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Current coronavirus disease-19 (COVID-19) vaccines are administered by the
intramuscular route, but this vaccine administration failed to prevent severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus infection in the
upper respiratory tract, mainly due to the absence of virus-specific mucosal
immune responses. It is hypothesized that intranasal (IN) vaccination could
induce both mucosal and systemic immune responses that blocked SARS-
CoV-2 transmission and COVID-19 progression. Here, we evaluated in mice IN
administration of three modified vaccinia virus Ankara (MVA)-based vaccine
candidates expressing the SARS-CoV-2 spike (S) protein, either the full-length
native S or a prefusion-stabilized [S(3P)] protein; SARS-CoV-2-specific immune
responses and efficacy were determined after a single IN vaccine application.
Results showed that in C57BL/6 mice, MVA-based vaccine candidates elicited
S-specific IgG and IgA antibodies in serum and bronchoalveolar lavages,
respectively, and neutralizing antibodies against parental and SARS-CoV-2
variants of concern (VoC), with MVA-S(3P) being the most immunogenic
vaccine candidate. IN vaccine administration also induced polyfunctional S-
specific Thl-skewed CD4" and cytotoxic CD8" T-cell immune responses
locally (in lungs and bronchoalveolar lymph nodes) or systemically (in

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.995235/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.995235&domain=pdf&date_stamp=2022-09-12
mailto:mesteban@cnb.csic.es
mailto:jfgarcia@cnb.csic.es
https://doi.org/10.3389/fimmu.2022.995235
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology

Pérez et al.

10.3389/fimmu.2022.995235

spleen). Remarkably, a single IN vaccine dose protected susceptible K18-
hACE?2 transgenic mice from morbidity and mortality caused by SARS-CoV-2
infection, with MVA-S(3P) being the most effective candidate. Infectious SARS-
CoV-2 viruses were undetectable in lungs and nasal washes, correlating with
high titers of S-specific IgGs and neutralizing antibodies against parental SARS-
CoV-2 and several VoC. Moreover, low histopathological lung lesions and low
levels of pro-inflammatory cytokines in lungs and nasal washes were detected
in vaccinated animals. These results demonstrated that a single IN inoculation
of our MVA-based vaccine candidates induced potent immune responses,
either locally or systemically, and protected animal models from COVID-19.
These results also identified an effective vaccine administration route to induce
mucosal immunity that should prevent SARS-CoV-2 host-to-

host transmission.

KEYWORDS

SARS-CoV-2, vaccine candidates, MVA, S protein, intranasal delivery, immunogenicity,
protective efficacy, mice

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the causal agent of the coronavirus disease-19 (COVID-
19) pandemic (1, 2), has infected more than 559 million people
worldwide since December 2019, and has caused around 6.3
million deaths. The rapid development and administration of
several vaccines among the human population helped to control
the disease, contributing to diminish the incidence of the virus,
reducing hospitalizations and mortality. However, the pandemic
is still ongoing in spite of vaccination with millions of infections
and deaths, mostly due to the appearance of SARS-CoV-2
variants of concern (VoC) with increased transmissibility, as
current vaccines do not prevent respiratory infections. Thus,
novel immunization regimens and optimized vaccines able to
induce mucosal and systemic long-term immune responses that
could control respiratory viral infections and protect against
different VoC are needed to stop the pandemic.

Most of the preclinical and clinical trials against COVID-19
have used vaccines administered by the intramuscular route.
However, intramuscular immunization failed to prevent SARS-
CoV-2 virus infection in the upper respiratory tract, mainly due
to the absence of virus-specific mucosal immune responses, as
the first line of protection against airway infection comes from
mucosal membranes (3). The intranasal (IN) immunization
route is known to induce mucosal immunity, activating the
innate immune system and eliciting antigen-specific humoral
and cellular immune responses, all contributing to the clearance
of the virus (4-6). Accordingly, IN vaccine administration has
been tested against SARS-CoV-2 infection, confirming that this
immunization route reinforces local immune responses and is
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highly effective (3, 7-11). Therefore, in principle, a mucosal
immunization, such as the IN route, could be a suitable COVID-
19 vaccination procedure able to trigger both systemic and
mucosal immune responses, leading to better control of SARS-
CoV-2 replication and transmission than the delivery of vaccines
by the intramuscular route.

Poxvirus vectors, which include vaccinia virus (VACV) and
its highly attenuated strain modified vaccinia virus Ankara
(MVA), are the most intensively studied of the Orthopoxvirus
genus; poxvirus-based vaccine candidates expressing
heterologous antigens have been used with promising results
in numerous animal models and in diverse clinical trials against
several pathogens (12, 13). Moreover, MVA has been approved
as a smallpox vaccine in the United States, Canada, and the
European Union. Recently, with the appearance of the COVID-
19 pandemic, we and others have generated several MV A vectors
expressing SARS-CoV-2 antigens that induce, upon
intramuscular immunization, robust immune responses, both
humoral and cellular, leading to high efficacy against SARS-
CoV-2 in several animal models (mice, hamsters, and macaques)
(14-28). Moreover, a recent phase 1 clinical trial showed safety
and immunogenicity of a synthetic MV A vector expressing the S
and N proteins of SARS-CoV-2 (29). In particular, we generated
COVID-19 vaccine candidates based on the MVA vector
expressing either a human codon optimized full-length native
spike (S) protein (MVA-CoV2-S and MVA-A-CoV2-S) or a full-
length S protein stabilized in the prefusion conformation [MVA-
CoV2-S(3P)]. Intramuscular administration of one or two doses
of these vaccine candidates induced potent SARS-CoV-2-
specific T-cell and humoral immune responses in mice,
hamsters, or rhesus macaques, as well as full protection against
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SARS-CoV-2 infection in those animal models (16, 19, 20, 22,
25, 26).

Although systemic inoculation was the most frequent route
of poxvirus vaccination, the use of poxvirus vectors as mucosal
vaccines has been documented (30). In fact, MVA
administration by a mucosal route was first described in 1972,
whereupon following IN inoculation, MV A conferred protection
against a poxvirus challenge in monkeys and rodents (31). Later,
several studies reported that MV A-based vaccines administered
intranasally were effective to induce a protective response against
respiratory viruses, such as influenza (32), parainfluenza (33), or
respiratory syncytial virus (34) in different models, confirming
that IN administration of MV A-based vaccines induced a highly
efficient local and systemic immune response against several
pathogens. Recently, several studies started to explore the IN
administration route to improve the action of MVA-based
vaccine candidates against COVID-19, with promising results
(14, 15).

Here, we have evaluated the immunogenicity and efficacy in
mice of three MVA-based vaccine candidates against COVID-
19, expressing either a native non-stabilized or a prefusion-
stabilized SARS-CoV-2 S protein, when administered as a single
dose by the IN route. Results showed that all vaccine candidates
induced systemic anti-S IgG and mucosal IgA antibodies,
neutralizing antibodies against several SARS-CoV-2 VoC, and
S-specific local and systemic T-cell immune responses, and fully
protected the animals against SARS-CoV-2 infection. MVA-
CoV2-S(3P), which express a prefusion-stabilized S protein, was
the more immunogenic and efficacious vaccine candidate,
eliciting higher titers of S-specific IgG and IgA antibodies and
of neutralizing antibodies, and significantly reducing SARS-
CoV-2 replication in upper and lower respiratory tracts, lung
pathology, and levels of pro-inflammatory cytokines. These
results favor IN administration of MVA-based vaccine
candidates to prevent COVID-19 and SARS-CoV-2
transmission in humans.

Materials and methods
Animals and ethics statement

Female C57BL/60laHsd mice (6-8 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 K18-hACE2 mice, expressing the human
angiotensin converting enzyme-2 (ACE2) receptor, were
obtained from the Jackson Laboratory [034860-B6.Cg-Tg(K18-
ACE2)2Prlmn/], genetic background C57BL/6] 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
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(INIA-CSIC) (Valdeolmos, Madrid, Spain). The
immunogenicity and efficacy animal studies were approved by
the Ethical Committee of Animal Experimentation (CEEA) of
the CNB-CSIC and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 49/20, 169.4/20 and 161.5/20).
Animal procedures conformed with international guidelines and
with Spanish law under the Royal Decree (RD 53/2013).

MVA-based vaccine candidates

We used the following MVA-based vaccine candidates
against COVID-19, whose generation was previously
described: (i) MVA-CoV2-S (also termed MVA-S; expressing a
human codon optimized full-length non-stabilized SARS-CoV-2
S protein from the Wuhan strain) (20), (i) MVA-A-CoV2-S
(also termed MVA-A-S; expressing a human codon optimized
full-length non-stabilized SARS-CoV-2 S protein from the
Wuhan strain, but from an MVA vector containing deletions
in the vaccinia virus immunomodulatory genes C6L, K7R, and
A46R) (20), and (iii) MVA-CoV2-S(3P) [also termed MVA-S
(3P), expressing a human codon optimized full-length
prefusion-stabilized SARS-CoV-2 S protein from the Wuhan
strain containing three amino acid mutations in the furin
cleavage site (R682G, R683S, and R685S) to avoid the cleavage
of the S protein in SI and S2, and three S2 amino acid
substitutions to proline to stabilize the S protein in a prefusion
conformation (A942P, K986P, and V987P) and to enhance
expression of the S protein] (26). Moreover, we used the
attenuated MVA-WT poxvirus strain as a control, obtained
from the Chorioallantois vaccinia virus Ankara strain after 586
serial passages in chicken embryo fibroblast cells (35). All MVA
viruses were grown in cultured chicken cells (DF-1), purified by
centrifugation through two 36% (wt/vol) sucrose cushions in 10
mM Tris-HCI (pH 9) and tittered by immunostaining, as
previously described (36).

