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With the rapid increase in SARS-CoV-2 cases in children, a safe and effective vaccine
for this population is urgently needed. The MMR (measles/mumps/rubella) vaccine has
been one of the safest and most effective human vaccines used in infants and children
since the 1960s. Here, we developed live attenuated recombinant mumps virus
(tMuV)-based SARS-CoV-2 vaccine candidates using the MuV Jeryl Lynn (JL2) vac-
cine strain backbone. The soluble prefusion SARS-CoV-2 spike protein (preS) gene,
stablized by two prolines (preS-2P) or six prolines (preS-6P), was inserted into the
MuV genome at the P-M or F-SH gene junctions in the MuV genome. preS-6P was
more efficiently expressed than preS-2P, and preS-6P expression from the P-M gene
junction was more efficient than from the F-SH gene junction. In mice, the tMuV-
preS-6P vaccine was more immunogenic than the rMuV-preS-2P vaccine, eliciting
stronger neutralizing antibodies and mucosal immunity. Sera raised in response to the
rMuV-preS-6P vaccine neutralized SARS-CoV-2 variants of concern, including the
Delta variant equivalently. Intranasal and/or subcutaneous immunization of IFNAR1 ™/~
mice and golden Syrian hamsters with the rMuV-preS-6P vaccine induced high levels of
neutralizing antibodies, mucosal immunoglobulin A antibody, and T cell immune
responses, and were completely protected from challenge by both SARS-CoV-2 USA-
WA1/2020 and Delta variants. Therefore, tMuV-preS-6P is a highly promising COVID-
19 vaccine candidate, warranting further development as a tetravalent MMR vaccine,
which may include protection against SARS-CoV-2.

SARS-CoV-2 | mumps virus | vaccine

The current pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused tremendous damage to all aspects of our society (1-3). As of 1 June 2022,
nearly 528 million cases have been reported worldwide, with nearly 6.3 million deaths
(~1.20% mortality). Symptoms of SARS-CoV-2 infection are primarily respiratory
although increasing numbers of other syndromes such as cognitive deficits are being
reported. As of June 2022, several SARS-CoV-2 vaccines based on messenger RNA
(mRNA), inactivated virus, and adenovirus vectors (Ad26.COV2.S and ChAdOx1) have
been approved for vaccination in humans over the age of 5 (4). These vaccines are highly
efficacious, reaching 70 to 95% effectiveness against SARS-CoV-2 infection (4).

Despite the high success of the current SARS-CoV-2 vaccines, there are several limita-
tions. Protection provided by current vaccines begins to decline after 3 mo (5), which
has required a third or fourth dose to boost the immune response. Current vaccines are
less effective against recently emergent SARS-CoV-2 variants of concern (VoCs) (6-9).
More and more evidence has shown that vaccine-induced neutralizing antibodies were
significantly weakened or insufficient to neutralize VoCs such as the Delta variant (7-9),
which spreads much faster and causes more severe illness than the earlier strains. In addi-
tion, the current vaccines neutralize the most recently emerged variant, Omicron, ~40
times less efficiently compared with early SARS-CoV-2 isolates (10, 11). The mRNA
vaccines are expensive to produce, hard to transport internationally, and difficult to store
in many countries because of the requirement for expensive —80 °C freezers.

A safe and efficacious pediatric SARS-CoV-2 vaccine is needed to halt the current
pandemic. Pfizer’s mRNA vaccine is 90.7% effective in preventing COVID-19 symp-
toms in children 5 to 11 y old (12, 13). On 17 June 2022, Food and Drug Administra-
tion (FDA) authorized emergency use of the Moderna and Pfizer mRNA vaccines for
children down to 6 mo of age. As of 23 June 2022, a total of 13.7 million COVID-19
cases have occurred in children, representing 18.8% of the total COVID-19 cases in the
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Significance

An efficacious pediatric SARS-CoV-2
vaccine is needed to halt the current
pandemic. Mumps virus (MuV)
vaccine is one of the safest and
most efficient vaccines with a track
record in children. Here, we
developed recombinant MuV
(rMuV)-based SARS-CoV-2 vaccine
candidates expressing a stabilized
prefusion spike with two prolines
(preS-2P) or six prolines (preS-6P) at
different gene junctions in the MuV
genome. Among them, rMuV-based
preS-6P vaccine candidates induce
robust neutralizing antibodies,
mucosal immunoglobulin A
antibodies, and T cell immune
responses, and provides complete
protection against challenge with
SARS-CoV-2 WA1 and Delta variants.
The preexisting MuV immunity has
a minimal impact on generating
SARS-CoV-2-specific immune
responses. Thus, rMuV-preS-6P is a
highly efficacious SARS-CoV-2
vaccine candidate in current small-
animal models.
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United States. Notably, COVID-19 cases in children have
increased significantly after the reopening of schools. Therefore,
development of other vaccine platforms and strategies to enhance
durability, reduce cost, and enhance stability are essential for ter-
minating the pandemic.

Historically, the MMR (measles/mumps/rubella) vaccine has
been one of the safest and most effective human vaccines ever
developed (14-16). The application in children started in the
1960s and provides long-lasting protection against these three
viruses (14, 16). Among the three MMR components, measles
virus (MeV) and mumps virus (MuV) are nonsegmented
negative-sense (NNS) RNA viruses, belonging to the family
Paramyxoviridae in the order Mononegavirales. The MuV
genome is 15,384 nt in length, and it encodes seven structural
proteins arranged in the order 3’-leader-N-P-M-F-SH-HN-L-
trailer-5' (17). The limited number of discrete genes of the
NNS RNA genome and the intergenic regions available for
inserting additional genes facilitates the development of live
vectored vaccines. MuV is an excellent viral vector for delivery
of vaccines against other highly pathogenic viruses, primarily
because of its high safety and efficacy, well-established good
manufacturing practices, induction of long-lived immunity,
and the potential for the development of a quadrivalent vaccine
against four major pediatric diseases (18, 19).

In this study, we developed a suite of safe and highly efficacious
recombinant MuV (rMuV)-based SARS-CoV-2 vaccine candi-
dates expressing a stabilized prefusion spike with two prolines
(preS-2P) or six prolines (preS-6P) at different gene junctions in
the MuV genome. Among them, the rtMuV-based preS-6P vac-
cine induces a broad neutralizing antibody against VoCs and
T cell immunity, and provides complete protection against SARS-
CoV-2 WAL and the Delta variant challenge in animal models.

Results

Recovery and Characterization of rMuV Expressing a Prefusion
Spike of SARS-CoV-2. We used the live attenuated MuV Jeryl
Lynn (JL2) strain, a component of the MMR vaccine, as the vec-
tor to deliver SARS-CoV-2 spike protein vaccines. We chose
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two gene junctions, P-M (closer to the 3’ end) and F-SH (closer
to the 5" end), in the MuV genome to insert SARS-CoV-2 S
genes, allowing us to compare the expression level of the inserted
genes and the viral growth properties. We also compared two
forms of stabilized “prefusion” spike in our vaccine constructs
(Fig. 1A). The first stabilized preS (preS-2P) has two amino acids
(K986 and V987) in the S2 portion of the S head region replaced
with prolines (2P), the furin cleavage site is deleted to prevent
S1-S2 cleavage, and its C-terminal transmembrane/cytoplasmic tail
domain is replaced with a T4 fibritin self-trimerizing domain (20),
resulting in secretion of preS-2P protein. The second stabilized
preS (preS-6P) is similar except that it has six amino acids (K986,
V987, F817, A892, A899, and A942) replaced with prolines
(HexaPro) (20, 21). preS-6P is expressed more efficiently than
preS-2P in eukaryotic expression systems and is more stable at
physiological temperatures, and both are more stable than the
native S protein (21, 22).

