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As SARS-CoV-2 variants of concern (VoCs) that evade immunity continue to emerge,
next-generation adaptable COVID-19 vaccines which protect the respiratory tract and
provide broader, more effective, and durable protection are urgently needed. Here, we
have developed one such approach, a highly efficacious, intranasally delivered, trivalent
measles-mumps-SARS-CoV-2 spike (S) protein (MMS) vaccine candidate that induces
robust systemic and mucosal immunity with broad protection. This vaccine candidate is
based on three components of the MMR vaccine, a measles virus Edmonston and the two
mumps virus strains [Jeryl Lynn 1 (JL1) and JL2] that are known to provide safe, effec-
tive, and long-lasting protective immunity. The six proline-stabilized prefusion S protein
(preS-6P) genes for ancestral SARS-CoV-2 WAL and two important SARS-CoV-2 VoCs
(Delta and Omicron BA.1) were each inserted into one of these three viruses which were
then combined into a trivalent “MMS” candidate vaccine. Intranasal immunization of
MMS in IFNAR1™" mice induced a strong SARS-CoV-2-specific serum IgG response,
cross-variant neutralizing antibodies, mucosal IgA, and systemic and tissue-resident T
cells. Immunization of golden Syrian hamsters with MMS vaccine induced similarly high
levels of antibodies that efficiently neutralized SARS-CoV-2 VoCs and provided broad
and complete protection against challenge with any of these VoCs. This MMS vaccine is
an efficacious, broadly protective next-generation COVID-19 vaccine candidate, which
is readily adaptable to new variants, built on a platform with a 50-y safety record that
also protects against measles and mumps.

SARS-CoV-2 | intranasal trivalent vaccine | MMR vaccine

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has resulted in tremendous morbidity and mor-
tality worldwide and continues to threaten all aspects of our society (1, 2). As of May 2,
2023, more than 6.9 million deaths and 764 million infected cases have been documented.
Several types of SARS-CoV-2 vaccines have been approved for use in humans, including
messenger RNA (mRNA), adenovirus-vectored, and subunit vaccines (3). Most of them
use the prefusion spike (S) protein stabilized by two prolines (preS-2P) as the immunogen
(4-6). Following two intramuscular injections, these vaccines are successful in preventing
severe disease and death (4-6).

'The continuous emergence of new SARS-CoV-2 variants of concern (VoCs) has made
this pandemic difficult to halt. Since the pandemic began, several VoCs including the
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1), Delta (B.1.617.2), and, more recently,
the dominant Omicron (B.1.1.529/BA.1) and its subvariants (BA.2, BA.2.12.1, BA.4,
BA.5, and XBB.1.5) have emerged (7, 8). The Omicron BA.1 variant was first detected
in South Africa in November 2021 and spread globally (9). Compared to earlier variants,
the Omicron BA.1 S protein harbors the highest number of mutations in the
receptor-binding domain (RBD), markedly reducing its sensitivity to neutralizing anti-
bodies (NAbs) induced by the current COVID-19 vaccines (10).

Despite the high success of the current COVID-19 vaccines, there are several limita-
tions, including their reduced effectiveness against SARS-CoV-2 VoCs, short duration of
protection, inability to induce a mucosal immune response to protect the airways, and
high cost of production or distribution (11, 12). Therefore, there is an urgent need to
develop the next generation of intranasal COVID-19 vaccines which induce durable and
broadly protective immunity, both in the airways and systemically.

The combined MMR (measles/mumps/rubella) vaccine has been available in the United
States since 1971 and is one of the safest and most effective human vaccines (13, 14). The
MMR vaccine contains attenuated strains of measles virus (MeV), mumps virus (MuV),
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Significance

There is an urgent need to develop
a mucosal SARS-CoV-2 vaccine that
can induce broad, durable
protection. MMR has been one of
the safest and most successful
vaccines in human history. By
expressing the six-proline-
stabilized prefusion spikes from
three diverse SARS-CoV-2 strains
in the MeV, MuV-JL1, and MuV-JL2
vaccine strains from MMR, we
generated a MMS trivalent vaccine
candidate. Intranasally delivered
MMS induced strong SARS-CoV-2-
specific neutralizing antibody,
mucosal IgA, and systemic and
lung resident T cell immune
responses that provide broad
protection against challenge with
each of these three strains.
Therefore, MMS is a highly
promising next-generation vaccine
candidate against COVID-19.
Furthermore, any of the three
component vaccine viruses can be
quickly modified when a new
important SARS-CoV-2 variant
appears.
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and rubella virus and confers lifelong protection against these three
viruses (13). Both MeV and MuV are nonsegmented negative-sense
RNA viruses belonging to the family Paramyxoviridae. Both MeV
and MuV have been used as delivery platforms for experimental
vaccines against highly pathogenic viruses (15-18).

Sequence analysis of the MuV Jeryl Lynn (JL) strain in the
MMR vaccine has revealed two MuV substrains with substantially
different nucleotide sequences, the major (JL1) component and
the minor (JL2) component (19). Therefore, each of the three
viruses (MeV, MuV-JL1, and MuV-JL2) in the MMR vaccine
could be modified to express a different antigen as components
of a trivalent vaccine candidate. This multivalent vaccine platform
is highly attractive for the development of a next-generation
SARS-CoV-2 vaccine because three S protein genes from different
VoCs can be inserted into these three viruses, thereby providing
broad protection against multiple SARS-CoV-2 VoCs. In addi-
tion, both MeV and MuV can be delivered by the intranasal route
to induce mucosal immunity.