Immunogenicity study schedule in
C57BL/6 mice

To evaluate the immunogenicity of the MV A-based vaccine
candidates against COVID-19 after IN administration, groups of
female C57BL/6 mice (n = 6 per group; 6 to 8 weeks old) were
slightly anesthetized with isoflurane (1-chloro-2,2,2-
trifluoroethyl difluoromethyl ether; Isoflo®, Zoetis Belgium
SA) and each mouse received one dose of 1 x 107 plaque-
forming units (PFUs) of MVA-S, MVA-A-S, or MVA-S(3P) by
the IN route in 50 pl of PBS. Mice inoculated with
nonrecombinant MVA-WT were used as a control group. No
adverse effects were detected in immunized mice. Then, 14 days
after the immunization, mice were euthanized by using a lethal
dose of 10% xylazine (Xilagesic 20 mg/ml; Laboratorios Calier,
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Barcelona, Spain) + 10% ketamine (Imalgene 100 mg/ml; Merial
Laboratorios, Barcelona, Spain). Blood from each mouse was
collected by cardiac puncture, maintained at 37°C for 1 h, kept at
4°C overnight, and centrifuged at 3,600 rpm for 20 min at 4°C to
obtain serum samples that were stored at —20°C until used, to
analyze SARS-CoV-2-specific humoral immune responses.
Bronchoalveolar lavages (BAL) from each mouse were taken
by flushing 700 ul of Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco-Life Technologies, Carlsbad, CA, USA)
supplemented with HEPES pH 7.4 (10 mM, Merck, Darmstadt,
Germany), B-mercaptoethanol (10 uM, Sigma-Aldrich, St. Louis,
MO, USA), and L-glutamine (2 mM, Merck, Darmstadt,
Germany) into the trachea; then, samples were spun down to
remove cellular debris and supernatants were kept at —20°C until
used. Spleens, lungs, and bronchoalveolar lymph nodes (BLNs)
extracted from each mouse were pooled per group, processed
mechanically (spleens and BLNs) or enzyme-digested (lungs),
blood-cell depleted, and filtered through 40-um cell strainers
until single-cell samples were obtained that were used to
measure the SARS-CoV-2 S-specific T-cell immune responses
by an intracellular cytokine staining (ICS) assay.

ICS assay

The magnitude and polyfunctionality of SARS-CoV-2 S-
specific CD4" and CD8" T cells expressing CD107a, and/or
IFNY, and/or TNFq, and/or IL-2 were analyzed by an ICS assay
as previously described (20) in cells (splenocytes, lung cells, or
bronchial lymph nodes) stimulated with a SARS-CoV-2 S
peptide pool (1 pg/ml) (JPT Peptide Technologies, Berlin,
Germany), spanning the S1 and S2 regions of the S protein
from the Wuhan strain, and containing 158 (S1) and 157
peptides (S2) as consecutive 15-mers overlapping by 11 amino
acids. Moreover, the magnitude and polyfunctionality of SARS-
CoV-2 S-specific CD4" T follicular helper (Tfh) cells expressing
CD154, and/or IFNY, and/or IL-21 were analyzed by an ICS
assay as previously described (20) in splenocytes stimulated with
a SARS-CoV-2 § protein (5 pg/ml) plus S1 and S2 peptide pools
(1 pg/ml). Cells were acquired with a Gallios flow cytometer
(Beckman Coulter), and analyses of the data were performed
with the Flow]Jo software version 10.4.2 (Tree Star), as previously
described (20).

Enzyme-linked immunosorbent assay

The titers of binding anti-S IgG, IgGl, 1gG2c, and IgG3
antibodies in individual or pooled sera from immunized C57BL/
6 or K18-hACE2 mice were measured by ELISA as previously
described (20, 22, 26). Moreover, titers of binding anti-S IgA
antibodies were also analyzed in pooled BAL samples. The
SARS-CoV-2 S protein used to coat the plates derived from
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the Wuhan strain (GenBank accession number MN908947.3)
was previously described (20, 22, 26). The S protein sequence
spans residues 1 to 1,208 and contained a T4 fibritin
trimerization sequence, a Flag epitope, and an 8xHis-tag at the
C-terminus; the furin-recognition motif (RRAR) was replaced
by the GSAS sequence, and it also contained the A942P, K986P,
and V987P substitutions in the S2 portion. The S protein was
purified by nickel-nitrilotriacetic acid (Ni-NTA) affinity
chromatography from transfected cell supernatants, and it was
transferred to HEPES buffered saline (HBS), pH 7.5, during
concentration or by size-exclusion chromatography (SEC). Total
binding anti-S IgG and IgA titers were measured as the last
serum or BAL dilution, respectively, which gives an absorbance
value at 450 nm at least three times higher the absorbance of a
naive serum or BAL sample.

SARS-CoV-2 live neutralization

The capacity of the sera obtained from C57BL/6 or K18-
hACE2 immunized mice to neutralize live SARS-CoV-2 virus
was measured using a microneutralization test (MNT) assay in a
BSL-3 laboratory at the CNB-CSIC, as previously described (16,
22,25, 26). Serially twofold diluted serum samples in DMEM-2%
fetal bovine serum (FBS) medium were incubated at a 1:1 ratio
with 100 median tissue culture infectious dose 50 (TCIDsg) of
the SARS-CoV-2 MADG isolate (similar to the Wuhan strain but
having the D614G mutation in the S protein) (37) in 96-well
tissue culture plates for 1 h at 37°C. Then, mixtures of serum
samples and SARS-CoV-2 were added in triplicate to Vero-E6
cell monolayers seeded in 96-well plates at 2 x 10* cells/well, and
plates were incubated at 37°C, in a 5% CO, incubator for 3 days.
Then, cells were fixed with 10% formaldehyde for 1 h and
stained with crystal violet. When plates were dried, crystal
violet was diluted in H,O-1% SDS and optical density was
measured in a luminometer at 570 nm. Fifty percent
neutralization titer (NTs,) was calculated as the reciprocal
dilution resulting in 50% inhibition of cell death following a
methodology previously described (38). A WHO International
Standard containing pooled plasma obtained from 11
individuals recovered from SARS-CoV-2 infection (NIBSC
code: 20/136) was used for the calibration and harmonization
of the serological assay detecting anti-SARS-CoV-2
neutralizing antibodies.

Neutralization of SARS-CoV-2
variants of concern

The capacity of serum samples obtained from C57BL/6 or
K18-hACE2 immunized mice to neutralize different SARS-CoV-
2 VoC was tested by using SARS-CoV-2 pseudotyped vesicular
stomatitis virus (VSV) expressing SARS-CoV-2 S protein, as
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previously described (22, 25, 26). SARS-CoV-2 S variants used
were S_614G, alpha (B.1.1.7), beta (B.1.351), gamma (P.1), delta
(B.1.617.2), and omicron (BA.2 and B.1.1.529.2), and were
produced as described elsewhere (39). SARS-CoV-2 S mutant
D614G was generated by site-directed mutagenesis (Q5 Site
Directed Mutagenesis Kit; New England Biolabs) following the
manufacturer’s instructions and using as an input DNA a
pcDNA3.1 expression vector encoding SARS-CoV-2 S_614D
(20). SARS-CoV-2 VoC alpha (B.1.1.7; GISAID:
EPI_ISL_608430), beta (B.1.351; GISAID: EPI_ISL_712096),
gamma (P.1; GISAID: EPI_ISL_833140), delta (B.1.617.2;
GISAID: EPI_ISL_1970335), and omicron (BA.2, B.1.1.529.2;
GISAID: EPI_ISL_6640917) were optimized, synthesized, and
cloned into pcDNA3.1 by GeneArt (Thermo Fisher Scientific,
GeneArt GmbH, Regensburg, Germany). The neutralization
activity of serum samples was tested by triplicates at several
twofold dilutions. For neutralization experiments, virus-
containing transfection supernatants were normalized for
infectivity to a multiplicity of infection of 0.5-1 PFU/cell and
incubated with the dilutions of serum samples at 37°C for 1 h in
96-well plates. After the incubation time, 2 x 10* Vero-E6 cells
were seeded onto the virus-serum mixture and incubated at
37°C for 24 h. Cells were then lysed and assayed for luciferase
expression; NTs, titers of neutralizing antibodies were
determined as the highest serum dilution, which resulted in a
50% reduction of luciferase units compared with pseudotyped
viruses not incubated with serum.

Efficacy study schedule in K18-hACE2
transgenic mice

Female K18-hACE2 mice (9 weeks old at the beginning of
the study) immunized with one IN dose of MVA-S, MVA-A-S,
or MVA-S(3P) were used to evaluate the efficacy of these vaccine
candidates. Groups of animals (n = 9) received one dose of
1 x 107 PFU of MVA-S, MVA-A-S, or MVA-S(3P) by the IN
route in 50 pl of PBS. Mice inoculated with nonrecombinant
MVA-WT were used as the control group. At week 5
postimmunization, all mice were challenged with a lethal dose
(1 x 10° PFU) of SARS-CoV-2 (MADG strain) by the IN route in
50 pl of PBS, after being anesthetized in an isoflurane chamber.
Mice were then monitored for body weight change and mortality
for 14 days postchallenge. Animals with more than 20% weight
loss were euthanized by cervical dislocation. At 5 days
postchallenge, four mice per group were euthanized, and lung,
nasal washes, and serum samples were collected. The entire left
lung lobe was removed from each mouse and immersion-fixed in
zinc formalin (Sigma-Aldrich) for 48 h. After the fixation period,
samples were routinely processed and embedded in paraffin for
subsequent histopathological evaluations. Right lung lobes were
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divided longitudinally into two, with one part placed in
RNALater stabilization reagent (Sigma-Aldrich) and stored at
—-80°C until RNA extraction, and the other lung part was
weighted and stored at —80°C until analysis of virus yields.
Nasal washes were collected in 100 pl of PBS and stored at —80°C
until viral load detection and RNA extraction. Blood was
collected by submandibular bleeding, maintained at 37°C for
1 h, kept at 4°C overnight, and centrifuged at 3,600 rpm for
20 min at 4°C to obtain the serum samples, which was then
inactivated at 56°C for 30 min and kept at —20°C until use.

