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ABSTRACT Vaccines against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of the coronavirus disease 2019 (COVID-19)
pandemic, are urgently needed. We developed two COVID-19 vaccines based on
modified vaccinia virus Ankara (MVA) vectors expressing the entire SARS-CoV-2
spike (S) protein (MVA-CoV2-S); their immunogenicity was evaluated in mice
using DNA/MVA or MVA/MVA prime/boost immunizations. Both vaccines induced
robust, broad, and polyfunctional S-specific CD4* (mainly Th1) and CD8" T-cell
responses, with a T effector memory phenotype. DNA/MVA immunizations eli-
cited higher T-cell responses. All vaccine regimens triggered high titers of 1gG
antibodies specific for the S, as well as for the receptor-binding domain; the pre-
dominance of the IgG2c isotype was indicative of Th1 immunity. Notably, serum
samples from vaccinated mice neutralized SARS-CoV-2 in cell cultures, and those
from MVA/MVA immunizations showed a higher neutralizing capacity. Remarkably,
one or two doses of MVA-CoV2-S protect humanized K18-hACE2 mice from a lethal
dose of SARS-CoV-2. In addition, two doses of MVA-CoV2-S confer full inhibition of
virus replication in the lungs. These results demonstrate the robust immunogenic-
ity and full efficacy of MVA-based COVID-19 vaccines in animal models and support
its translation to the clinic.

IMPORTANCE The continuous dissemination of the novel emerging SARS-CoV-2 vi-
rus, with more than 78 million infected cases worldwide and higher than 1,700,000
deaths as of 23 December 2020, highlights the urgent need for the development
of novel vaccines against COVID-19. With this aim, we have developed novel vac-
cine candidates based on the poxvirus modified vaccinia virus Ankara (MVA) strain
expressing the full-length SARS-CoV-2 spike (S) protein, and we have evaluated
their immunogenicity in mice using DNA/MVA or MVA/MVA prime/boost immuni-
zation protocols. The results showed the induction of a potent S-specific T-cell
response and high titers of neutralizing antibodies. Remarkably, humanized K18-
hACE2 mice immunized with one or two doses of the MVA-based vaccine were
100% protected from SARS-CoV-2 lethality. Moreover, two doses of the vaccine
prevented virus replication in lungs. Our findings prove the robust immunogenicity
and efficacy of MVA-based COVID-19 vaccines in animal models and support its
translation to the clinic.

KEYWORDS SARS-CoV-2, COVID-19, MVA, poxvirus, vaccines, S protein, T cell
responses, neutralizing antibodies, K18-hACE2 mice, SARS-CoV-2 vaccine efficacy
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evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped virus

with a positive-sense, single-stranded RNA genome of approximately 30 kb belong-
ing to the family Coronaviridae, genus Betacoronavirus (1, 2). SARS-CoV-2 jumped from
animals to humans, as did related SARS-CoV and Middle East respiratory syndrome co-
ronavirus (MERS-CoV) (3), causing the coronavirus disease 2019 (COVID-19) pandemic,
which is making a major impact on human health (4). COVID-19 symptoms range from
asymptomatic or slight flu-like manifestations to life-threatening pneumonia (5). The
first cases appeared in the Chinese city of Wuhan in December 2019, and by 10
January 2020, the SARS-CoV-2 sequence was published (2, 6). SARS-CoV-2 infection
quickly spread worldwide, and on 11 March 2020, the World Health Organization
declared COVID-19 as a global pandemic. More than 78 million infections and
1,700,000 deaths have been reported (https://www.gisaid.org/epiflu-applications/
global-cases-covid-19/).

This global pandemic has driven an unprecedented worldwide effort to find antivi-
rals and a rapidly producible and scalable vaccine to prevent the disease. A large num-
ber of vaccine candidates are under development, based either on the whole virus
(inactivated or attenuated viruses), nonreplicating viral vectors expressing SARS-CoV-2
antigens, nucleic acid (mRNA or DNA), and subunits (proteins or virus-like particles) (7,
8). COVID-19 vaccine development is predominantly based on SARS-CoV-2 spike (S)
expression. The envelope S protein mediates virus cell entry through binding to its
host receptor, angiotensin-converting enzyme 2 (ACE2) (9), and is the main target for
neutralizing antibodies (nAbs) (10-12). Some vaccine candidates have shown immuno-
genicity and ability to reduce the severity of disease in preclinical animal models, like
mice (13-18), and nonhuman primates (NHP) (15, 19-22). Furthermore, some of the
most advanced candidate vaccines, such as those based on adenovirus vectors, mRNA,
and inactivated SARS-CoV-2 have entered phase I/Il clinical trials showing immunoge-
nicity and apparent safety (23, 24). The urgent need of a safe and efficacious vaccine is
accelerating the phase Ill clinical trials of some of the aforementioned vaccine candi-
dates, and by the end of 2020, high-efficacy phase IlI clinical trials with adenovirus-
based vaccine ChAdOx1 nCoV-19 (25) and for the landmark phase Ill mRNA vaccine
trial from Pfizer/BioNTech (26) have been published; the mRNA vaccines from Pfizer
and Moderna were approved on December 2020 by FDA for emergency human vacci-
nation use against SARS-CoV-2.

One of the most promising and established candidate vector for a vaccine is vacci-
nia virus (VACV), which served to eradicate smallpox (27). Since then, highly attenuated
VACV strains, like modified vaccinia virus Ankara (MVA), have been produced and
shown in several preclinical and clinical trials to be an excellent vector to generate effi-
cacious vaccines against a variety of pathogens (28-32). Our group has generated
MVA-based vaccine candidates expressing antigens for several emerging viruses, such
as Chikungunya (33), Zika (34), and Ebolavirus (35), which are highly immunogenic in
animal models (mice or NHP), and induce pathogen-specific T-cell responses and nAbs.
Of note, one single dose of those vaccines provided protection against infection in ani-
mal models of disease (33-38). Remarkably, an MVA vaccine against smallpox has been
approved for human use by the FDA and European Medicines Agency (EMA) agencies
(39).

Therefore, we took advantage of our MVA-based vaccine platform to generate
novel COVID-19 vaccines. Here, we describe the preclinical testing of novel COVID-19
vaccine candidates based on MVA expressing the full-length SARS-CoV-2 S protein. We
generated two MVA-based vaccines, one using the attenuated wild-type MVA (MVA-
WT) as parental virus (termed MVA-CoV2-S, abbreviated as MVA-S) and other from an
optimized MVA lacking VACV immunomodulatory genes C6L, K7R, and A46R (termed
MVA-A-CoV2-S, abbreviated as MVA-A-S), whose deletion was able to increase immune
responses against HIV-1 antigens (40). We characterized the biochemical, genetic, and
stability properties of both MVA vectors and compared their ability to induce SARS-
CoV-2 S-specific cell and humoral immune responses in a mouse model following
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homologous MVA/MVA or heterologous DNA/MVA prime/boost protocols. Both vac-
cine candidates were highly immunogenic triggering S-specific T- and B-cell responses.
Importantly, K18-hACE2 mice immunized with one or two doses of MVA-CoV2-S were
completely protected against SARS-CoV-2 lethality, and two doses of the vaccine pre-
vented virus replication in the lungs. Our findings highlight the use of MVA expressing
the full-length S antigen as a potential vaccine candidate against SARS-CoV-2, worth
further safety and efficacy analysis in NHP and clinical trials.

RESULTS

Generation and in vitro characterization of MVA-S vaccine candidates expressing
the SARS-CoV-2 S protein. To generate novel vaccines against COVID-19 that stimu-
late SARS-CoV-2-specific T- and B-cell immune responses, we have developed two
MVA-based vaccine candidates expressing the SARS-CoV-2 full-length S structural
gene. The MVA-S candidate was generated by inserting the S gene into the VACV thy-
midine kinase (TK) locus of MVA-WT, whereas the MVA-A-S construct was generated
using an optimized MVA (termed MVA-A-GFP) lacking VACV immunomodulatory genes
C6L, K7R, and A46R (33-35) (Fig. 1A).