In this study, we have demonstrated the success in modifying the
MMR vaccine to develop an intranasal, trivalent measles-mumps-
SARS-CoV-2 (MMS) vaccine candidate harboring three stabilized
prefusion spike with six prolines (preS-6P) from three different
SARS-CoV-2 strains.

Results

Recovery and Characterization of rMuV-JL1 Expressing a Six
Proline-Stabilized Prefusion Spike of SARS-CoV-2 Delta Variant.
We recently showed that preS stabilized by 6 prolines (preS-6P)
(20) induced six to eight times higher NAbs than preS-2P (21)
in MuV-JL2 (18) and MeV (22) vectors. Therefore, we inserted a
codon-optimized preS-6P gene of the Delta variant into the P-M
gene junction of the MuV-JL1 genome (Fig. 14). The resultant

rMuV-JL1-Delta-preS-6P formed significantly smaller plaques
(Fig. 1B) and showed delayed cytopathic effects (CPE) (Fig. 1C)
and replication kinetics (Fig. 1D), compared to the parental
tMuV-JL1 but reached similar titers (10’ PFU/mL) in Vero
CCL8L1 cells by 96 h postinoculation. Next, we characterized the
expression of Delta preS-6P by MuV-JL1. tMuV-JL2 and rtMuV-
JL2-WA1-preS-6P were used as side-by-side controls. A strong
preS-6P band was detected in the cell lysates and supernatants of
both the tMuV-JL1-Delta-preS-6P (Fig. 1 E, Lef?) and the rMuV-
JL2-WA1-preS-6P-infected cells (Fig. 1 E, Right), demonstrating
that both the Delta and WAL preS-6P were highly expressed and
secreted by MuV-JL1 and MuV-JL2.

Recovery and Characterization of rMeV Expressing a Six Proline-
Stabilized Prefusion Spike of SARS-CoV-2 Omicron BA.1. We
inserted the codon-optimized preS-6P version of the Omicron
BA.1 gene into the P-M gene junction of the MeV Edmonston
vaccine strain genome to produce rMeV-BA.1-preS-6P (Fig. 24).
rMeV-BA.1-preS-6P formed smaller plaques (Fig. 2B) and showed
delayed CPE (Fig. 2C) and replication (Fig. 2D) in Vero CCL81
cells compared to the parental rMeV. A strong preS-6P protein
band was detected in both cell lysate and supernatant in rtMeV-
BA.1-preS-6P-infected cells (Fig. 2E), demonstrating that the
Omicron BA.1 preS-6D is highly expressed by the MeV vector.

Trivalent Vaccine Induces a Broader Neutralizing Antibody
Response than the Monovalent Vaccine in IFNAR1 I~ Mice. Having
thoroughly characterized all recombinant viruses, we next combined
equal amounts (PFU) of rtMeV-BA.1-preS-6P, rtMuV-JL1-Delta-
preS-6D, and tMuV-JL2-WA1-preS-6P to generate a trivalent MMS
vaccine candidate. As a vector control, we combined equal amounts
(PFU) of tMeV, tMuV-JL1, and tMuV-JL2 (MMM vector control).
Then, we tested the immunogenicity of the trivalent MMS vaccine
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Fig. 1. Recovery and characterization of rMuV-JL1-Delta-preS-6P expressing the six proline-stabilized prefusion spike of SARS-CoV-2 Delta variant. (A) Strategy

for insertion of preS-6P of the Delta variant into the P and M gene junction in the MuV-JL1 genome. (B) The plaque morphology of rMuV-JL1 and rMuV-JL1-Delta-
preS-6P in Vero CCL81 cells at day 5. (C) rMuV-JL1-Delta-preS-6P exhibits delayed syncytia formation in Vero CCL81 cells (MOI of 0.1). (D) Replication kinetics of
recombinantviruses in Vero CCL81 cells at an MOl of 0.1. (E) Expression of preS-6P in rMuV-JL1-Delta-preS-6P (Left) or rMuV-JL2-WA1-preS-6P (Right)-infected Vero
CCL81 cells. An MOI of 0.1 was used for infection, and 10 pL of cell lysate (from total 200 pL) and 10 pL (from total 1 mL) of supernatant were used for Western blot.
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Fig. 2. Recovery and characterization of rMeV-BA.1-preS-6P expressing the six proline-stabilized prefusion spike of SARS-CoV-2 BA.1. (A) Strategy for insertion

of preS-6P of Omicron BA.1 into the P and M gene junction in the MeV genome.

(B) The plague morphology of rMeV-preS-BA.1 in Vero CCL81 cells at day 5.

(C) rMeV-BA.1-preS-6P exhibits delayed syncytia formation in Vero CCL81 cells (MOI of 0.1). (D) Replication kinetics of recombinant viruses in Vero CCL81 cells
at an MOI of 0.1. (E) Expression of preS-6P of Omicron BA.1 by the MeV vector in Vero CCL81 cells. An MOI of 0.1 was used for infection, and 10 uL of cell lysate
(from total 200 pL) and 10 pL (from total 1 mL) of supernatant were used for Western blot.

candidate in IFNAR1™" mice, which are susceptible to infection by
MeV, MuV, and mouse-adapted (MA) SARS-CoV-2 (17, 18). A
monovalent vaccine candidate, rMeV-BA.1-preS-6P, was used for
side-by-side comparison. Briefly, IFNAR1~~ mice were immunized
with either a low dose (total of 5 x 10° PFU; 1.67 x 10’ PFU of
each of the three viruses) or a high dose (total of 1.5 x 10° PFU;
5.0 x 10° PFU of each virus) of each vaccine via combination of
subcutaneous (s.c.) and intranasal (7.72.) routes and were boosted 3
wk later (Fig. 34).