Quantification of SARS-CoV-2 mRNA
and cytokine mRNA by reverse
transcription-quantitative polymerase
chain reaction

Lungs and nasal washes from K18-hACE2 mice were
harvested at 5 days postchallenge and were analyzed to
quantify SARS-CoV-2 mRNA and cytokine mRNA expression
levels using RT-qPCR, as previously described (22, 26). Lungs
were stored in RNALater (Sigma-Aldrich) at —80°C until
homogenized with a gentleMACS dissociator (Miltenyi Biotec)
in 2 ml of RLT buffer (Qiagen) plus B-mercaptoethanol (Sigma-
Aldrich). Then, 600 ul of homogenized lung tissue was used to
isolate total RNA using the RNeasy Mini Kit (Qiagen), according
to the manufacturer’s specifications. On the other hand, 50 pl of
nasal washes in PBS was stored at —80°C until RNA extraction
using an in-house TRIzol® (Invitrogen) method, as described
elsewhere (40). First-strand cDNA synthesis and subsequent
real-time PCR were performed using NZYSpeedy One-step RT-
qPCR Master Mix (NZYTech), according to the manufacturer’s
specifications using ROX as reference dye. SARS-CoV-2 viral
mRNA content was determined using a previously validated set
of primers and probes specific for the SARS-CoV-2 subgenomic
RNA for protein E and the genomic virus RNA-dependent RNA
polymerase (RdRp) gene, and specific gene expression was
normalized to the expression of the cellular 28S ribosomal
RNA gene (41). The mRNA expression levels of several
cytokine/chemokine genes (IL-6, IL-12b, CCL2, CCL11,
CCL12, IFN-y, TNF-a, and CXCL10) were analyzed using
specific Tagman probes (Thermo Fisher Scientific; sequence
will be provided upon request), and their specific gene
expression was also presented relative to the expression of the
cellular 28S ribosomal RNA gene. Data were acquired with the
QuantStudio 5 Real-Time PCR System (Applied Biosystems)
and analyzed with QuantStudio Design and Analysis Software
v1.5.1 (Applied Biosystems). mRNA arbitrary units (A.U.) were
quantified relative to negative RNA samples (from uninfected
mice) and were performed using the 27" method. All samples
were tested in duplicate.
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Analysis of SARS-CoV-2 virus yields by
plaque assay

Lungs and nasal washes from K18-hACE2 mice were
harvested at 5 days postchallenge and were analyzed for the
presence of SARS-CoV-2 infectious virus using a plaque assay,
as previously described (22, 26). Lungs were harvested, weighted,
and stored directly at —80°C until homogenized with a
gentleMACS dissociator (Miltenyi Biotec) in 2 ml of PBS buffer.
Then, undiluted and serial 10-fold dilutions of homogenized lung
tissue or nasal wash samples were added in triplicate to Vero-E6
cell monolayers seeded in 12-well plates at 5 x 10° cells/well, and
after 1 h of adsorption, the inoculum was removed and plates were
incubated at 37°C, 5% CO, in 2:1 DMEM 2X-4% FBS : Avicel®
RC-591 (microcrystalline cellulose and carboxymethylcellulose
sodium, DuPont Nutrition Biosciences ApS). After 4 days, cells
were fixed for 1 h with 10% formaldehyde (Sigma-Aldrich), and
then the supernatant was removed and plaques were visualized by
adding 0.5% crystal violet (Sigma-Aldrich). SARS-CoV-2 titers
were determined in PFUs per gram of lung tissue or in PFUs per
milliliter of nasal wash.

Lung histopathology

Lung histopathology was performed as previously described
(22, 26). The entire left lung lobe was removed from each K18-
hACE2 mouse and immersion-fixed in zinc formalin (Sigma-
Aldrich) for 48 h. After the fixation period, samples were
routinely processed and embedded in paraffin blocks that were
then sectioned at 4 pm thickness on a microtome, mounted onto
glass slides, and routinely stained with hematoxylin and eosin
(H&E). Lung sections were microscopically evaluated using an
Olympus BX43 microscope by a single veterinary pathologist
who was blinded to the identity and group of individual mice. To
assess the character and severity of histopathological lesions,
lung inflammation scoring parameters based on previous reports
on SARS-CoV-2 infection in mouse models were used (42). The
histopathological parameters evaluated were as follows: capillary
endothelial cell activation; alveolar hemorrhages; alveolar
edema; perivascular edema; alveolar septal thickening
(interstitial pneumonia); alveolar damage and hyaline
membranes in alveoli; inflammatory cell infiltration in alveoli;
bronchi/bronchioles with epithelial necrosis, detached
epithelium, or inflammatory cells in the lumen (bronchitis/
bronchiolitis); peribronchial/peribronchiolar and perivascular
mononuclear infiltrates; pneumocytes hyperplasia; cytopathic
effect or syncytia; squamous metaplasia; uniform interstitial
fibrosis; organized fibrotic tissue around the bronchi/
bronchioles or intrabronchiolar (bronchiolitis obliterans); and
pleural thickening. The histopathological parameters were
graded following a semi-quantitative scoring system as follows
(0): no lesion, (1) minimal lesion, (2) mild lesion, (3) moderate
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lesion, and (4) severe lesion. The cumulative scores of
histopathological lesions provided the total score per animal.
In each experimental group, the individual scores were used to
calculate the group average. In addition, H&E-stained sections
were visually scored 0-6 based on the percentage of lung area
affected by inflammatory lesions as follows: 0% of the lung
injured (score 0), <5% (score 1), 6%-10% (score 2), 11%-20%
(score 3), 21%-30% (score 4), 31%-40% (score 5), and >40%
(score 6). In each experimental group, the individual scores were
used to calculate the group average.

Statistical procedures

All the graphs, calculations, and statistical analyses were
performed using GraphPad Prism software version 8.0
(GraphPad Software, San Diego, CA, USA). One-way ANOVA
of transform data followed by post-hoc Student’s t-test
comparisons was used to establish the differences between two
groups. The statistical study of the lung histopathological scores
was an unpaired f-test. Statistical analysis of the ICS assay data
was realized as previously described (43), using an approach that
corrects measurements for background response, calculating
confidence intervals and p-values. Statistical significance is
indicated as follows: *p < 0.05; **p < 0.005; ***p < 0.001.

Results

One single intranasal dose of MVA-based
vaccine candidates in C57BL/6 mice
induced systemic S-specific IgGs and
neutralizing antibodies against SARS-
CoV-2 variants of concern and mucosal
S-specific IgA antibodies

To evaluate the SARS-CoV-2-specific humoral
immunogenicity induced after IN administration of MVA-
based vaccine candidates against COVID-19, C57BL/6 mice
(n = 6/group) were immunized intranasally with one single
dose of 1 x 10" PFUs of MVA-S, MVA-A-S, MVA-S(3P), or
MVA-WT as a negative control group, and 14 days
postimmunization, animals were euthanized and SARS-CoV-
2-specific humoral immune responses were evaluated
systemically (in serum) or in the mucosa (BAL samples). We
used the three MVA recombinant vectors previously generated
(20, 22, 26) for comparison of their immunogenicity and efficacy
after IN administration.

All vaccinated mice induced high titers of anti-S total IgG
antibodies in serum samples, but the MVA-S(3P) induced
significantly higher titers than MVA-S or MVA-A-S
(Figure 1A). Moreover, all groups of vaccinated mice elicited
S-specific IgG1, IgG2c, and IgG3 antibody subclasses with titers
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of IgG2c¢ > IgG1 > IgG3 and IgG2c¢/IgG1 ratios above 1 (Table 1),
indicative of a Th1-like protective immune response.

Next, by using a live microneutralization assay, we detected
SARS-CoV-2 neutralizing antibodies against the live parental
Wuhan strain virus (MADS isolate, containing D614G mutation)
in serum samples from all vaccinated mice; a single IN dose of
MVA-S(3P) elicited significantly higher neutralizing antibody titers
(NTs0) than MVA-S or MVA-A-S, whereas NTjs, titers
corresponding to the control group MVA-WT were background
(below the limit of detection; 1:25 dilution) (Figure 1B).
Furthermore, the analysis in serum samples of neutralizing
antibodies against several VoC, by using a VSV-pseudotyped
neutralization assay, showed that mice immunized with MVA-S
(3P) induced neutralizing antibodies against all VoC tested, with
NTSs, neutralizing antibody titers markedly higher than the titers in
MVA-S- or MVA-A-S-vaccinated mice (Figure 1C). NTs,
neutralizing antibody titers against SARS-CoV-2 parental D614G
mutant, VoC alpha (B.1.1.7), beta (B.1.351), gamma (P.1) and delta
(B.1.167.2) were similar, whereas the NTs, titers against VoC

10.3389/fimmu.2022.995235

omicron (BA.2; B.1.1.529.2) were about 10 times lower than for
the rest of the variants (Figure 1C).

Finally, we evaluated the capacity of the MV A-based vaccine
candidates administered intranasally to elicit local mucosal
humoral immune responses against SARS-CoV-2, by ELISA
analysis of S-specific binding IgA antibodies in BAL samples.
The results showed that all vaccinated mice induced anti-S IgA
antibodies, with MVA-S(3P) eliciting about 10 times higher
titers than MVA-S or MVA-A-S (Figure 1D).

MVA-based vaccine candidates
administered intranasally in C57BL/6
mice induced local and systemic SARS-
CoV-2-specific CD4* and CD8* T-cell
immune responses

Next, we evaluated the SARS-CoV-2-specific T-cell
immunogenicity induced in C57BL/6 mice (n = 6/group) after
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SARS-CoV-2-specific humoral immune responses elicited in C57BL/6 mice immunized with one IN dose of different MVA-based vaccine
candidates against COVID-19. SARS-CoV-2-specific humoral immune responses were evaluated in serum and BAL samples obtained at 14 days
postimmunization from C57BL/6 mice immunized with one IN dose of MVA-S, MVA-A-S, or MVA-S(3P). (A) Titers of binding 1gG antibodies
specific for the S protein (Wuhan strain), determined by ELISA in individual mouse serum samples in duplicate. Mean values and SEM are
represented. The dashed line represents the limit of detection. (B) SARS-CoV-2 neutralizing antibody titers. NTsq titers were determined in
individual mouse serum samples by using a live virus microneutralization assay. Mean NTsq values and SEM are represented. The dashed line
represents the limit of detection (1:25 dilution). (C) SARS-CoV-2 neutralizing antibody titers against SARS-CoV-2 VoC. NTsg titers were evaluated
in pooled mouse serum samples, using VSV-based pseudoparticles expressing the SARS-CoV-2 S protein of different VoC. Mean NTsq values
and 95% confidence intervals are represented. The dashed line represents the limit of detection. (D) Titers of IgA antibodies specific for the S
protein (Wuhan strain), determined by ELISA in pooled BAL samples in duplicate. Mean values and SEM are represented. Student’s t-test: *p <

0.05; **p < 0.005

Frontiers in Immunology

07

frontiersin.org


https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pérez et al.