We have developed a yeast-based recombination system for
rapid construction of complementary DNA (cDNA) clones of
tMuV expressing SARS-CoV-2 S genes (SI Appendix, Fig. S1)
(23). Using this strategy, we constructed four MuV vaccine vec-
tors with preS-2P or preS-6P inserted at P-M or F-SH gene
junctions (Fig. 1A4). All recombinant viruses were recovered using
the standard reverse genetics system and were plaque-purified and
sequence-confirmed. Having been thoroughly characterized, the
recombinants with preS-2P and preS-6P inserted at the F-SH
gene junction were designated as rtMuV-preS-2P™" and rMuV-
preS-6P™H, respectively, and the recombinants with preS-2P and
preS-6P inserted at the P-M gene junction were designated as
rMuV-preS-2P"™ and rMuV-preS-6P™, respectively.

All recombinant viruses formed significantly smaller plaques in
Vero CCL81 cells compared with the parental tMuV (Fig. 1B).
Recombinant rtMuV-preS-2P™" and rMuV-preS-2P™ formed
syn?rtia similar to tMuV, but syncytia formation by rMuV-preS-
6P™ and tMuV-preS-6P™ was significantly delayed and the
resulting syncyta were much smaller (Fig. 1C and ST Appendix,
Figs. S2 and S3). Multistep replication curves showed that these
recombinant viruses had delayed replication kinetics but reached
similar titers (107 plaque-forming units [PFUs] per milliliter) in
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" Days post-inoculation

Recovery and characterization of rMuV expressing the stabilized prefusion spike of SARS-CoV-2. (A) Strategy for insertion of preS-2P and preS-6P of

SARS-CoV-2 into the MuV genome. The stabilized, prefusion preS-2P and preS-6P genes were inserted into the gene junction between the P and M or F and
SH genes in the genome of the MuV JL2 strain using the yeast recombination system. The domain structure of S protein is shown. CT, cytoplasmic tail; FP,
fusion peptide; HR, heptad repeat; RBD, receptor-binding domain; RBM, receptor-binding motif; SP, signal peptide; TM, transmembrane domain. The organi-
zation of the genes in the negative-sense MuV genome is shown. (B) The plaque morphology of rMuVs expressing preS proteins. All plaques were developed
after 5 d of incubation. The average diameters of 10 randomly chosen plaques from each virus are shown + SD. (C) rMuVs expressing SARS-CoV-2 preS pro-
teins exhibit delayed syncytia formation in Vero CCL81 cells. An MOI of 0.25 was used for infection. Representative images of syncytia at 72 h are shown.
(D) Replication kinetics of recombinant viruses in Vero CCL81 cells at an MOI of 0.25. At days 1 to 5, viral titer in cell supernatants was determined by plaque

assay. ns, not significant, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
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Fig. 2. Characterization of the expression of preS by rMuV vector by Western blot. (A) preS protein expression in cell lysates. Vero CCL81 cells were infected
with each recombinant virus at an MOI of 0.25. At the indicated time points, cells were lysed in 200 pL of lysis buffer, and lysate was displayed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and blotted with an anti-RBD protein monoclonal antibody. Cell lysate (20 L) from rMuV-preS-2P™H or
rMuV-preS-6P™" and cell lysate (6 pL) from rMuV-preS-2P™™ or rMuV-preS-6P"™ were analyzed by Western blot. (B) preS protein expression in cell lysates
and cell-culture medium. Cell lysate (6 pL) and cell-culture supernatant (10 pL) were analyzed by Western blot. hpi, hours postinoculation.

Vero CCL81 cells by day 5 postinoculation (Fig. 1D) (P> 0.05).
These results suggest that insertion of preS-2P and preS-6P genes
into the MuV genome attenuates the virus by slowing its replication
but does not significandy disturb its final viral titer in cell culture.

SARS-CoV-2 preS Is Highly Expressed by the MuV Vector. The
expression of the SARS-CoV-2 preS proteins in rMuV
vector—infected cells was examined by immunostaining. tMuV
expressed much more preS-6P than preS-2P from both the
P-M and F-SH insertion sites (S/ Appendix, Fig. S4A). In addi-
tion, expression of SARS-CoV-2 preS-2P or preS-6P from the
P-M junction produced more S protein than from the F-SH
junction (S Appendix; F;\% S4A). Among the four recombinant
viruses, rMuV-preS-6P™ had the most abundant S protein
expression, while rMuV-preS-2P"™" had the poorest. A similar
result was observed at a higher multiplicity of infection (MOI)
(1.0) (SI Appendix, Fig. S4B). tMuV-preS-6P™ produced dra-
matically more S protein compared with rMuV-preS-2P™ (57
Appendix, Fig. S4B).

We next performed a Western blot to examine the expres-
sion of the S protein. Importantly, rMuV-preS-6P™ had
more abundant S protein expression compared with rMuV-
preS—ZPPM, and rMuV—preS—GPFSH had more abundant S
protein expression compared with rMuV-preS-2P** (Fig.
2A and SI Appendix, Fig. S5). As expected, rMuV-preS-
6P"™ had more abundant S protein expression than rMuV-
preS-6P™H, and rMuV-preS-2P™ had more S protein
expression than rMuV-preS-2P**" in both cell lysates and
cell-culture supernatants (Fig. 2 4 and B). Collectively, the
expression level of S protein from these four recombinant
viruses can be ranked as rMuV-preS-6P™ > rMuV-preS-
6P > rtMuV-preS-2P™ > rMuV-preS-2P*H,

Immunogenicity of rMuV-preS-6P™" in IFNAR1™~ Mice.
IFNAR1 '~ mice, which lack type I interferon receptor subu-
nit 1 (IFNAR17/7), can be robustly infected by MuV (24).
rMuV-preS—ZPFSH was excluded from animal studies because it
produced little S protein. IFNAR1 ™'~ mice were immunized
with either a low dose (4 x 10° PFU) or a high dose (1.0 X
10° PFU) of tMuV-preS-6P™" and were boosted with the
same dose 2 wk later (Fig. 34). A high level of S-specific anti-
bodies was detected in both immunization doses as early as
week 2 postimmunization (Fig. 3 B and ). After booster
immunization, antibodies at weeks 5 and 7 further increased.

PNAS 2022 Vol. 119 No.33 2201616119

IFNAR1 ™~ mice immunized with high and low doses had no
significant differences in immunoglobulin G (IgG) antibody
responses (P > 0.05) (Fig. 3D). High levels of SARS-CoV-2—
specific neutralizing antibody (NAb) were detected at weeks 5
and 7 from the 4 X 10° PFU immunization group (Fig. 3F).