The correct generation and purity of the MVA-S constructs were analyzed by PCR using
oligonucleotides annealing in the VACV TK-flanking regions, which demonstrated the
proper insertion of the SARS-CoV-2 S gene and no parental MVA contamination, and DNA
sequencing confirmed the S gene sequence fidelity (data not shown). Western blotting
showed S protein expression in permissive chicken DF-1 cells infected with both MVA-S
vaccine candidates and an increase in protein expression with time postinfection (Fig. 1B).
Furthermore, the S electrophoretic mobility reduction in the presence of tunicamycin indi-
cated that the S protein was glycosylated (Fig. 1B). Additionally, analysis of cell extracts
and supernatants showed exclusively cell-associated protein (Fig. 1C), as expected for an S
protein that contains the transmembrane domain. Interestingly, in the absence of reducing
agents, the S protein exhibited electrophoretic migration consistent with the formation of
oligomers, presumably trimers (Fig. 1D), whereas the reduced S protein migrated with a
size of ~180 kDa, indicating lack of furin S protein cleavage into S1 and S2 regions.

The analysis of the growth kinetics in permissive DF-1 cells showed that MVA-S and
MVA-A-S had a similar viral growth, comparable to their MVA-WT and MVA-A-GFP pa-
rental viruses, respectively (data not shown). Therefore, the constitutive expression of
SARS-CoV-2 S protein does not impair MVA vector replication under permissive condi-
tions. Next, MVA-S and MVA-A-S virus stability was determined by analysis of SARS-
CoV-2 S protein expression during successive virus passages in cell cultures (Fig. 1E).
The results showed that MVA-S and MVA-A-S efficiently expressed the S protein up to
9 successive passages, indicating virus genetic stability in cell cultures (Fig. 1E).
Moreover, all the individual plaques isolated from MVA-S at passage 9 showed stable S
protein expression (Fig. 1F). Furthermore, the S protein expressed from viruses
obtained from the 9 serial passages or from the 20 individual plaques was not cleaved
into S1 and S2 regions (Fig. 1E and F).

Subcellular distribution of the SARS-CoV-2 S protein in cells infected with
MVA-S and MVA-A-S. Expression and cellular distribution of the SARS-CoV-2 S protein
produced by MVA-S and MVA-A-S constructs were studied by confocal immunofluores-
cence microscopy in nonpermissive human Hela cells at 24 h postinfection (hpi) (Fig.
2). In permeabilized cells, large amounts of S protein were detected in the cytoplasm
of infected cells (Fig. 2A). Moreover, in nonpermeabilized cells, we observed S protein
cell surface expression, which colocalized with the wheat germ agglutinin (WGA) cell
membrane probe (Fig. 2B). These results further confirm SARS-CoV-2 S protein expres-
sion in cells infected with both MVA-S vaccine candidates and showed that it was
located at the cell surface and cytoplasm.

Immunization of mice with MVA-S vaccine candidates induces strong, broad,
and polyfunctional SARS-CoV-2 S-specific T cell immunity. We next analyzed the
SARS-CoV-2-specific immunogenicity elicited by MVA-S and MVA-A-S in groups of
C57BL/6 mice (n=6) immunized following heterologous DNA/MVA or homologous
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FIG 1 Design, generation, and in vitro characterization of MVA-S and MVA-A-S vaccine candidates. (A) Scheme of the MVA-S and MVA-A-S genomes with the
SARS-CoV-2 S gene inserted within the MVA TK viral locus (J2R). The MVA genome regions are indicated by capital letters. Deleted or fragmented MVA genes are
represented as black boxes. The locations of C6L, K7R, and A46R genes deleted in the MVA-A-S construct are indicated. (B) Expression of SARS-CoV-2 S protein by
MVA-S vaccine candidates. Western blotting of the MVA-infected DF-1 cell samples (5 PFU/cell), treated or untreated with tunicamycin, at 4 and 24h
postinfection (hpi). Mouse monoclonal or rabbit polyclonal anti-S antibodies were used to identify the protein as described in Materials and Methods. A rabbit
polyclonal antibody against the VACV E3 protein was used to control the amount of viral proteins loaded on the 7% SDS-PAGE under reducing conditions. The
size (in kilodaltons [kDa]) and migration of the molecular weight markers are indicated. (C) Expression kinetics of S protein in cellular pellets and supernatants
from cells infected with MVA-S and MVA-A-S vaccine candidates. Western blotting of MVA-infected cell samples and corresponding cell supernatants (SN) at 4
and 24 hpi, as in panel B. A rabbit polyclonal anti-S antibody was used for protein identification. (D) Expression of S protein under reducing and nonreducing
conditions. Western blotting of MVA-infected DF-1 cell samples (24 hpi) under reducing (+ B-mercaptoethanol [BME]) and nonreducing (- BME) conditions. A
rabbit polyclonal anti-S antibody was used for protein identification. The presumed state of the S protein based on its migration is indicated. (E and F) Genetic
stability of MVA-S and MVA-A-S vaccine candidates. Western blotting of DF-1 cell samples (24 hpi) infected with initial P2 stocks and with 9 successive passages
of MVA-S and MVA-A-S viruses (E) or from 20 individual virus plaques picked after 9 consecutive cell infection cycles of the MVA-S construct (F). Samples were
analyzed under reducing conditions. Rabbit polyclonal anti-S and anti-VACV E3 antibodies were used for protein identification.

MVA/MVA prime/boost immunization regimens, as these protocols are more immuno-
genic and superior in efficacy to immunizations with one single dose, as previously
reported for Zika and Chikungunya (33, 34). In the heterologous DNA/MVA protocols,
mice received 100 ng of DNA-S prime by the intramuscular (i.m.) route, and 15 days
later were boosted with 1 x 107 PFU of MVA-S or MVA-A-S by the i.m. route. In the ho-
mologous MVA/MVA protocols, mice were immunized similarly with two doses of
MVA-S or MVA-A-S. Animals primed and boosted with nonrecombinant MVA-WT were
used as a control group. To evaluate the adaptive SARS-CoV-2-specific T-cell immune
responses elicited by the different immunization groups at 11days postboost, we
stimulated splenocytes with S1 and S2 peptide pools, spanning the entire S protein.
SARS-CoV-2-specific cell responses were measured by an enzyme-linked immunosor-
bent spot (ELISpot) assay. All MVA-S- or MVA-A-S-vaccinated groups induced significant
high levels of gamma interferon (IFN-y)-secreting cells against SARS-CoV-2 S1 and S2

April 2021 Volume 95 Issue 7 e02260-20 jviasm.org 4

1san6 Aq T20zZ ‘2T AeN uo /Bio wse’IAl//:dny wol) papeojumoq


https://jvi.asm.org
http://jvi.asm.org/

MVA-Based Vaccine Candidates against SARS-CoV-2

SARS-CoV-2 S B SARS-CoV-2 S
WGA + DAPI + WGA WGA + DAPI + WGA

MVA-A-S MVA-S

MVA-WT

FIG 2 Subcellular distribution of the SARS-CoV-2 S protein in MVA-S- and MVA-A-S-infected cells. Confocal
immunofluorescence microscopy of infected and permeabilized (A) or nonpermeabilized (B) Hela cells. Cells
were infected with 0.5 PFU/cell with the indicated viruses, fixed at 24 hpi, permeabilized or nonpermeabilized,
and stained with Alexa Fluor 594-conjugated WGA probe (red) and with a rabbit polyclonal anti-S antibody
further detected with a rabbit Alexa Fluor 488-conjugated antibody (green). Cell nuclei were stained using
DAPI (blue). A diagram with the S and WGA signal profiles through a cell slice is shown on the right and
shows colocalization (yellow) on the cell surface. Bars, 8 um.

peptide pools compared to control group MVA-WT/MVA-WT with the response mainly to-
ward S1 and to a lesser extent against S2 (Fig. 3A). The DNA-S/MVA-A-S group elicited the
highest levels of IFN-y-secreting cells, being significantly greater compared to DNA-S/MVA-
S or to the homologous MVA/MVA regimens in the case of S2 (Fig. 3A).

Considering the relevant role of T-cell responses during SARS-CoV-2 infection (41, 42),
we next evaluated by an intracellular cytokine staining (ICS) assay the induction of SARS-
CoV-2 S-specific CD4* and CD8™* T cells expressing CD107a, IFN-y, tumor necrosis factor
alpha (TNF-a), and/or interleukin 2 (IL-2) upon stimulation with ST and S2 peptide pools.
All vaccinated groups elicited robust S-specific CD4* and CD8* T-cell responses, being
greater in heterologous DNA/MVA than in homologous MVA/MVA regimens, with a
higher overall response in the CD8* T-cell repertoire and reflecting a CD4* Th1 profile
(Fig. 3B). The frequencies of S-specific CD4* T cells induced by DNA-S/MVA-S were signif-
icantly higher than those induced by the DNA-S/MVA-A-S immunization group but were
similar between MVA-S/MVA-S and MVA-A-S/MVA-A-S groups (Fig. 3B, left panel).
However, boosting with MVA-A-S elicited significantly higher levels of S-specific CD8" T
cells than with MVA-S in both prime/boost regimens (Fig. 3B, right panel). Furthermore,
S-specific CD4* and CD8* T-cell responses were broad and directed mainly against the
S1 peptide pool in all vaccinated groups (Fig. 3C), as in the ELIspot results (Fig. 3A).