10.3389/fimmu.2022.995235

TABLE 1 Isotype analysis of anti-S IgG antibodies in immunized C57BL/6 and transgenic K18-hACE2 mice.

Time points analyzed

MVA-S
IgGl IgG2c IgG3 IgG2c
/1gG1

Day 14 post-immunization (C57BL/6 mice) 1563 1563 100 1
Day 14 post-immunization (prechallenge) 3906 3906 250 1
(K18-hACE2 mice)
Day 5 postchallenge (K18-hACE2 mice) 3906 9766 100 2.5
Day 14 postchallenge (K18-hACE2 mice) 152588 953674 3906 6.25

Anti-S IgGl, IgG2c and IgG3 antibody titers and IgG2c/IgG1 ratio in C57BL/6 or transgenic
K18-hACE2 vaccinated mice *

MVA-A-S MVA-S(3P)
IgGl IgG2c IgG3 IgG2c IgGl IgG2c IgG3 IgG2c
/1gG1 /1gG1
625 1563 100 25 3906 24414 625 6.25
3906 9766 100 25 9766 152588 1563 15.625
3906 24414 250 6.25 24414 152588 1563 6.25
61035 953674 9766 15625 152588 953674 3906 6.25

“Mean titer of IgG1, IgG2c and IgG3 antibody subclasses against SARS-CoV-2 S protein, and IgG2¢/IgG1 ratio, from duplicates of pooled sera samples obtained from the different

immunization regimens studied.

one single IN dose of 1 x 10" PFUs of MVA-S, MVA-A-S, MV A-
S(3P), or MVA-WT as a negative control group. At 14 days
postimmunization, mice were euthanized and SARS-CoV-2 S-
specific T-cell immune responses were evaluated locally (in
lungs or bronchial lymph nodes) or systemically (in spleen).
Cells were stimulated ex vivo with S peptide pools, spanning the
entire S protein, and an ICS assay was performed to measure the
induction of SARS-CoV-2 S-specific CD4" and CD8" T cells
expressing CD107a, and secreting IFN-vy, TNF-o, and/or IL-2.

All groups of vaccinated mice elicited similar S-specific
CD4" and CD8" T-cell immune responses, with a CD4" Thl-
skewed profile (Figure 2A), and a higher overall response mainly
mediated by CD8" T cells of a higher magnitude in the lungs
than in spleen (Figure 2B). Remarkably, all groups of vaccinated
mice triggered highly polyfunctional S-specific CD4" and CD8"
T cells, secreting mainly three or four cytokines, either locally (in
lungs or bronchial lymph nodes) or systemically (in
spleen) (Figure 2C).

Moreover, all vaccinated mice induced S-specific CD4" T
follicular helper (Tth) cells expressing CD40L, and/or secreting
IFN-y, and/or IL-21, which were of a similar magnitude and
highly polyfunctional with 100% of S-specific CD4" Tth cells
expressing CD40L-IFN-y-IL-21 (Figure 2D).

Intranasal administration of one single
dose of MVA-based vaccine candidates
prevented morbidity and mortality of
K18-hACE2 transgenic mice challenged
with SARS-CoV-2, and reduced SARS-
CoV-2 virus replication in vivo

After the demonstration that one single IN dose of MVA-
based vaccine candidates against COVID-19 induced robust
humoral and T-cellular immune responses against SARS-CoV-
2 in C57BL/6 mice, we next evaluated the efficacy triggered by IN
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administration of one dose of those vaccine candidates in
transgenic K18-hACE2 mice, susceptible to SARS-CoV-2
infection (44, 45). Thus, K18-hACE2 mice (n = 9/group) were
immunized with one IN dose of 1 x 10’ PFUs/mouse of MVA-S,
MVA-A-S, or MVA-S(3P), and challenged 5 weeks later with a
lethal IN dose of 1 x 10°> PFUs/mouse of SARS-CoV-2 (MAD6
isolate, containing D614G mutation) (Figure 3A). Challenged
mice previously inoculated with one IN dose of MVA-WT were
used as a control group.

To evaluate the vaccine efficacy, mice body weight and
mortality were monitored during 14 days after the challenge.
All K18-hACE2 mice immunized intranasally with one dose of
MVA-A-S or MVA-S(3P) and challenged with SARS-CoV-2 did
not lose body weight (Figure 3B) and survived (Figure 3C),
whereas mice inoculated with MVA-WT and challenged with
SARS-CoV-2 lost more than 20% of body weight (Figure 3B) and
all were sacrificed at 8 days postchallenge (Figure 3C). Mice
immunized with one IN dose of MVA-S lost body weight during
the first 6 days postchallenge (Figure 3B), but recovered and
survived (Figure 3C).

To determine the effect of IN vaccination in SARS-CoV-2
virus replication, four mice per group were sacrificed at day 5
after SARS-CoV-2 virus challenge, lungs and nasal washes were
collected and processed, and the presence of SARS-CoV-2
subgenomic E and genomic RARp mRNA (Figures 3D, E), as
well as of live infectious virus (Figures 3F, G) was analyzed.
MVA-S(3P) was more effective than MVA-S or MVA-A-S to
prevent SARS-CoV-2 replication in the lungs (Figure 3D), but all
vaccine candidates reduced significantly SARS-CoV-2
subgenomic and genomic mRNA levels in lungs and nasal
washes in comparison to MVA-WT control infected mice
(Figures 3D, E). Remarkably, no infectious virus was detected
in lungs (Figure 3F) or nasal washes (Figure 3G) from all
vaccinated mice, in comparison to MVA-WT control mice,
indicating that sterilizing immunity was achieved in the upper
and lower respiratory tracts, in terms of infectious virus.
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FIGURE 2

SARS-CoV-2-specific T-cellular immune responses elicited in C57BL/6 mice immunized with one IN dose of different MVA-based vaccine
candidates against COVID-19. SARS-CoV-2 S-specific T-cellular immune responses were evaluated in spleens, lungs, and bronchial lymph
nodes (BLNs) at 14 days postimmunization from C57BL/6 mice immunized with one IN dose of MVA-S, MVA-A-S, or MVA-S(3P). Cell
percentages were determined by ICS. (A, B) Magnitude of S-specific CD4" (A) and CD8" (B) T-cell immune responses in spleens, lungs, and
BLN. Percentages of CD4" or CD8" T cells expressing CD107a and/or producing IFN-y and/or TNF-o and/or IL-2 against a mixture of S1 and
S2 peptide pools in immunized mice. (C) Polyfunctional profiles (based on expression of selected markers CD107a, IFN-y, TNF-o, and IL-2) of
total S-specific CD8™ T-cell immune responses directed against a mixture of S1 and S2 peptide pools, in spleen, lungs, and BLN. (D)
Magnitude of S-specific CD4" Tfh cell responses in spleen. Percentages of CD4™ Tfh cells expressing CD40L and/or producing IFN-y and/or
IL-21 against a mixture of S protein plus S1 and S2 peptide pools in immunized mice. Polyfunctionality profile is shown on the right.
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FIGURE 3
One IN dose of MVA-based vaccine candidates protects transgenic K18-hACE2 mice from SARS-CoV-2 infection. (A) Efficacy schedule. Female
K18-hACE2 transgenic mice (n = 9 per group) were immunized by the IN route with one dose of 1 x 10” PFUs of MVA-S, MVA-A-S, or MVA-S
(3P) as indicated. At week 5 (day 35), mice were challenged intranasally with 1 x 10° PFUs of SARS-CoV-2 (MAD6 isolate). MVA-WT-inoculated
control mice were also challenged with SARS-CoV-2. At day 5 postchallenge, four mice per group were sacrificed and lungs, nasal washes, and
serum samples were collected as indicated. Serum was also collected at 14 days after immunization in all groups and at 14 days postchallenge
in groups 1, 2, and 3. (B, C) The challenged mice were monitored for change of body weight (B) and mortality (C) for 14 days. t: mice were
euthanized due to loss of more than 20% of initial body weight. (D, E) Virus replication in lung samples (D) and nasal washes (E). SARS-CoV-2
subgenomic E and genomic RdRp mRNA detected by RT-qPCR at 5 days after virus infection (n = 4/group). Mean RNA levels (in arbitrary units
[A.U.]) and SEM from duplicates of each lung and nasal washes samples; relative values are referred to uninfected mice. (F, G) SARS-CoV-2
infectious virus in lung samples (F) and nasal washes (G). Mean (PFUs/g of lung tissue or PFUs /ml of nasal wash) and SEM from triplicates of
each sample. Student’s t-test: *p < 0.05; **p < 0.005; ***p < 0.001
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Intranasal administration of one single
dose of MVA-based vaccine candidates
reduced lung pathology and levels of
pro-inflammatory cytokines

Next, we evaluated the impact of IN vaccination on lung
pathology and levels of pro-inflammatory cytokines in lungs and
nasal washes. Histopathological evaluation of lungs at 5 days
postchallenge (n = 4/group) showed that mice vaccinated
intranasally with one dose of MVA-S(3P) displayed significant
lower lung inflammation scores (Figure 4A, left panel) and lesser
percentages of lung area with lesions (Figure 4A, right panel)
than control MVA-WT mice. On the other hand, mice
vaccinated with MVA-S or MVA-A-S showed slightly lower
levels of lung inflammation scores and lesser percentages of lung
area with lesions than control MVA-WT mice (Figure 4A), but
differences were not significant. Representative images of lung
sections clearly showed that mice vaccinated with one dose of
MVA-S(3P) only displayed focal thickening of the alveolar
septae, and occasional presence of inflammatory cells within
the alveoli (Figure 4B). However, mice immunized with one dose
of MVA-S or MVA-A-S or inoculated with control MVA-WT
showed more severe diffuse thickening of the alveolar septae,
higher presence of mononuclear cell infiltrates within alveolar
spaces, and the presence of larger multifocal perivascular and
peribronchiolar mononuclear infiltrates (Figure 4B).

Next, the effect of IN vaccination on the pro-inflammatory
cytokine pattern induced in infected mice was evaluated at 5
days postchallenge by measuring by RT-qPCR the mRNA levels
of key cytokines on the upper and lower respiratory tracts, lung
homogenates (Figure 5A), and nasal washes (Figure 5B).
Remarkably, compared to control MVA-WT infected mice,
one IN dose of MVA-S(3P) induced a significant
downregulation of several pro-inflammatory cytokines, such as
IL-6, IL-12b, CCL2, CCL11, CCL12, IFN-y, TNF-a, and
CXCL10, in lung samples (Figure 5A). Similar results were
obtained in nasal washes, except for IL-12b and IFN-y
(Figure 5B). Moreover, MVA-S- or MVA-A-S-vaccinated mice
also induced downregulation in several cytokines, but the levels
detected were higher than those elicited by MVA-S(3P)-
vaccinated mice (Figures 5A, B).

