SARS-CoV-2 neutralizing antibody responses

The immunogenicity of MV-ATU3 candidates expressing native S or S derivatives was 
evaluated in genetically modified 129/Sv mice, deficient for type 1 interferon receptor 
(IFNAR-KO), a small animal model suitable for the assessment of measles-vectored 
vaccines (46). Groups of five to six 6–10-week-old IFNAR-KO mice were immunized twice 
at a 4-week interval with intraperitoneal injection of 1 × 105 TCID50 of each vaccine 
candidate. As a control, a group of mice injected with a similar dose of empty MVSchw 
vector was included in each experiment. Mouse sera were collected 3 weeks after the 
first (prime) and second (boost) injections in two independent sets of experiments 
involving one viral clone for MV-ATU3-S and -S2P and two viral clones for MV-ATU3-
S2P3F, -S2P∆F, and -S2P∆F2A (Fig. 4).

To assess humoral responses, MV- and SARS-CoV-2-specific antibody responses 
were first evaluated by indirect ELISA against native MV antigens and recombinant 
SARS-CoV-2 trimeric spike ectodomain, respectively. Mice immunized with the differ-
ent recombinant measles vectors expressing native or mutated SARS-CoV-2 spike or 
with MVSchw seroconverted to MV after prime immunization (Fig. 4A and D). Anti-MV 
antibody levels were in the same range for all tested MV recombinants and paren­
tal MVSchw, suggesting that expression of the heterologous S protein did not alter 
the replication of the recombinant viruses in vivo nor modify their measles-specific 
immunogenicity. A few mice responded poorly to the prime immunization but all 
did respond strongly after boost immunization. Of note, the anti-MV antibody levels 
increased after boost by about 10-fold, as expected from previous studies in mice (26, 
46).

All mice immunized with MV-ATU3-S, MV-ATU3-S2P, MV-ATU3-S2P3F, MV-ATU3-S2P∆F, 
and MV-ATU3-S2P∆F2A that developed high titers of anti-measles antibodies also 
responded with high titers of spike-specific antibodies, in the 104 ELISA-unit range after 
prime, as measured by the ELISA specific for SARS-CoV-2 spike (Fig. 4B and E). In contrast, 
control mice immunized with empty MVSchw were all tested negative, as expected. 
Significantly higher anti-S antibody levels were elicited after prime by recombinant MV 
expressing S2P with inactivated furin cleavage site (MV-ATU3-S2P3F, MV-ATU3-S2P∆F) 
compared to those elicited by MV-AUT3-S or MV-ATU3-S2P (Fig. 4B). After boost, the 
anti-S antibody levels increased by at least 10-fold, as observed for anti-MV antibodies. A 
trend for higher anti-S antibody levels after boost, although less or no longer significant, 

FIG 3 (Continued)

polyclonal rabbit antibodies (upper panel) and anti-MV nucleoprotein antibodies (lower panel). The positions of SARS-CoV-2 

full-length S, S1, and S2 domains, and MV N protein are shown with respect to molecular weight markers (in kilodalton). 

(D) Cell monolayers infected at an MOI of 0.05 with the same viruses as in (A) were fixed at 30 h post-infection and processed 

without permeabilization for indirect immunofluorescence with anti-SARS-CoV-2 spike polyclonal rabbit antibodies and 

AF488-conjugated anti-rabbit IgG antibodies. Cell nuclei were counterstained with DAPI. Representative Z-projection images 

recorded with a 40× objective are shown. Bar, 20 µm.
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FIG 4 Antibody responses in IFNAR-KO mice after prime and boost immunization with recombinant MV expressing SARS-CoV-2 native or mutated spike. 

(A–F) Mice (n = 6 per group) were immunized with the parental MV Schwarz strain (Schw), one viral clone of MV-ATU3-S (S) and MV-ATU3-S2P (S2P), or either of 

two viral clones of MV-ATU3-S2P3F (S2P3F), MV-ATU3-S2P∆F (S2P∆F), and MV-ATU3-S2P∆F2A (S2P∆F2A). Antibody responses were measured by measles-specific 

ELISA (A, D), SARS-CoV-2 spike-specific ELISA (B, E), and SARS-CoV-2 microneutralization assay (C, F) in individual mouse sera collected following prime (left parts 

of the graphs) or boost (right parts of the graphs). Bars show medians. ELISA titers are expressed as reciprocals of endpoint serum dilutions. Neutralization titers 

are expressed as reciprocals of serum dilutions that resulted in the neutralization of 95% SARS-CoV-2 infectivity scored by cytopathic effect. Detection limits 

(dotted lines) in the anti-MV and anti-S ELISAs were 50 ELISA units and 20 in the microneutralization assay. Representative results of two or more independent 

experiments are shown. Statistical significance (B, C, E, F) was assessed using the non-parametric Kruskal-Wallis test with Dunn’s uncorrected post hoc analysis 

and is systematically indicated : *P < 0.05, **P < 0.005, ***P < 0.0005. Statistical power of the analysis has been increased by running the values obtained in the 

same experiment for two clones of the same construct (S2P3F, S2P∆F, S2P∆F2A) against those obtained for each of the parental constructs (S, S2P) .

(Continued on next page)
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was still detected in favor of recombinant MV expressing S2P3F or S2P∆F over those 
expressing S or S2P (Fig. 4B). We indeed reproducibly observed that lower responses 
after prime with MV-ATU3-S or S2P candidates were accompanied with higher boosting 
effect after the second injection than with MV-ATU3-S2P3F or MV-ATU3-S2P∆F (Fig. S1). 
We cannot rule out that there might be some kind of maximum antibody production 
level in mice that is more easily reached after immunization with furin-site inactivated 
mutants. However, it is interesting to note that a similar trend has been observed for 
adjuvanted spike vaccines bearing or not furin cleavage site inactivation in BALB/c mice 
(47).

The magnitude of anti-SARS-CoV-2 neutralizing antibody responses was quantified 
using a microneutralization assay and determined neutralizing titers as the reciprocal 
of the highest serum dilution required to reduce infection by authentic SARS-CoV-2 
virions by 95% (NT95). All recombinant MV expressing SARS-CoV-2 S or S derivatives 
elicited neutralizing antibodies after one immunization, albeit only half of the mice 
had detectable neutralizing antibodies after prime with MV-ATU3-S or MV-ATU3-S2P 
(Fig. 4C). Importantly, significantly higher neutralizing titers were obtained following 
prime with MV-ATU3-S2P3F or MV-ATU3-S2P∆F (average log10 titer of 2.1 ± 0.4 and 2.3 
± 0.4, respectively) than with MV-ATU3-S (1.4 ± 0.1 log10) or MV-ATU3-S2P (1.7 ± 0.5 
log10). Noticeably, there was a reproducible trend for induction of higher neutralizing 
titers after prime by MV-ATU3-S2P∆F over MV-ATU3-S2P3F, although the increase was 
not statistically significant by Kruskal-Wallis non-parametric test. In addition, there was 
no difference between SARS-CoV-2 ELISA and neutralizing titers reached after prime 
or boost immunization with MV-ATU3-S2P∆F2A and MV-ATU3-S2P∆F (Fig. 4E and F), 
indicating no role for the putative ERRS in the immunogenicity of the SARS-CoV-2 S 
protein in this context. After boost, neutralizing titers also increased by at least 10-fold. 
All three recombinant MV expressing SARS-CoV-2 S with inactivated furin cleavage site 
(MV-ATU3-S2P3F, -S2P∆F, -S2P∆F2A) elicited similar neutralizing antibody levels after 
boost that were again significantly higher than those obtained with MV-ATU3-S or 
MV-ATU3-S2P (Fig. 4C and F). Similar data obtained for two viral clones of each consolida­
ted the superiority of the former three candidates in conferring the highest immunoge­
nicity to SARS-CoV-2.

To evaluate the strength of the neutralizing antibody response induced in mice by 
MV-ATU3-S2P∆F2A, which proved to be one of the best candidates, individual mouse 
sera collected after prime and boost in this and in two other independent immunization 
experiments were subjected to microneutralization alongside a panel of six National 
Institute of Biological Standards and Controls (NIBSC) reference convalescent sera from 
COVID-19 patients, including low-titer (20/124, 20/126), medium-titer (20/122), high-titer 
(20/120), and very high-titer (20/130) sera (see description in the Materials and Methods). 
As shown in Fig. 4G, the vast majority of mouse sera after MV-ATU3-S2P∆F2A (clone 
V591) prime had neutralizing titers around or above those found in the high- to very 
high-titer 20/120 and 20/130 human convalescent sera and, after boost, exhibited titers 
at least 100-fold higher. These data underlined that MV-ATU3-S2P∆F2A was able to 
elicit a strong SARS-CoV-2 neutralizing response likely to be biologically meaningful. All 
following experiments were performed with the same V591 clone of MV-ATU3-S2P∆F2A.

FIG 4 (Continued)

Non-significance (ns) is indicated whenever referred to in the text. (G) Comparative assessment of the SARS-CoV-2 microneutralization titers of sera from mice 

immunized with MV-ATU3-S2P∆F2A in three independent experiments (expt 1, 2, 3) and convalescent human sera 20/120, /122, /124, /126, /130 or negative 

control human serum 20/128 provided by the National Institute of Biological Standards and Controls (NIBSC, UK). The results for NIBSC research reagents are 

plotted as geometric means with geometric SD error bars of the titers obtained in all microneutralization assays in which they were tested together with mouse 

sera. The results for individual mice are represented per immunization experiment. Bars show medians. (H, I) Total IgG or isotype-specific (IgG1 and IgG2a) 

antibody responses against SARS-CoV-2 spike were measured by ELISA using recombinant SARS-CoV-2 trimeric S ectodomain produced in mammalian (H) or 

insect (I) cells as coating antigen. Bars show medians. Detection limit was 50 ELISA units. For comparison of the IgG2a/IgG1 ratio elicited by recombinant MV 

expressing S, wild-type 129/Sv mice were immunized with aluminum-adjuvanted trimerized spike ectodomain (tri-S + alum) produced in mammalian cells or 

aluminum adjuvant alone (alum).
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MV-ATU3 recombinant viruses expressing stabilized spike variants induce 
robust CD8+ and Th1-biased CD4+ T cell responses

Based on the recommendation of the International Coalition of Medicinal Regulatory 
Agencies (ICMRA) (48), it was important to ensure induction of a type 1 (Th1) response 
to mitigate the risk for potential disease enhancement that had been observed in 
animal models with SARS-CoV vaccine candidates (49). As IgG isotypes indicate potential 
skewing of the ongoing CD4+ helper T cell response into a Th1 or type 2 (Th2) response 
in mice, we first measured the ratio of IgG2a to IgG1 antibody titers by isotype-specific 
anti-S ELISA. This analysis revealed that MV-ATU3-S, -S2P, -S2P3F, -S2P∆F, and -S2P∆F2A all 
induced higher IgG2a than IgG1 levels (Fig. 4H), indicating a predominant Th1 response, 
as expected from a live viral vector. To strengthen these data, control experiments were 
performed by immunizing wild-type 129/Sv mice with aluminum hydroxide-adjuvanted, 
recombinant trimeric spike ectodomain (50). After prime and boost with this subunit 
vaccine strategy, mice had substantially higher IgG1 than IgG2a antibody titers (Fig. 
4I), indicating that the induced immune responses were predominantly of Th2 type, 
as previously observed by us after immunization with aluminum hydroxide-adjuvanted 
SARS-CoV spike ectodomain (26) and also reported by Corbett et al. (51) for SARS-CoV-2 
spike. It was noteworthy in this experiment that prime with alum-adjuvanted recombi­
nant spike did not induce detectable neutralizing antibodies in four out of five mice, 
whereas after boost, responses were in the low 103 range (average log10 titer of 2.9 ± 0.6) 
and somehow weaker than those induced after prime and boost with MV-S2P∆F2A.