The quality of the S-specific T-cell response was next characterized by analyzing the
pattern of cytokine production (IFN-y, and/or TNF-e, and/or IL-2) and its cytotoxic
potential (CD107a) (Fig. 4). The S-specific CD4* T-cell responses were similar and highly
polyfunctional in all vaccinated groups, with around 90% of the cells exhibiting two or
more functions (Fig. 4A, pie charts). CD4" T cells expressing IFN-y, TNF-«, and IL-2 (IFN-
¥ TNF-a-IL-2), CD107a-IFN-y»TNF-a-IL-2, CD107a-IFN-y-TNF-«, and IFN-y»TNF-a were the
most induced populations (Fig. 4A, bars), showing a Th1 profile and maintaining the
differences between vaccinated groups previously shown in Fig. 3. On the other hand,
all vaccinated groups had a similar and robust polyfunctional profile of S-specific CD8*
T-cell responses, with around 90% of the cells exhibiting three or four functions
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exhibiting one, two, three, or four markers, which are shown color coded. P values were determined as described in Materials and Methods
using an approach that corrects measurements for the medium response, calculating confidence intervals (**, P < 0.005; ***, P < 0.001).
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FIG 5 Memory phenotypic profiles of the SARS-CoV-2 S-specific CD4* and CD8" T cells elicited in mice immunized with the MVA-
S and MVA-A-S vaccine candidates. Percentages of naive (CD127/CD62L"), T central memory (Tcm) (CD127*/CD62L*), T effector
memory (Tem) (CD127%/CD62L"), and T effector (Te) (CD127/CD62L~) CD4* (A) or CD8* (B) T cells specific for S1 and S2
peptide pools, and expressing any of the markers, CD107a, IFN-y, TNF-e, and IL-2. T-cell responses were analyzed by ICS in
splenocyte pools from six mice per group at 11days postboost as described in Materials and Methods. P values were determined
as described in Materials and Methods using an approach that corrects measurements for the medium response, calculating
confidence intervals (**, P < 0.005; ***, P < 0.001).

(Fig. 4B, pie charts). CD8* T cells expressing CD107a-IFN-yTNF-a and CD107a-IFN-
¥ TNF-a-IL-2 were the most elicited populations (Fig. 4B, bars), preserving the differ-
ences among vaccinated groups (Fig. 3).

Next, we determined the memory phenotype of SARS-CoV-2 S-specific CD4* and
CD8* T cells by measuring the expression of CD127 and CD62L surface markers (which
defined different memory subpopulations, T central memory (Tcm) (CD127+/CD62L"),
T effector memory (Tem) (CD127+/CD62L™), and T effector (Te) (CD127~/CD62L") cells
(43), and determined the percentage of cells expressing CD107a, IFN-y, TNF-«, and/or
IL-2 upon stimulation with S1 and S2 peptide pools (Fig. 5). The results showed that in
all vaccinated groups, SARS-CoV-2 S-specific CD4* and CD8™ T cells were mainly of the
Tem phenotype (Fig. 5), and those differences between vaccinated groups were main-
tained (Fig. 3 and 4).

Induction of SARS-CoV-2 S-specific CD4* Tfh cells, CD4* Treg cells, and CD8+
CD103* T resident-like memory cells in mice immunized with the MVA-S vaccine
candidates. To further extend the analysis of T-cell immune responses, we next eval-
uated by ICS the SARS-CoV-2 S-specific CD4* T follicular helper (Tfh) cells elicited by
the different immunization groups in splenocytes stimulated ex vivo with S protein
plus S1 and S2 peptide pools. All vaccinated groups induced S-specific CD4* Tfh cells
(CXCR5*, PD17) expressing CD40L (Te marker) on their surface and/or secreting IFN-y
and/or IL-21 (Fig. 6A), with the absence of IL-4 secretion (data not shown), supporting
a Th1-like response. Heterologous DNA-S/MVA-S immunization was the most effective
regimen to induce CD4* Tfh cells (Fig. 6A). S-specific CD4* Tfh cells were highly poly-
functional, with around 70 to 90% of the cells exhibiting two or three functions (Fig.
6B, pie charts), and cells expressing IFN-y-IL-21 and CD40L-IFN-yIL-21 being the most
abundant populations elicited by all vaccinated groups (Fig. 6B, bars).

Furthermore, all vaccinated groups induced SARS-CoV-2 S-specific CD4™ T regula-
tory (Treg) cells (CD4™", FOXP3™) secreting IFN-y (Fig. 6C), with no secretion of IL-10 and
IL-17 (data not shown), which is also indicative of a Th1-like immunity. The response
was directed against S1 peptide pool, with no S2-specific CD4* Treg cells detected.
Although not significant, immunizations with the MVA-A-S construct elicited slightly
higher responses than those carried out with the MVA-S construct (Fig. 6C).

Moreover, all vaccination regimens generated SARS-CoV-2 S-specific CD8" CD103*
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MVA-S and MVA-A-S vaccine candidates in immunized mice. (A) Magnitude of the S-specific CD4* Tfh cell immune responses directed against a mixture of
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(B) Polyfunctionality of the S-specific CD4" Tfh cells. The response profiles based on the T cell expression of the CD40L, IFN-y, and/or IL-21 markers are
shown as in Fig. 4. The pie charts summarize the percentage of S-specific T cells expressing one, two, or three markers, which are shown color coded.
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C and D, respectively. T-cell responses were analyzed by ICS in splenocyte pools from six mice per group at 11days postboost as described in Materials
and Methods. P values were determined as described in Materials and Methods using an approach that corrects measurements for the medium response,

calculating confidence intervals (¥, P < 0.05; **, P < 0.005; ***, P < 0.001).

T resident-like memory cells secreting IFN-y (Fig. 6D). Heterologous DNA-S/MVA-A-S
immunization induced a significantly higher magnitude of S-specific CD8* CD103* T
resident-like memory cells than DNA-S/MVA-S or the homologous MVA/MVA immuni-
zations (Fig. 6D).

Mouse immunization with MVA-S vaccine candidates induces IgG antibodies
against SARS-CoV-2 S and receptor-binding domain (RBD) proteins. Antibodies
against SARS-CoV-2 S protein are decisive to control the COVID-19 progression
(10-12). Thus, to evaluate the ability of the MVA-S vaccine candidates to elicit humoral
immune responses against SARS-CoV-2, we determined the presence of S- and RBD-
specific IgGs in the sera of immunized mice by an enzyme-linked immunosorbent
assay (ELISA) (Fig. 7). All vaccinated groups induced high IgG antibody titers against
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the S (Fig. 7A, left), and the RBD proteins (Fig. 7A, right). The IgG2c subtype prevailed
in the isotype characterization, followed by IgG1 subtype, with homologous MVA/MVA
prime/boost immunizations inducing higher levels than heterologous DNA/MVA regi-
mens (Fig. 7B). The IgG2c/IgG1 ratio was above 1 in all vaccinated groups, likely sug-
gestive of Th1-like immune responses.

MVA-S vaccine candidates elicits high levels of SARS-CoV-2 nAbs. SARS-CoV-2
nAbs correlate with protection in humans (10, 11), and the presence of RBD-specific
antibodies in the sera of mice immunized with the MVA-S vectors (Fig. 7) suggested
the existence of SARS-CoV-2 nAbs. Thus, we next analyzed the ability of mouse serum
samples to interfere with the entry of SARS-CoV-2 S-pseudotyped reporter retroviral
vectors in Vero-E6 cells by a luciferase assay (Fig. 8A). The individual serum samples
obtained from all mice vaccinated with MVA-S or MVA-A-S significantly neutralized S-
pseudotyped retrovirus particles at a 1/100 dilution compared to sera from the MVA-
WT/MVA-WT control group (Fig. 8A, left panel). Sera from both homologous MVA/MVA
prime/boost immunizations were the most active in pseudovirus neutralization, with
MVA-S/MVA-S inducing a significant 700-fold reduction in the luciferase units com-
pared to that of the control group (Fig. 8A, left panel). The inhibition decreased with
serum sample dilution (Fig. 8A, middle and right panels), but remarkably, serum sam-
ples from both MVA-S/MVA-S prime/boost immunizations showed a 50% inhibitory
dilution (IDs,) higher than 1,600 (Fig. 8A, right panel).