To detect SARS-CoV-2 S-specific IgG and IgA antibody titers,
purified preS-6P proteins (SI Appendix, Fig.S1) of WA1, Delta, and
Onmicron BA.1 were used for ELISA. For the high-dose immuniza-
tion groups, high levels of SARS-CoV-2 WAL S-specific IgG
(Fig. 3B), Delta S-specific IgG (Fig. 3C), and BA.1 S-specific IgG
(Fig. 3D) were detected in both the monovalent and trivalent vaccine
groups. WA1 S-specific IgG (Fig. 3B) and Delta S-specific 1gG
(Fig. 3C) in the trivalent vaccine were higher than that in the mon-
ovalent vaccine, but only the week 2 sera were significantly different.
Similarly, BA.1 S-specific antibody in the trivalent vaccine group
was higher than in the monovalent vaccine group, but there was no
significant difference (Fig. 3D). Importantly, WA1, Delta, and BA.1
S-specific IgA titers were significantly higher in the trivalent vaccine
group than those in the monovalent vaccine group (Fig. 3 £~G). In
addition, WA1 and BA.1 S-specific IgA titers were higher than Delta
S-specific IgA titers (Fig. 3 E-G).

Next, sera from week 7 were used to quantify the serum NAbs
against SARS-CoV-2 D614G, Delta, Omicron BA.1, and BA.4/5
using a pseudotyped lentivirus neutralization assay (23) (Fig. 3H).

PNAS 2023 Vol.120 No.41 2220403120

As expected, the monovalent rtMeV-BA.1-preS-6P vaccine induced
high NAb titers against homologous BA.1 pseudotyped virus,
73.1-fold greater than against D614G (P < 0.01), which includes
an antibody escape mutation conserved in most SARS-CoV-2
VoCs. However, these antibodies neutralized the Delta pseudotyped
virus poorly (0.95-fold, P > 0.05) and BA.4/5 pseudotyped virus
only modestly (2.9-fold, P> 0.05) compared to D614G (Fig. 3H).

Interestingly, the trivalent vaccine induced a slightly greater,
1.5-fold, NAD activity against BA.1 compared to the monovalent
vaccine (Fig. 3H). But the NAD response to the trivalent vaccine
was much broader with 88.5-fold, 25-fold, and 13.1-fold higher
NTj, against the D614G, Delta, and BA.4/5 pseudotyped viruses,
respectively (Fig. 3H). Compared to D614G, these sera had a
significantly reduced NAbs against Delta (< 0.05) but not BA.1
or BA.4/5 (P> 0.05). Overall, the trivalent vaccine induced higher
and much broader NAbs than the monovalent vaccine.

Serum IgG Antibody Responses to Trivalent and Monovalent
Vaccines Are Retained for at least Four Months. Mice immunized
with the lower dose (5 x 10° PFU) were used to determine the
longevity of antibody response (Fig. 44). For both monovalent
and trivalent vaccines, high levels of WA1 and BA.1 S-specific IgG
responses (Fig. 4 B and C) were detected as early as week 2 and
reached a peak titer at weeks 5 or 7 and maintained that level for
at least 16 wk. WAL S-specific IgG titers induced by the trivalent
vaccine were significantly higher than those in monovalent vaccine
(Fig. 4B). No significant difference in BA.1 S-specific IgG titers

was observed between trivalent and monovalent vaccine groups
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Fig.3. Immunogenicity of monovalent and trivalent vaccines in IFNAR1T™" mice at doses of 1.5 x 10° PFU. (A) Immunization schedule. IFNAR1™~ mice (n = 5) were
immunized with a high dose (1.5 x 10° PFU) of monovalent or trivalent vaccine via a combination of i.n. and s.c. routes and were boosted three weeks later. Sera
were collected for determination of SARS-CoV-2 WAT1 (B), Delta (C), or BA.1 (D) S-specific IgG titer measured by ELISA, and SARS-CoV-2 WA1 (E), Delta (F), or BA.1
(G) S-specific IgA titer measured by ELISA. (H) NAbs against different SARS-CoV-2 VoCs. Sera at week 7 were used for pseudotype neutralization assay against
SARS-CoV-2 D614G, Delta, Omicron BA.1, or BA.4/5 spike. Data are expressed as the mean of five mice + SD. Dotted line indicates the limit of detection (LOD).
Data were analyzed using Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

(Fig. 4C). No significant difference was observed for WA1 S-
specific IgG between low and high doses for both trivalent
and monovalent vaccines (Fig. 4D). BA.1 S-specific IgG was
significantly higher in the high dose than in the low dose for the
trivalent vaccine, whereas no difference was observed between low
and high doses for the monovalent vaccine (Fig. 4E). Therefore,
a low-dose immunization is sufficient to induce a strong serum
IgG, which can last for at least 4 mo.

Trivalent and Monovalent Vaccine Immunization Induces
Respiratory Tissue-Resident Memory T Cell Responses. Recent
evidence indicates a critical role for mucosal tissue-resident memory
T cells (Tgyy) in protection against SARS-CoV-2 infection (24, 25).
To separate the tissue-resident and circulating T cells in the lungs,
anti-CD45-PE was injected into mice 10 min before they were
killed. Lung T cell suspensions were isolated and stimulated with
phorbol myristate acetate (PMA)/ionomycin or a S-specific peptide
pool. The cells were stained with antibodies specific for T cell lineages
(i.e., CD4 or CDS8) and activation status (i.e., CD62L, CD44, or
CDGY). Subsequently, cells were fixed and permeabilized, stained
with anti-cytokine antibodies (anti-IFN-y, anti-IL-17, and anti-IL-5
for CD4" T cells or anti-IFN-y for CD8" T cells), and analyzed
by flow cytometry. Gating strategy for flow cytometry analysis is
depicted in SI Appendix, Fig. S2 and S3.