In order to directly measure and characterize T cell responses in more detail, including 
to confirm the type of T helper cell responses, S-specific T cell responses were analyzed 
in splenocytes from vaccinated mice by intracellular cytokine staining (ICS) and flow 
cytometry. IFNAR-KO mice were immunized twice at a 4-week interval with recombinant 
MV-ATU3-S, -S2P, -S2P3F, -S2P∆F, -S2P∆F2A, or with the parental MVSchw. Nineteen to 
25 days after the boost immunization, splenocytes were stimulated with overlapping 
peptide pools spanning full-length S1 and S2 domains of the spike protein, respectively. 
As control, measles-specific responses were assessed using a pool of two peptides 
corresponding to H-2b immunodominant epitopes of hemagglutinin for CD8+ T cells 
(52). In all mice immunized with any of the recombinant MV expressing SARS-CoV-2 S 
or S mutants, ICS of splenocytes detected CD4+ T cells producing IFN-γ and/or TNF-α 
after stimulation with the spike peptide pools (Fig. 5A). The frequencies of all CD4+ cells 
producing TNF-α (alone or in combination with IFN-γ) and of TNF-α/IFN-γ double-pos­
itive CD4+ cells were significantly higher in mice immunized with any of the recombi­
nant MV compared to mice immunized with the MVSchw. Particularly, the IFN-γ/TNF-α 
double-positive CD4+ T cells were indicative of more differentiated polyfunctional CD4+ 

T cells (53), confirming that S-specific Th1-type responses were induced by the vaccine 
candidates.

Further supporting the Th1 response, no S-specific CD4+ T cells expressing both 
IL-5 and IL-13, characteristic for Th2 responses, were detected in mice receiving any of 
the recombinant MV (Fig. 5B). While a low frequency of cells producing IL-5 or IL-13 
was detected in some animals immunized with the furin-site inactivated vectors, there 
was no statistical difference with the frequency of those cells in splenocytes from mice 
immunized with MVSchw, indicating that these responses were not specific for the S 
protein.

In accordance with the Th1 CD4+ T cell response, a strong CD8+ T cell response 
was induced (Fig. 5C). The frequencies of all S-specific CD8+ T cells producing TNF-α, 
or IFN-γ, and of polyfunctional S-specific CD8+ T cells producing both TNF-α and IFN-γ 
were significantly higher in mice immunized with any of the S-expressing recombinant 
MV compared to mice immunized with MVSchw. The frequencies of double-positive 
S-specific CD8+ T cells were about three times as high as the frequencies of double-pos­
itive CD4+ T cells (Fig. 5A and C). No significant IL-5 or IL-13 S-specific responses were 
observed in CD8+ T cells either (Fig. S2).
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FIG 5 MV and S-specific T cell responses in mice immunized with recombinant MV expressing SARS-CoV-2 native or mutated spike. Mice (n = 6 per group) 

were immunized twice with MV-ATU3-S (S), MV-ATU3-S2P (S2P), MV-ATU3-S2P3F (S2P3F), MV-ATU3-S2P∆F (S2P∆F), MV-ATU3-S2P∆F2A (S2P∆F2A), or parental MV 

Schwarz (Schw). Splenocytes collected following boost were stimulated with peptide pools spanning the S1 or S2 domain of SARS-CoV-2 spike (summed

(Continued on next page)
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It is noteworthy that the frequencies of the S-specific CD4+ and CD8+ T cell responses 
induced after a booster administration were not statistically different for any of the 
recombinant MV expressing SARS-CoV-2 S or S mutants, in-line with anti-S antibody 
responses that tend to reach similar values after boost, as reported above.

Similar results were obtained when ICS was performed on splenocytes after 
stimulation with naturally processed spike antigen instead of synthetic peptide pools. 
Bone-marrow derived dendritic cells were loaded either with recombinant spike protein 
to detect CD4+ T cells or by transduction with a lentiviral vector encoding full-length 
spike to detect CD8+ T cells. This demonstrated the induction of S-specific CD4+ and CD8+ 

T cells producing TNF-α and IFN-γ (Fig. S3A and C) but not IL-5 and IL-13 (Fig. S3B), further 
confirming the induction of Th1 responses by the vaccine candidates.

Furthermore, TNF-α- and/or IFN-γ-positive CD8+ T cells specific for measles vector 
backbone were confirmed in mice receiving any of the recombinant MV as well as in 
mice immunized with the parental MVSchw (Fig. 5C). However, in mice receiving any 
of the S expressing measles vector vaccine candidates, the frequency of the measles 
hemagglutinin-specific CD8+ T cells (as measured against the two dominant peptides) 
was lower than the frequency of SARS-CoV-2 S-specific CD8+ T cells, demonstrating 
the biological significance of the T cell responses induced against the expressed spike 
protein.

In addition to the ICS experiments, IFN-γ-producing T cells were enumerated by 
ELISpot. The results confirmed the strong cellular responses against peptides spanning 
the S protein after immunization with all recombinant MV-expressing spike protein, 
with approximately 2,000 IFN-γ spot-forming units (SPU) per 106 splenocytes (Fig. 5). 
Cellular responses to the measles vector hemagglutinin peptides were comparable after 
immunization with any of the recombinant MV and parental MVSchw, with approxi­
mately 1,000 IFN-γ SPU/106 splenocytes (Fig. 5D).

Deconvolution of the peptide pools by ELISpot analyses revealed five immunodomi­
nant peptides which were further characterized by ICS (Fig. S4). One of the peptides (#13, 
S:61–75, NVTWFHAIHVSGTNG) was recognized by CD4+ T cells, and four other pepti­
des (#52, S:256–270, SGWTAGAAAYYVGYL; #53, S:261–275, GAAAYYVGYLQPRTF; #108, 
S:536–550, NKCVNFNFNGLTGTG; #116, S:576–590, VRDPQTLEILDITPC), of which two are 
overlapping and likely correspond to a single epitope (# 52 and 53), are recognized by 
CD8+ T cells, as described by Ku et al. (54). Furthermore, comparison of ICS frequencies 
for CD8+ T cells indicated that the S:536–550 peptide (#108) most likely contains the H-2b 

class I immunodominant epitope, in agreement with recently published data obtained 
in mice immunized with Venezuelan equine encephalitis replicon particles expressing 
SARS-CoV-2- S (55) and that S:256–270/S:261–275 (# 52 and 53) and S:576–590 (#116) 
contain two subdominant epitopes. Comparison of ICS frequencies for CD4+ T cells 
suggested that the S:61–75 peptide (#13) contains a dominant epitope, confirming data 
reported by Zhuang et al. (55) but also that other epitope(s) likely contribute to the 
higher frequency of the response detected against the spike peptide pools.

FIG 5 (Continued)

responses to S1 and S2 pools are shown: SCoV-2, left parts of the graphs) or a pool of two H-2b class I-restricted measles hemagglutinin peptides (HMV, right parts 

of the graphs). Frequencies of cytokine-producing cells determined by intracellular cytokine staining followed by flow cytometry are shown for (A) splenic CD4+ 

T cells producing Th1 signature cytokines TNF-α, IFN-γ, or both IFN-γ and TNF-α, (B) splenic CD4+ T cells producing Th2 signature cytokines IL-5, IL-13, or both 

IL-5 and IL-13, and (C) splenic CD8+ T cells producing TNF-α, IFN-γ, or both IFN-γ and TNF-α. Frequencies of IFN-γ-producing T cells were enumerated by ELISpot 

analysis and shown as spot forming units (SPU) per 106 cells (D). Bars show medians. Statistical significance was assessed using the non-parametric Kruskal-Wallis 

test with Dunn’s uncorrected post hoc analysis: **P < 0.005.
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Immune responses induced by MV-ATU3 recombinant viruses expressing 
stabilized S variants protect against SARS-CoV-2 challenge, including after 
single immunization

To assess the potential of the recombinant MV-ATU3 expressing native S or S variants 
to induce protection against experimental challenge infection with SARS-CoV-2, we 
used IFNAR-KO mice in which the human ACE2 receptor of SARS-CoV-2 was transiently 
expressed in the pulmonary mucosa by transduction with an Ad5 gene transfer vector 
(Ad5::hACE2). Such pretreatment allows subsequent infection with SARS-CoV-2, and high 
rates of viral replication can be detected in the lungs (54, 56).

Protection was first monitored after prime and boost immunization with either 
MV-ATU3-S, MV-ATU3-S2P, MV-ATU3-S2P∆F, MV-ATU3-S2P∆F2A, or the parental MVSchw 
strain as control. Mice were instilled via intranasal (i.n.) administration with Ad5::hACE2 4 
weeks after the boost immunization and inoculated i.n. with 2 × 104 PFU of an early 
pandemic isolate of SARS-CoV-2 4 days later. We did not observe weight loss nor 
behavioral changes in control MVSchw-immunized mice inoculated with SARS-CoV-2, 
consistent with the findings reported by Rathnasinghe et al. (57). SARS-CoV-2 load in 
the lungs was assessed 4 days after challenge by RT-qPCR measuring genome equiv­
alent (GEQ) RNA levels, as well as by quantification of infectious titers in Vero cells. 
As shown in Fig. 6A, a two-dose immunization at a 4-week interval with all measles 
vectors expressing S or S derivatives triggered a significant reduction in the lung 
SARS-CoV-2 load compared to immunization with MVSchw parental virus. Approximately 
60-fold and 300- to 600-fold reductions in viral RNA levels were achieved following 
vaccination with MV-ATU3-S or MV-ATU3-S2P and MV-ATU3-S2P∆F or MV-ATU3-S2P∆F2A, 
respectively. Furthermore, no SARS-CoV-2 infectivity was detected in any of the mice 
immunized with MV-ATU3-S2P, MV-ATU3-S2P∆F, or MV-ATU3-S2P∆F2A. Only one mouse 
immunized with MV-ATU3-S, which had responded poorly to the immunization and had 
very low neutralizing antibody titers, showed low residual SARS-CoV-2 titers. Altogether, 
these results showed that vaccination with recombinant MV significantly reduced the 
viral load in the lungs of challenged animals and, particularly, that the production of 
infectious particles was prevented. Noteworthy, the efficiency of protection followed the 
hierarchy observed with the induction of neutralizing antibody levels, MV-ATU3-S2P∆F 
and MV-ATU3-S2P∆F2A conferring significantly better protection than MV-ATU3-S and 
MV-ATU3-S2P (P < 0.05 using ANOVA and uncorrected Fisher’s LSD test on pulmonary 
SARS-CoV-2 RNA levels).