At week 7 postimmunization, mice immunized with the low
dose (4 x 10° PFU) of tMuV-preS-6P**" or tMuV were challenged
intranasally with 5 X 10* PFU of mouse-adapted (MA) SARS-
CoV-2 WAL strain. As shown in Fig. 35 mice immunized with
rMuV-preS—GPFSH did not have significant weight loss (2 > 0.05)
or any clinical signs of illness. However, mice in the tMuV control
group had ~20% weight loss by day 4 (P < 0.0001) (Fig. 35 and
displayed significant signs of illness such as a ruffled coat. The
SARS-CoV-2 titer in the lungs of mice in the rMuV—preS—6PFSH
group was below the detection limit (Fig. 3G). In contrast,
~7.5 logo PFU per gram of tissue of SARS-CoV-2 was detected in
the lungs of mice in the tMuV group (P < 0.0001) (Fig. 3G).
Therefore, these data demonstrate that rtMuV-preS-6P™ is highly
immunogenic and provides complete protection against MA SARS-
CoV-2 challenge in IFNAR1 ™'~ mice.

rMuV-preS-6P™" Is Highly Immunogenic in Golden Syrian
Hamsters. Golden Syrian hamsters are susceptible to MuV
infection (25) and make an excellent animal model for SARS-
CoV-2 infection (26, 27). Five 4-wk-old golden Syrian ham-
sters in each group were first immunized with 1 X 10° PFU of
the parental rMuV or tMuV-preS-6P™, and boosted with the
same dose 2 wk later (Fig. 44). High S-specific enzyme-linked
immune absorbent assay (ELISA) antibody titers were detected
in all five hamsters in the rMuV-preS-6P™*" group (Fig.
4B). A high level of NAbs (average titer of 1,250) in the
rMuV-preS-6P™* group was detected at week 7 (Fig. 4C).
At week 7, hamsters in the rMuV-preS-6P™" and rMuV
groups were challenged intranasally with 2 x 10% PFU of the
SARS-CoV-2 WAI strain. Hamsters in the rMuV challenge
control group exhibited clinical symptoms such as a ruffled
coat and weight loss (P < 0.0001) (Fig. 4D). Importantly,
hamsters in the rtMuV-preS-6P**"" group did not have any
abnormal reaction or weight loss (P > 0.05) (Fig. 4D). At
day 4, all hamsters were killed and lungs and nasal turbinate
were collected for virus titration. SARS-CoV-2 titers in lung
(Fig. 4E) and nasal turbinate (Fig. 4F) were near the detec-
tion limit in the rMuV-preS-6P*H group whereas an aver-
age titer of 2.4 X 10° and 8.5 x 10° PFU/g of SARS-CoV-2
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Fig. 3. Immunogenicity of rMuV-preS-6P™H in IFNAR1~/~ mice. () Immunization schedule. IFNAR1~~ mice (n = 5) were immunized with a low (4 x 10° PFU) or a
high dose (1 x 10° PFU) of rMuV-preS-6P™" or rMuV. Two weeks later, mice were boosted with the same virus at the same dose. Serum samples were collected
at weeks 2, 5, and 7. i.n., intranasal; s.c., subcutaneous. (B) S-specific IgG titer in the 4 x 10° PFU immunization group measured by ELISA. The limit of detection
(LoD) is indicated by the dotted line. (C) S-specific IgG titer in the 1 x 10° PFU immunization group. (D) Comparison of antibody response between low- and high-
dose immunization. (E) SARS-CoV-2 NAb titers in the 4 x 10° PFU immunization group. Data are expressed as the geometric mean titers (GMTs) of five mice. (F)
Dynamics of mouse body weight changes after SARS-CoV-2 challenge. Percent of average body weight of five mice (n = 5) in each group is shown. (G) SARS-CoV-2
titer in lungs. At day 4 after challenge, mice were killed and lungs were collected for virus titration by plaque assay. Viral titers are the GMT of five animals + SD.
The LoD of virus titer in lungs is 2.8 logio PFU per gram of tissue (dotted line). Data were analyzed using two-way ANOVA and Student’s t test (****P < 0.0001).

was detected in the lungs and nasal turbinate in the rMuV
group, respectively. All lungs from the rMuV group devel-
oped severe histological lesions (average score of 3.4) includ-
ing interstitial pneumonia, inflammation, mononuclear cell
infiltration, edema, alveolitis, bronchiolitis, and pulmonar
hemorrhage. However, lungs from the rMuV-preS-GPFS
group only had mild histological changes (average score of
1.1) such as occasional inflammation and mononuclear cell
infiltration (Figs. 4G and 54 and SI Appendix, Fig. S6A).
Immunohistochemistry (IHC) staining showed that all five
lung sections in the rMuV group had extensive N antigen
staining, whereas four lung sections were N antigen—negative
and one lung section had occasional N antigen spots in the
tMuV-preS-6P*" group (Fig. 5B and SI Appendix, Fig.
S6B). These data demonstrate that rMuV—preS—GPFSH vacci-
nation provides near-complete protection against SARS-
CoV-2 challenge in hamsters.

rMuV-preS-6P*V Is Significantly More Immunogenic than
rMuV-preS-2P"™ in IFNAR1™/~ Mice. We next compared the
immunogenicity of rtMuV-preS-2P™ and rMuV-preS-6P™ in
IFNARI™'" mice. Ten IFNAR1™'" mice (five males and
five females) per group were immunized with 10° PFU of
tMuV-preS-2P"M,” rtMuV-preS-6P™, or rMuV, and were
boosted with the same dose 2 wk later (Fig. 64). All 10 mice
in the rMuV-preS-6P™™ group developed a high level of
S-specific serum IgG antibody at week 2 whereas only 1 of
10 mice in the rMuV-preS-2P"™ group was antibody-positive
(Fig. 6B). The rMuV—preS—GPPM group induced significantly
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higher serum IgG antibodies than rMuV-preS-2P*™™ at weeks
2 and 4 although they had a similar level of IgG at week 6
(P> 0.05) (Fig. 6B and SI Appendix, Fig. S7). These data indicate
that tMuV-preS-6P™ induced an earlier antibody response that
is more potent than rtMuV-preS-2P"™.

The five female mice in each group were used for a challenge
experiment. The rMuV-preS-6P™ group had 8.5-fold higher
NAbs than the tMuV-preS-2P™ group (P < 0.0001) at week
6 (Fig. 6C) although they had a similar level of serum IgG (57
Appendix, Fig. S7A). After challenge with MA SARS-CoV-2,
mice in the rMuV-preS-6P™ group did not have significant
weight loss (P> 0.05) (Fig. 6D). However, mice in the rtMuV-
preS-2P"™ group had 10% weight loss at day 4 (P < 0.0001)
compared to normal controls (Fig. 6D). After euthanasia, the
SARS-CoV-2 titer in the lungs of the rMuV-preS-6P™ group
was below the detection limit whereas ~6 log;o PFU per gram
of tissue of SARS-CoV-2 was detected in the rMuV-preS-2P™
group (Fig. 6E). Therefore, mice immunized with tMuV-preS-
6P™ are completely protected against challenge with MA
SARS-CoV-2 whereas mice immunized with rMuV-preS-2P™
are only partially protected.