S-specific IgGs and neutralizing
antibodies against different SARS-CoV-2
variants of concern in immunized K18-
hACE2 transgenic mice before and after
SARS-CoV-2 infection

Next, we assessed, in serum samples, SARS-CoV-2-specific
humoral immune responses induced in transgenic K18-hACE2
mice vaccinated with one IN dose of MVA-S, MVA-A-S, or
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MVA-S(3P), after vaccine immunization or post-SARS-CoV-
2 challenge.

K18-hACE2 mice immunized with one IN dose of MVA-S
(3P) induced, at 14 days postimmunization, significantly higher
titers of anti-S total binding IgG antibodies than MVA-S- or
MVA-A-S-vaccinated mice (Figure 6A). Similar differences were
detected 5 days after SARS-CoV-2 infection; nonetheless, all
vaccinated groups showed comparable IgG titers against S at day
14 postchallenge (Figure 6A), reflecting an expansion effect due
to the infection in the MVA-S- and MVA-A-S-vaccinated
groups, and the absence of a breakthrough infection in MVA-
S(3P)-vaccinated mice, reflecting that MVA-S(3P) vaccination
controlled the infection better.

Analysis of IgG isotypes against S protein at the prechallenge
and postchallenge time points showed superior titers of IgG2c
than IgGl and lower titers of IgG3 antibodies in all
immunization regimens, leading to a IgG2c/IgG1 ratio above 1
(Table 1), indicative of a Th1-like protective humoral response.

Consistently and similarly to anti-S IgG antibody titers, one
IN dose of MVA-S(3P) induced significantly higher titers of
neutralizing antibodies against live SARS-CoV-2 (MAD6
isolate) than MVA-S or MVA-A-S at 14 days
postimmunization and at 5 days postchallenge, although at
day 14 postchallenge, the neutralization titers increased and
they were similar in all groups (Figure 6B), reflecting the
existence of a breakthrough infection mainly in the MVA-S-
and MVA-A-S-vaccinated groups.

Remarkably, the analysis of neutralizing antibodies against
several VoC by using a VSV-pseudotyped neutralization assay
showed that, at 14 days postimmunization, mice immunized
with MVA-S(3P) induced neutralizing antibodies against all
VoC tested, with NTs, neutralizing antibody titers markedly
higher than the titers in MVA-S- or MVA-A-S-vaccinated mice
(Figure 6C, left). NTsq neutralizing antibody titers against SARS-
CoV-2 parental D614G mutant, VoC alpha (B.1.1.7), gamma
(P.1), and delta (B.1.167.2) were similar, whereas the NTs titers
with VoC beta (B.1.351) were slightly lower and with the VoC
omicron (BA.2; B.1.1.529.2) about 10 times lower (Figure 6C,
left). SARS-CoV-2 infection markedly boosted neutralization
titers against SARS-CoV-2 parental D614G mutant and all VoC
at day 14 postchallenge in all vaccinated groups, with differences
in NTs, titers similar to those described after vaccination
(Figure 6C, right).

Discussion

The high transmission of SARS-CoV-2 and its VoC among
vaccinated individuals with one to three doses of the approved
vaccines raise concern on the control of virus spreading among
the population. As the majority of the clinical trials and
vaccination programs have administered the vaccines by the
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Figure 3A, and euthanized at 5 days postchallenge. Mean and SEM of cumulative histopathological lesion scores (left) and percentage of lung
area affected by inflammatory lesions (right). Unpaired t-test: **p < 0.01. (B) Representative lung histopathological sections (H&E staining) from
K18-hACE2 mice euthanized at day 5 postchallenge (magnification: 10x). Mice immunized with one dose of MVA-S (A) and MVA-A-S (B)
displayed moderate inflammatory lung lesions that were, in general, more severe and extensive in mice immunized with MVA-WT (control
infected group; d). These lesions highlighted the presence of diffuse thickening of the alveolar septae, perivascular edema (red arrowheads),
mononuclear cell infiltrates within alveolar spaces (black arrowheads), large multifocal perivascular and peribronchiolar mononuclear infiltrates
(black arrows), and occasional hemorrhages (white arrowheads). However, mice immunized with MVA-S(3P) (C) only displayed small lung areas
with mild inflammatory lesions such as focal thickening of alveolar septae, occasional presence of mononuclear cell infiltrates within alveolar

spaces (black arrowheads), and mild perivascular or peribronchiolar mononuclear infiltrates (black arrows).

intramuscular route (COVID-19 vaccine candidates already
authorized are based on different approaches, such as
inactivated, mRNA-, adenovirus-, and protein-based vaccines),
and as it is well known that SARS-CoV-2 enters the respiratory
tract to initiate virus infection with subsequent spread to the
lungs and other tissues, further exploration of the mucosal route
should be undertaken.

Immunization through intramuscular route elicits strong
systemic immune responses, but it has a fundamental
limitation as it is not effective in generating efficient mucosal
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immunity required to halt the SARS-CoV-2 infection of the
upper respiratory mucosa, and prevent SARS-CoV-2
dissemination into the lower respiratory tract and subsequent
pneumonia (46). Local mucosal immune responses such as
airway epithelium T-cell responses and IgA humoral responses
are critical for restricting respiratory viral pathogens, and these
adaptive immune responses in the respiratory tract and the lung
are required to achieve sterilizing immunity to virus re-infection
(47-49). Thus, IN vaccination is an attractive route to elicit both
antigen-specific mucosal and systemic immune responses able to
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1. MVA-S / SARS-CoV-2
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One IN dose of MVA-S(3P) diminished levels of pro-inflammatory cytokines in K18-hACE2 transgenic mice. mRNA levels of several cytokines/
chemokines were detected by RT-gPCR in lungs (A) and nasal washes (B) obtained at 5 days postchallenge (n = 4/group). Mean RNA levels (in
A.U.) and SEM from duplicates of each sample; relative values are referred to uninfected mice. Student’s t-test: *p < 0.05; **p < 0.005; ***p <

0.001.

induce sterilizing immunity (48). In the context of SARS-CoV-2/
COVID-19, a recombinant adenovirus-based vaccine candidate
has shown promising preclinical results when administered by
the IN route (4, 7, 8) and has advanced to phase 1 clinical trials.
Moreover, it has been recently reported in mouse and hamster
animal models that IN vaccination with MVA-based vaccine
candidates against SARS-CoV-2 is safe, immunogenic, and
effective (14, 15). Furthermore, MVA-based vaccines against
other infectious diseases, when delivered via the respiratory
tract, were also proved to be well-tolerated and immunogenic
in preclinical (50, 51) and clinical (52) studies.

Here, we demonstrated with three recombinant MV A-based
vaccine candidates expressing either the native or a prefusion-
stabilized SARS-CoV-2 S protein that a single IN administration
of each vaccine was quite effective to induce robust
immunogenicity and to better control SARS-CoV-2 infection
in mice. The higher immunogenicity and efficacy of the MVA-S
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(3P) vaccine candidate, in comparison to MVA-S or MVA-A-S,
agreed with our reported observations in mice immunized
intramuscularly (26) and extended our previous investigations
showing that MVA-based vaccines administered
intramuscularly induced potent SARS-CoV-2-specific T-cell
and humoral immune responses in several animal models, and
fully protected against SARS-CoV-2 infection (16, 19, 20, 22, 25,
26). Interestingly, the IN administration of the MVA-based
vaccine candidates elicited in mice systemic SARS-CoV-2-
specific humoral and T-cell (spleen) immune responses as that
seen with the intramuscular route (19, 20, 22, 26). Nonetheless,
one single IN dose of the vaccine candidates MVA-S, MVA-A-S,
and MVA-S(3P) elicited anti-S IgA antibodies in the mucosa,
and they also induced local (in lungs and bronchial lymph
nodes) S-specific CD4" and CD8" T-cell immune responses. It
has been described that the limited SARS-CoV or SARS-CoV-2
viral replication in the lungs of intranasally vaccinated mice and
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MVA-based vaccine candidates induced high levels of SARS-CoV-2-specific humoral immune responses in vaccinated and challenged K18-
hACE2 transgenic mice. (A) Titers of IgG antibodies specific for the S protein (Wuhan strain). Determined by ELISA in individual mouse serum
samples collected at day 14 postimmunization (pi) (prechallenge; n = 9/group) and at days 5 (n = 4/group) and 14 (n = 5/group) postchallenge
(pc) from K18-hACE2 mice. Mean values and SEM are represented. The dashed line represents the limit of detection. (B) SARS-CoV-2
neutralizing antibody titers. NTsq titers were evaluated in individual mouse serum samples collected at day 14 pi and at days 5 and 14 pc, using a
live virus microneutralization assay (MADG6 strain, having D614G mutation). Mean NTso values and SEM are represented. The dotted line
represents the limit of detection. (C) SARS-CoV-2 neutralizing antibody titers against SARS-CoV-2 VoC. NTsy titers were evaluated in pooled
mouse serum samples collected at days 14 pi (left) and 14 pc (right), using VSV-based pseudoparticles expressing the SARS-CoV-2 S protein of
different VoC. Mean NTsq values and 95% confidence intervals are represented. The dashed line represents the limit of detection. Student's t-

test: *p < 0.05; ***p < 0.001.