Based on the promising results after prime and boost immunization, protection after 
prime only was assessed in mice immunized with MV-ATU3-S2P∆F2A, MV-ATU3-S2P, or 
the control parental MVSchw with challenge 5 weeks after immunization. Neutralizing 
antibody titers were higher in MV-ATU3-S2P∆F2A-immunized mice than in MV-ATU3-
S2P-immunized animals 7 days prior to challenge (Fig. 6B), as observed in previous 
experiments (Fig. 4C). This translated into better protection with significantly lower 
SARS-CoV-2 RNA loads (P < 0.05 using Mann-Whitney test) and absence of detectable 
infectious particles in the lungs for MV-ATU3-S2P∆F2A-immunized mice (Fig. 6B). These 
protection results were further strengthened by immunohistochemistry (IHC) analysis of 
the lungs of challenged animals, using a SARS-CoV-2 nucleocapsid protein (NCoV-2)-spe­
cific polyclonal antibody. In control MVSchw-immunized and SARS-CoV-2-infected mice, 
numerous foci of NCoV-2+ cells were detected in the bronchial epithelial cells and in the 
interstitium that were absent in mock-challenged mice (Fig. S5, left panels). Although 
some degree of intra-group and inter-lobe variation could be observed, IHC images 
displayed a markedly less abundant NCoV-2 staining in MV-ATU3-S2P- and MV-ATU3-
S2P∆F2A-vaccinated animals (Fig. S5, right panels). NCoV-2-positive foci were counted 
in representative sections of all lobes (Fig. 6B, right panel). These data revealed that the 
lungs of MV-S2P∆F2A-vaccinated mice exhibited very few NCoV-2+ foci, if at all, while 
MV-S2P-vaccinated mice came up with low scores that were significantly different (P < 
0.005) from those obtained in MVSchw-vaccinated mice. The better protection conferred 
by MV-ATU3-S2P∆F2A with respect to MV-ATU3-S2P was statistically significant (P < 
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FIG 6 Protection of mice against challenge with SARS-CoV-2 after prime/boost or single immunization. Schematic of the two experimental set-ups is shown. 

Mice (n = 5 or 6 per group) were immunized twice with MV-ATU3-S (S), MV-ATU3-S2P (S2P), MV-ATU3-S2P∆F (S2P∆F), MV-ATU3-S2P∆F2A (S2P∆F2A), or the 

parental MV Schwarz strain (Schw) (A) or once with MV-ATU3-S2P (S2P), MV-ATU3-S2P∆F2A (S2P∆F2A), or the parental Schw (B). SARS-CoV-2 microneutralization

(Continued on next page)
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0.005), in agreement with quantification of SARS-CoV-2 RNA levels and infectious titers 
(Fig. 6B).

Noticeably, whether after prime only or after prime-boost, neutralizing antibody titers 
in blood samples taken 4 days before the challenge inversely correlated with SARS-CoV-2 
loads in the lungs of individual mice (regardless of the immunogen) as assessed by 
levels of GEQ RNA (r = −0.86 and r = −0.82, respectively, P < 0.0001 using Spearman 
non-parametric correlation coefficient analysis). This suggests that neutralizing antibody 
levels in the blood are important contributors to the reduction of SARS-CoV-2 replication 
after infection.

Infection-driven bronchiolar lesions are reduced after single immunization

On lung histopathological examination of hematoxylin and eosin (H&E)-stained lung 
sections, treatment with Ad5::hACE2 alone (with no subsequent administration of 
live SARS-CoV-2) resulted in a mild-to-moderate widespread mononuclear interstitial 
infiltration of the lungs with minor alveolar involvement or disruption of the lung 
architecture, and hardly any perivascular or peribronchial infiltrates (Fig. 7A, panel I). 
Epithelial cell desquamation in the bronchiolar lumen was occasionally observed, and 
predegenerative lesions of the bronchiolar epithelial cells were rare.

Lung lesions in SARS-CoV-2-challenged mice, whether naïve controls or MVSchw-
immunized mice, were overall severe, in spite of some inter-mouse and inter-lobe 
variation (Fig. 7A, panels II–VI). Lesions were characterized by a moderate-to-severe 
widespread interstitial syndrome, frequent bronchiolar damage, and multifocal 
desquamation of the respiratory epithelium (panels II–IV). Perivascular or peribronchial 
infiltrates (panel II), although more frequent than in Ad5::hACE2-treated mice, remained 
rare. Areas of parenchymal consolidation were observed that extended up to 80% of 
the lobe surface. These condensed areas were associated in various proportions with 
fading of the delineation between bronchioles and parenchyma (panels V and VI), 
disappearance of the alveoli (panel V), and dense mononuclear interstitial infiltration 
(panel VI), resulting in partial or complete disruption of the bronchiolar epithelium and 
organ collapse.

After SARS-CoV-2 challenge, MV-ATU3-S2P- and MV-ATU3-S2P∆F2A-immunized mice 
displayed lesions similar to in nature but less severe than those seen in control 
MVSchw-immunized mice. The widespread interstitial mononuclear infiltration, although 
occasionally severe, was largely reduced to mild-to-moderate grades. Due to elevated 
baseline of interstitial syndrome in Ad5::hACE2-treated mice and variations within 
groups of mice, this trend was, however, not statistically significant (Fig. 7B, left panel). 
Epithelial disruption, fading of the bronchiolar-parenchyma delineation, and predege­
nerative alterations of the bronchiolar epithelium were less frequent and less severe that 
in control mice. Semi-quantitative scoring of the bronchiolar lesions in H&E lung sections 
(Fig. 7B, right panel) demonstrated the statistical significance of this observation (P < 
0.05).

Histology data collectively indicate that immunization with a single administration 
of MV-ATU3-S2P∆F2A conferred substantial protection against SARS-CoV-2-induced lung 
pathology, without triggering a detrimental inflammatory response.

FIG 6 (Continued)

titers (NAb) in sera collected 3 weeks after boost (IS2, panel A) or 3 weeks after prime (IS1, panel B) were expressed as reciprocals of serum dilutions that resulted 

in inhibition of 95% of virus infectivity (left graphs). Following i.n. instillation with Ad5::hACE2 4 weeks after boost or prime and subsequent challenge with 

SARS-CoV-2, pulmonary viral loads were quantified 4 days after challenge as genomic RNA or infectious titer per lungs (middle graphs), and number of infection 

foci in IHC sections of the five lung lobes (right graph). Statistical significance was assessed using the non-parametric Kruskal-Wallis test with Dunn’s uncorrected 

post hoc analysis (A) or Mann-Whitney test (B). ns: not significant, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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FIG 7 Reduction of lung histopathology in challenged mice after single immunization. (A) Routine H&E staining of lung sections from control, non-vacci­

nated-mice which were instilled with Ad5::hACE2 and subsequently mock infected (I) or challenged with SARS-CoV-2 (II–VI). Green stars: marked infiltrate 

around the bronchiole and/or accompanying vessel. Orange stars or arrows: eosinophilic exudate and cells debris filling the bronchiole lumen. Black arrows: 

predegenerative or degenerative lesions of the bronchiolar epithelium. Blue arrows: intranuclear patches of condensed chromatin, suggestive of apoptosis, 

or signs of kariolysis. Blue circles: fading of bronchiole-parenchyma delineation. (B) Inflammation (interstitial pneumonia) and histopathological (bronchiolar) 

lesions from vaccinated and SARS-CoV-2-challenged mice taken from the cohorts described in Fig. 6B. Interstitial pneumonia and bronchiolar lesions were 

evaluated and scored on H&E sections of the five lung lobes according to a semi-quantitative zero-to-five severity rating, as described in the Materials and 

Methods. Green and black bars show medians. The dotted lines indicate median baselines of inflammation and bronchiolar lesions, respectively, in a group 

of three control, non-vaccinated mice, following i.n. instillation with Ad5::hACE2 only, in the absence of subsequent challenge with SARS-CoV-2. Statistical 

significance was assessed using the Mann-Whitney test. *P < 0.05.
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Antibody responses are long lived and protect up to 6 months after single 
immunization

To determine whether one or two immunizations were able to induce long-lived 
SARS-CoV-2 neutralizing antibodies, groups of mice were immunized with two injections 
of 1 × 105 TCID50 of MV-ATU3-S, -S2P, -S2P3F, or -S2P∆F at a 4-week interval (Fig. 8A 
through C) or with a single injection of MV-ATU3-S2P∆F2A (Fig. 8D, left panel). In the 
two-dose experiment, antibodies were monitored 3 weeks after prime, as well as 3 
weeks and 3 months after boost, respectively. As shown in Fig. 8B, all MV recombinant 

FIG 8 Longevity of antibody response and protection after prime/boost or prime-only immunization. CD46-IFNAR mice (n = 6 per group) were immunized twice 

with MV-ATU3-S (S), MV-ATU3-S2P (S2P), MV-ATU3-S2P3F (S2P3F), MV-ATU3-S2P∆F (S2P∆F), or the parental MV Schwarz strain (Schw) (A, B, C), and IFNAR-KO mice 

were immunized only once with parental Schw or MV-ATU3-S2P∆F2A (S2P∆F2A) (D). Antibody responses were measured in sera collected 3 weeks after prime, 3 

weeks after boost, and 3 months after boost (A, B, C) or 6 months after prime (D) by measles-specific ELISA (anti-MV, panel A), SARS-CoV-2 spike-specific ELISA 

(anti-S, panel B), or microneutralization assay (NAb, panels C, D). The mice were instilled with Ad5::hACE2 and challenged with SARS-CoV-2 6 months after single 

immunization as described in the schematic (D). Pulmonary SARS-CoV-2 loads were quantified 4 days after challenge as genomic RNA (left graph) and infectious 

titer (right graph) per lungs. Statistical significance was assessed using the Mann-Whitney test. *P < 0.05, **P < 0.005.
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viruses tested induced anti-spike antibodies in the 104 ELISA-unit range after prime 
and in the 105 ELISA-unit range after boost. The same hierarchy in the magnitude 
of the antibody responses was observed as in previous experiments shown in Fig. 4, 
i.e., MV-ATU3-S2P3F and -S2P∆F induced higher levels of S-specific and SARS-CoV-2 
neutralizing antibodies after prime than MV-ATU3-S and -S2P (Fig. 8B and C). Most 
importantly, S-specific and SARS-CoV-2 neutralizing antibody titers remained high when 
measured 3 months after boost. Of note, ELISA and neutralizing antibody titers shown in 
Fig. 8B and C, obtained in CD46-IFNAR mice, were very similar to those reported in Fig. 
4B, C, E, and F obtained in IFNAR-KO mice, confirming that the presence of human CD46 
does not significantly improve measles vector replication in the IFNAR-KO model, as 
reported (46). In the single immunization experiment with MV-ATU3-S2P∆F2A, sustained, 
long-lived SARS-CoV-2 neutralizing antibody titers were measured in the 103 microneu­
tralization-unit range approximately 6 months after prime (Fig. 8D, left panel). Accord­
ingly, long-term protection against SARS-CoV-2 challenge in the Ad5::hACE2 model after 
a single immunization proved highly efficacious and translated to notably reduced GEQ 
RNA levels and absence of infectious particles in the lungs of most mice (Fig. 8D, right 
panels), with similar magnitude of reduction as shortly after the prime (Fig. 6B).