rMuV-preS-6P™™ Induces a Higher Mucosal IgA Titer than
rMuV-pres-2P™™. The five male mice in the rMuV-preS-2P™
and rMuV-preS-6P™ groups from the experiment above were
used for examining S-specific mucosal IgA responses. The NAb
titer in the rMuV-preS-6P™™ group was significantly higher
than the rMuV—preS—ZPPM group at week 6 (Fig. 6F) although
they had a similar level of IgG titers (SI Appendix, Fig. S7B). At
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Fig. 4. Immunogenicity of rMuV-preS-6P™" in golden Syrian hamsters. (4) Immunization schedule in hamsters. Four-week-old female golden Syrian ham-
sters (n = 5) were immunized with 1 x 10° PFU (half subcutaneous and half intranasal) of rMuV—preS—GPFSH, parental rMuV, or DMEM. Hamsters were
boosted 2 wk later. At weeks 2, 5, and 7, sera were collected for antibody detection. At week 7, hamsters were challenged with 2 x 10* PFU of SARS-CoV-2.
Unimmunized unchallenged controls were inoculated with DMEM. (B) Measurement of SARS-CoV-2 S-specific antibody. The dotted line indicates the limit of
detection (LoD). (C) Measurement of SARS-CoV-2-specific NAb titer. Data are expressed as GMT of five hamsters. (D) Dynamics of hamster body weight
changes after SARS-CoV-2 challenge. (E and F) SARS-CoV-2 titer in lungs (E) and nasal turbinate (F). At day 4 after challenge, hamsters were killed and lungs
and nasal turbinates were collected for virus titration by plaque assay. Viral titers are the GMT of five animals + SD. The LoD in lung nasal turbinate is 2.2
and 3.0 logqo PFU per gram of tissue (dotted lines). (G) Lung pathology score after challenge with SARS-CoV-2 WA1 strain. Each slide was scored based on
the severity of histologic changes described previously (24). Score 4, extremely severe; score 3, severe; score 2, moderate; score 1, mild; score 0, no patho-
logical changes. Data were analyzed using two-way ANOVA and Student's t test (***P <0.001, ****P <0.0001).

week 4, three and two mice in the rMuV-preS-6P™ and
tMuV-preS-2P™ groups had S-specific saliva IgA antibody,
respectively (Fig. 6G). Fecal IgA in the rMuV—preS—GPPM group
was significantly higher than that in the rMuV-preS-2P™ group
(Fig. 6H). At week 6, nasal (Fig. 6), saliva (Fig. 6/), and fecal
(Fig. 6K) IgA levels in the rMuV—preS-GPPM group were signifi-
cantly higher than those in the rtMuV-preS-2P*™™ group. These
results indicate that rMuV-preS-6P™ induces a higher level of
mucosal IgA antibody responses than rMuV-preS-2P"™M,

Immunization with rMuV-preS-2P and rMuV-preS-6P"V
Induces Th1-Biased T Cell Immune Responses. At week 6, the
five male mice in the rMuV-preS-2P*™™ and rMuV-preS-6P™
groups were killed, and their splenocytes were isolated to char-
acterize vaccine-induced T cells. We first used an enzyme-
linked immune absorbent spot (ELISpot) assay to quantify the
SARS-CoV-2 S-specific IFN-y—producing T cells. Upon stimu-
lation with peptide pools spanning the S1 subunit, four out
of five mice in the tMuV-preS-6P"™ group and all five mice
in the rMuV-preS-2P™ group showed an antigen-specific
IFN-y—producing T cell response. However, there was no sig-
nificant difference between these two groups (P > 0.05) (Fig.
7A). When the S2 peptide pool or N peptide pool was used for

stimulation, the IFN-y—producing T cell response was barely

PNAS 2022 Vol. 119 No.33 2201616119

detectable in either group (Fig. 7A4). To further characterize
the nature of the vaccine-induced T cells, four mice with
IFN-y—producing T cell responses in the rMuV-preS-6P™
group and five mice in the rMuV-preS-2P™ group were analyzed
using flow cytometry and intracellular cytokine staining (Fig. 7 B
and C and ST Appendix, Fig. S8). After peptide stimulation ex
vivo, IFN-y, tumor necrosis factor-o¢ (TNF-at), and interleukin-2
(IL-2), the signature cytokines of a Thl response, were detected
in CD8+ T cells in both the rMuV-preS-6P™ and rMuV-preS-
2P™ groups (Fig. 7B). Moreover, S-specific cytokine-producing
CD4+ T cells were also detected, and these cells also produced
Th1 cytokines IFN-y, TNF-a, and IL-2, but the frequencies of
antigen-specific CD4 T cells were much lower than the antigen-
specific CD8 T cells (Fig. 7 Band Q). In both groups, the signa-
ture cytokines (such as IL-4, IL-10, and IL-21) produced by Th2
cells were below the detection level (Fig. 7 B and (). Together,
these data suggest that tMuV-based SARS-CoV-2 vaccines, deliv-
ered systemically, elicit primarily CD8+ T cell responses.

Hamster Sera Raised by rMuV-preS-6P"™ Efficiently Neutralize
VoCs. Hamsters were immunized with 10° PFU of tMuV-preS-
6P™ or rMuV and were boosted with the same dose 2 wk later
(Fig. 84). All five hamsters in the rMuV-preS-6P™ group had
developed a high level of serum S-specific IgG antibodies,
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reaching average titers of 10*? and 10°° at week 6, respectively (Fig.
8B). Sera at week 6 were chosen to conduct virus-neutralizing assays
against SARS-CoV-2 WALI and VoGCs, B.1.1.7, P.1, B.1.617.2, and
B.1.351. Importantly, sera raised by rMuV—preS-GPPM neutralized
WAL, B.1.1.7, P.1, and B.1.617.2 variants equivalently (7> 0.05),
but there was a significant reduction in neutralization of the B.1.351
VoC (P < 0.05) (Fig. 80). As expected, a high level of S-specific
IgA was detected in serum (Fig. 8D), saliva (Fig. 8F), and vaginal
washes (Fig. 8F) in the rMuV-preS-6P™ group. These data demon-
strate that rMuV-preS-GPPM is highly immunogenic in hamsters
and serum raised by rMuV-preS-6P™™ is highly potent in
neutralizing these VoCs.

Hamsters Immunized with rMuV-preS-6P"™™ Are Completely
Protected against a SARS-CoV-2 Delta Variant Challenge. At
week 7 after immunization, hamsters immunized with rMuV-
preS-6P™ or rMuV were challenged with 2 X 10* PFU of a

200um

10X

Fig. 5. rMuV-preS-6P™" immunization protects
against lung pathology and virus replication. (A)
Hematoxylin/eosin staining of lung tissue of ham-
sters. (B) IHC staining of lung tissue of hamsters.
Hamsters were killed at day 4 after SARS-CoV-2
WA1 challenge. Anti-SARS-CoV-2 N antibody was
used for IHC staining. Micrographs with 1x and
10x magnification of a representative lung sec-
tion from each group are shown. Scale bars are
indicated.