To further analyze serum neutralization of live SARS-CoV-2 virus, we carried out
experiments with bona fide infectious virus in a cell culture infection model. SARS-CoV-
2 strain NL/2020 infections were carried out in Vero-E6 cells in the presence of serum
samples (diluted 1/50), and the intracellular viral RNA was analyzed 6 hpi. The mouse
serum samples from homologous MVA/MVA and heterologous DNA/MVA prime/boost
immunizations reduced SARS-CoV-2 infection significantly compared to the MVA-WT/
MVA-WT control group (Fig. 8B). Consistently, mouse serum samples from homologous
MVA-S/MVA-S prime/boost immunization were the most effective in SARS-CoV-2 neu-
tralization, with 245-fold reduction in viral RNA.

Morbidity, mortality, and virus replication induced by SARS-CoV-2 in humanized
K18-hACE2 mice are completely prevented by vaccination with MVA-S. Next, we an-
alyzed the efficacy of the MVA-S vaccine candidate in K18-hACE2 mice, a mouse model
for SARS-CoV-2 infection and lethality (44, 45). For morbidity and mortality evaluation,
groups of K18-hACE2 mice (n=5) were immunized with one or two doses (1 x 107 PFU
by the i.m. route) of MVA-S at weeks 0 and 4 and then challenged at week 9 with
1x 105 PFU of SARS-CoV-2 (MADG isolate) by the intranasal route (Fig. 9A). Mice
primed and boosted with MVA-WT or unvaccinated, and unchallenged mice were used
as control groups. The challenged K18-hACE2 mice were monitored for change in
body weight (Fig. 9B) and mortality (Fig. 9C) for 14 days postchallenge. All the K18-
hACE2 mice immunized with two doses of MVA-S and challenged with SARS-CoV-2 did
not show loss of body weight (Fig. 9B) and survived (Fig. 9C), whereas all the MVA-WT-
immunized or nonimmunized and challenged K18-hACE2 mice showed loss of body
weight (more than 25%) (Fig. 9B) and died (Fig. 9C) within 6 days postchallenge. On
the other hand, all mice immunized with one single dose of MVA-S and challenged
with SARS-CoV-2 lost body weight during the first days postchallenge (Fig. 9B), but by
day 4, they recovered and all survived (Fig. 9C). To analyze the effect of the vaccine in
virus replication, groups of humanized K18-hACE2 mice (n=6) were vaccinated and
infected as described above in Fig. 9A, and at 2 and 4 days after SARS-CoV-2 virus chal-
lenge, three mice per group were sacrificed, lung tissue samples were collected, RNA

FIG 7 Legend (Continued)

line represents the detection limit. P values from Kruskal-Wallis test followed by post hoc pairwise comparisons by
Wilcoxon rank sum tests with Holm correction for multiple comparisons: (¥, P < 0.05). (B) Levels of 1gG1, IgG2c, and IgG3
isotypes specific for the S (left) and RBD (right) proteins. Mean optical density (OD at 450 nm) and standard deviations
determined by ELISA with duplicate serum dilutions from pooled serum samples (n=6) from immunized mice at 11 days

postboost are represented.
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FIG 8 MVA-S and MVA-A-S induce SARS-CoV-2 neutralizing antibodies in immunized mice. (A) Neutralization of retrovirus-based pseudoparticles expressing
the SARS-CoV-2 S protein. Inhibition of S-pseudotype retrovirus entry in Vero-E6 cells was measured by a luciferase assay with serum samples collected
11 days postboost. Each dot represents the mean luciferase units determined from triplicates of individual mouse serum samples (diluted 1/100 [left panel],
1/400 [middle panel], and 1/1,600 [right panel]). Mean values and standard errors of the means (SEM) for each immunization group are represented. (B)
Neutralization of SARS-CoV-2 cell infection. Virus RNA was quantified 6 h after infection of Vero-E6 cells with SARS-CoV-2 strain NL/2020 (MOI of 1 PFU/cell)
mixed with a 1/50 dilution of mouse serum samples. Mean RNA levels and SEM from triplicates of individual serum samples are represented for each
immunization group. The average RNA level from infections performed in the presence of mouse serum samples from the control group MVA-WT/MVA-WT
was set at 100%. P values from Kruskal-Wallis test followed by post hoc pairwise comparisons by Wilcoxon rank sum tests with Holm correction for multiple

comparisons: (*, P < 0.05; ***, P < 0.001).

was extracted and analyzed by reverse transcription-quantitative PCR (RT-qPCR) for
SARS-CoV-2 replication. As shown in Fig. 9D, SARS-CoV-2 replication was completely
prevented at days 2 and 4 postchallenge in animals that received two doses of MVA-S
in comparison with the high levels of SARS-CoV-2 viral RNA observed in the controls.
Furthermore, a single dose of MVA-S vaccine candidate has also a major effect on virus
replication. Thus, the MVA-S vaccine was highly efficacious to control SARS-CoV-2 mor-
bidity, lethality, and virus replication in a mouse model of infection.

DISCUSSION

Development of a variety of safe and effective vaccines to counteract the SARS-
CoV-2 pandemic is a major goal. Several clinical trials are ongoing with various candi-
date vaccines, and more will be added to the pipeline (23, 24). The critical issues are to
fulfil the safety requirements of the corresponding drug agencies and to achieve highly
protective and durable responses, which will be conditioned by the nature of the
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FIG 9 MVA-S protects humanized K18-hACE2 mice from SARS-CoV-2 infection. (A) Efficacy schedule. K18-hACE2 mice (n=5 per group) were immunized

with one or two doses of 1 x 107 PFU of MVA-S or MVA-WT by the i.m. route at weeks 0 and 4. At week 9, mice were i.n. challenged with 1 x 10° PFU of

SARS-CoV-2 (MADS isolate). Unvaccinated mice (n=>5) were also i.n. challenged with 1 x 10° PFU of SARS-CoV-2, and unvaccinated and unchallenged mice
(n=5) were used as a control. The challenged mice were monitored for change of body weights (B) and mortality (C) for 14days. (D) SARS-CoV-2 RNA
detected by RT-qPCR targeting viral E gene with normalization to 18S in lungs obtained at 2 (n=3) and 4 (n=3) days postchallenge from mice vaccinated
and infected as in panel A. Mean RNA levels (in arbitrary units [A.U.]) and SEM from duplicates of each lung sample is represented for each immunization
group; relative values are referred to uninfected mice. P values from two-way ANOVA test are shown (***, P < 0.001).

vaccine. As of late December 2020, two candidate mRNA vaccines have been approved
by the FDA for emergency human use. One of the most promising vaccine candidates
against pathogens is based on the poxvirus vector MVA, due to its safety record, stabil-
ity, long-term immune responses, and ability to incorporate large fragments of foreign
genetic material (28-31). With this in mind, we generated two MVA vectors expressing
the full-length SARS-CoV-2 S protein. In cultured cells, both MVA-based vaccine candi-
dates mediated expression of intracellular and cell surface S protein, which it is
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glycosylated and likely forming trimers. In mice, we compared their immunogenicity
and observed that MVA-S/MVA-S or DNA-S/MVA-S prime/boost regimens induced
potent levels of SARS-CoV-2 S-specific T-cell and humoral immune responses.
Importantly, these levels correlated with complete protection of MVA-S-vaccinated
humanized K18-hACE2 mice after challenge with a lethal dose of SARS-CoV-2.

SARS-CoV-2-specific T-cell responses are observed in individuals that recovered
from COVID-19 (41), as well as in samples obtained years before the appearance of the
SARS-CoV-2 pandemic (42), reflecting the important role played by T cells in the fight
against SARS-CoV-2 infection. Along this line, we observed that the two MVA-based
vaccine candidates induced a robust, broad, and polyfunctional SARS-CoV-2 S-specific
T-cell response, mainly mediated by CD8* T cells, which suggested higher cytotoxicity
to eliminate virus-infected cells, but also with the induction of CD4* T cells of a Th1
profile. Overall, MVA-A-S was superior to MVA-S in terms of activating S-specific CD8*
T-cell responses, a phenomenon mainly due to the deletion of VACV immunomodula-
tory genes C6L, K7R, and A46R, as we previously described with other MVA-based vac-
cines (33-35). Moreover, the S-specific CD4" and CD8" T-cell responses were broad,
directed mainly against the S1 region of the S protein, which is the most distinct S por-
tion among coronaviruses. Furthermore, those S-specific T-cell responses induced were
of a T effector memory phenotype. Additionally, the T-cell responses were highly poly-
functional, with cells secreting simultaneously IFN-y, TNF-a, and/or IL-2, and producing
CD107, which is a good quality immune parameter to fight viral infections (46).
Moreover, the T-cell activation profile induced by all vaccinated groups was broad and
distinct, and we observed the induction of S-specific CD4* Tfh cells expressing IFN-y
and IL-21 (with no secretion of IL-4), CD4* Treg cells secreting IFN-y (with no secretion
of IL-10 and IL-17), and the activation of IFN-yproducing S-specific CD8* CD103* T res-
ident-like memory cells. Remarkably, the detection of CD4* T cells secreting CD107,
IFN-y, TNF-¢, and IL-2, but not IL-4, IL-10, and IL-17 indicate a bias toward Th1 immu-
nity, a desirable response to control the SARS-CoV-2 infection, together with the ab-
sence of a potentially deleterious Th2-biased immune response that might induce vac-
cine-associated enhanced respiratory disease (47).