Within the CD45 tissue-resident memory T cell (Ty,,) popu-
lation, the percentage (Fig. 54) and number (Fig. 5B) of S-specific
CD4'CD44"CD62L CD69" antigen—positive T cells increased
significantly in mice immunized with monovalent or trivalent vac-
cine compared to the MMM control. However, there was no sig-
nificant difference between monovalent and trivalent vaccine groups
(P > 0.05). IFN-y-producing cells (Fig. 5 C and D) in trivalent
vaccine-immunized mice were higher in both vaccine candidates
but were not significantly different from the MMM control. The
percentage and number of IL-17-producing cells (Fig. 5 £ and F)
significantly increased in mice immunized with monovalent or tri-
valent vaccine (P < 0.01 or 2<0.001). In addition, IL-5-producing

40f12 https://doi.org/10.1073/pnas.2220403120

cells (Fig. 5 G and H) were detected in 2 out of 5 mice in trivalent
vaccine—-immunized mice but were not detected in monovalent
vaccine or MMM control. When CD45™ CD4" T cells were stim-
ulated with PMA/ionomycin, a similar but slightly different pattern
was observed (8] Appendix, Fig. S4). Specifically, the percentage and
number of total CD4'CD44"CD62L"CD69" cells (ST Appendix,
Fig. S4 A and B) in both monovalent and trivalent vaccine groups
were significantly higher than the MMM control. Additionally, the
percentage and/or number of IFN-y (S Appendix, Fig. S4 C and
D), 1L-17 (8] Appendix, Fig. S4 E and F), and IL-5 (SI Appendix,
Fig. S5 G and H) producing cells in mice immunized with both
vaccines were significantly higher than those in MMM control.

For the CD45" (circulating) T cell populations, there was an
overall increase in the percentage and number of S-specific
CD4'CD44'CD62L " CD69" cells (ST Appendix, Fig. S5 A and B)
but was not significantly different from the MMM control. The
percentage and number of S-specific IFN-y (8] Appendix, Fig. S5 C
and D), 1L-17 (SI Appendix, Fig. S5 E and F), and IL-5-producing
CD45" cells (ST Appendix, Fig. S5 G and H) were higher in the tri-
valent than the monovalent vaccine group and MMM control, but
no significant difference was observed between these groups. When
the lung cells were stimulated with PMA/ionomycin, the percentage
of CD4"CD44"CD62L"CDG69" cells (SI Appendix, Fig. S5 Iand )
was significantly higher in both monovalent and trivalent vaccines
compared to the MMM control. In addition, the percentage and
number of IL-17-producing CD45" cells (S Appendix, Fig. S5 M
and N) were significantly higher in trivalent vaccine and monovalent
vaccine groups than the MMM control. However, the percentage
and number of IFN-y (S/Appendix, Fig.S5 K and L) and
IL-5-producing CD45" cells (S Appendix, Fig. S5 O and P) were
higher in both trivalent and monovalent vaccine groups but were
not significantly different from the MMM control.

We also analyzed tissue-resident and circulating CD8" T cells. For
tissue-resident CD45 CD8" T cells, the percentage and/or number
of S-specific CD8"CD44"CDG62L"CD69" T cells (Fig. 5 7 and )
and IFN-y producing T cells (Fig. 5 K and L) were significantly
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~~ mice. (A) Immunization schedule. IFNAR1™™ mice (n = 5) were

immunized with a low (5 x 10° PFU) or high (1.5 x 10° PFU) dose of monovalent or trivalent vaccine via a combination of i.n. and s.c. routes and were boosted
three weeks later. (B) Dynamic of WA1 S-specific 1gG titers. (C) Dynamic of BA.1 S-specific 1gG titers. (D and E) Comparison of WA1 (D) and BA.1 (E) S-specific
IgG between low and high dose immunization. Data are expressed as the mean of five mice + SD. Dotted line indicates the limit of detection (LOD). Data were

analyzed using two-way ANOVA (*P < 0.05).

higher in mice immunized with monovalent or trivalent vaccine
compared to the MMM control. However, there was no significant
difference between monovalent and trivalent vaccine groups (P >
0.05). A similar pattern (SI Appendix, Fig. S6 A—D) was observed in
the CD45"CD8" T cells following stimulation with PMA/ionomy-
cin. Stimulation of lung cells with the S peptide pool detected an
overall increase in CD45"CD8"'CD44°CD62L" CDG69™ T cells
(SI Appendix, Fig. S7 A and B) in both monovalent and trivalent
vaccines, but the increase did not differ from the MMM control.
Importantly, S-specific IFN-y producing CD8" T cells (ST Appendix,
Fig. S7 Cand D) were significantly higher in the trivalent vaccine—
immunized mice than in mice immunized with the monovalent
vaccine and MMM control. When stimulating with PMA/ionomy-
cin, the percent and/or number of CD8'CD44"CD62L CD69* T
cells (87 Appendix, Fig. S7 E and F) and IFN-y-producing T cells
(SI Appendix, Fig. S7 G and H) were significantly higher in mice
immunized with monovalent or trivalent vaccine compared to the
MMM control. Therefore, both monovalent and trivalent vaccines
are capable of inducing antigen-specific CD8" cells, and the trivalent
vaccine induces higher antigen-specific IFN-y-producing CD8" T
cells than the monovalent vaccine.