hamsters correlated with the titers of antigen-specific IgA
antibodies (4, 8, 53). In addition, mucosal IgA in saliva (54,
55) and nasopharynx (55) is fundamental to neutralize SARS-
CoV-2 infection and prevent its spread. IgA antibodies are the
most essential effector molecule in the mucosa (56) and, together
with tissue-resident T cells directed against the S protein, are
presumed, by previous studies, to promote a rapid clearance of
SARS-CoV-2 with the minimal immune response (14, 15). Our
results clearly agreed with these findings, as we observed
complete reduction of viral loads in the lungs and nasal
washes after SARS-CoV-2 infection of IN vaccinated K18-
hACE2 transgenic mice, as well as a significant reduction in
lung pathology and in the levels of pro-inflammatory cytokines.
We detected a minor amplification of SARS-CoV-2 subgenomic
E mRNA early after challenge in nasal washes and lungs of K18-
hACE2 transgenic mice vaccinated with one IN dose of MVA-S
(3P), indicating that presumably virus replication was not
entirely prevented by one IN administration. However, the
lack of live infectious virus in both nasal washes and lungs
denote that the infection was rapidly cleared, and perhaps nearly
sterilizing immunity was obtained. In addition, the minimal cell
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infiltration in the lungs, mild lung histopathological lesions, and
the significant lower levels of pro-inflammatory cytokines in the
lungs of SARS-CoV-2-challenged K18-hACE2 transgenic mice
vaccinated with MVA-S(3P) indicated very low virus
transmission to the lower respiratory tract. Moreover, lack of
live virus in nasal washes pointed to a potent immune response
in the upper respiratory tract, which could prevent lung damage
by virus replication. This effect could be potentiated by new
technologies and administration devices that allow vaccine
retention in the nasal cavity and lymphoid associated tissues
(57). Moreover, SARS-CoV-2-specific immune responses
elicited by our MVA-based vaccine candidates in the lower
respiratory tract also reflect that MVA-based vaccine
candidates are capable of reaching the lungs, as it has been
reported (14, 58). Nonetheless, all these data suggested that
perhaps it is very difficult to eliminate completely the input virus
by the immune system. Vaccination with two IN doses could
further enhance the control of SARS-CoV-2 infection.
Remarkably, the efficacy elicited in mice after one IN
immunization with our MVA-based vaccine candidates against
COVID-19 was superior to the SARS-CoV-2 control of infection
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induced after one intramuscular administration (22, 26). In
particular, SARS-CoV-2 subgenomic and genomic mRNA
levels and titers of infectious virus in lungs of K18-hACE2
mice vaccinated with MVA-S or MVA-S(3P) were significantly
reduced after one IN vaccination than after intramuscular
inoculation, reflecting a better control of SARS-CoV-2
infection. In fact, no infectious virus was detected after one IN
vaccination of all MVA-based vaccine candidates, while low
levels were detected after one intramuscular inoculation (22, 26).

Our results, and those from other groups (14, 15),
demonstrate the benefits of IN administration of MVA-based
vaccine candidates against COVID-19, although there were
some differences between our results and those reported by
other groups. On the one hand, Bosnjak et al. observed strong
cellular but weak humoral S-specific immune responses after one
single IN application of their MVA-based vaccine candidates
(15), whereas we observed high titers of S-specific I1gG
antibodies, as well as SARS-CoV-2 neutralizing antibodies,
even against several VoC. On the other hand, Americo et al.
observed that IN administration of two doses of their MVA-
based SARS-CoV-2 vaccine candidates led to induction of more
IgA and CD8" T cells than intramuscular administration, but
similar levels of IgG and neutralizing antibodies (14). Similarly,
we observed similar titers of anti-S IgG and neutralizing
antibodies in serum samples from mice immunized with one
IN or intramuscular dose of our MV A-based vaccine candidates
(19, 22, 26).

Although it has been recently described that two IN
vaccinations of MVA-based SARS-CoV-2 vaccine candidates
induce higher antibody titers with stronger neutralization
potency and increase T-cell responses than one dose (14), we
observed that one single IN dose of our MVA-based vaccine
candidates is highly efficacious, and is sufficient to prevent
morbidity and mortality in SARS-CoV-2-challenged K18-
hACE2 transgenic mice, reducing SARS-CoV-2 virus
replication in upper and lower respiratory tracts, lung
pathology, and the levels of pro-inflammatory cytokines.
Moreover, one IN dose of our MVA-based vaccine candidates
triggered high titers of S-specific IgGs and neutralizing
antibodies against different SARS-CoV-2 VoC in K18-hACE2
transgenic mice. These results are in accordance with previous
reports, where very effective neutralizing antibodies were found
against Wuhan, alpha, and delta SARS-CoV-2 VoC, while
protection against beta and gamma variants was less
prominent (14, 15). Nevertheless, the high levels of
neutralizing antibodies elicited by MVA-S(3P) against VoC
beta, delta, and even omicron suggest that this optimized
MVA-based vaccine candidate could protect against
different VoC.

Collectively, our data illustrated the advantages of IN
immunization of our optimized MVA-S(3P) vaccine candidate
and support the possibility of delivering MV A-vectored SARS-
CoV-2 vaccines by the IN route to prevent the virus
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transmission among the human population. It would be
extremely interesting to investigate in clinical trials the use of
IN vaccination with MV A-based vaccines against SARS-CoV-2,
as well as their potential as a booster dose in previously
vaccinated individuals with different COVID-19 vaccines.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

Female C57BL/60laHsd mice (6-8 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 K18-hACE2 mice, expressing the human
angiotensin converting enzyme-2 (ACE2) receptor, were
obtained from the Jackson Laboratory [034860-B6.Cg-Tg(K18-
ACE2)2Prlmn/J, genetic background C57BL/6] 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
(INTA-CSIC) (Valdeolmos, Madrid, Spain). The
immunogenicity and efficacy animal studies were approved by
the Ethical Committee of Animal Experimentation (CEEA) of
the CNB-CSIC and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 49/20, 169.4/20 and 161.5/20).
Animal procedures conformed with international guidelines and
with Spanish law under the Royal Decree (RD 53/2013).

Author contributions

Conceptualization: ME and JG-A. Formal analysis: PP, DA,
GA, and JG-A. Funding acquisition: RD, JC, ME, and JG-A.
Investigation: PP, DA, GA, SF, PS-C, JL, and JG-A.
Methodology: PP, DA, GA, PS-C, JL, RD, and JG-A.
Resources: JC and RD. Supervision: ME and JG-A. Validation:
PP, DA, GA, JL, and JG-A. Visualization: PP, DA, GA, and JG-A.
Writing—original draft: PP, ME, and JG-A. Writing—review
and editing: all authors. All authors contributed to the article and
approved the submitted version.

Funding

This research was supported by Fondo COVID-19 grant
COV20/00151 [Spanish Health Ministry, Instituto de Salud

frontiersin.org


https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pérez et al.

Carlos III (ISCIII)], Fondo Supera COVID-19 grant (Crue
Universidades-Banco Santander), and Spanish Research
Council (CSIC) grant 202120E079 (to JG-A); CSIC grant
2020E84, la Caixa Banking Foundation grant CF01-00008,
Ferrovial, and MAPFRE donations (to ME); and Spanish
Ministry of Science and Innovation (MCIN)/Spanish
Research Agency (AEI)/10.13039/501100011033 grant
(PID2020-114481RB-100; to JG-A and ME). This research
work was also funded by the European Commission-
NextGenerationEU, through CSIC’s Global Health Platform
(PTI Salud Global) (to JG-A and ME). JG-A and ME
acknowledge financial support from the Spanish State
Research Agency, AEI/10.13039/501100011033, through the
“Severo Ochoa” Programme for Centres of Excellence in R&D
(SEV-2013-0347, SEV-2017-0712). JMC acknowledges MCIN
and CSIC support (project number 202020E079). RD received
grants from ISCIII (FIS PI2100989), the European
Commission Horizon 2020 Framework Programme (Project
VIRUSCAN FETPROACT-2016: 731868 and Project EPIC-
CROWN-2: 101046084), and Fundacioin Caixa-Health
Research HR18-00469 (Project StopEbola).

Acknowledgments

We thank CSIC and MCIN for continuous support. We
thank Centro de Investigacion en Sanidad Animal (CISA)-

References

1. WuF, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus
associated with human respiratory disease in China. Nature (2020) 579(7798):265—
9. doi: 10.1038/s41586-020-2008-3

2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. Research t. a novel
coronavirus from patients with pneumonia in China, 2019. N Engl ] Med (2020)
382(8):727-33. doi: 10.1056/NEJM0a2001017

3. Alu A, Chen L, Lei H, Wei Y, Tian X, Wei X. Intranasal COVID-19 vaccines:
From bench to bed. EBioMedicine (2022) 76:103841. doi: 10.1016/
j.ebiom.2022.103841

4. Bricker TL, Darling TL, Hassan AO, Harastani HH, Soung A, Jiang X, etal. A
single intranasal or intramuscular immunization with chimpanzee adenovirus-
vectored SARS-CoV-2 vaccine protects against pneumonia in hamsters. Cell Rep
(2021) 36(3):109400. doi: 10.1016/j.celrep.2021.109400

5. Mohn KG, Smith I, Sjursen H, Cox R]. Immune responses after live
attenuated influenza vaccination. Hum Vaccin Immunother. (2018) 14(3):571-8.
doi: 10.1080/21645515.2017.1377376

6. Tchilian E, Holzer B. Harnessing local immunity for an effective universal
swine influenza vaccine. Viruses (2017) 9(5):98. doi: 10.3390/v9050098.

7. Hassan AO, Feldmann F, Zhao H, Curiel DT, Okumura A, Tang-Huau TL,
et al. A single intranasal dose of chimpanzee adenovirus-vectored vaccine protects
against SARS-CoV-2 infection in rhesus macaques. Cell Rep Med (2021) 2
(4):100230. doi: 10.1016/j.xcrm.2021.100230

8. Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith BK, Harvey IB, et al.
Diamond MS. a single-dose intranasal ChAd vaccine protects upper and lower
respiratory tracts against SARS-CoV-2. Cell (2020) 183(1):169-184.e13.
doi: 10.1016/j.cell.2020.08.026.