Our work also revealed an immunogenic role for a DNA vector expressing the S pro-
tein when delivered in prime/boost protocols. In fact, DNA vaccines expressing the S
protein are important candidates against SARS-CoV-2, and clinical trials are ongoing.
Results in NHP have shown protective immune responses with vectors expressing the
full-length S, which were more effective than those producing truncated versions of
the antigen (22). Our results showed that priming with a DNA-S vector is an effective
approach to trigger an enhanced T-cell response against the S antigen after a boost
with MVA-S. This effect is in line with our previous observations in the HIV-1 field,
where DNA priming induced a preferential HIV-1-specific T-cell activation when used
in different DNA/poxvirus vector combinations in NHP (48). These observations sug-
gested the combination of DNA and poxvirus vectors as the preferred vaccination
strategy to implement T-cell responses.

In terms of antibodies, heterologous DNA-S/MVA-S and homologous MVA-S/MVA-S
immunizations induced high titers of S- and RBD-specific IgG antibodies, with IgG2c
isotype antibodies being the most induced, reflecting a Th1-like immune response.
Remarkably, antibodies that efficiently neutralized retrovirus-based pseudoparticles
expressing the SARS-CoV-2 S protein, as well as a SARS-CoV-2 natural isolate (strain NL/
2020), were induced. The homologous MVA-S/MVA-S vector combinations triggered
the highest nAb D, titers, which were similar to those induced in immunized mice by
other COVID-19 vaccine candidates (16) and to those mediated by SARS-CoV-2
immune human convalescent plasma samples (49, 50), reflecting a potent humoral
immune response.

All these findings established a strong capacity of both MVA-based vaccine candi-
dates to activate SARS-CoV-2-specific key immune T-cell populations and antibodies
that will be necessary for protection against SARS-CoV-2 (10, 51). Therefore, of the
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combination of vectors used and based on the immunogenic T- and B-cell properties
elicited, particularly on the levels of neutralizing antibodies, we selected MVA-S as a lead
vaccine candidate for challenge studies in humanized K18-hACE2 mice. Remarkably, we
found that humanized mice vaccinated with one or two doses of MVA-S were fully pro-
tected from a lethal dose of live SARS-CoV-2. Two controls (phosphate-buffered saline
[PBS] and MVA-WT) develop more than 25% body weight loss and animals have to be
sacrificed by day 6 postchallenge, while those mice that received a single dose lost
weight but recovered completely; those mice vaccinated twice did not lose weight and
were fully protected. The animals that receive one or two doses of the MVA-S vaccine
were in good health for the whole study (14 days). In addition, the MVA-S vaccine fully
protected against SARS-CoV-2 as shown by inhibition of SARS-CoV-2 virus replication in
the lungs of vaccinated and infected humanized K18-hACE2 mice, correlating with the
morbidity and mortality observed.

Others have recently described the generation of synthetic MVA vectors coexpress-
ing SARS-CoV-2 S and nucleocapsid proteins, showing similar to us the induction of
SARS-CoV-2-specific T-cell and humoral responses but not as detail as induced by our
MVA-based vaccine candidates; however, they did not define the vaccine efficacy of
those synthetic MVA vectors (13).

The data presented here demonstrated that MVA-based vaccine candidates express-
ing the SARS-CoV-2 full-length S protein are highly immunogenic in mice, with a robust
activation of both arms of the adaptive immune system, T and B cells. They triggered
Th1-skewed immune responses that can facilitate virus clearance without respiratory
complications. Furthermore, we identified two prime/boost regimens to elicit preferen-
tially either T-cell (DNA/MVA) or antibodies (MVA/MVA), which could be used differen-
tially in vaccination. Importantly, two doses of MVA-S were able to completely protect
humanized K18-hACE2 mice from SARS-CoV-2 infection (morbidity, mortality, and virus
replication), reinforcing the translation of MVA-S to clinical trials.

MATERIALS AND METHODS

Ethics statement. Female C57BL/60laHsd mice (6 to 8 weeks old) used for immunogenicity assays
were purchased from Envigo Laboratories and stored in the animal facility of the Centro Nacional de
Biotecnologia (CNB) (Madrid, Spain). Female transgenic humanized K18-hACE2 mice, expressing human
ACE2, were obtained from the Jackson Laboratory [034860-B6.Cg-Tg(K18-ACE2)2Prlmn/J, genetic back-
ground C57BL/6J x SJL/J)F2], and efficacy experiments were performed in the biosafety level 3 (BSL-3)
facilities at the Centro de Investigacion en Sanidad Animal (CISA)-Instituto Nacional De Investigaciones
Agrarias (INIA) (Madrid, Spain). The immunogenicity and efficacy animal studies were approved by the
Ethical Committee of Animal Experimentation (CEEA) of the CNB (Madrid, Spain) and by the Division of
Animal Protection of the Comunidad de Madrid (PROEX 49/20, 169.4/20, and 161.5/20). Animal proce-
dures conformed with international guidelines and with Spanish law under the Royal Decree (RD 53/
2013).

Cells. DF-1 cells (a spontaneously immortalized chicken embryo fibroblast [CEF] cell line, ATCC cata-
log no. CRL-12203) and Hela cells (a human epithelial cervix adenocarcinoma; ATCC catalog no. CCL-2)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-Life Technologies) supplemented
with penicillin (100 U/ml; Sigma-Aldrich), streptomycin (100 wg/ml; Sigma-Aldrich), L-glutamine (2 mM;
Sigma-Aldrich), nonessential amino acids (0.1 mM; Sigma-Aldrich), gentamicin (50 wg/ml; Sigma-Aldrich),
ampbhotericin B (Fungizone, 0.5 wg/ml; Gibco-Life Technologies), and 10% heat-inactivated fetal calf se-
rum (FCS) (Gibco-Life Technologies). HEK-293T cells (ATCC catalog no. CRL-3216; for the production of
pseudotyped retroviral particles) and Vero-E6 cells (ATCC catalog no. CRL-1586) were maintained in sub-
confluent cultures in complete medium (DMEM supplemented with 10mM HEPES [Gibco-Life
Technologies], 1x nonessential amino acids [Gibco-Life Technologies], penicillin [100 U/ml; Sigma-
Aldrich], streptomycin [100 ng/ml; Sigma-Aldrich], and 10% fetal bovine serum [FBS] [heat inactivated at
56°C for 30 min, Gibco-Life Technologies]). Cell cultures were maintained at 37°C in a humidified incuba-
tor containing 5% CO,.

Viruses. The poxviruses used in this study included the attenuated MVA-WT strain (kindly provided
by G. Sutter) obtained from the Chorioallantois vaccinia virus Ankara (CVA) strain after 586 serial pas-
sages in CEF cells (52), and the recombinant MVA-A-GFP virus expressing green fluorescent protein
(GFP), which is inserted into the TK locus of the MVA-WT genome under the transcriptional control of a
VACV synthetic early/late (sE/L) promoter, and containing deletions in VACV immunomodulatory genes
C6L, K7R, and A46R (33). MVA-WT and MVA-A-GFP were used as the parental viruses for the generation
of MVA-S and MVA-A-S vaccine candidates, respectively. All viruses were grown in DF-1 cells to obtain a
master seed stock (passage 2 [P2] stock) and titrated in DF-1 cells by a plaque immunostaining assay,
using a rabbit polyclonal antibody against VACV strain WR (CNB; diluted 1:1,000), followed by an anti-
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rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Sigma-Aldrich; diluted 1:1,000), as
previously described (53). Determinations of the titers of the different viruses were performed at least
two times. Furthermore, viruses grown in DF-1 cells were purified by centrifugation through two 36%
(wt/vol) sucrose cushions in 10 mM Tris-HCI (pH 9). All viral stocks were free of contamination with myco-
plasma (checked by PCR specific for mycoplasma), bacteria (checked by growth in LB plates without
ampicillin), or fungi (checked by growth in Columbia blood agar plates; Oxoid).