The Trivalent Vaccine Induces Stronger Systemic T Cell Responses
than the Monovalent Vaccine. At week 7 postimmunization,
splenocytes were isolated from mice that were immunized with
the high dose (1.5 x 10° PFU) of vaccine and stimulated with S
peptides for T cell assay. Gating strategy for flow cytometry analysis

PNAS 2023 Vol.120 No.41 2220403120

is depicted in SI Appendix, Fig.S8. Thl cells produce cytokines
(i.e., IFN-y and TNF-a) that help cytotoxic T cells and B cells
which are critical for protection against SARS-CoV-2 infection.
Flow cytometry analysis of CD3'CD4" cells producing Thl
cytokines showed that splenocytes isolated from monovalent and
trivalent vaccine groups but not from the MMM group expressed
SARS-CoV-2 S-specific IFN-y (Fig. 6 A and B) producing T
helper cells (CD4'TFN-y*). Interestingly, more TNF-a-producing
T helper cells (CD4"TNF-a") were detected in the splenocytes of
mice immunized with trivalent vaccine and monovalent vaccine
compared to the MMM control (Fig. 6 C'and D).

Th2 cells produce signature cytokines such as IL-4 and IL-10,
which support the antibody production. Interestingly, the trivalent
vaccine but not the monovalent vaccine induced significantly more
antigen-specific IL-4-producing T helper cells compared to the
MMM control (Fig. 6 £ and F). In addition, neither the trivalent
vaccine nor the monovalent vaccine induced a significant number
of antigen-specific IL-10-producing T helper cells (2> 0.05) (Fig. 6
G and H).

Interleukin 21, the signature product of follicular T helper cells
(Tpy)> and IL-17, the product of Tyy17 cells, facilitate antibody
production and affinity maturation. Both trivalent vaccine and
monovalent vaccine induced significantly more antigen-specific
Tyl7 cells compared to the MMM control (Fig. 6 7 and ).
Furthermore, the trivalent vaccine group had more IL-17-producing
cells than the monovalent vaccine group (P < 0.05) (Fig. 6 /and /).
Both the trivalent and the monovalent vaccines induced significantly
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Fig.5. Monovalent and trivalent vaccines induce S-specific tissue-resident CD4" and CD8" T cell immune responses in the lungs. At week 7, immunized IFNAR1™~
mice (n = 5) from Fig. 3 were injected with CD45-PE antibody 10 min before the mice were killed in order to separate the resident (CD457) and circulating (CD45")
T cells. Lung CD45™ T cell suspensions were stimulated with a WA1 S-specific peptide pool. Cells were surface stained with antibodies specific for CD4 or CD8,
CD62L, CD44, and CD69, then fixed, permeabilized, and stained with anti-IFNy, anti-IL-17, and anti-IL-5 for CD4" T cells. The percent and number of S-specific
CD45™ CD4"CD44*CD62L"CD69" T cells (A and B), IFNy” (C and D), IL-17" (E and F), and IL-5" (G and H) producing CD4" T cells are shown in A-H. The CD8"CD69" T
cells in the lungs were stimulated a WA1 S-specific peptide pool (I-L). The percent and number of S-specific CD45CD8°CD44"CD62L"CD69" T cells (/ and /) and
IFNy*-producing CD8" T cells (K and L) are shown. 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).

more antigen-specific [L-21-producing T helper cells compared to ~ Trivalent Vaccine Increases and Broadens Neutralization
the MMM control (Fig. 6 K'and L). All together, trivalent vaccine Activity Against SARS-CoV-2 VoCs in Golden Syrian Hamsters. We
candidate stimulated a significantly higher systemic T cell immune ~ next assessed the immunogenicity of the trivalent and monovalent
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Fig. 6. Monovalent and trivalent vaccines induce systemic T cell response. At week 7, IFNAR1™" mice (n = 5) from Fig. 3 were killed, and splenocyte suspension

was stimulated with 20 ug/mL of WA1 preS protein for 5 d. The frequencies and number of S-specific IFN-y"CD4" (A and B), TNF-a"CD4" (C and D), IL-4"CD4" (E and
F),IL-10°CD4" (G and H), IL-17° CD4" (I and J), and IL-21" CD4" (K and L) cells were determined by flow cytometry after intracellular staining with the corresponding
anti-cytokine antibody. Data are expressed as mean of five mice + SD. Data were analyzed using one-way ANOVA (*P < 0.05; **P < 0.01).
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Fig. 7. Characterization of immune responses following monovalent and trivalent immunization in golden Syrian hamsters. (A) Immunization schedule in
hamsters. Sera were collected for detection of SARS-CoV-2 WA1 (B), Delta (C), or BA.1 (D) S-specific serum IgG titer by ELISA, and SARS-CoV-2 WA1 (E), Delta (F),
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mean of fifteen hamsters + SD. Dotted line indicates the limit of detection (LOD). Data were analyzed using Student’s t-test (ns > 0.05, *P < 0.05; **P < 0.01; ***p

<0.001; ****P <0.0001).

vaccines, a high level of serum IgG was detected at week 2 with
further increases at weeks 5 and 7 (Fig. 7 B-D). The WAL (Fig. 7B)
and Delta (Fig. 7C) S-specific IgG titer in trivalent vaccine was
significantly higher than the monovalent vaccine. Omicron BA.1-
specific IgG titers in monovalent vaccine were higher than those in
trivalent vaccine, but a statistical difference was only observed at
week 7 (Fig. 7D). Similarly, a high level of IgA was detected in all
serum samples from both the monovalent and the trivalent vaccine
groups (Fig. 7 E-G). WA1 (Fig. 7E) and Delta (Fig. 7F) S-specific
IgA antibodies in the trivalent vaccine group was significantly
higher than those in the monovalent vaccine group at weeks 5 and
7. However, there was no significant difference in BA.1 S-specific
IgA titer between trivalent and monovalent vaccines (Fig. 7G).