DISCUSSION

In this study, we generated and evaluated a series of measles-vectored COVID-19 vaccine 
candidates expressing the native or modified SARS-CoV-2 spike protein and selected a 
candidate by June 2020 that was moved into clinical development in August 2020, 7 
months after the release of the SARS-CoV-2 Wuhan sequence. Based on the pandemic 
context, our aim was to develop a candidate that was highly efficacious, ideally after 
a single immunization. At that time, no measles vector-based SARS-CoV-2 vaccine 
approach was yet published. We found that recombinant MVs expressing a prefusion-sta­
bilized, full-length spike protein with deleted furin cleavage site (MV-ATU3-S2P∆F and 
MV-ATU3-S2P∆F2A) were the most immunogenic, elicited the highest levels of SARS-
CoV-2 neutralizing antibodies, induced robust Th1-oriented T cell responses, and proved 
highly protective against challenge with an early pandemic isolate of SARS-CoV-2 in 
IFNAR-KO mice. These results supported moving one of these MV-based candidates into 
further development. As discussed below, we selected MV-ATU3-S2P∆F2A (clone V591, 
onward referred to as MV-ATU3-S2P∆F2A/V591), which was shown to be also protective 
in non-human primates (see companion article by Nambulli et al. [37]). The clinical trials 
with MV-ATU3-S2P∆F2A/V591 were conducted between August 2020 and May 2021 
(ClinicalTrials.gov, NCT04497298 and NCT04498247). Unexpectedly with respect to its 
high efficacy in the two preclinical models, the candidate was found to elicit insufficient 
immunogenicity in humans (38, 39).

Based on our experience with SARS-CoV (26), a recombinant measles vector 
expressing the full-length, membrane-anchored native form of the spike protein was 
our original lead candidate. Recombinant MVs harboring a codon-optimized S sequence 
in ATU2 were genetically unstable or produced low-titered viral stocks (Fig. 1B). Such an 
impaired growth has also been described by Hörner et al. using a different MV backbone 
and optimized S sequence inserted at a similar position (58). We hypothesized that it 
was probably due to too high expression of the spike protein when the codon-optimized 
heterologous sequence was inserted between the MV P and M genes (ATU2, position 
3 of MV antigenome) as compared to between the H and L genes (ATU3, position 6), 
consistent with the gradient of gene expression generated by MV genome transcription 
(59).

In contrast, recombinant MV expressing the fully codon-optimized native S sequence 
from ATU3 grew at MV-like rates (Fig. 3B). However, such candidate exhibited a hyperfu­
sogenic phenotype (Fig. 1D and Fig. 3A), as also observed by Hörner et al. (58) and 
with a recombinant adenovirus 26 vector (60) and was thus deprioritized for further 
development.
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The introduction of the two stabilizing proline residues (2P) in the hinge loop at the 
C-terminus of heptad repeat 1 of the S2 subunit (MV-ATU3-S2P) abolished the enhanced 
fusogenic phenotype (Fig. 2B and Fig. 3A), in-line with the inhibition of S-driven cell-cell 
fusion that we observed in the transient cell fusion assay (Fig. 2B) and the locking of 
the spike in its prefusion form reported by Wrapp et al. (14). Similar observations were 
reported as part of the development of the Ad26-based vaccine from Janssen/Johnson 
& Johnson (60). The benefit of the introduction of proline residues for reducing the 
fusogenic activity of viral glycoproteins was first described for influenza virus hemagglu­
tinin (61) and HIV envelope protein (62), and found to further hold true for RSV fusion 
protein (63), MERS-CoV spike (42), and SARS-CoV spike (43), pointing to a universal 
strategy for improving viral surface protein stability in vaccine design.

Furthermore, such prefusion-stabilizing proline residues were shown to enhance 
humoral immune responses in preclinical development of vaccine candidates against 
RSV (41, 64) and MERS-CoV (42). Accordingly, BioNTech/Pfizer BNT162b2 and Moderna 
mRNA-1273 SARS-CoV-2 mRNA vaccines (51, 65) were developed with prefusion-stabi­
lized spike containing the 2P mutation. In our study, the humoral immune responses 
were not significantly improved by the 2P mutation (MV-ATU3-S2P, Fig. 4B and C). This is 
consistent with data from Liu et al. who reported no improvement of the S-2P immuno­
gen over the native S in the MVA-based vector (66), while in other technologies, e.g., the 
gorilla adenoviral vector, an increase of immunogenicity was observed (67).

Importantly, in our study, neutralizing responses were markedly increased using 
candidates expressing prefusion-stabilized spike together with inactivated furin cleavage 
site (S2P3F, S2P∆F, S2P∆F2A), particularly after a single immunization, and with a trend 
for better performance of the deletion over the mutation of the cleavage site (Fig. 4B, C, 
E, and F). The furin S1/S2 cleavage is a unique feature to SARS-CoV-2 that distinguishes 
it from the related SARS-CoV (13, 14). Although an active S1/S2 cleavage site is required 
for S-mediated SARS-CoV-2 entry into human lung cells (16), or more generally for 
entry into TMPRSS2-expressing cells that are typically abundant in respiratory tissue (20), 
abrogating S1/S2 cleavage did not impact virus entry into VeroE6 cells lacking TMPRSS2 
(13, 16, 20). This indicates that altering the multibasic S1/S2 cleavage site may stabilize 
the spike without causing extensive structural alteration, supporting enhanced spike 
immunogenicity in consistence with the prevention of S1 shedding (13). Similarly to 
our findings, a noncleavable form of SARS-CoV-2 S was found to elicit overall higher 
neutralizing antibody titers in hamsters than the native counterpart expressed from 
yellow fever virus 17D vaccine vector (68), and a noncleavable prefusion-stabilized S 
induced more robust neutralizing antibody responses and protection against challenge 
than native S after single delivery with an Ad26 vector in rhesus macaques (69). In an 
approach with a different measles vector described by Lu et al. (70), MV expressing a 
prefusion-stabilized form of soluble S carrying a deletion of the furin cleavage site was 
more immunogenic than MV expressing full-length native S, in accordance with our data.

While in the preclinical IFNAR-KO mice model, we did not observe any added value of 
the 2A mutation engineered to inactivate spike ERRS in MV-ATU3-S2P∆F2A compared to 
MV-ATU3-S2P∆F (Fig. 4D through F and Fig. 5), MV-ATU3-S2P∆F2A/V591 was prioritized 
in June 2020 for further development based on the theoretical benefit the inactivation 
of the ERRS might offer in another host. We hypothesized that ERRS inactivation could 
positively impact S immunogenicity not only by a small increase in its cell surface 
expression [initially known for SARS-CoV (45) and reported recently for SARS-CoV-2 
(71)] but also by preventing its retrograde Golgi to ER transport, possibly resulting in 
its ER accumulation and induction of detrimental ER stress (72). A combination of 2P 
prefusion-stabilizing mutation, furin site inactivation, and deletion of the ERRS has also 
been described within a series of MVA-based SARS-CoV-2 vaccine candidates (66), but no 
benefit of the ERRS mutation to immunogenicity and protection was identified either.

Importantly, a single immunization with MV-ATU3-S2P∆F2A/V591 was sufficient to 
elicit levels of SARS-CoV-2 neutralizing antibodies in IFNAR-KO mice that were com­
parable to those present in a high-titer COVID-19 convalescent patient reference 
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serum (20/130 NIBSC research reagent). A boost immunization increased neutralization 
antibody levels by about 10-fold for all candidates (Fig. 4B, C, E, and F) and, for MV-ATU3-
S2P∆F2A/V591, to levels about 100-fold higher than those in human convalescent serum 
(Fig. 4G).

MV-ATU3-S2P∆F2A/V591 also performed best in terms of protection against SARS-
CoV-2 challenge in a mouse model that transiently expresses hACE2 via adenovirus 
transduction. Control of viral replication in the lungs (Fig. 6B) was demonstrated 
after single immunization, as attested by lower SARS-CoV-2 genomic RNA loads and 
undetectable infectious particles, as well as very few infection foci, if at all. Reduced 
pulmonary pathology could also be demonstrated after single vaccine administration, 
with bronchiolar lesions (Fig. 7B, right panel) as in mice treated with Ad5::hACE2 only 
(without SARS-CoV-2 instillation). It should be noted that the latter treatment triggered 
moderate baselines of interstitial syndrome and bronchiolar lesions in this study that 
were higher than previously reported in a collaborative study (54) or by others (57), 
although similar doses of Ad5 vectors were administered. This may be due to absence 
of IFN signaling in the IFNAR-KO mice used in our study or to their different genetic 
background (129/Sv). In this model, median inflammation levels recorded in MV-ATU3-
S2P∆F2A/V591-immunized and -challenged mice were similar to those observed in 
non-vaccinated/non-challenged mice (Fig. 7B, left panel), and no sign of enhanced 
pathology associated with eosinophilic infiltration or severe inflammation of the lungs 
was observed.

This mouse model paved the way to demonstrating immune-mediated control by 
Measles vector vaccination of SARS-CoV-2 replication and some aspects of SARS-CoV-2 
lung pathology in vivo. In the companion article by Nambulli et al. (37), we confirmed 
that MV-ATU3-S2P∆F2A/V591 was efficacious in an established African green monkey 
model of disease. V591-vaccinated animals developed potent neutralizing antibodies as 
well as S-specific T cells and demonstrated reduced viral loads after challenge. Most 
interestingly, using a combination of non-invasive PET-CT imaging in living animals and 
histologic investigation at necropsy, we demonstrated that their respiratory tract was 
protected from disease burden.