SARS-CoV-2 Delta variant strain (Fig. 84). As shown in Fig.
8G, hamsters in the rMuV control group had a significant weight
loss compared with the mock-infected control group (2 < 0.001)
and exhibited mild clinical signs (such as ruffled fur). In contrast,
hamsters in the rMuV-preS-6P™™ group did not have any clinical
signs or weight loss (P > 0.05) (Fig. 8G). Importantly, the
SARS-CoV-2 titer was below the detection limit in the lungs
(Fig. 8H) and nasal turbinate (Fig. 81) in the rMuV-preS-
6PPM_immunized group. Histological examination showed that
all lung dssues from the tMuV group had severe pathological
charg/%es (average score of 3.0) while lungs from the rMuV-preS-
6P? group only had mild histological changes (average score
of 0.8) (Figs. 8/ and 94 and S7 Appendix, Fig. S9A). IHC stain-
ing showed that all five lung sections in the rtMuV group had
extensive N ant'l\%en staining whereas all five lung sections in the
tMuV-preS-6P™ group were negative for N antigen (Fig. 9B
and SI Appendix, Fig. S9B). Therefore, hamsters immunized with
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Fig. 6. Comparison of the immunogenicity of rMuV-preS-2P" and rMuV-preS-6P™™ in IFNAR1~/~ mice. (4) Immunization schedule. IFNAR1~/~ mice in group
1(n =10, 5 male and 5 female), group 2 (n = 10, 5 male and 5 female), and group 3 (n = 5, female) were immunized with 10° PFU (5 x 10° PFU in 20 pL for
intranasal and 5 x 10° PFU in 500 pL for subcutaneous) of rMuV-preS-2P"™, rMuV-preS-6P™M, and rMuV, respectively. Group 4 (n = 5, female) was inoculated
with the same volume of DMEM. Two weeks later, all mice were boosted with the same virus at the same dose and route. (B) S-specific IgG titers at weeks
2, 4, and 6 for 10 mice (five female and five male). (C) NAb titer at week 6 for five female mice. (D) Mouse body weight change after SARS-CoV-2 challenge. At
week 7, five female mice in groups 1 to 3 were challenged with 5 x 10% PFU of MA SARS-CoV-2 WAT1 strain. (F) SARS-CoV-2 titer in lungs. At day 4 after chal-
lenge, mice were killed and lungs were collected for virus titration by plaque assay. The LoD in lung is 3.0 log,o PFU per gram of tissue (dotted line). (F) NAb
titer in five male mice. (G) Saliva IgA antibody titer at week 4. (H) Fecal IgA antibody titer at week 4. (/) Nasal IgA titer at week 6. (/) Saliva IgA titer at week 6. (K) Fecal
IgA antibody titer at week 6. Data were analyzed using two-way ANOVA and Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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tMuV-preS-6P™™  were completely protected against challenge
with the SARS-CoV-2 Delta variant strain.

Intranasal Immunization with the MuV-Based SARS-CoV-2
Vaccine Induces a Strong Mucosal IgA Response. Recent stud-
ies showed that mucosal IgA antibody plays an important role in
protecting against SARS-CoV-2 infection (28-31). Thus, we
next compared the efficacy of the intranasal and subcutaneous
routes for MuV-based SARS-CoV-2 vaccine (Fig. 10A4).
S-specific serum IgG titers in the intranasal group were signifi-
cantly higher than those in the subcutaneous group (P < 0.05)
at week 2, but reached similar levels at weeks 4, 6, and 8 (Fig.
10B). Importantly, all six mice in the intranasal group generated
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strong Th1-biased T cell immune responses.
(A) ELISpot quantification of IFN-y-producing T
. cells. Spot-forming units (SFUs) were quanti-
fied after the cells were stimulated by peptides
° representing N (S1 peptides, circles) or C (S2
peptides, boxes) termini of the SARS-CoV-2
spike protein or N peptides. The mean of five
mice + SD is indicated. (B and () Cytokine
expression in CD8* (B) and CD4* (C) spleno-
cytes. Splenocytes of rMuV-preS-2PPM- or
rMuV-preS-6PPM-vaccinated mice were stimu-
lated ex vivo for 5 h with pools of S1 peptides
representing the N terminus of SARS-CoV-2 S
protein (5 pg/mL each) in an intracellular cyto-
kine staining assay. Frequencies of CD4* or
CD8" T cells expressing IFN-y, TNF-o, or IL-2 are
plotted. Data were analyzed using the Student's
t test (*P < 0.05).

a high level of S-specific serum IgA antibody at weeks 4, 6, and
8 whereas none of the mice in the subcutaneous group produced
an S-specific serum IgA response (Fig. 10C). All mice in the
intranasal group had S-specific IgA antibody in saliva (Fig. 10D)
and fecal samples (Fig. 10E) at week 6, whereas mice in the sub-
cutaneous group had no S-specific IgA response in the saliva and
minimal IgA in feces. Similarly, high levels of saliva (Fig. 10F5),
fecal (Fig. 10G), and nasal wash IgA (Fig. 10H) were detected in
the intranasal group at week 8. Therefore, intranasal delivery of
rMuV-preS-6P™ is superior to the subcutaneous route because
intranasal immunization induces an earlier IgG antibody
response, and a robust IgA antibody response in the serum, as
well as in the saliva, feces, and nasal washes.
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Fig. 8. rMuV-preS-6P™M provides near-complete protection against challenge of the SARS-CoV-2 Delta variant in golden Syrian hamsters. (A) Immunization
schedule in hamsters. Four-week-old female hamsters (n = 5) were immunized with 1 x 10° PFU (half subcutaneous and half intranasal) of rMuV—preS-6PPM,
parental rMuV, or DMEM. Hamsters were boosted 2 wk later. At weeks 2, 4, and 6, sera were collected for antibody detection. (B) Measurement of SARS-
CoV-2 S-specific antibody at weeks 2, 4, and 6. (C) NAb titer against SARS-CoV-2 VoCs. Sera at week 6 were used for virus-serum neutralization assay.
(D) Serum IgA titer. (E) Saliva IgA titer. (F) Vaginal wash IgA titer. (G) Dynamics of hamster body weight changes after challenge with the SARS-CoV-2 Delta var-
jiant. (H and /) SARS-CoV-2 titer in lungs (H) and nasal turbinate (/). At day 4 after challenge, five hamsters from each group were killed and lungs and nasal
turbinates were collected for virus titration by plaque assay. Viral titers are the GMT of five animals + SD. The LoD in lung nasal turbinate is 2.2 and 2.8
logio PFU per gram of tissue (dotted lines). (/) Lung pathology score after challenge with the SARS-CoV-2 Delta variant. Each lung section was scored based
on the severity of histologic changes. Score 4, extremely severe; score 3, severe; score 2, moderate; score 1, mild; score 0, no pathological changes. Data
were analyzed using two-way ANOVA and Student's t test (*P < 0.05, **P <0.01, ***P <0.001, ****P <0.0001).
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Intranasal Immunization Elicits Tissue-Resident Memory T
Cell Responses in the Lungs. We next examined the profile of
T cell cytokine responses by tissue-resident and circulating T
cells in the lungs after intranasal or subcutaneous immunization
with the rtMuV-based SARS-CoV-2 vaccine. To separate these
two T cell populations, anti-CD45-PE was retroorbitally
injected into mice 10 min prior to euthanasia. Lungs of rtMuV
control and immunized mice were dissociated, and lung T cell
suspensions were stimulated with phorbol myristate acetate
(PMA)/ionomycin, or an S-specific peptide pool, in the pres-
ence of protein transport inhibitors. Cells were separated into
two pools and surface-stained with antibodies specific for T cell
lineages (i.e., CD4 or CD8) and activation status (i.e., CD62L,
CD44, CDG9), and then fixed, permeabilized, and stained with
anti-IFN-y (for CD8+ T cells) or anti-cytokine antibodies

10X

Fig. 9. rMuV-preS-6P"™ immunization protects
against lung pathology and virus replication. (A)
Hematoxylin/eosin staining of lung tissue of ham-
sters. (B) IHC staining of lung tissue of hamsters.
Hamsters were euthanized at day 4 after SARS-
CoV-2 Delta variant challenge. Anti-SARS-CoV-2 N
antibody was used for IHC staining. Micrographs
with 1x and 10x magnification of a representative
lung section from each group are shown. Scale

20gui 1% bars are indicated.