Frontiers in Immunology

10.3389/fimmu.2022.995235

Instituto Nacional de Investigaciones Agrarias (INIA-CSIC)
(Valdeolmos, Madrid, Spain) for the BSL-3 facilities. SARS-
CoV-2 MADS virus isolate was kindly provided by Jose M.
Honrubia and Dr. Luis Enjuanes (CNB-CSIC, Madrid,
Spain). We thank the Histology Facility at CNB-CSIC for
histological preparation of biological samples. We thank
Carlos Oscar Sanchez Sorzano from the CNB Bioinfomatic
Unit for help with the statistical analysis. We thank Ivan
Jareio from the CNB Animal Facilities for help
and assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

9. Tostanoski LH, Wegmann F, Martinot AJ, Loos C, McMahan K, Mercado
NB, et al. Ad26 vaccine protects against SARS-CoV-2 severe clinical disease in
hamsters. Nat Med (2020) 26(11):1694-700. doi: 10.1038/s41591-020-1070-6

10. van Doremalen N, Purushotham JN, Schulz JE, Holbrook MG,
Bushmaker T, Carmody A, et al. Intranasal ChAdOx1 nCoV-19/AZD1222
vaccination reduces viral shedding after SARS-CoV-2 D614G challenge in
preclinical models. Sci Transl Med (2021) 13(607):eabh0755. doi: 10.1126/
scitranslmed.abh0755

11. Wu S, Huang J, Zhang Z, Wu ], Zhang ], Hu H, et al. Safety, tolerability, and
immunogenicity of an aerosolised adenovirus type-5 vector-based COVID-19
vaccine (Ad5-nCoV) in adults: Preliminary report of an open-label and
randomised phase 1 clinical trial. Lancet Infect Dis (2021) 21(12):1654-64.
doi: 10.1016/S1473-3099(21)00396-0

12. Gomez CE, Perdiguero B, Garcia-Arriaza J, Esteban M. Clinical applications
of attenuated MVA poxvirus strain. Expert Rev Vaccines (2013) 12(12):1395-416.
doi: 10.1586/14760584.2013.845531

13. Volz A, Sutter G. Modified vaccinia virus Ankara: History, value in basic
research, and current perspectives for vaccine development. Adv Virus Res (2017)
97:187-243. doi: 10.1016/bs.aivir.2016.07.001

14. Americo JL, Cotter CA, Earl PL, Liu R, Moss B. Intranasal inoculation of an
MVA-based vaccine induces IgA and protects the respiratory tract of hACE2 mice
from SARS-CoV-2 infection. Proc Natl Acad Sci USA (2022) 119(24):2202069119.
doi: 10.1073/pnas.2202069119

15. Bosnjak B, Odak I, Barros-Martins J, Sandrock I, Hammerschmidt SI,
Permanyer M, et al. Intranasal delivery of MVA vector vaccine induces effective
pulmonary immunity against SARS-CoV-2 in rodents. Front Immunol (2021)
12:772240. doi: 10.3389/fimmu.2021.772240

frontiersin.org


https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.ebiom.2022.103841
https://doi.org/10.1016/j.ebiom.2022.103841
https://doi.org/10.1016/j.celrep.2021.109400
https://doi.org/10.1080/21645515.2017.1377376
https://doi.org/10.3390/v9050098.
https://doi.org/10.1016/j.xcrm.2021.100230
https://doi.org/10.1016/j.cell.2020.08.026.
https://doi.org/10.1038/s41591-020-1070-6
https://doi.org/10.1126/scitranslmed.abh0755
https://doi.org/10.1126/scitranslmed.abh0755
https://doi.org/10.1016/S1473-3099(21)00396-0
https://doi.org/10.1586/14760584.2013.845531
https://doi.org/10.1016/bs.aivir.2016.07.001
https://doi.org/10.1073/pnas.2202069119
https://doi.org/10.3389/fimmu.2021.772240
https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pérez et al.

16. Boudewijns R, Perez P, Lazaro-Frias A, Van Looveren D, Vercruysse T,
Thibaut HJ, et al. MVA-CoV2-S vaccine candidate neutralizes distinct variants
of concern and protects against SARS-CoV-2 infection in hamsters. Front Immunol
(2022) 13:845969. doi: 10.3389/fimmu.2022.845969

17. Chiuppesi F, Nguyen VH, Park Y, Contreras H, Karpinski V, Faircloth K,
et al. Synthetic multiantigen MV A vaccine COH04S1 protects against SARS-CoV-2
in Syrian hamsters and non-human primates. NPJ Vaccines (2022) 7(1):7.
doi: 10.1038/s41541-022-00436-6

18. Chiuppesi F, Salazar MD, Contreras H, Nguyen VH, Martinez J, Park Y,
et al. Development of a multi-antigenic SARS-CoV-2 vaccine candidate using a
synthetic poxvirus platform. Nat Commun (2020) 11(1):6121. doi: 10.1038/s41467-
020-19819-1

19. Del Fresno C, Garcia-Arriaza J, Martinez-Cano S, Heras-Murillo I, Jarit-
Cabanillas A, Amores-Iniesta J, et al. The bacterial mucosal immunotherapy
MV130 protects against SARS-CoV-2 infection and improves COVID-19
vaccines immunogenicity. Front Immunol (2021) 12:748103. doi: 10.3389/
fimmu.2021.748103

20. Garcia-Arriaza ], Garaigorta U, Perez P, Lazaro-Frias A, Zamora C,
Gastaminza P, et al. COVID-19 vaccine candidates based on modified vaccinia
virus Ankara expressing the SARS-CoV-2 spike induce robust T- and b-cell
immune responses and full efficacy in mice. J Virol (2021) 95(7):€02260-20.
doi: 10.1128/JV1.02260-20

21. Kulkarni R, Chen WC, Lee Y, Kao CF, Hu SL, Ma HH, et al. Vaccinia virus-
based vaccines confer protective immunity against SARS-CoV-2 virus in Syrian
hamsters. PloS One (2021) 16(9):€0257191. doi: 10.1371/journal.pone.0257191

22. Lazaro-Frias A, Perez P, Zamora C, Sanchez-Cordon PJ, Guzman M,
Luczkowiak J, et al. Full efficacy and long-term immunogenicity induced by the
SARS-CoV-2 vaccine candidate MVA-CoV2-S in mice. NPJ Vaccines (2022) 7
(1):17. doi: 10.1038/s41541-022-00440-w

23. Liu R, Americo JL, Cotter CA, Earl PL, Erez N, Peng C, et al. One or two
injections of MV A-vectored vaccine shields hACE2 transgenic mice from SARS-
CoV-2 upper and lower respiratory tract infection. Proc Natl Acad Sci USA (2021)
118(12):€2026785118. doi: 10.1073/pnas.2026785118.

24. Meseda CA, Stauft CB, Selvaraj P, Lien CZ, Pedro C, Nunez IA, et al. MVA
vector expression of SARS-CoV-2 spike protein and protection of adult Syrian
hamsters against SARS-CoV-2 challenge. NPJ Vaccines (2021) 6(1):145.
doi: 10.1038/s41541-021-00410-8

25. Mooij P, Garcia-Arriaza J, Perez P, Lazaro-Frias A, Verstrepen BE,
Boszormenyi KP, et al. Poxvirus MVA expressing SARS-CoV-2 s protein
induces robust immunity and protects rhesus macaques from SARS-CoV-2.
Front Immunol (2022) 13:845887. doi: 10.3389/fimmu.2022.845887

26. Perez P, Lazaro-Frias A, Zamora C, Sanchez-Cordon PJ, Astorgano D,
Luczkowiak J, et al. A single dose of an MVA vaccine expressing a prefusion-
stabilized SARS-CoV-2 spike protein neutralizes variants of concern and protects
mice from a lethal SARS-CoV-2 infection. Front Immunol (2022) 12:824728.
doi: 10.3389/fimmu.2021.824728

27. Routhu NK, Cheedarla N, Gangadhara S, Bollimpelli VS, Boddapati AK,
Shiferaw A, et al. A modified vaccinia Ankara vector-based vaccine protects
macaques from SARS-CoV-2 infection, immune pathology, and dysfunction in
the lungs. Immunity (2021) 54(3):542-556.€9. doi: 10.1016/j.immuni.2021.02.001.

28. Tscherne A, Schwarz JH, Rohde C, Kupke A, Kalodimou G, Limpinsel L,
et al. Immunogenicity and efficacy of the COVID-19 candidate vector vaccine
MVA-SARS-2-S in preclinical vaccination. Proc Natl Acad Sci USA (2021) 118(28):
€2026207118. doi: 10.1073/pnas.2026207118.

29. Chiuppesi F, Zaia JA, Frankel PH, Stan R, Drake J, Williams B, et al. Safety
and immunogenicity of a synthetic multiantigen modified vaccinia virus Ankara-
based COVID-19 vaccine (COHO04S1): an open-label and randomised, phase 1
trial. Lancet Microbe (2022) 3(4):e252-64. doi: 10.1016/52666-5247(22)00027-1

30. Gherardi MM, Esteban M. Recombinant poxviruses as mucosal vaccine
vectors. ] Gen Virol (2005) 86(Pt 11):2925-36. doi: 10.1099/vir.0.81181-0.

31. Hochstein-Mintzel V, Huber HC, Stickl H. [Oral and nasal immunization
with poxvirus vacciniae. 3. animal experiments]. Zentralbl Bakteriol Orig B (1972)
156(1):30-96.

32. Bender BS, Rowe CA, Taylor SF, Wyatt LS, Moss B, Small PAJr. Oral
immunization with a replication-deficient recombinant vaccinia virus protects
mice against influenza. J Virol (1996) 70(9):6418-24. doi: 10.1128/JV1.70.9.6418-
6424.1996

33. Durbin AP, Wyatt LS, Siew J, Moss B, Murphy BR. The immunogenicity
and efficacy of intranasally or parenterally administered replication-deficient
vaccinia-parainfluenza virus type 3 recombinants in rhesus monkeys. Vaccine
(1998) 16(13):1324-30. doi: 10.1016/50264-410x(98)00010-3

Frontiers in Immunology

17

10.3389/fimmu.2022.995235

34. Wyatt LS, Whitehead SS, Venanzi KA, Murphy BR, Moss B. Priming and
boosting immunity to respiratory syncytial virus by recombinant replication-
defective vaccinia virus MVA. Vaccine (1999) 18(5-6):392-7. doi: 10.1016/s0264-
410x(99)00257-1.

35. Mayr A, Stickl H, Muller HK, Danner K, Singer H. The smallpox
vaccination strain MVA: Marker, genetic structure, experience gained with the
parenteral vaccination and behavior in organisms with a debilitated defence
mechanism (author’s transl). Zentralbl Bakteriol B (1978) 167(5-6):375-90.