Another important point during the development of our SARS-CoV-2 vaccine was 
to demonstrate the induction of a Th1-skewed T cell immune response in the preclini­
cal models to minimize the theoretical risk of vaccine-associated enhanced respiratory 
disease (VAERD). VAERD was first observed with the F-RSV vaccine (73) and in animal 
model studies with SARS-CoV vaccine candidates (49, 74) but was not seen with vaccine 
candidates and formulations known to generate a Th1-type response through the use of 
either Th1-driving adjuvants or viral vectors (75, 76). At the beginning of the COVID-19 
pandemic, it was unclear if VAERD would be a relevant concern for SARS-CoV-2 vaccines 
for humans. Nevertheless, the induction of a Th1-type skewed immune response was 
considered a safety measure and recommended by ICMRA (48). Later, several groups 
indeed confirmed that vaccination regimens inducing weak neutralizing antibody levels 
and Th2-shifted immune responses enhanced respiratory disease with eosinophilic 
immunopathology and proinflammatory cytokines after SARS-CoV-2 challenge both in 
mouse (77, 78) and hamster models (79), highlighting that the early recommendation 
for Th1-driving vaccines was correct and important. Our experimental data confirmed 
that a Th1-biased immunity was induced by all MV-SARS-CoV-2 vaccine candidates, as 
was previously shown for our MV-SARS-CoV (26), an MV-based vaccine against Lassa 
fever (26, 80) and the standard measles vaccine (81). A strong CD8+ population and 
a slightly less frequent CD4+ T cell population producing Th1 cytokines (TNF-α and 
IFN-γ) were detected in splenocytes of immunized mice upon stimulation with S peptide 
pools (Fig. 5A and C), whereas no CD4+ T cells producing Th2 cytokines IL-5 and IL-13 
were detected (Fig. 5B). The level of Th1 over Th2 involvement with our MV-SARS-CoV-2 
vaccine candidates was in-line with, if not better than, Moderna and BioNTech mRNA 
vaccines (51, 65) and adenoviral vector-based SARS-CoV-2 vaccines (60, 82).
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Finally, an important feature of a viral-vectored vaccine in the context of the 
pandemic is a high growth rate for a high yielding manufacturing process and the 
possibility to largely expand the original seeds for the production of the billion doses 
required globally to reach herd immunity (83). The robust, MV-like growth rate (Fig. 3B) 
and genetic stability over serial passages of MV-ATU3-S2P∆F2A/V591, together with the 
strong preclinical data as discussed above and the prior promising clinical experience 
with the MV-CHIK vaccine (34, 36, 84), fully warranted the initiation of phase I/II clinical 
trials in August 2020 (ClinicalTrials.gov, NCT04497298, NCT04498247).

The results of these clinical trials (38, 39) revealed that MV-ATU3-S2P∆F2A/V591 
was safe and well tolerated in humans. However, despite the strong and protective 
immunogenicity of MV-ATU3-S2P∆F2A/V591 in the mouse model as described here, as 
well as in an NHP model (see companion article by Nambulli et al. [37]), the immunoge­
nicity in humans was low. Two injections of the high dose (106 TCID50) in the Institut 
Pasteur-sponsored study (NCT04497298) elicited spike-binding IgG antibodies in 78% 
and SARS-CoV-2 neutralizing antibodies in 61% of participants 1 month after the second 
injection. In the MSD-sponsored study (NCT0449824), spike binding and SARS-CoV-2 
neutralizing antibodies after a single V591 administration were only observed in 
participants who received the highest tested dose (107 TCID50), and the antibody 
responses were generally lower than those observed in a panel of sera obtained from 
patients who had recovered from COVID-19 (38). Therefore, the immunogenicity of V591 
in humans was considered insufficient to support further development. In contrast, 
the MV-CHIK vaccine candidate administered at a comparable dose in phase I and II 
trials induced neutralizing antibodies in >85% of participants after single administration 
and >95% of participants after two injections (34, 36). Very recently, Tschismarov et al. 
reported results of a phase I clinical study of a recombinant measles Schwarz-vectored 
Lassa fever vaccine candidate (MV-LASV) (85). Two injections induced LASV-specific 
IgG in 100% of participants receiving 105 TCID50, while a single immunization did not 
result in detectable LASV-specific IgG. No neutralizing antibodies were induced in either 
treatment group. At the same dose (105 TCID50), V591 elicited SARS-CoV-2-specific IgG 
in 67% vaccine recipients after two injections and in 13% after single immunization (39), 
indicating moderate humoral immunogenicity of MV-LASV in-between MV-CHIK and 
V591.

Surprisingly, pre-existing anti-measles immunity showed a statistically significant 
impact on the response to V591 in the phase I trial (39), whereas immunogenicity of 
the MV-CHIK candidate vaccine was not affected in the phase I and II trials (34, 36). For 
MV-LASV also, no impact of pre-existing anti-measles immunity was observed across 
all vaccinees; however, the analysis may be confounded by an inadvertent bias in the 
anti-MV Ab levels at baseline between the high- and low-dose groups (85). While an 
impact of pre-existing anti-vector immunity is not uncommon for viral-vectored vaccines 
(86) and has been observed, for instance, with an adenovirus-vectored COVID-19 
vaccine (87), the difference in sensitivity to pre-existing MV immunity between the 
MV-based candidates is striking. One notable difference between the candidates is that 
MV-CHIK generates CHIKV virus-like particles (VLPs) (88). If already present in the vaccine 
preparation, VLPs may contribute to the immunogenicity of this candidate, rendering 
the overall response less dependent on the rate of de novo antigen production in 
vaccinated individuals and the MV-CHIK candidate advantageously resilient to pre-exist­
ing anti-MV immunity. Other differences relate to antigen designs, as already discussed 
in Launay et al. (39), i.e., the prefusion-stabilized and functionally inactivated spike 
protein used in V591 compared to native viral glycoproteins in other clinical candidates. 
However, we feel unlikely this may be the cause of low clinical immunogenicity since 
the preclinical results reported here show a major improvement of immunogenicity for 
the 2PΔF-modified antigen compared to the native S, and the same has been observed 
for the Ad26-vectored vaccine from Janssen/Johnson & Johnson (60). Investigational 
studies are ongoing to understand the underlying mechanistic reasons for the limited 
immunogenicity of V591 in humans, particularly in regard of the strong protective data 
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in the two murine and NHP preclinical models. It will be very important for the measles 
vector community to understand the factors underlying the resistance or sensitivity of 
the different candidates to pre-existing anti-measles immunity for future developments 
of the platform technology.

MATERIALS AND METHODS

Cells and viruses

FRhK-4 cells (Fetal Rhesus monkey Kidney) and Vero-NK cells (African Green Monkey 
Kidney cells, clonally derived from the Vero E6 cell line) (89) were cultured at 37°C 
under 5% CO2 in Dulbecco’s modified Eagle medium containing 4.5 mg/mL L-glucose, 
100 U/mL penicillin, and 100 µg/mL streptomycin (complete DMEM), supplemented with 
5% heat-inactivated fetal bovine serum (FBS) (DMEM-5). Helper 293-T7-NP cells stably 
expressing T7 RNA polymerase and N and P genes from the vaccine Measles Schwarz 
strain were grown in complete DMEM supplemented with 10% FBS (DMEM-10). The 
Measles Schwarz vaccine strain was rescued and amplified in the laboratory as previously 
described (26).

The BetaCoV/France/IDF0372/2020 strain of SARS-CoV-2 was isolated by the National 
Reference Center (NRC) for Respiratory Viruses (S. van der Werf ) hosted by Institut 
Pasteur (Paris, France), as already described (90). The oropharyngeal swab from which 
this strain was isolated was sampled in January 2020 from a paucisymptomatic woman 
in Paris, France and has been provided by X. Lescure and Y. Yazdanpanah from Bichat 
Hospital (Paris, France). The virus was kindly supplied after a single additional passage 
(P2) in Vero E6 cells from the initial isolation. In order to obtain large-volume working 
stocks, we further amplified the virus at 37°C by a single passage (P3) in Vero-NK cell 
monolayers at a multiplicity of infection of 10−4 in complete DMEM containing 10 mM 
Tricine pH 7.4 and 1 mg/mL BSA (DTB), supplemented with 0.5 µg/mL TPCK-treated 
trypsin. The infectious titers of the viral stocks used for mouse challenge experiments 
and microneutralization assays were determined by PFU assay in Vero-NK cells (see 
below) and by standard limiting dilution assay in FRhK-4 cell monolayers in 96-well 
microtiter plates (40), respectively.

Whole-genome sequencing of the original sample and of the P2 and P3 passages was 
performed by RNA-Seq at the NRC by Illumina NextSeq 500 next-generation sequencing 
and deposited after assembly on the GISAID EpiCoV platform under accession numbers 
EPI_ISL_406596, EPI_ISL_410720, and EPI_ISL_18072209. It revealed only two clonal 
mutations when compared to the early outbreak SARS-CoV-2 reference strains Wuhan-
Hu-1 (Genbank: MN908947) and hCoV-19/Wuhan/WIV04/2019 (GISAID: EPI_ISL_402124) 
isolated in Wuhan in December 2019: G22661T (S-V367F) and G26144T (NS3-G251V). 
Notably, an average NGS coverage at more than 50,000× of the P3 virus genome 
revealed no single-nucleotide polymorphism (SNP), deletion, or insertion at or around 
the S1/S2 cleavage site of the spike protein with a detection limit of less than 2% (see raw 
data associated with EPI_ISL_18072209).

The Ad5::hACE2 viral stocks were produced using ViralPower Adenoviral Promoter­
less Gateway Expression Kit (Thermo Fisher), purified, and titrated using a real-time 
quantitative PCR assay, as described in Ku et al. (54).

Antibodies

Anti-SARS-CoV S polyclonal mouse and rabbit antibodies have been described previ­
ously (40). We demonstrated that these antibodies cross-reacted with the S protein 
expressed in SARS-CoV-2-infected VeroE6 cells. Anti-SARS-CoV-2 S polyclonal antibodies 
were also raised in rabbits against recombinant trimerized SARS-CoV-2 spike ectodomain 
expressed and purified from Expi 293F cells transfected with plasmid pCI-S2P3F-T4-8HIS 
(see ELISA section).

Anti-MV nucleoprotein polyclonal rabbit antibodies were purchased from Covalab (# 
pab0035). AlexaFluor-488 and -680-conjugated anti-rabbit or anti-mouse IgG antibodies 
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were purchased from Invitrogen (# A21202, # A21206, # A10043, # A10038). Anti-mouse 
IgG secondary antibody (gamma-specific), or isotype-specific anti-IgG1 or anti-IgG2a 
secondary antibodies coupled to horseradish peroxidase were purchased from Southern 
Biotech (# 1030–05, # 1070–05, # 1080–05).