SARS-CoV-2 strain NL/2020 (kindly provided by R. Molenkamp, Erasmus University Medical Center,
Rotterdam, the Netherlands) and SARS-CoV-2 strain MAD6 (kindly provided by José M. Honrubia and
Luis Enjuanes, CNB-CSIC, Madrid, Spain) were propagated in Vero-E6 cells by inoculation at a multiplicity
of infection (MOI) of 0.001 PFU/cell (passage 2). Cell supernatants were harvested at 72 hpi, cleared by
centrifugation, aliquoted, and stored at —80°C. Virus infectivity titers were determined by standard pla-
que assay in Vero-E6 cells.

Construction of plasmid transfer vector pCyA-S. The plasmid transfer vector pCyA-S was con-
structed and used for the generation of MVA-S and MVA-A-S vaccine candidates, in which the SARS-
CoV-2 full-length S gene was inserted into the TK locus of parental viruses MVA-WT and MVA-A-GFP,
respectively, under the transcriptional control of the viral sE/L promoter. In detail, a 3,822-kbp DNA frag-
ment encoding the SARS-CoV-2 full-length S gene (Wuhan seafood market pneumonia virus isolate
Wuhan-Hu-1, GenBank accession number MN908947.3; the most contemporary isolate available at the
time we initiated this work) was synthesized and human codon optimized by GeneArt and inserted into
plasmid vector pCyA (previously described in reference 54) to generate the plasmid transfer vector
pCyA-S (11,322 bp). This plasmid also contains a B-galactosidase (B-Gal) reporter gene sequence
between two repetitions of the left TK-flanking arm, which allows the reporter gene to be deleted from
the final recombinant virus by homologous recombination after successive passages.

Generation of MVA-S and MVA-A-S vaccine candidates. Cultured DF-1 cells (3 x 10° cells) were
infected with parental MVA-WT or MVA-A-GFP viruses at an MOI of 0.05 PFU/cell and transfected 1 h
later with 10 g of DNA plasmid pCyA-S, using Lipofectamine reagent according to the manufacturer’s
recommendations (Invitrogen). At 48 hpi, the cells were harvested, lysed by freeze-thaw cycling, soni-
cated, and used for recombinant virus screening. Recombinant MVA-S and MVA-A-S vaccine candidates
containing the 3,822-kb SARS-CoV-2 full-length S gene, inserted in the TK locus, and transiently coex-
pressing the B-Gal marker gene were selected by consecutive rounds of plaque purification in DF-1 cells
stained with X-Gal (5-bromo-4-chloro-3-indolyl- 3-p-galactopyranoside, 400 ug/ml, for three passages in
total). In the following plaque purification steps, recombinant MVA-S and MVA-A-S vaccine candidates
containing the 3,822-kb SARS-CoV-2 full-length S gene and with the B-Gal gene deleted by homologous
recombination between the left TK arm and the short left TK arm repeat flanking the marker were iso-
lated by three additional consecutive rounds of plaque purification screening for nonstaining viral foci
in DF-1 cells in the presence of X-Gal (400 ug/ml). In each round of purification, the isolated plaques
were expanded in DF-1 cells, and the crude viruses obtained were used for the next plaque purification
round. The resulting recombinant viruses, MVA-S and MVA-A-S (passage 2 [P2] stock after the last plaque
purification), were grown in DF-1 cells, purified by centrifugation through two 36% (wt/vol) sucrose
cushions, and titrated by plague immunostaining assay (53).

PCR analysis of recombinant vectors. To verify that the SARS-CoV-2 S gene had been correctly
inserted in MVA-S and MVA-A-S vaccine candidates, viral DNA was extracted from DF-1 cells mock
infected or infected at 5 PFU/cell for 24 h with the different viruses, as previously described (55), and the
correct insertion of the S gene was confirmed by PCR analysis using primers TK-L and TK-R, annealing in
the MVA TK gene-flanking regions (previously described in reference 54). The amplification protocol was
performed using PuReTaq Ready-To-Go PCR beads (GE Healthcare), in accordance with the manufac-
turer's protocol. PCR products were run in 1% agarose gel and visualized by SYBR Safe staining
(Invitrogen). Moreover, the SARS-CoV-2 S gene insertion was also confirmed by DNA sequence analysis
(Macrogen).

Expression of SARS-CoV-2 S protein by Western blotting. To check the correct expression of
SARS-CoV-2 S protein by MVA-S and MVA-A-S vaccine candidates, monolayers of DF-1 cells were mock
infected or infected at 5 PFU/cell with the different viruses in the presence or absence of tunicamycin
(10 wg/ml), an inhibitor of N-glycosylation. At 4 and 24 hpi, cell extracts or supernatants were lysed in
reducing (in the presence of 1x Laemmli plus B-mercaptoethanol) or nonreducing conditions (in the
presence of 1x Laemmli without B-mercaptoethanol), fractionated by 7% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and analyzed by Western blotting with a rabbit polyclonal
anti-SARS-CoV-2 S antibody (Genetex; diluted 1:2,000; recognizing SARS-CoV-2 S1 region) or a mouse
polyclonal anti-SARS-CoV-1 antibody (Genetex; diluted 1:2,000; recognizing SARS-CoV-1 and SARS-CoV-2
S2 regions) to analyze the expression of the SARS-CoV-2 S protein. For a viral loading control, we used a
rabbit anti-VACV E3 (CNB; diluted 1:1,000) antibody. HRP-conjugated anti-rabbit or anti-mouse antibod-
ies (Sigma-Aldrich; diluted 1:5,000 or 1:2,000, respectively) were used as the secondary antibodies. The
immunocomplexes were detected with an HRP-luminol enhanced-chemiluminescence system (ECL Plus)
(GE Healthcare).

Analysis of virus growth. To study the virus growth profile of MVA-S and MVA-A-S vaccine candi-
dates, monolayers of DF-1 cells grown in 12-well plates were infected in duplicate at 0.01 PFU/cell with
parental viruses MVA-WT and MVA-A-GFP and recombinant MVA-S and MVA-A-S vaccine candidates.
Following virus adsorption for 1 h at 37°C, the inoculum was removed, and the infected cells were
washed with DMEM and incubated with fresh DMEM-2% FCS at 37°C in a 5% CO, atmosphere. At differ-
ent times (0, 24, 48, and 72 hpi), cells were collected by scraping, freeze-thawed three times, and briefly
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sonicated. Virus titers in cell lysates were determined by a plague immunostaining assay in DF-1 cells as
previously described (53).

Genetic stability. The genetic stability of MVA-S and MVA-A-S vaccine candidates was analyzed as
previously described (33). Monolayers of DF-1 cells were infected at 0.05 PFU/cell with recombinant
MVA-S and MVA-A-S vaccine candidates (P2 stocks). At 72 hpi, cells were collected by being scraped.
After three freeze-thaw cycles and a brief sonication, the cellular extract was centrifuged at 1,500 rpm
for 5min, and the supernatant was used for a new round of infection at a low MOI. The same procedure
was repeated 9 times. Moreover, 20 individual plaques from MVA-S virus derived from passage 9 were
picked. Then, expression of SARS-CoV-2 S protein at all 9 passages and in the 20 individual plaques from
passage 9 was detected by Western blotting after infection of DF-1 cells with virus stocks from each pas-
sage and from the 20 plaques, using a rabbit polyclonal anti-SARS-CoV-2 S antibody (Genetex; diluted
1:2,000). An anti-rabbit HRP-conjugated antibody (Sigma; diluted 1:5,000) was used as the secondary
antibody. The immunocomplexes were detected using an enhanced HRP-luminol chemiluminescence
system (ECL Plus; GE Healthcare).

Expression of SARS-CoV-2 S protein by confocal immunofluorescence microscopy. Immunofluorescence
experiments were performed in Hela cells infected at an MOI of 0.5 PFU/cell for 24 h as previously
described (33-35). Then, permeabilized and nonpermeabilized infected Hela cells were stained with WGA
probe conjugated to the red fluorescent dye Alexa Fluor 594 (Invitrogen; diluted 1:200) and the rabbit pol-
yclonal antibody against SARS-CoV-2 S protein (Genetex; diluted 1:200) to label the cell membrane and
the SARS-CoV-2 S protein, respectively. Anti-SARS-CoV-2 S was detected with a rabbit secondary antibody
conjugated with the fluorochrome Alexa Fluor 488 (green) (Invitrogen; diluted 1:500). We used DAPI (4',6'-
diamidino-2-phenylindole; Sigma) to stain the cell nuclei. Images of sections of the cells were taken with a
Leica TCS SP5 microscope.