S-specific IgA in nasal wash was also detected in some but not
all hamsters in both vaccine groups (Fig. 7H). Only 7/15 hamsters
in the monovalent vaccine group produced BA.1 S-specific IgA,
and only 4 produced WA1 S-specific IgA. Only 2/15 hamsters in
the trivalent vaccine group produced BA.1 S-specific IgA, whereas
9/15 produced WAL S-specific IgA.

Sera at week 7 were used to quantify NAbs against D614G, Delta,
Omicron BA.1, or BA.4/5 using the pseudotype neutralization assay
(Fig. 7). Similar to the mouse sera, the monovalent vaccine induced
high NADb titers against BA.1, but much lower neutralizing activity
for D614G and Delta variant, and below the limit of detection for
BA.4/5. The trivalent vaccine sera neutralized BA.1 slightly (0.5-fold)
less efficiently than the monovalent tMeV-BA.1-preS-6P vaccine,
while it had 12.5-, 8.7-, 1.9-fold increase in neutralizing activity
against D614G, Delta, and BA.4/5, respectively, compared to the
monovalent vaccine. Thus, the trivalent vaccine induces robust,
broader NAbs against D614G, Delta, and Omicron BA.1 strains,
whereas the monovalent vaccine sera only efficiently neutralize the
homologous Omicron BA.1, but not the D614G, Delta, or BA.4/5
heterologous strains.

Trivalent MMS Vaccine Enhances and Broadens Protection
against SARS-CoV-2 Infection. At week 7, the 15 hamsters in
each group were each divided into 3 subgroups (2 = 5) and
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challenged with SARS-CoV-2 WAL, the Delta, or the Omicron
BA.1, respectively.

After challenging with 2 x 10% PFU of SARS-CoV-2 WAL, the
monovalent vaccine and trivalent vaccine groups did not have
significant weight loss (> 0.05) (Fig. 84). At day 4 postchallenge,
6.7 and 7 log,, PFU/g tissue of SARS-CoV-2 were detected in
the lungs and nasal turbinates of the MMM vector group, respec-
tively (Fig. 8 B and C). The SARS-CoV-2 titer was significantly
reduced by immunization with the monovalent vaccine group to
approximately 3.0 and 4.4 log,, PFU/g tissue in lungs and nasal
turbinate, respectively (Fig. 8 Band C). Notably, the SARS-CoV-2
titer in the lungs and nasal turbinate of the trivalent vaccine group
was below or near the detection limit (Fig. 8 B and C). All five
lungs in the MMM vector group had severe histological changes
(an average score of 3.1) characterized by extensive pneumonia
(Fig. 8D and SI Appendix, Fig. S9). In contrast, only mild lung
histological changes were detected in the trivalent vaccine group
(an average score of 0.8), which was significantly less than the
monovalent vaccine group (average score of 1.6) (P < 0.05)
(Fig. 8D and S Appendix, Fig. S9). Therefore, the trivalent vaccine
provided better protection against a SARS-CoV-2 WA challenge
than the monovalent vaccine.

After challenging with 2 x 10* PFU of the SARS-CoV-2 Delta,
hamsters in the MMM vector group had approximately 7% weight
loss by day 4 (2 < 0.01) (Fig. 8E). The monovalent vaccine group
showed less weight loss (3%, P < 0.05), and no weight loss was
observed in the trivalent vaccine group (P> 0.05) (Fig. 8E). The
MMM vector immunized hamsters had high viral burden in lungs
and nasal turbinates (approximately 6 log10 PFU/g tissue), while
the lungs and nasal turbinates in the monovalent vaccine group
were 2.7 and 3.4 log10 PFU/g tissue, and the level of virus in the
lung and nasal turbinate of the trivalent vaccine group was below
the detection limit (Fig. 8 Fand G). Lungs from the MMM vector
group had severe pneumonia with an average score of 3.5 (Fig. 84
and S7 Appendix, Fig. S10). The lung pathology in the monovalent
vaccine group was reduced but significant (average score of 2.2),
while lung tissues from the trivalent vaccine group only had mild
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Fig. 8. The trivalent vaccine provides broader protection against SARS-CoV-2 challenge in golden Syrian hamsters than the monovalent vaccine. Hamsters
(n=5) from Fig. 7. were challenged with 2 x 10* PFU SARS-CoV-2 WA1 (A-D), or Delta variant (E-H), or 7 x 10° PFU of Omicron BA.1 (/-L). (A) Body weight changes
in hamsters. (B and C) SARS-CoV-2 titer in the lung (B) and nasal turbinate (C) at day 4. (D) Lung pathology score after challenge with SARS-CoV-2 WA1. 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. (E) Body weight changes in hamsters. (F and G) SARS-CoV-2 titer in the lung (F) and nasal turbinate (G) at day 4. (H) Lung pathology score.
(/) Body weight changes in hamsters. (/ and K) SARS-CoV-2 titers in the lung (/) and nasal turbinate (K) at day 3. (L) Lung pathology score. Dotted line indicates the
limit of detection (LOD). Data were analyzed using two-way ANOVA and one-way ANOVA (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001).

pathological changes with an average score of 0.7 (Fig. 84 and
SI Appendix, Fig. $10). Thus, the trivalent vaccine provided com-
plete protection against challenge with SARS-CoV-2 Delta,
whereas monovalent vaccine provided substantial but not com-
plete protection.