Plasmids

A synthetic gene encoding spike (S) protein from the Wuhan-Hu-1 isolate of SARS-CoV-2 
was designed based on the Genbank MN908947 sequence. Spike coding sequence was 
optimized at the transcriptional, mRNA, and translational levels for high expression in 
mammalian cells through the Project Manager platform of GeneArt (ThermoFisher). 
Typically, in addition to codon usage bias optimization for human cells, regions of very 
high (>80%) or low (<30%) GC content were avoided, whenever possible, and cis-acting 
sequence motifs like internal TATA-boxes, chi-sites, ribosomal entry sites, ARE, INS, and 
CRS sequence elements, as well as repetitive sequences, RNA secondary structures, 
splice donor and acceptor sites, and branch points were avoided. The sequence was 
further edited to remove MV editing (AnGm, n + m = 6 and n ≥3)- and core gene end 
(A4CKT)-like sequences on both strands. BsiWI and BssHII restriction sites were added at 
the 5′ and 3′ ends of the gene sequence, respectively.

This codon-optimized S sequence was subcloned into the pCI mammalian expression 
vector (Promega), resulting in plasmid pCI-S. Lysine and valine codons at positions 
986 and 987 of S, respectively, were further substituted for proline codons (K986P and 
V987P, referred to as “2P” mutation) by overlapping PCR amplification (91) using the 
synthetic gene as template and oligonucleotides 2P_for1/2P_rev1 and 2P_for2/2P_rev2 
depicted in Table S1. Mutated PCR fragments were assembled into pCI using the 
restriction-free, In-Fusion cloning system (Takara). Similarly, arginine codons of the FCS 
at positions 682, 683, and 685 of S were substituted by glycine or serine codons (R682G, 
R683S, and R685G, respectively, referred to as the “3F” mutation) using oligonucleotides 
3F_for1/3F_rev1 and 3F_for2/uni_rev indicated in Table S1. Oligonucleotides ∆F_for1 / 
∆F_rev1 and ∆F_for2/uni_rev (Table S1) were used to introduce a deletion of the 
11-amino acid loop (Q675-R685) encompassing the FCS (referred to as “∆F”). The 
sequence of all constructs’ inserts was verified by Sanger sequencing of respective 
plasmid clones (Eurofins).

MVSchw-derived plasmids were produced as follows. First, pKM2-eGFP was obtained 
by transferring the whole T7 rescue cassette (17,038 bp located between the two NotI 
sites) of the original pTM-MVSchw-ATU2 (pTM2-eGFP) plasmid (33) into a purposely 
modified version of the commercial pENTR2 minimal plasmid (ThermoFisher). Plasmids 
pKM2-eGFP and pTM2-eGFP carry identical infectious cDNAs corresponding to the 
anti-genome of MVSchw and an additional transcription unit between the P and M genes 
(ATU2) encoding the eGFP protein. They contain unique BsiWI and BssHII restriction sites 
for substitution of the eGFP-coding sequence by foreign open reading frames. In the 
pKM2-eGFP plasmid, the T7 promoter of the rescue cassette is preceeded by a unique 
AsiS1 site, and the T7 terminator is followed by a unique NotI site. Next, pKM3-eGFP 
was derived from pKM2-eGFP by substituting the SbfI-NotI fragment of pKM2-eGFP by 
the corresponding fragment of pTM-MVSchw-ATU3 (33). The pKM3-eGFP vector thus 
carries an infectious MVSchw cDNA with an additional transcription unit between the H 
and L genes (ATU3) encoding the eGFP protein. The codon-optimized S sequence was 
cloned into both pKM2-eGFP and pKM3-eGFP between BsiWI and BssHII restriction sites 
to generate pKM-ATU2-S and pKM-ATU3-S, respectively. The resulting cDNAs respect the 
“rule of six,” which stipulates that the number of nucleotides of the MV genome must be 
a multiple of 6 (92, 93) .

Derivatives of pKM-ATU3-S containing 2P, 2P3F, or 2P∆F substitutions were engi­
neered by cloning mutated S sequences from the corresponding pCI-S plasmids into 
pKM-ATU3-eGFP between BsiWI and BssHII restriction sites, yielding plasmids pKM-ATU3-
S2P, -S2P3F, or -S2P∆F, respectively. Prior to insertion of S2P∆F-coding sequence into 
pKM-ATU3, a second PCR was performed on pCI-S-2P∆F to respect the rule of six in the 
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MV vector using oligonucleotides uni_for/∆F_rev3 (Table S1). The substitution of codons 
at positions 1269 and 1271 of S2P∆F toward alanine codons (K1269A and H1271A, 
respectively, referred to as “2A” mutation) was directly engineered into pKM-ATU3 by 
PCR-based mutagenesis on pCI-S2P∆F using oligonucleotides uni_for/2A_rev (Table S1).

To produce the mammalian expression plasmid pCI-S2P3F-T4-strep, a codon-opti­
mized nucleotide fragment encoding the signal peptide and ectodomain of the 
uncleaved prefusion form of SARS-CoV-2 spike protein (S2P3F, amino acids 1–1211) 
was amplified by PCR from the synthetic gene described above, fused to a codon-opti­
mized synthetic fragment encoding the trimerization foldon domain of bacteriophage T4 
fibritin (referred to as “T4”) and a Twin Strep-tag (IBA Life Science, referred to as “strep”), 
and subcloned into pCI. The T4 fibritin foldon (g1yipeaprdgqA12YVRKDGEWVLL23stfl) is 
used here as an artificial trimerization domain (β-hairpin propeller) for mimicking spike 
trimeric assembly at the virion surface (94). The pCI-S2P3F-T4-8HIS plasmid encodes 
a trimerized spike construct with a carboxy-terminal polyhistidine tag instead of a 
Twin Strep-tag. To produce the insect expression plasmid pMT-BiP-S2P3F-T4-strep, a 
nucleotide fragment encoding the S2P3F-T4-strep polypeptide without the native spike 
signal peptide was amplified by PCR from pCI-S2P3F-T4-strep and subcloned into the 
pMT/BIP/V5-His expression vector (Invitrogen). This construct thus has a Drosophila BiP 
signal sequence fused at the amino-terminal end of the spike ectodomain for efficient 
translocation into the ER of the transfected S2 insect cells.

Plasmids used in the GFP-split fusion assay were obtained from Addgene: TMPRSS2 
was a gift from Roger Reeves (Addgene plasmid # 53887); pcDNA3.1- hACE2 was a gift 
from Hyeryun Choe (Addgene plasmid # 1786).

Rescue and amplification of recombinant MVSchw-S viruses

The pKM-ATU2-S, pKM-ATU3-S, and derivative cDNAs encoding S mutants (see Plasmids 
section) were used to rescue recombinant measles viruses in a helper-cell-based system 
essentially as previously described (26).

Specifically, to yield recombinant MV-ATU2-S, MV-ATU3-S, and S derivatives, HEK 
293-T7-NP cells at 50%–70% confluency in 6-well plates were co-transfected with each 
corresponding pKM-ATU2/3 S plasmid and the pEMC-La plasmid encoding MSchw 
polymerase using calcium phosphate. After an overnight incubation at 37°C in 5% CO2, 
cells were submitted to a 3-h heat shock at 43.5°C in 5% CO2 and further incubated 
at 37°C for another 48 h. Transfected cells were then resuspended in their culture 
medium and co-cultured with Vero-NK cells seeded in 48-well plates. From day 3 of 
co-culture, cells were harvested from wells harboring single foci of cytopathic effect 
(CPE) or syncytia by trypsination, transferred into 6-well plates, and incubated at 37°C in 
DMEM-5. When syncytia/CPE reached 30%–50% of the cell monolayer, the rescued viral 
clones were further expanded in 75 cm2 flasks. When syncytia CPE reached 70%–90% 
of the cell monolayer, cells were scraped in 1.5 mL of culture medium and lysed by one 
freeze/thaw cycle. Clarified lysates following a 5-min centrifugation at 2,000 g at 4°C were 
designated as passage 0 (P0) stocks, aliquoted, and stored at −80°C. Infectious titers were 
determined by endpoint limiting dilution assay in Vero-NK cells as geometric means of at 
least four independently measured titers.

Recombinant viruses were further amplified in Vero-NK cells in 150 cm2 flasks infected 
at an MOI of 0.05 and cultured in DMEM-5. At 2–3 days post-infection, when syncytia/CPE 
reached 80%–95% of the cell monolayer, virus was harvested by one freeze/thaw cycle 
of the cells in 2.5 mL of culture medium, yielding passage 1 (P1) viral stocks. Similarly, 
recombinant viruses were serially passaged in cells for up to five additional passages.

Recombinant virus stocks were used to infect Vero-NK cells at an MOI of 0.05 in 6-well 
plates, and neosynthesized cell-associated virus was harvested at various time points p.i. 
by one freeze/thaw cycle of the cell monolayers scraped in 0.5 mL of complete DMEM. 
Clarified lysates were titrated by endpoint limiting dilution assay to establish viral growth 
curves.
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Viral genome sequencing

Recombinant MV genomic RNAs were extracted from P0 or P1 viral stocks using QIAamp 
Viral RNA Mini Kit (Qiagen). RNA was subjected to one-step reverse transcription and PCR 
using Superscript IV One-Step RT-PCR system (Invitrogen) and primers flanking the ATU2 
(MV/+/3224 and MV/−/3659) or the ATU3 (MV /+/8809 and MV/−/9540). The resulting 
PCR products were subjected to Sanger sequencing (Eurofins) of both DNA strands using 
a set of primers spanning the S sequence and upstream/downstream intergenic MV 
sequences.

For next-generation sequencing (NGS) analysis, genomic RNAs were extracted from 
P1 or P5 viral stocks and subjected to reverse transcription using the Transcriptor 
High Fidelity cDNA Synthesis Kit (Roche) and random hexamers. Resulting cDNAs were 
subjected to PCR amplification using the high-fidelity Phusion Hot Start II polymerase 
(Invitrogen) and a set of six or seven primer pairs designed to generate 4–6 kb DNA 
fragments overlapping by ~0.5 kb, spanning the entire MV genome (primer sequences 
available upon request). Overlapping PCR products were then mixed in an equimolar 
ratio and used to generate Illumina TruSeq PCR-free libraries following fragmentation 
into 550-bp-long fragments and UDI indexation (Illumina). Paired-end sequencing was 
performed on a MiSeq system with a nano v2 flowcell and reagents for 500 cycles 
(Illumina).