(anti—-IFN-y for CD8+ T cells, or anti—IFN-y, anti-IL-17, and
anti-IL-5 for CD4+ T cells). Cells were analyzed on a Cytek
Aurora spectral flow cytometer.

The total percentage (Fig. 114) and number (Fig. 11E) of
S-specific CD4+CD44+CD62L—CD69+  antigen—experienced
T cells increased in mice immunized intranasally, compared with
tMuV control or subcutaneously immunized mice. The percent-
age and number of IFN-y (Fig. 11 Band F), IL-17 (Fig. 11 C
and G), or IL-5 (Fig. 11 D and H)-producing cells also increased
in mice immunized by the intranasal route. Separation of the
CD45— (tssue-resident) and CD45+ (circulating) T cell popula-
tions showed an increase in the percentage and number of
CD4+CD44+CDG62L—CD69+ cells (SI Appendix, Figs. S10 A
and £ and S11 A and E) in both fractions. The percentage and
number of IFN-y (8/ Appendix, Fig. S11 B and A, IL-17
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Fig. 10. Intranasal delivery of rMuV-preS-6P"™ is superior to the subcutaneous route. (4) Immunization schedule. Four-week-old female IFNAR1~/~ mice
were immunized intranasally or subcutaneously with 10® PFU of rMuV-preS-6P™™ and were boosted with the same route at the same dose 2 wk later.
(B) Serum ELISA IgG antibody at weeks 2, 4, 6, and 8. (C) Serum IgA antibody at weeks 2, 4, 6, and 8. (D) Saliva IgA antibody at week 6. (F) Fecal IgA antibody
at week 6. (F) Saliva IgA antibody at week 8. (G) Fecal IgA antibody at week 8. (H) Nasal IgA antibody at week 8. Data are the GMT of five animals + SD. Data
were analyzed using two-way ANOVA and Student's t test (*P < 0.05, **P <0.01, ***P <0.001, ****P <0.0001).
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Fig. 11. Intranasal delivery of rMuV-preS-6P™ induces T cell immune response in the lungs. Four-week-old female IFNAR1~~ mice were immunized intra-

nasally or subcutaneously with 10® PFU of rMuV-preS-6P"™ and boosted with the same route at the same dose 2 wk later. At week 8, mice were injected
with CD45-PE antibody 10 min before euthanasia to separate the resident (CD45-) and circulating (CD45+) T cells (S/ Appendix, Figs. S7 and S8). Lung T cell
suspensions were stimulated with an S-specific peptide pool (A-H) or PMA/ionomycin (/-P) in the presence of protein transport inhibitors. Cells were
surface-stained with antibodies specific for CD4 or CD8, CD62L, CD44, and CD69, and then fixed, permeabilized, and stained with anti-IFN-y, anti-IL-17, and
anti-IL-5 for CD4+ T cells. Cells were analyzed on a Cytek Aurora spectral flow cytometer. The percentage (A-D) and number (E-H) of S-specific total
CD4+CD44+CD62L—CD69+ T cells (A and E) and the subset of IFN-y+ (B and F), IL-17+ (C and G), and IL-5+ (D and H)-producing CD4+ T cells are shown in
A-H. The percentage (/-L) and number (M-P) of PMA-stimulated total CD4+CD44+CD62L—CD69+ T cells (/ and M) and IFN-y+ (/ and N), IL-17+ (K and O), and
IL-5+ (L and P)-producing CD4+ T cells are shown in /-P. One-way ANOVA with Tukey's multiple comparisons was used to detect differences among groups

(*P<0.05, **P<0.01, ***P<0.001, ****P <0.0001).

(SI Appendix, Fig. S11 Cand G), and IL-5 (SI Appendix, Fig. S11
D and H)-producing CD45+ cells were significantly higher in
intranasally immunized mice, compared with naive or subcutane-
ously immunized mice. There was a significant increase in IL-17
(SI Appendix, Fig. S10C)—producing cells in the CD45— fraction
whereas no significant increase in IEN-y (87 Appendix, Fig. S10 B
and £) or IL-5 (87 Appendix, Fig. S10 D and H)—producing cells
was observed.

PMA/ionomycin—stimulated cells reflected the same overall pat-
tern, with an increase in the percentage and number of total
CD4+CD44+CDG62L—CD69+ cells (Fig. 11 7 and M) and
IFN-y (Fig. 11 Jand N), IL-17 (Fig. 11 Kand O), and IL-5 (Fig.
11 L and P-producing cells in mice immunized intranasally,
compared with naive or subcutaneously immunized mice. There
was a significant increase in CD4+CD444+CD62L—CD69+ cells
(SI Appendix, Figs. S10 Iand M and S11 /and M) and IFN-y (87
Appendix, Figs. S10 Jand N and S11 J and N)—producing cells
for both CD45— and CD45+ fractions in mice immunized intra-
nasally whereas no significant increase in IL-17 (SI Appendix, Figs.
S10 Kand Oand S11 Kand O) or IL-5 (SI Appendix, Fig. S10 L
and P and S11 L and P)—producing cells was observed between
the three groups.

PMA/ionomycin—stimulated cells showed an increase in the
percentage of the CD8+CD44+CD62L—CD69+ fraction (57
Appendix, Fig. S12 A, E, and 1) in the lungs of intranasally

immunized mice, compared with naive or subcutaneously

PNAS 2022 Vol. 119 No.33 2201616119

immunized mice. However, the percentage and number of
IFN-y—producing cells were similar in all groups (S Appendix,
Fig. S12 B-1).

Together, these data show that intranasal immunization with
the MuV-based SARS-CoV-2 vaccine elicits CD4+ T cells in
the lungs, with similar proportions of Thl, Th2, and Thl7
polarized cells. In contrast, the CD8+ T cell response was less
robust, with only a slight increase in CD8+CDG69+ cells and
the fraction that produced IFN-y.

Th1 Polarized Systemic T Cell Responses Are Elicited by
Subcutaneous Immunization. Spleen cells were isolated from
the above mice at week 8 after immunization and were stimulated
with purified preS-6P protein. Both intranasal and subcutaneous
routes induced a similar level of S-specific CD4+ T cells (87
Appendix, Fig. S13A). Flow cytometry analysis of CD4+ T cells
producing Thl cytokines revealed that the subcutaneous route
stimulated significantly higher IFN-y and TNF-a responses com-
pared with the intranasal route (SI Appendix, Fig. S13 B and C)
(P < 0.01). However, neither the intranasal nor the subcutane-
ous routes induced a significant level of IL-4 or IL-5 (87
Appendix, Fig. S13 D and E), the signature cytokines of Th2
response. In addition, the IL-10 level resulting from the intrana-
sal route was higher than the subcutaneous route (S Appendix,
Fig. S13F). Neither the intranasal nor the subcutaneous routes

induced a significant level of IL-17 (SI Appendix, Fig. S13G).
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Fig. 12. Effect of preexisting MuV immunity on SARS-CoV-2-specific anti-
body in hamsters and mice. Four-week-old female golden Syrian hamsters
(n = 5) were immunized with 1 x 10° PFU (half subcutaneous and half
intranasal) of rMuV. Four weeks later, hamsters were immunized with
rMuV-preS-6P"M, At week 10, hamsters were boosted with 1 x 10° PFU of
rMuV-preS-6P"™, Sera were collected every 2 wk for measurement of MuV-
specific neutralizing antibody (A) and SARS-CoV-2 S-specific serum IgG anti-
body (B). Four-week-old female IFNAR1~"~ mice (n = 6) in group 1 were
immunized with 1 x 10° PFU (half subcutaneous and half intranasal) of
rMuV. Mice in the control group (n = 5) were inoculated with DMEM. At
week 2, both groups were immunized with 1 x 10° PFU of rMuV-preS-6P™M.
At week 4, both groups were boosted with 1 x 10° PFU of rMuV-preS-6P™M.
Sera were collected every 2 wk for measurement of MuV-specific neutraliz-
ing antibody (C) and SARS-CoV-2 S-specific serum IgG antibody (D). Data
were analyzed using two-way ANOVA and Student's t test (*P<0.05,
**k*p <0.0001).