For Omicron BA.1 challenge, hamsters were first transduced by
i.n. administration of 10° PFU of adenovirus serotype 5 expressing
human ACE2 receptor (Ad5-hACE2) 5 d prior to challenge with 7
x 10° PFU of the Omicron BA.1 variant. None of the hamster groups
displayed significant weight loss (2 > 0.05) (Fig. 81). As expected,
the monovalent vaccine group showed sufficient protection against
its homologous virus challenge (Fig. 8 /and K). Of note, the trivalent
vaccine showed a comparable level of protection against BA.1 chal-
lenge as the monovalent vaccine (Fig. 8 /and K). The SARS-CoV-2
titer in both groups was below or near the detection limit. Lung
histology showed that the MMM vector group had moderate to
severe pneumonia with an average score of 2.9 (Figs. 8L and 9).

80f 12 https://doi.org/10.1073/pnas.2220403120

However, lung pathology in both monovalent and trivalent vaccine
groups was mild (score of 1.0) (P> 0.05) (Figs. 8L and 9). Thus,
both monovalent and trivalent vaccines provide complete protection
against Omicron BA.1 infection in hamsters.

Intranasal Immunization of Trivalent MMS Vaccine Provides
Complete Protection against SARS-CoV-2 Infection. To determine
whether intranasal immunization alone can provide protection
against SARS-CoV-2 infection, hamsters (7 = 15) were immunized
in. with 1.5 x 10° PFU of the trivalent vaccine or MMM vector
and were boosted 7.7. 2 wk later. All 15 hamsters in the trivalent
vaccine group induced uniformly high serum S-specific IgG (Fig. 10
A-C) and IgA (Fig. 10 D—F) antibody titers against SARS-CoV-2
WATI, Delta, and Omicron BA.1 variant. At week 7, 5 hamsters in
each group were challenged with SARS-CoV-2 WAL (Fig. 10 G-1),
Delta (Fig. 10 /~L), and Omicron BA.1 variant (Fig. 10 M-0),
respectively. Hamsters in the trivalent vaccine group did not have

pnas.org
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Fig. 9. Monovalent and trivalent vaccine immunization protects against lung pathology after challenge with Omicron BA.1. Hamsters were killed at day 3 after
challenge with the SARS-CoV-2 BA.1 variant. Lung tissue was stained with hematoxylin/eosin and examined histologically. Micrographs with 1%, 4x, and 10x

maghnification of a representative lung section from each group are shown.

any weight loss (Fig. 10 G, /, and M), whereas MMM vector control
had 7% and 5% weight loss after challenge with SARS-CoV-2 WA1
and Delta variants, respectively. SARS-CoV-2 titers in lung and
nasal turbinate were below the detection limit after challenge with
SARS-CoV-2 WAL (Fig. 10 Hand 1), Delta (Fig. 10 Kand L), and
Omicron BA.1 variant (Fig. 10 Nand O). Thus, 7. immunization
with the trivalent MMS vaccine provides complete protection against

all three SARS-CoV-2 viruses.

Intranasal Immunization of Trivalent Vaccine Leads to a
Significantly Higher Serum IgG Antibody Response Compared
to Subcutaneous Immunization. We next compared the immune
responses between iz and s.c. immunization routes. Briefly,
IFNAR1™" mice (# = 10) were immunized with 1.2 x 10° PFU
of the trivalent vaccine candidate via the 7.7. or s.c. route and were
boosted two weeks later (Fig. 114). The magnitude of WAI S-,
Delta S-, and Omicron BA.1 S-specific serum IgG responses in
the 7. immunization group was significantly higher than that of
the s.c. immunization group at all three time points and sustained
for at least 6 wk (Fig. 11 B-D). Likewise, WA S-, Delta S-, and
Omicron BA.1 S-specific IgG titers in lung bronchoalveolar lavage
(BAL) at week 6 in the 7.z immunization group were significantly
higher than those in the s.c. immunization group (Fig. 11E). Thus,
i.n. immunization of trivalent vaccine induces stronger S-specific
IgG than s.c. immunization in sera and lungs.

Intranasal but Not Subcutaneous Immunization of Trivalent
Vaccine Induces a Mucosal IgA Antibody Response. The above sera
and BAL were also tested for an S-specific IgA response. Importantly,
i.n. immunization induced a high level of mucosal WA1 S-, Delta
S-, and Omicron BA.1 S-specific IgA in serum (Fig. 11 /~H) and
BAL (Fig. 11/) that increased over time. In contrast, IgA titers were
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below the detection limit in both serum (Fig. 11 /-H) and BAL
samples (Fig. 11/) from the s.c. immunization group. Therefore,
intranasal immunization with the trivalent vaccine induces a superior
antibody response both systemically and locally in the lung relative
to the subcutaneous route.

MeV and MuV Vectors Do Not Interfere with the S-Specific
Antibody Induced by rMuV-JL1-Delta-preS-6P. IFNAR1™" mice
were immunized 7.7 with a high dose (1.5 x 10° PFU) of trivalent
vaccine, tMuV-JL1-Delta-preS-6L a mixture of rMuV-JL1-Delta-
preS-6P, rtMuV-JL2 vector, and rtMeV vector, or a low dose (5
x 10’ PFU) of rMuV-JL1-Delta-preS-6P. Mice were boosted
with the same vaccine at the same dose three weeks later. First,
all immunization groups induced high IgG titers against SARS-
CoV-2 WAL, Delta variant, and Omicron BA.1 (8] Appendix,
Fig. S11 A-C). Second, at the same dose (1.5 x 10° PFU), trivalent
vaccine induced higher IgG titer than rtMuV-JL1-Delta-preS-6P
alone and a mixture of tMuV-JL1-Delta-preS-6P, tMuV-JL2, and
tMeV vector (S Appendix, Fig. S11 A-C). However, they were not
statistically different between each other (2> 0.05). Third, within
the two rMuV-JL1-Delta-preS-6P groups, high (1.5 x 10° PFU)
and low (5 x 10° PFU) doses induced similar IgG titers against
preS-6P of Delta variant and Omicron BA.1. However, a high dose
of tMuV-JL1-Delta-preS-6P induced stronger IgG titer than a low
dose immunization against preS-6P of SARS-CoV-2 WA1. These
results suggest that rMuV and rMeV vectors do not significantly
interfere with their ability to induce S-specific antibody.