Quasi-species were analyzed using the variant calling pipeline from the Sequana 
project (v0.8.5) (95). First, the homogeneity of the coverage was checked with Sequana 
coverage (96), and only NGS runs with a coverage above 2,000× were further analyzed. 
Next, SNPs, insertions and deletions, and multi-nucleotide polymorphisms were detected 
with Freebayes (v1.3.2) using the default option except for the ploidy option, which 
was set at 25 (97). Variants were filtered, and only those with a Freebayes score >1, a 
frequency ≥5%, a minimal depth of 10, and a minimal forward and reverse strand ratio 
of 0.2 were retained. To exclude possible genomic reorganization, de novo assembly 
was performed with SPAdes (98) using the default options, and resulting contigs were 
compared to the reference sequence with the NCBI Blast2Seq tool.

Indirect immunofluorescence

Vero-NK cells were plated on glass coverslips in 24-well plates and were infected with 
MV-ATU3-S or the parental MVSchw at an MOI of 0.05 or with the recombinant MV-ATU3-
S2P, -S2P∆F, -S2P3F, and -S2P∆F2A at an MOI of 0.1. When syncytia were clearly visible 
but not yet confluent (~30 h p.i.), cells were fixed with 4% paraformaldehyde in PBS 
for 20 min at 4°C. Coverslips were incubated for 1 h in PBS containing 1% donkey 
serum (DKS), then for 1 h with rabbit anti-SARS-CoV-2 spike polyclonal antibodies diluted 
1:1,000 in PBS-1% DKS. After subsequent incubation with AlexaFluor-488-conjugated 
anti-rabbit IgG, samples were mounted on slides in DAPI-containing ProLong solution 
(Invitrogen). Pictures were acquired with an inverted fluorescence microscope in the 
ApoTome mode (Zeiss) using a 40× objective and processed with the Fiji software (99).

Western blot analysis

Vero-NK cells were infected with recombinant MV-ATU3 expressing S or derivatives 
at an MOI of 1 and incubated for 24 h at 37°C under 5%CO2 or at an MOI of 0.05 
for 39 h. Protein cell extracts were prepared by harvesting infected cells in lithium 
dodecyl sulfate buffer containing 2-mercaptoethanol, followed by heating at 95°C for 
10 min and freeze thaw. Samples were denaturated at 70°C for 5 min, and proteins 
were separated by electrophoresis on 4%–12% Nupage Novex Bis Tris gels (Invitrogen) 
with MOPS buffer and transferred onto PVDF membranes using iBlot 2 transfer system 
(Invitrogen). Membranes were blocked with PBS containing 0.1% Tween 20 and 5% 
skim milk, probed with anti-SARS-CoV/-CoV-2 or anti-MV N polyclonal rabbit antibod­
ies diluted 1:40,000, and finally incubated with AlexaFluor-680-conjugated anti-rabbit 
IgG. Conjugated antibodies were revealed using high-resolution near infra-red imaging 
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(Li-Cor, Odyssey CLx). Seeblue Plus2-prestained protein ladder was used as molecular 
mass reference.

GFP-split fusion assay

Fusion assays were performed as described previously (44). Briefly, 293T-GFP1-10 and 
-GFP11 cells (1:1 ratio) were co-transfected with S (see Plasmids section), hACE2 
(pcDNA3.1-hACE2), and TMPRSS2 (pCSDest-TMPRSS2) expression plasmid DNAs using 
Lipofectamine 2000 (Invitrogen) and plated in 96-well plates. At 18 h post-transfection, 
21 images covering 90% of the well surface were acquired per well with an Opera Phenix 
High-Content Screening System (PerkinElmer), and the cell confluence area and the 
GFP area were quantified by Harmony High-Content Imaging and Analysis Software. 
Cell fusion was scored by calculating the percentage of GFP-positive cell area per 
cell confluence area. Cell-surface expression of native and mutated S was checked in 
parallel to the fusion assay by flow cytometry analysis of unpermeabilized transfected 
293T-GFP1-10 cells using an Attune NxT Flow Cytometer (Invitrogen). Briefly, cells were 
incubated with anti-SARS-CoV S mouse polyclonal antibodies, then with AlexaFluor-488-
conjugated anti-mouse IgG for 30 min each, then fixed for 15 min in 4% PFA. Data were 
analyzed with FlowJo v10.6 software (LLC, BD Life Sciences).

Mouse immunization and challenge

All mice were bred and housed under specific pathogen-free conditions at the Institut 
Pasteur animal facility. Groups of 6- to 9-week-old male IFNα/βR−/− (IFNAR-KO) or hCD46+/

− IFNα/βR−/− (CD46-IFNAR) mice in 129/Sv background (33, 100) were immunized by 
intraperitoneal (i.p.) injection with 105 TCID50 of recombinant MV-ATU3 expressing native 
S or mutated S or parental MVSchw in 200 µL PBS. Control groups of 6- to 9-week-old 
male 129/Sv mice were immunized by intramuscular (i.m.) injection with adjuvanted 
formulations containing 2 µg of recombinant, trimerized S2P3F-T4-8HIS spike protein 
(see ELISA section) and 50 µg aluminum hydroxide (Alu-Gel-S, Serva).

Booster injections were administered 4 weeks later when applicable. Blood samples 
were collected by retro-orbital bleeding at various time points, generally at 3 (IS1) and 7 
(IS2) weeks post-initial inoculation.

For challenge with SARS-CoV-2, mice were lightly anesthetized by a mixture 
of ketamine (Imalgene, 50 mg/kg) and xylazine (Rompun, 10 mg/kg) and instilled 
intranasally with 6 × 108 ICU of Ad5::hACE2 in 30 µL PBS. Four days later, mice were 
anesthetized as described above and inoculated intranasally with 2 × 104 PFU of 
SARS-CoV-2 in 30 µL PBS. Mice were euthanized 4 days after SARS-CoV-2 challenge 
by cervical dislocation, and lungs were collected and processed essentially as described 
previously (101). Briefly, lungs were removed aseptically, rinsed extensively in PBS, and 
each lobe was separated into two equal parts. Halves of each lung lobe were kept on 
ice and ground together in 750 µL of ice-cold PBS using a FastPrep-24 homogenizer and 
Lysing Matrix M tubes (MP Biomedical) by two successive pulses at 4 m/s for 20 s with 
incubation on ice between the two homogenization cycles. Homogenates were clarified 
by centrifugation for 10 min at 2,000 g at 4°C and kept at −80°C in single-use aliquots. 
The other half lobes were fixed for 7  days in a solution containing 4% formaldehyde in 
PBS, then transferred in 70% ethanol for histological analysis.

ELISAs specific for MV and SARS-CoV-2 S

Recombinant trimerized SARS-CoV-2 spike ectodomain, further stabilized in its 
uncleaved prefusion state, was produced following transfection of Expi 293 F cells (Life 
Technologies) with pCI-S2P3F-T4-strep DNA using ExpiFectamine 293 Transfection Kit. 
Transfected cells were cultured for 5 days in freestyle 293 expression medium (Life 
Technologies) at 37°C under orbital agitation at 110 rpm, after which cell culture medium 
was collected and concentrated using a 100-kDa MWCO tangential flow filtration 
cartridge (Cytiva) with a phosphate filtration buffer (phosphate 50 mM, NaCl 300 mM, 
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pH 8.0). The protein was purified on a StrepTrap HP affinity column (Cytiva) using 
2.5 mM desthiobiotine in filtration buffer for elution. The recombinant spike ectodomain 
was also produced following co-transfection of Drosophila S2 cells (Life Technologies) 
with pMT-BiP-S2P3F-T4-strep and pCoBlast (Invitrogen) and establishment of a stable 
cell line using blasticidin for selection. The resulting cells were cultured at 28°C for 
7 days in Insect-XPRESS expression medium (Lonza) supplemented with 5 µM CdCl2, 
under orbital agitation at 60 rpm, after which cell culture medium was collected, and 
the protein was purified as described above. For mouse immunization, a recombinant 
spike ectodomain with a carboxy-terminal polyhistidine tag was produced following 
transfection of Expi 293 F cells with pCI-S2P3F-T4-8HIS DNA, essentially as described 
above with the following modifications: the cell culture supernatant was concentrated 
as above with the phosphate filtration buffer supplemented with 20 mM imidazole, and 
the protein was purified on a HisTrap HP column (Cytiva) using a 0.15–0.6-M imidazole 
gradient in filtration buffer for elution. The recombinant spike proteins were recovered 
as homotrimers and analyzed in both denaturing condition by stain-free SDS-PAGE 
and native condition using analytical size exclusion chromatography and multi-angle 
diffusion light scattering for quality validation. Samples were aliquoted and stored at 
−80°C until use. Short-term storage was at −20°C after further dilution in glycerol (50% 
final concentration).

Microtiter plates (Nunc MaxiSorp, Thermo Scientific) were coated overnight at +4°C 
with 50 ng/well of either recombinant, trimerized S2P3F-T4-strep protein or purified 
Measles antigen (Jena Bioscience, # PR-BA102-S-L) and incubated for 1 h at 37°C with 
fourfold serial dilutions of mouse sera in PBS containing 0.1% Tween-20 (PBS-T) and 
3% skimmed milk. After PBS-T washings, bound antibodies were revealed with mouse-
specific anti-IgG (gamma-chain), or isotype-specific anti-IgG1 or anti-IgG2a secondary 
antibodies coupled to horseradish peroxidase and TMB chromogenic substrate (3,3′
−5,5′-tetramethylbenzidine, SeraCare Life Sciences). Following a 10-min incubation, 
reaction was stopped by adding 100 µL/well of 2N H2SO4, and optical densities were 
measured at 450 nm/620 nm with an Infinite F50 reader (Tecan). ELISA IgG titers were 
calculated as the reciprocal of the highest dilution of serum yielding an absorbance of 
0.5. This threshold lies in the linear portion of the titration curve (plot of absorbance 
versus log10 of the serum dilution) and yields highly sensitive and reproducible antibody 
titers.

SARS-CoV-2 microneutralization assays

Two- or threefold serial dilutions of heat-inactivated (56°C, 30 min) mouse or human 
serum samples in DTB were incubated for 2 h at 37°C with 20 TCID50 of SARS-CoV-2 in a 
final volume of 50 µL. Mixtures were then added to subconfluent monolayers of FRhK-4 
cells plated in DMEM-5 in 96-well plates, and infected cells were incubated at 37°C under 
5% CO2. Each serum dilution was assayed in quadruplicates, and CPE endpoints were 
scored in individual wells up to 5 days p.i. Neutralizing antibody titers 95 (NT95) were 
determined according to the Reed and Muench method (102) as the reciprocal of the 
highest dilution of serum which prevented CPE in at least 50% of the four wells.

In some experiments, convalescent human sera were used as reference. These sera 
included a very high-titer reference serum (20/130) (103) and panel 20/118 (104) 
comprising low-titer (20/124, 20/126), medium-titer (20/122), high-titer serum (20/120) 
and a negative plasma pool (20/128) from healthy donors, all made available by NIBSC 
in April 2020. In late 2020, the 20/130 reference serum has been characterized in the 
collaborative study for the establishment of the First WHO International Standard for 
anti-SARS-CoV-2 immunoglobulin, and its potency was calculated to be 1,300 IU/mL 
(105).