DNA recombinant vector. A DNA plasmid expressing SARS-CoV-2 S protein (termed DNA-S) was
generated by inserting the human codon-optimized full-length SARS-CoV-2 S gene into the pcDNA-3.1
plasmid. DNA-S was purified with the EndoFree Plasmid Mega kit (Qiagen) in accordance with the manu-
facturer’s protocol and was used in the heterologous prime/boost immunization protocols as a prime.

Peptides and proteins. SARS-CoV-2 S peptide pools were used in the immunogenicity analysis and
purchased from JPT Peptide Technologies (Berlin, Germany). The S peptide pools were distributed in
two groups spanning the S1 and S2 regions of the S protein, with each peptide pool containing 158 (S1)
or 157 peptides (S2) as consecutive 15-mers overlapping by 11 amino acids. Furthermore, a purified
recombinant SARS-CoV-2 S(ATM) protein expressed in HEK293 cells was also used in the immunogenic-
ity analysis and purchased from Creative Biomart.

SARS-CoV-2 S and RBD proteins produced in mammalian cells were used in the ELISA analysis of
antibodies from serum samples. To prepare the soluble S, a recombinant cDNA coding for residues 1 to
1208 of the S (soluble portion) protein was cloned in the pcDNA3.1 vector for expression in HEK-293F
cells. It comprised the endogenous signal and S1 human codon-optimized sequences, followed for the
S2 coding region from the Wuhan-Hu-1 strain (GenBank accession number MN908947.3), a T4 fibritin tri-
merization sequence, a Flag epitope, and a 8 xHis tag. To improve soluble S protein stability and expres-
sion, the furin recognition motif (RRAR) was replaced by the GSAS sequence, and the K986P and V987P
substitutions were introduced in the S2 portion. Protein was purified by nickel-nitrilotriacetic acid (Ni-
NTA) affinity chromatography from transfected cell supernatants. RBD expression and purification will
be described in detail elsewhere (under review). Briefly, the RBD region that comprises S residues 334 to
528 was expressed fused to the human IgG1 Fc portion and purified by affinity chromatography from ei-
ther HEK-293F or CHO cell supernatants. The Fc portion and additional tags were released from the RBD
by thrombin treatment and removed using a protein A column and size exclusion chromatography.
Protein concentrations were determined by absorbance at 280 nm.

Mouse immunization schedule. DNA prime/MVA boost or MVA prime/MVA boost immunization
protocols were performed in female C57BL/6 mice (6 to 8 weeks old) as previously described (34, 56) to
evaluate the immunogenicity of MVA-S and MVA-A-S vaccine candidates. On the one hand, groups of
animals (n =6) received 100 ng of DNA-S in 100 ul of PBS (50 ng/leg) by the i.m. route, and 2 weeks later,
they received an i.m. inoculation of 1 x 107 PFU of the sucrose-purified MVA virus (MVA-S or MVA-A-S) in
100 ul of PBS (50 wl/leg). On the other hand, groups of animals (n = 6) received two doses of 1 x 107 PFU
of MVA-S or MVA-A-S by the i.m. route in 100 ul of PBS (50 ul/leg) at 0 and 2 weeks. Mice primed and
boosted with nonrecombinant MVA-WT were used as a control group. At 11 days after the last immuni-
zation, mice were sacrificed using carbon dioxide (CO,). Blood from each individual mouse was collected
and processed to obtain serum samples to analyze the titers of IgG antibodies, IgG isotypes, and neutral-
izing antibodies against SARS-CoV-2; the spleens were extracted and processed to measure the adaptive
T-cell immune responses to the SARS-CoV-2 S antigen by ELISpot and ICS assays. No adverse effects
were detected in immunized mice.

Efficacy studies in K18-hACE2 transgenic mice. Female K18-hACE2 mice (10 weeks old at the be-
ginning of the study) immunized with one or two doses of MVA-S were used to evaluate the efficacy of
MVA-S vaccine candidates. For morbidity and mortality evaluation, groups of animals (n=5) received
one or two doses of 1 x 107 PFU of MVA-S by the i.m. route in 100 ul of PBS (50 wl/leg) at 0 and 4 weeks.
Mice primed and boosted with nonrecombinant MVA-WT or not vaccinated were used as a control
group. At week 9, mice were challenged with 1 x 10° PFU of SARS-CoV-2 MAD6 by the intranasal route
in 50 ul of PBS, and one group of unvaccinated mice were left uninfected. Mice were monitored for
body weight change and mortality for 14 days postchallenge. Animals approaching 25% of weight loss
were euthanized. For the analysis of SARS-CoV-2 virus replication in lungs, groups of animals (n=6)
were similarly vaccinated and infected as described above, and at days 2 and 4 postchallenge, three
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mice per group were euthanized and necropsied. Lungs were collected, placed in RNALater stabilization
reagent (Sigma-Aldrich), and stored at —80°C until RNA extraction.

ELISpot assay. The ELISpot assay was used to detect SARS-CoV-2 S-specific IFN-y-secreting cells.
First, 96-well nitrocellulose-bottom plates (Millipore) were covered with 75 wl/well of a solution of the
rat anti-mouse IFN-y monoclonal antibody (Pharmingen) at a concentration of 6 wg/ml in PBS. After incu-
bating overnight at room temperature, the wells were washed three times with RPMI medium and
blocked with RPMI-10% FCS for at least 1 h at 37°C in a 5% CO, atmosphere. After spleen processing, 10°
splenocytes per condition were restimulated with 1 ug/ml of the SARS-CoV-2 S1 or S2 peptide pools or
with RPMI-10% FCS. The plates were incubated with the peptides for 48 h at 37°C in a 5% CO, atmos-
phere, washed five times with PBS-Tween 20, and incubated with 2 ug/ml of biotinylated rat anti-mouse
IFN-y monoclonal antibody XMG1.2 (Pharmingen) diluted in PBS-Tween 20 for 2 h at room temperature.
The plates were then washed five times with PBS-Tween 20, and a 1:800 dilution of HRP-conjugated
streptavidin (0.5 mg/ml; Sigma-Aldrich) was added. After 1 h at room temperature, it was washed three
times with PBS-Tween 20 and two times with PBS, and finally 1 wg/ml of the diaminobenzidine (DAB)
substrate (Sigma-Aldrich) resuspended in 50 mM Tris-Cl (pH 7.5) and 0.015% H,0, was added to develop
the plates. The reaction was stopped by washing the plate with abundant water, and once it was dry,
the spots were counted using the ELISpot Reader System ELRO2 plate reader (AID Autoimmun
Diagnostika GmbH) with the aid of AID ELISpot reader system software (Vitro).

ICS assay. The magnitude, breadth, polyfunctionality, and phenotypes of the SARS-CoV-2 S-specific
CD4* and CD8" T-cell adaptive immune responses were analyzed by ICS as previously described (33, 40,
57-59) with some modifications. After spleen processing, 4 x 10° fresh splenocytes (depleted of red
blood cells) were seeded on M96 plates and stimulated for 6 h in complete RPMI 1640 medium supple-
mented with 10% FCS containing 1 ul/ml Golgiplug (BD Biosciences) to inhibit cytokine secretion, 1x
monensin (eBioscience, Thermo Fisher Scientific), anti-CD107a-fluorescein isothiocyanate (FITC) (BD
Biosciences), and the SARS-CoV-2 S1 and S2 peptide pools (1 ug/ml). Cells were then washed, stained
for surface markers, fixed, permeabilized (Cytofix/Cytoperm kit; BD Biosciences), and stained intracellu-
larly with the appropriate fluorochromes. Dead cells were excluded using the violet LIVE/DEAD stain kit
(Invitrogen). The fluorochrome-conjugated antibodies used for functional analyses were CD3-phycoery-
thrin (PE)-CF594, CD4-allophycocyanin (APC)-Cy7, CD8-V500, IFN-y-PE-Cy7, TNF-a—PE, and IL-2-APC. In
addition, the antibodies used for phenotypic analyses were CD62L-Alexa Fluor 700 and CD127-peridinin
chlorophyll protein (PerCP)-Cy5.5. All antibodies were from BD Biosciences.