Interestingly, IL-21, the signature product of follicular T helper
cells, was significantly increased in the intranasal group (P < 0.01)
(SI Appendix, Fig. S13H). We also observed a significant increase
in antigen-specific CD8+ T cells in mice immunized by the sub-
cutaneous route (S Appendix, Fig. S131). In addition, intracellular
cytokine staining of CD8+ T cells showed that the subcutaneous
route stimulated a significantly higher IFN-y and TNF-a (87
Appendix, Fig. S13 ] and K) response than the intranasal route
(P < 0.001). These results suggest that systemic T cell responses
are elicited by subcutaneous immunization, while intranasal
immunization directs the response to the lungs. Furthermore,
systemic immunization induces antigen-specific CD4+ and
CD8+4 T cell responses, while intranasal immunization elicits
primarily CD4+ T cell responses.

Induction of SARS-CoV-2-Specific Antibody Responses by
rMuV-preS-6P*™ in the Presence of Preexisting MuV
Immunity. To determine if a MuV-based SARS-CoV-2 vaccine
can induce an S-specific immune response in the presence of
anti-MuV immunity, hamsters were immunized with 10° PFU
of the parental MuV JL2 to induce anti-MuV immunity. Four
weeks later, these hamsters were immunized with 10° PFU of
rMuV—preS—GPPM. At week 10, the hamsters were boosted with
10° PFU of rMuV—preS—GPPM. All hamsters developed a high
level of MuV-specific serum antibody by week 4 (Fig. 124) and
the antibody to MuV further increased after immunization
with tMuV-preS-6P™. All hamsters were negative for SARS-
CoV-2 S-specific antibodies at weeks 2 and 4 but developed
a high level of S-specific antibody at week 6 (week 2 after
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tMuV-preS-6P™ immunization) and maintained that level
through week 10 (Fig. 12B). At week 10, hamsters were
boosted with rMuV-preS-6P™, and the S-specific antibodies
further increased at weeks 12 and 14 (Fig. 12B). These data
indicate that rMuV-preS-6P™ is capable of inducing a high
level of SARS-CoV-2 S-specific antibodies despite the presence
of the preexisting MuV immunity in hamsters.

We also directly compared the S-specific antibody response
with or without the preexisting MuV immunity. Briefly, two
groups of female IFNAR1 ™/~ mice were inoculated with 10°
PFU of tMuV (7 = 6) or Dulbecco’s modified Eagle’s medium
(DMEM) (7 = 5). Two weeks later, both groups were immu-
nized with 10° PFU of rMuV-preS-6P™. At week 4, both
groups were boosted with 10° PFU of rMuV-preS-6P™. At
weeks 0, 2, 4, 6, and 8, MuV-neutralizing antibody (Fig. 12C)
and SARS-CoV-2 S-specific IgG antibody were monitored
(Fig. 12D). Mice immunized with tMuV followed by two doses
of tMuV-preS-6P™ induced significantly higher MuV NAb
titers than those mice immunized with two doses of rtMuV-
preS-6P™ (Fig. 12C). At week 4, S-specific serum IgG anti-
bodies were detected in both glgoups; however, S-specific IgG in
the DMEM + rMuV-preS-6P™ group was significantly higher
than the tMuV + rMuV-preS-6P™ group (P < 0.0001) (Fig.
12D). Importantly, both groups reached a similar level of
S-specific IgG antibody by weeks 6 and 8 (P > 0.05) (Fig.
12D). These results indicate that rMuV—preS—GPPM vaccination
is capable of inducing a similar level of S-specific antibody with
or without preexisting MuV antibody, although the appearance
of S-specific antibody is delayed in the presence of anti-MuV
immunity.

Discussion

We have developed an rMuV-based SARS-CoV-2 vaccine can-
didate. We inserted stabilized versions of the SARS-CoV-2 pre-
fusion S protein, preS-2P or preS-6P, into the P-M or F-SH
gene junctions in the MuV genome and found that preS-6P
was more efficiently expressed than preS-2P and that preS-6P
expression from the P-M gene junction was more efficient than
from the F-SH gene junction. Mice and hamsters immunized
with rMuV-preS-6P-based SARS-CoV-2 vaccine candidates
provided complete protection against challenge with SARS-
CoV-2 WAL and the Delta variant. Furthermore, antibodies
induced by this rMuV-preS-6P-based SARS-CoV-2 vaccine
efficiently neutralized major VoCs including B.1.1.7, P.1, and
B.1.617.2. Intranasal immunization induced robust IgG,
mucosal IgA, and systemic and resident T cells. Furthermore,
this rMuV-preS-6P-based SARS-CoV-2 vaccine is highly
immunogenic, even in the presence of anti-MuV antibody,
indicating that tMuV-preS-6P will be effective for all popula-
tions regardless of their MuV immunizaton status. Thus, the
tMuV-preS-6P-based SARS-CoV-2 vaccine is a highly promis-
ing vaccine candidate that warrants further development.

To our knowledge, only one study has reported the potential
use of MuV as a vaccine vector (32). Xu et al. (32) inserted the
HIV-1 Gag gene into the MuV genome to generate tMuVgag.
Rhesus macaques immunized with rMuVgag and boosted with
a recombinant vesicular stomatitis virus (rVSV) expressing
HIV-1 Gag (rVSVN4CT1gagl) generated Gag-specific cellular
immune responses. Thus, it is not clear whether the Gag-
specific cellular immunity observed was due to rtMuVgag or
tVSVN4CT1gagl. In addition, very low levels of Gag-specific
IgG were detected in this prime-boost immunization strategy
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(32). The expression of Gag may not have been optimized in
this MuV vector.

Here, we optimized the S protein expression in the MuV
vector using different gene locations (P-M and F-SH) and dif-
ferent forms of S protein (preS-2P and preS-6P) and demon-
strated that the live attenuated MuV JL2 strain is an attractive
vector for delivering a SARS-CoV-2 vaccine. Insertion of solu-
ble stabilized SARS-CoV-2 S genes into the MuV JL2 genome
slows replication kinetics and results in smaller plaques, which
further attenuates this vaccine virus and enhances its safety as a
vaccine. Importantly, virus yield (the peak virus titer), though
delayed from 3 to 5 d, was similar to the parental tMuV JL2 in
Vero CCL81 cells. Finally, the preS-6P protein is highly
expressed by the MuV vector and preS-6P is found in both the
cell lysate and cell-culture supernatant. Among the tested vac-
cine candidates, rMuV-preS-6P™ is the best candidate, as it
has the highest preS expression and immunogenicity.