Determination of SARS-CoV-2 loads in mouse lungs

SARS-CoV-2 genomic RNA loads in mouse lungs were determined by extracting viral 
RNA from 70 µL of lung homogenate using QIAamp Viral RNA Mini Kit (Qiagen). To 
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remove non-particulate viral RNA in lung homogenates, 70 µL samples were treated 
with 100U RNaseI (Ambion) for 30 min at 37°C prior to inactivation with the AVL buffer 
of the QIAamp Viral RNA Mini Kit. Viral loads (expressed as genome equivalents per 
lung) were determined following reverse transcription and real-time quantitative PCR 
essentially as described by Corman et al. (106), using SuperScript III Platinum One-Step 
Quantitative RT-PCR System (Invitrogen) and primers and probe (Eurofins) targeting 
SARS-CoV-2 envelope (E) gene as listed in Table S2. In vitro transcribed RNA derived 
from the cloned SARS-CoV E gene was synthesized using T7 RiboMAX Express Large 
Scale RNA production system (Promega), then purified by phenol/chloroform extractions 
and two successive precipitations with ethanol (107). RNA quality was controlled on 
Agilent 2100 bioanalyzer_Eukaryote Total RNA Nano Series II. RNA concentration was 
determined by optical density measurement. RNA was then diluted to 109 molecules/µL 
in RNAse-free water containing 100 µg/mL tRNA carrier and stored in single-use aliquots 
at −80°C. Serial dilutions of this in vitro-transcribed RNA were prepared in RNAse-free 
water containing 10 µg/mL tRNA carrier and used to establish a standard curve in each 
assay. Thermal cycling conditions were as follows: (i) reverse transcription at 55°C for 
10 min, (ii) enzyme inactivation at 95°C for 3 min, (iii) 45 cycles of denaturation/amplifica-
tion at 95°C for 15 s, 58°C for 30 s. Products were analyzed on an ABI 7500 Fast real-time 
PCR system (Applied Biosystems).

Infectious SARS-CoV-2 loads in mouse lungs were determined by PFU assay in 
Vero-NK cells seeded in 12-well plates. Confluent monolayers in duplicate wells were 
infected for 1 h at 37°C under 5% CO2 with fivefold serial dilutions of lung homogenates 
in DTB. Following withdrawal of viral inoculum, cells were placed in a gelled medium 
composed of complete DMEM containing 1 µg/mL TPCK-treated trypsin (Worthington) 
and 1.2% Avicel RC581 (FMC Biopolymer) and further incubated at 37°C for 72 h. Cell 
sheets were then fixed and stained with 0.1% crystal violet, 4% formaldehyde, 20% 
ethanol solution, and plaques were counted. Infectious viral titers were expressed as PFU 
per lung.

Histopathology and immunohistochemistry

Fixed lung samples were embedded in paraffin. Paraffin sections (5 µm thick) were 
processed for routine histology using hematoxylin and eosin. Histological changes 
were qualitatively described. Inflammation (interstitial pneumonia) and histopathologi­
cal (bronchiolar) lesions were scored, using a five-scale severity grade (1: minimal, 2: mild, 
3: moderate, 4: marked, and 5: severe), reflecting severity and extent of the lesions and 
alterations of the lung structure. Scoring for a given mouse was performed in sections of 
each lobe, and the arithmetic mean of scores found in the five lobes was calculated.

In some cases, serial sections were prepared for immunohistochemistry analyses. 
Antigen retrieval was performed by heating at 100°C for 20 min in a pH 6.0 cit­
rate buffer (AR9961, Leica). Next, IHC was performed by using the Bond RX robot 
(Leica) with rabbit anti‐SARS-CoV‐2 nucleoprotein antibody (NB100‐56576, Novus 
Biologicals), biotinylated goat anti‐rabbit Ig secondary antibody (E0432, Dako, Agilent), 
and streptavidine-HRP/DAB detection system (DS9263, Leica).

All slides were scanned using the AxioScan Z1 (Zeiss) system, and images were 
analyzed with the Zen 2.6 software.

MV and SARS-CoV-2 ELISpot assays

Spleens from immunized or control mice were harvested, and single-cell suspensions 
of splenocytes were prepared by gentle grinding over 70 µM pore sieves (Becton 
Dickinson). Red blood cells were removed by treatment with ACK lysing buffer (Invi­
trogen). After extensive washing with complete RPMI-10 medium (RPMI 1640 supple­
mented with 10% FBS, 10 mM Hepes, 5 × 10−5 M 2-mercaptoethanol, non-essential 
amino acids, sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin) and 
filtration through 40 µm pore sieves, viable splenocytes were enumerated using a 
Luna FL counter and a fluorescent dye mixture (Logos Biosystems). The frequency 
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of MV and SARS-CoV-2-specific IFN-γ-producing T cells was quantified in a standard 
ELISpot assay. Briefly, 96-well Multi-screen PVDF plates (Millipore) were coated with 
0.5 µg/well rat anti-mouse IFN-γ antibodies (AN18, Becton-Dickinson, # 551309) in PBS. 
Plates were blocked by a 2-h incubation with complete RPMI-10. Various numbers of 
splenocytes (typically 4 × 105, 2 × 105, and 1 × 105/well) were then plated in triplicate 
in the presence or absence of appropriate peptide pools or individual peptides at 1–
10 µM final concentration and of 10 U/mL IL-2 (Miltenyi Biotec). Cells were incubated 
for 20 h at 37°C, and after extensive washes, the spots were revealed by successive 
incubations with biotinylated rat anti-mouse IFN-γ antibodies (R46A2, Becton-Dickinson, 
# 551506), alkaline phosphatase-conjugated streptavidin (Becton-Dickinson, # 554065), 
and 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium (NBT/BCIP, Sigma) as 
the chromogenic substrate. The spots were counted using an automated ImmunoSpot 
analyzer and associated Biospot 7.0 software (CTL). For each mouse, the number of 
peptide-specific IFN-γ-producing cells was determined by calculating the difference 
between the number of spots generated in the presence of a negative control peptide 
and of the specific peptide. Results were expressed as the number of spot-forming cells 
per 106 splenocytes.

In order to determine the responses against the SARS-CoV-2 spike protein, T cells 
were stimulated at a total concentration of 10 µM with peptide pools spanning the 
S1 and S2 domains, respectively, containing 15 amino acid peptides with 10 residues 
overlaps (Mimotopes). These pools contained 135 and 118 peptides, respectively, and 
were prepared in medium by mixing individual peptides dissolved in DMSO at a 
concentration of 2 mg/mL. In order to map the immunodominant peptides, a series of 
pools of eight peptides were used to stimulate T cells. Positive pools were deconvoluted 
by testing all peptides individually.

The measles H22-30 (RIVINREHL) and H446-454 (SNHNNVYWL) peptides and the 
influenza nucleoprotein NP366 (SCOT) peptide (ASNENMDTM) were synthesized by 
Eurogentec and used at a concentration of 1 µM each, as positive (pooled MV peptides) 
and negative control peptides, respectively.

Intracellular cytokine staining assays

Splenocytes were cultured at 106 cells/well in 96-well plates in IMDM with Glutamax 
(ThermoFisher) containing 10% FBS, 1% penicillin-streptomycin, 10 U/mL IL-2 (Miltenyi 
Biotec), and 100 ng/mL IL-7 (Miltenyi Biotec). Cells were stimulated for 6 h at 37°C 
with peptide pools spanning the S1 and S2 domains (see ELISpot section) at a total 
concentration of 10 µg/mL (6.7 µM). BD GolgiPlug and BD GolgiStop (BD Biosciences) 
were added for the final 4 h. The MV peptide pool was used at a concentration of 1 µM 
each. For positive controls, cells were stimulated with 50 ng/mL PMA (Sigma Aldrich) 
and 1 µg/mL Ionomycin (Sigma Aldrich). For negative controls, medium with DMSO was 
used. Cells were incubated with mouse Fc receptor block (anti-mouse 24G2) and Fixable 
viability dye eFluor506 (eBioscience) to exclude dead cells. Cells were stained with 
α-CD45 BUV395 (BD Pharmingen # 564279), α-CD19 AF700 (eBioscience # 56–0193-80), 
α-CD11b AF700 (eBioscience # 56–0112-82), α-CD11c AF700 (eBioscience # 56–0114-82), 
α-CD3e BV650 (BD Pharmingen # 564378), α-CD4 eFluor 450 (eBioscience # 48–0041-80), 
and α-CD8a PerCp Cy5.5 (BD Pharmingen # 5511622). Following fixation and permeabi­
lization (Cytofix/Cytoperm, BD Biosciences # 555029), cells were stained intracellularly 
with α-TNF-FITC (eBioscience # 11–7321-81), α-IFN-γ PE-Cy7 (BD Pharmingen # 55764), 
α-IL-5 PE (eBioscience # 12–7052-82), and α-IL-13 eFluor 660 (eBioscience # 50–7133-82). 
Cells were acquired by flow cytometry using a Fortessa system (BD Biosciences), and data 
were analyzed with FlowJo v10.7 software (LLC, BD Life Sciences). T cells were selected 
as positive for CD45 and CD3e and negative for CD19, CD-11b, CD-11c, and further 
differentiated into CD4+ and CD8+ T cells for the cytokine analysis.

Full-Length Text Journal of Virology

May 2024  Volume 98  Issue 5 10.1128/jvi.01693-2331

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
05

 J
un

e 
20

24
 b

y 
15

7.
99

.1
74

.9
0.

https://doi.org/10.1128/jvi.01693-23


Statistical analyses

Data were expressed as medians and in some indicated instances, either as geomet­
ric means (with geometric standard deviations) of the raw values or as means ± SD 
of log10 values, and the exact numbers (n) of mice per group are annotated in the 
corresponding figure legend. Statistical analysis of virological and immunological data 
were performed using Prism v9.2 (GraphPad Software). Differences between two groups 
were evaluated by using unpaired two-tailed non-parametric Mann-Whitney U test. 
For statistical analysis of multiple groups, the Kruskal-Wallis test followed by Dunn’s 
uncorrected analysis was applied. Where indicated, ANOVA and uncorrected Fisher’s LSD 
test were applied on the log10 values measured for individual mice, with the assumption 
used for small samples (normal distribution of the variables and same variance for the 
populations to be compared).

Values of P < 0.05 were considered significant, and levels of significance are indicated 
on the graphs by asterisks: *P < 0.05; **P < 0.005; ***P < 0.0005; and ****P < 0.0001.

Material availability

Unique biological materials used in this study are available from commercial sources 
where indicated or from the corresponding authors, upon reasonable request. Plasmids 
or recombinant viruses may require filing of material transfer agreements.
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