The response of CD4" Tfh cells against SARS-CoV-2 S antigens was analyzed by ICS as previously
described (60) and similar to the analysis of SARS-CoV-2 S-specific CD4"* and CD8* T cells. Splenocytes
(4 x 10° cells) were stimulated for 6 h in complete RPMI 1640 medium supplemented with 10% FCS con-
taining 1 ul/ml Golgiplug (BD Biosciences, Franklin Lakes, NJ, USA) to inhibit cytokine secretion, 1x mon-
ensin (eBioscience, Thermo Fisher Scientific), anti-CD154 (CD40L)-PE (BD Biosciences, Franklin Lakes, NJ,
USA), and the SARS-CoV-2 S protein (5 ug/ml) plus ST and S2 peptide pools (1 wg/ml). Cells were then
processed similar to the analysis of SARS-CoV-2 S-specific CD4* and CD8" T cells. The following fluoro-
chrome-conjugated antibodies were used: CD154-PE, IL-4-Alexa Fluor 488, IL-21-APC, and IFN-y-PE-Cy7
for functional analyses and CD4-Alexa Fluor 700, CD8-V500, PD1 (CD279)-APC-efluor780, CXCR5-PE-
CF594, and CD44-PE-Cy5 (SPRD) for phenotypic analyses. All antibodies were from BD Biosciences. The
presence of CD4" Foxp3™ Treg cells against SARS-CoV-2 S antigens was also analyzed by ICS, similar to
the analysis of SARS-CoV-2 S-specific CD4* and CD8" T cells. The fluorochrome-conjugated antibodies
used for functional analyses were CD44-V450, CD4-PE, CD62L-BV570, CD90.2-BV786, Foxp3-FITC, IFN-
y-APC-Cy7, IL-17-BV605, and IL-10-APC from either BD Biosciences or Biolegend. The response of CD8"
CD103* T resident-like memory cells against SARS-CoV-2 S antigens was also analyzed by ICS, similarly
to the analysis of SARS-CoV-2 S-specific CD4* and CD8" T cells. The fluorochrome-conjugated antibod-
ies used for functional analyses were CD8-FITC, CD44-V450, CD62L-BV570, CD103-PE, CD90.2-BV786, and
IFN-y-APC-Cy7.

Cells were acquired with a Gallios flow cytometer (Beckman Coulter) or with a LSR Fortessa (BD
Biosciences). Analyses of the data were performed with the FlowJo software version 10.4.2 (Tree Star).
After gating, boolean combinations of single functional gates were created using FlowJo software to
determine the frequency of each response based on all possible combinations of cytokine expression or
all possible combinations of differentiation marker expression. Background responses detected in nega-
tive-control samples (RPMI) were subtracted from those detected in stimulated samples for every spe-
cific functional combination.

Antibody measurements by ELISA. The total levels of IgG, IgG1, IgG2c, and IgG3 anti-SARS-CoV-2 S
and RBD antibodies in individual or pooled sera from immunized mice were measured by ELISA as previ-
ously described (33). Ninety-six-well Nunc MaxiSorp plates were coated with 50 ul of purified recombi-
nant SARS-CoV-2 S or RBD proteins at a concentration of 2 ug/ml in PBS at 4°C overnight. Plates were
washed with PBS (Gibco-Life Technologies) supplemented with 0.05% Tween 20 (PBS-Tween) and
blocked with 5% milk in PBS for 2 h at room temperature (RT). Individual or pooled serum samples from
each immunization group were diluted in PBS-Tween-1% milk, added to plates, and incubated for 1.5 h
at RT. Plates were then washed, and secondary HRP-conjugated goat anti-mouse IgG, 1gG1, 1gG2c, or
1gG3 antibodies (Southern Biotech; all diluted 1:1,000 in PBS-Tween-1% milk) were added and incubated
for 1 h at RT. Plates were washed, the TMB substrate (Sigma-Aldrich) was added, and the reaction was
stopped by adding 1 M H,SO,. Absorbance was read at 450 nm. Total IgG titers were measured as the
last dilution that gives an absorbance at least three times higher the absorbance of a naive serum.

Neutralization. The capacity of the sera obtained from mice immunized with vaccine candidates
MVA-S and MVA-A-S to neutralize SARS-CoV-2 virus was initially determined using retrovirus-based
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pseudoparticles expressing SARS-CoV-2 S protein. Pseudotyped viruses were produced by transfection
of the above-mentioned DNA-S plasmid together with packaging plasmids (kindly provided by F. L.
Cosset [INSERM, Lyon, France]) in HEK-293T cells as previously described (61). Vero-E6 cells were seeded
in 96-well plates at 10,000 cells/well. Twenty-four hours postseeding, a mix of retrovirus-based pseudo-
particles expressing SARS-CoV-2 S protein and mouse serum samples (at a final dilution of 1:100, 1:400,
or 1:1,600) were preincubated for 1 h at 37°C and then added to the cells in triplicates. The DMEM-2%
FCS medium was replaced at 24 hpi, and then 24 h later, cells were lysed in passive lysis buffer
(Promega) and the luciferase activity was measured in a luminometer (Thermo Appliskan multimode
microplate reader; Thermo Fisher Scientific). The ID,, was determined as the highest dilution of serum
which resulted in a 50% reduction of luciferase units compared with mouse serum samples from control
group MVA-WT/MVA-WT.

Neutralization of SARS-CoV-2 virus (strain NL/2020) was carried out in Vero-E6 cells at the BSL3 facili-
ties of the CNB-CSIC. In brief, Vero-E6 cells were seeded onto 96-well plates at 20,000 cells/well. The next
day, a mixture of 20,000 PFU of SARS-CoV-2 (MOI of 1) with individual mouse serum samples (at a final
dilution of 1:50) were preincubated for 1 h at 37°C and then added to the cells in triplicates. After 1 h of
incubation at 37°C, the inoculum was removed; the cells were washed twice with PBS, fresh medium
was added, and the cells were further incubated for 5 additional hours at 37°C. At that point, the super-
natant was discarded, the cells were washed once with PBS, and cell lysates were prepared in TRIzol rea-
gent (Thermo Scientific). RNA extraction was carried out following the manufacturer’s instructions, and
the viral RNA content was determined by RT-qPCR using a previously validated set of primers and
probes specific for SARS-CoV-2 E gene (62) and the cellular B-actin gene (63) for normalization. The ACt
method was used for relative quantitation of viral RNA. The average RNA level from infections performed
in the presence of control mouse serum samples (MVA-WT/MVA-WT) was set at 100%.

Analysis of SARS-CoV-2 RNA by quantitative RT-PCR (RT-qPCR). Lungs from mice used in the effi-
cacy study were harvested and stored in RNALater (Sigma-Aldrich) at —80°C until homogenized with a
gentleMACS dissociator (Miltenyi Biotec) in 2ml RLT buffer (Qiagen) plus B-mercaptoethanol. Then,
600 ul of homogenized lung tissue was used to isolate total RNA using the RNeasy minikit (Qiagen),
according to the manufacturer's specifications. First-strand cDNA synthesis and subsequent real-time
PCR were performed in one step using NZYSpeedy One-step RT-qPCR Master Mix (NZYTech) according
to the manufacturer’s specifications using ROX as reference dye. SARS-CoV-2 viral RNA content was
determined using previously validated set of primers and probes specific for the subgenomic RNA for
the SARS-CoV-2 E protein (62) and the cellular 18S rRNA for normalization. Data were acquired with a
7500 real-time PCR system (Applied Biosystems) and analyzed with 7500 software v2.0.6. Relative RNA
arbitrary units (A.U.) were quantified relative to the negative group (uninfected mice) and were per-
formed using the 2—AACt method. All samples were tested in duplicate.

Statistical procedures. One-way analysis of variance (ANOVA) followed by post hoc Student’s t test
comparisons with Holm correction for multiple testing was used for ELISpot analysis to establish the dif-
ferences between two groups. In ELISA and neutralization assays, we used a Kruskal-Wallis test to deter-
mine whether there were differences between groups, followed by post hoc pairwise comparisons with
Wilcoxon rank sum tests with Holm correction for multiple testing. Statistical analysis of the ICS assay
results was performed as previously described (58), using an approach that corrects measurements for
the medium response (RPMI), calculating confidence intervals and P values. Only antigen response val-
ues significantly larger than the value for the corresponding RPMI are represented. Background values
were subtracted from all of the values used to allow analysis of proportionate representation of
responses. For statistical analysis of SARS-CoV-2 RNA by quantitative RT-qPCR, two-way ANOVA with
Tukey's honestly significant difference (HSD) post hoc tests was applied. Statistical significance is indi-
cated as follows: *, P < 0.05; **, P < 0.005; ***, P < 0.001.
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