Current mRNA vaccines, adenovirus-based vaccines, and recom-
binant protein—based vaccines employ either full-length native S or
preS-2P as antigens (33, 34). We found preS-6P is expressed at
dramatically higher amounts than that of preS-2P from either of
the gene junctions tested (P-M and F-SH) in the MuV vector,
which is similar to the previous observation using a plasmid expres-
sion system (21). Mice immunized with rMuV-preS-GPPM had an
earlier antibody response than those immunized with rMuV-
preS-2P™. The NAbs and mucosal IgA antibodies elicited by
tMuV-preS-6P™ are much higher than those induced by
rMuV-preS-2PPM, rMuV-preS-6P™ confers complete protec-
tion from SARS-CoV-2 WAL challenge whereas tMuV-preS-
2P"™ only provides partial protection. These data demonstrate
that rMuV-preS-6P™ is much more immunogenic than
tMuV-preS-2P*M. The observation that rMuV-preS-6P™
induces similar levels of IgG antibody but much higher NAbs
compared with rtMuV-preS-2P"™ suggests that preS-GP retains
its neutralizing epitopes better than preS-2P. It clearly demon-
strates that preS-6P is superior to preS-2P as an antigen for vac-
cine design. Recently, Sun et al. (35) generated a recombinant
Newcastle disease virus (NDV-HXP-S) expressing a membrane-
bound prefusion-stabilized spike protein with HexaPro (HXP).
NDV-HXP-S was highly immunogenic in mice and hamsters
and is currently in clinical trials in Vietnam, Thailand, and
Brazil (35).

The emergence of SARS-CoV-2 VoCs complicates the cur-
rent pandemic. More and more evidence demonstrates that
antibodies elicited by the current SARS-CoV-2 vaccines encod-
ing native S or preS-2P have significantly reduced abilities to
neutralize these VoCs, particularly for the Delta variant (36,
37) and, more recently, the Omicron (10, 11). Notably, we
found that sera raised by rMuV-preS-6P™ neutralized the very
similar SARS-CoV-2 WAL and equally well the B.1.1.7, P.1,
and B.1.617.2 variants (P > 0.05) although it had significantly
reduced neutralizing activity against the B.1.351 variant
(P < 0.05). In addition, we demonstrate that hamsters immu-
nized with tMuV-preS-6P™ were completely protected from
challenge by the Delta variant. These results suggest that a
preS-6P vaccine would have a greater ability to neutralize the
VoCs than the current native S or preS-2P-based vaccines.

A unique advantage of an tMuV-based SARS-CoV-2 vaccine is
that it can be administered intranasally, which efficiently induces
local IgA, systemic IgG antibody, and resident T cell-mediated pro-
tective immune responses. The respiratory tract is the primary site
for SARS-CoV-2 infection. Secretory IgA plays a crucial role in pro-
tecting mucosal surfaces against infection by directly impeding
SARS-CoV-2 from attaching to cells in the mucosal surface
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(28-30). Direct comparison of intranasal and subcutaneous routes
found that intranasal immunization was not only more effective in
inducing IgG antibody but also induced high levels of nasal, fecal,
saliva, and serum IgA antbodies and resident and systemic T cell
immune responses, whereas subcutaneous immunization induced
no or litde mucosal IgA response. Furthermore, subcutaneous
immunization elicited primarily CD8+ T cells, while intranasal
immunizadon elicited primarily CD4+ T cells in the lungs. This
result suggests that CD8+ T cells may be more important for sys-
temic elimination of virally infected cells, while mucosal CD4+ T
cells may be important for protection in the respiratory tract.

Although the subcutaneous route is currently used for MMR
vaccination in infants and children, intranasal delivery of MuV
vaccine has been documented in children and adults (38—40).
Interestingly, intranasal vaccination of the MuV L-3 vaccine
strain induced the highest rise in MuV-neutralizing antibody
titers in human volunteers compared with the other immuniza-
tion routes (38). Wild-type MuV is highly neurotropic (41,
42). According to the World Health Organization and the US
FDA, a nonhuman primate test is required for evaluation of
the neurovirulence of MuV vaccines via intracerebral inocula-
tion (41-43). Clearly, both MuV JL1 and MuV JL2 have met
the safety requirement (41, 42). Furthermore, insertion of the
spike of SARS-CoV-2 further attenuates MuV JL2, thereby
enhancing the safety profile. Thus, intranasal delivery of an
rtMuV-based SARS-CoV-2 vaccine may be a feasible immuniza-
tion route in humans.

One concern for employing currently used vaccines as vectors
for delivering other immunogens is the preexisting antibody to the
vector. Most populations have already been immunized with the
MMR vaccine and those antibodies might be expected to neutral-
ize a vaccine delivered by MuV, one of the MMR components.
However, we found that hamsters with freshly induced, high levels
of MuV antibody immunized with rMuV-preS-6P™ generated
high levels of S-specific antibody.

Furthermore, we found that rtMuV-preS-6P™ vaccination is
capable of inducing a similar level of S-specific antibody with
or without preexisting MuV antibody in mice, although the
appearance of S-specific antibody is delayed in the presence of
anti-MuV immunity. This result suggests that the preexisting
MuV antibody had a minimal impact on inducing SARS-CoV-2
S-specific antibody in both mice and hamsters.

It has been speculated that the MMR vaccine, itself, may
protect against or reduce the severity of SARS-CoV-2 infection
in humans (44-47). Gold et al. (48) reported that several coun-
tries with recent, large-scale MMR vaccination campaigns had
the fewest COVID-19 deaths and that there is a significant
inverse correlation between MuV antibody titers from MMR
vaccination and COVID-19 severity. If true, immunization
with a MuV-based SARS-CoV-2 vaccine might offer this addi-
tional benefit. Although we did not directly compare disease
severity between phosphate-buffered saline-inoculated and
rMuV-immunized mice and hamsters after SARS-CoV-2 chal-
lenge, our results clearly showed that immunization with the
control tMuV vector was not protective against a large dose of
SARS-CoV-2 WAL1 or the Delta variant.

In summary, we have developed a highly efficacious
tMuV-vectored preS-6P vaccine candidate that induces a
broad neutralizing antibody against VoCs and provides com-
plete protection against SARS-CoV-2 WA1 and Delta vari-
ant challenge in animal models. Thus, the rMuV-based
preS-6P vaccine is a promising vaccine candidate, warranting
further development as a COVID-19 vaccine. By incorporat-
ing rMuV-preS-6P into the existing MMR vaccine, a
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quadruple vaccine could be developed against these four
important childhood pathogens.

Materials and Methods

All animals were housed within University Laboratory Animal Resources facilities
of The Ohio State University under approved Institutional Laboratory Animal Care
and Use Committee guidelines (protocol no. 2009A1060-R3 and
2020A00000053). Detailed descriptions of cell cultures, virus strains, construc-
tion of infectious cDNA clones of MuV, recovery and characterization of rMuV
expressing SARS-CoV-2 S proteins, multistep growth curves, preparation of large
stocks of MuVs, MuV and SARS-CoV-2 plaque assays, Western blot, immunos-
taining, RNA extraction, RT-PCR, animal studies in IFNAR1~"~ mice and golden
Syrian hamsters, purification of S protein and S peptides, T cell assay, ELISpot
assay, quantification of intracellular cytokine production, flow cytometry analysis,
detection of SARS-CoV-2-specific 1gG and IgA antibodies by ELISA, detection of
SARS-CoV-2- and MuV-neutralizing antibody, determination of SARS-CoV-2 titer
in mice and hamster tissues, histology, immunohistochemical staining (IHC),
and statistical analysis are provided in S/ Appendix.

Data Availability. All study data are included in the article and/or SI Appendiix.
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