36. Ramirez JC, Gherardi MM, Esteban M. Biology of attenuated modified
vaccinia virus Ankara recombinant vector in mice: Virus fate and activation of b-
and T-cell immune responses in comparison with the Western reserve strain and
advantages as a vaccine. J Virol (2000) 4(2):923-33. doi: 10.1128/jvi.74.2.923-
933.2000

37. Diez JM, Romero C, Vergara-Alert ], Bello-Perez M, Rodon J, Honrubia JM,
et al. Cross-neutralization activity against SARS-CoV-2 is present in currently
available intravenous immunoglobulins. Immunotherapy. (2020) 12(17):1247-55.
doi: 10.2217/imt-2020-0220

38. Manenti A, Maggetti M, Casa E, Martinuzzi D, Torelli A, Trombetta CM,
et al. Evaluation of SARS-CoV-2 neutralizing antibodies using a CPE-based
colorimetric live virus micro-neutralization assay in human serum samples. J
Med Virol (2020) 92(10):2096-104. doi: 10.1002/jmv.25986

39. Thepaut M, Luczkowiak ], Vives C, Labiod N, Bally I, Lasala F, et al. DC/L-
SIGN recognition of spike glycoprotein promotes SARS-CoV-2 trans-infection and
can be inhibited by a glycomimetic antagonist. PloS Pathog (2021) 17(5):¢1009576.
doi: 10.1371/journal.ppat.1009576

40. Pandit P, Cooper-White J, Punyadeera C. High-yield RNA-extraction
method for saliva. Clin Chem (2013) 59(7):1118-22. doi: 10.1373/
clinchem.2012.197863

41. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al.
Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro
Surveill (2020) 25(3):2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

42. Sun SH, Chen Q, Gu HJ, Yang G, Wang YX, Huang XY, et al. A mouse
model of SARS-CoV-2 infection and pathogenesis. Cell Host Microbe (2020) 28
(1):124-133.e4. doi: 10.1016/j.chom.2020.05.020.

43. Garcia-Arriaza J, Najera JL, Gomez CE, Sorzano CO, Esteban M.
Immunogenic profiling in mice of a HIV/AIDS vaccine candidate (MVA-b)
expressing four HIV-1 antigens and potentiation by specific gene deletions. PloS
One (2010) 5(8):¢12395. doi: 10.1371/journal.pone.0012395

44. Moreau GB, Burgess SL, Sturek JM, Donlan AN, Petri WA, Mann BJ.
Evaluation of K18-hACE2 mice as a model of SARS-CoV-2 infection. Am | Trop
Med Hyg (2020) 103(3):1215-9. doi: 10.4269/ajtmh.20-0762

45. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-
CoV-2 infection of human ACE2-transgenic mice causes severe lung inflammation
and impaired function. Nat Immunol (2020) 21(11):1327-35. doi: 10.1038/s41590-
020-0778-2

46. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA,
et al. Virological assessment of hospitalized patients with COVID-2019. Nature
(2020) 581(7809):465-9. doi: 10.1038/s41586-020-2196-x

47. Dutta A, Huang CT, Lin CY, Chen TC, Lin YC, Chang CS, et al. Sterilizing
immunity to influenza virus infection requires local antigen-specific T cell response
in the lungs. Sci Rep (2016) 6:32973. doi: 10.1038/srep32973

48. Focosi D, Maggi F, Casadevall A. Mucosal vaccines, sterilizing immunity,
and the future of SARS-CoV-2 virulence. Viruses (2022) 14(2):187. doi: 10.3390/
v14020187.

49. Laurie KL, Carolan LA, Middleton D, Lowther S, Kelso A, Barr IG. Multiple
infections with seasonal influenza a virus induce cross-protective immunity against
A(HIN1) pandemic influenza virus in a ferret model. J Infect Dis (2010) 202
(7):1011-20. doi: 10.1086/656188

50. Corbett M, Bogers WM, Heeney JL, Gerber S, Genin C, Didierlaurent A,
et al. Aerosol immunization with NYVAC and MVA vectored vaccines is safe,
simple, and immunogenic. Proc Natl Acad Sci USA (2008) 105(6):2046-51.
doi: 10.1073/pnas.0705191105

51. White AD, Sibley L, Dennis MJ, Gooch K, Betts G, Edwards N, et al.
Evaluation of the safety and immunogenicity of a candidate tuberculosis vaccine,
MVAS85A, delivered by aerosol to the lungs of macaques. Clin Vaccine Immunol
(2013) 20(5):663-72. doi: 10.1128/CVI.00690-12

52. Manjaly Thomas ZR, Satti I, Marshall JL, Harris SA, Lopez Ramon R,
Hamidi A, et al. Alternate aerosol and systemic immunisation with a
recombinant viral vector for tuberculosis, MVA85A: A phase I randomised
controlled trial. PloS Med (2019) 16(4):e1002790. doi: 10.1371/
journal.pmed.1002790

frontiersin.org


https://doi.org/10.3389/fimmu.2022.845969
https://doi.org/10.1038/s41541-022-00436-6
https://doi.org/10.1038/s41467-020-19819-1
https://doi.org/10.1038/s41467-020-19819-1
https://doi.org/10.3389/fimmu.2021.748103
https://doi.org/10.3389/fimmu.2021.748103
https://doi.org/10.1128/JVI.02260-20
https://doi.org/10.1371/journal.pone.0257191
https://doi.org/10.1038/s41541-022-00440-w
https://doi.org/10.1073/pnas.2026785118.
https://doi.org/10.1038/s41541-021-00410-8
https://doi.org/10.3389/fimmu.2022.845887
https://doi.org/10.3389/fimmu.2021.824728
https://doi.org/10.1016/j.immuni.2021.02.001.
https://doi.org/10.1073/pnas.2026207118.
https://doi.org/10.1016/S2666-5247(22)00027-1
https://doi.org/10.1099/vir.0.81181-0.
https://doi.org/10.1128/JVI.70.9.6418-6424.1996
https://doi.org/10.1128/JVI.70.9.6418-6424.1996
https://doi.org/10.1016/s0264-410x(98)00010-3
https://doi.org/10.1016/s0264-410x(99)00257-1.
https://doi.org/10.1016/s0264-410x(99)00257-1.
https://doi.org/10.1128/jvi.74.2.923-933.2000
https://doi.org/10.1128/jvi.74.2.923-933.2000
https://doi.org/10.2217/imt-2020-0220
https://doi.org/10.1002/jmv.25986
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1373/clinchem.2012.197863
https://doi.org/10.1373/clinchem.2012.197863
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1016/j.chom.2020.05.020.
https://doi.org/10.1371/journal.pone.0012395
https://doi.org/10.4269/ajtmh.20-0762
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1038/srep32973
https://doi.org/10.3390/v14020187.
https://doi.org/10.3390/v14020187.
https://doi.org/10.1086/656188
https://doi.org/10.1073/pnas.0705191105
https://doi.org/10.1128/CVI.00690-12
https://doi.org/10.1371/journal.pmed.1002790
https://doi.org/10.1371/journal.pmed.1002790
https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pérez et al.

53. See RH, Zakhartchouk AN, Petric M, Lawrence DJ, Mok CPY, Hogan RJ,
et al. Comparative evaluation of two severe acute respiratory syndrome (SARS)
vaccine candidates in mice challenged with SARS coronavirus. ] Gen Virol (2006)
87(Pt 3):641-50. doi: 10.1099/vir.0.81579-0.

54. Sterlin D, Mathian A, Miyara M, Mohr A, Anna F, Claer L, et al. IgA
dominates the early neutralizing antibody response to SARS-CoV-2. Sci Transl
Med (2021) 13(577):eabd2223. doi: 10.1126/scitranslmed.abd2223

55. Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Viant C, Gaebler C, et al.
Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci Transl Med (2021) 13
(577):eabf1555. doi: 10.1126/scitranslmed.abf1555

Frontiers in Immunology

18

10.3389/fimmu.2022.995235

56. Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med
(2005) 11(4 Suppl):S45-53. doi: 10.1038/nm1213

57. Xua H, Caib L, Hufnagel S, Cui Z. Intranasal vaccine: Factors to consider in
research and development. Int J Pharm (2021) 609:121180. doi: 10.1016/
j.ijpharm.2021.121180

58. Gomez CE, Najera JL, Domingo-Gil E, Ochoa-Callejero L, Gonzalez-
Aseguinolaza G, Esteban M. Virus distribution of the attenuated MVA and
NYVAC poxvirus strains in mice. J] Gen Virol (2007) 88(Pt 9):2473-8.
doi: 10.1099/vir.0.83018-0.

frontiersin.org


https://doi.org/10.1099/vir.0.81579-0.
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/scitranslmed.abf1555
https://doi.org/10.1038/nm1213
https://doi.org/10.1016/j.ijpharm.2021.121180
https://doi.org/10.1016/j.ijpharm.2021.121180
https://doi.org/10.1099/vir.0.83018-0.
https://doi.org/10.3389/fimmu.2022.995235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Intranasal administration of a single dose of MVA-based vaccine candidates against COVID-19 induced local and systemic immune responses and protects mice from a lethal SARS-CoV-2 infection
	Introduction
	Materials and methods
	Animals and ethics statement
	MVA-based vaccine candidates
	Immunogenicity study schedule in C57BL/6 mice
	ICS assay
	Enzyme-linked immunosorbent assay
	SARS-CoV-2 live neutralization
	Neutralization of SARS-CoV-2 variants of concern
	Efficacy study schedule in K18-hACE2 transgenic mice
	Quantification of SARS-CoV-2 mRNA and cytokine mRNA by reverse transcription-quantitative polymerase chain reaction
	Analysis of SARS-CoV-2 virus yields by plaque assay
	Lung histopathology
	Statistical procedures

	Results
	One single intranasal dose of MVA-based vaccine candidates in C57BL/6 mice induced systemic S-specific IgGs and neutralizing antibodies against SARS-CoV-2 variants of concern and mucosal S-specific IgA antibodies
	MVA-based vaccine candidates administered intranasally in C57BL/6 mice induced local and systemic SARS-CoV-2-specific CD4+ and CD8+ T-cell immune responses
	Intranasal administration of one single dose of MVA-based vaccine candidates prevented morbidity and mortality of K18-hACE2 transgenic mice challenged with SARS-CoV-2, and reduced SARS-CoV-2 virus replication in vivo
	Intranasal administration of one single dose of MVA-based vaccine candidates reduced lung pathology and levels of pro-inflammatory cytokines
	S-specific IgGs and neutralizing antibodies against different SARS-CoV-2 variants of concern in immunized K18-hACE2 transgenic mice before and after SARS-CoV-2 infection

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