Discussion

Here, we developed an intranasal trivalent MMS vaccine candidate
that can protect against three major diseases—measles, mumps,
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Fig. 10. Intranasal immunization of trivalent vaccine provides complete protection against SARS-CoV-2 challenge in golden Syrian hamsters. Hamsters immunized

i.n. with 1.5 x 10° PFU of trivalent vaccine or parental MMM vector and were boosted i.n. 2 wk later. SARS-CoV-2 WA1 (A), Delta (B), or BA.1 (C) S-specific IgG was
determined by ELISA. SARS-CoV-2 WAT1 (D), Delta (E), or BA.1 (F) S-specific IgA was determined by ELISA. At week 7, hamsters were challenged with 2 x 10* PFU
SARS-CoV-2 WAT1 (G-I), or Delta variant (J-L), or 7 x 10° PFU of Omicron BA.1 (M-0). (G) Body weight changes, SARS-CoV-2 titer in the lung (H), and nasal turbinate
(/) in hamsters after challenge with SARS-CoV-2 WAT1. (/) Body weight changes, SARS-CoV-2 titer in the lung (K), and nasal turbinate (L) in hamsters after challenge
with the Delta variant. (M) Body weight changes, SARS-CoV-2 titer in the lung (N), and nasal turbinate (O) in hamsters after challenge with Omicron BA.1 variant.
Dotted line indicates the limit of detection (LOD). Data were analyzed using two-way ANOVA and one-way ANOVA (ns, not significant; *P < 0.05; **P < 0.01; ***P

<0.001; ****P < 0.0001).

and multiple SARS-CoV-2 VoCs—in a single vaccine. The trivalent
vaccine candidate induces high levels of SARS-CoV-2-specific
serum IgG antibody, broadened NAbs, robust mucosal IgA, and
strong systemic and lung resident T cell responses that provide
complete protection against challenge with ancestral SARS-CoV-2
and different VoCs including Delta and Omicron BA.1 variants.
Thus, our MMS vaccine candidate is a promising next-generation
COVID-19 vaccine.

Our MMS vaccine candidate has several distinct characteristics.
The MMS is a modification of the MMR vaccine, which is safe and
highly efficacious, and induces long-term protective immunity. Mice
immunized with 5 x 10’ PFU of the MMS vaccine generated a high
level of S-specific IgG antibody which lasted for at least 4 mo. Sera
from MMS vaccine-immunized mice and hamsters had broadened
NAbs against the ancestral SARS-CoV-2, D614G mutation, Delta,
and Omicron BA.1, and BA.4/5 variants. In contrast, the BA.1
preS-6P-based monovalent vaccine candidate only neutralized the
homologous BA.1 strain but not the D614G mutation or other
VoCs. Hamsters immunized with the MMS vaccine were completely
protected against challenge with the original SARS-CoV-2 WA1
strain and Delta and Omicron BA.1 VoCs. In contrast, the mono-
valent vaccine only provided sufficient protection against the homol-
ogous BA.1 strain, not against the heterologous SARS-CoV-2 WA1
strain or Delta variant. Clearly, inclusion of three preS-6P proteins
from three different SARS-CoV-2 strains broadens NAbs and pro-
tective response. Another unique advantage of our trivalent MMS
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vaccine platform is that it can be easily modified and adapted to
include newly emerging VoCs by simply exchanging one of the
preS-6P proteins for those of the new VoCs, e.g., Omicron subvar-
iants XBB.1.5 and XBB.1.16.

To mimic the formulation of MMR vaccine, we chose to use three
vectors to deliver three preS-6P proteins. Although the primary target
of both MeV and MuV is the respiratory tract, they have different
host tropism and may infect different tissues, organs, and cell types.
Interestingly, trivalent vaccine not only induces a higher and broader
NAbs but also triggers a higher Th2 cytokine (e.g., IL-4), Tpy
(IL-21), and Ty17 (IL-17) (Fig. 6) compared to the monovalent
vaccine. Perhaps, a combination of MeV, MuV-]JL1, and MuV-JL2
expressing multiple preS-6P proteins may offer synergistic effects
compared to the tMeV expressing BA.1-preS-6P alone. In addition,
we showed that these three vectors do not significantly interfere with
each other to induce S-specific antibody. Interestingly, trivalent vac-
cine induced similar levels of IgG titers against WA1, Delta, and
BA.1, whereas it induced a lower Delta S-specific IgA titer in the
serum. Perhaps, the lower Delta S-specific IgA titer may lead to a
lower Delta S-specific NAbs in the serum. This may be due to the
differences in replication kinetics of each virus in vivo, leading to
different kinetics of immune responses.

The antigen-specific IgA and Ty, are the hallmarks of an effective
mucosal vaccine. Intranasal delivery of trivalent vaccine induces
strong serum NAbs and mucosal IgA in blood, nose, and lung, as

well as CD4" and CD8" Ty in the lungs (Fig. 5). All current
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Fig. 11. Comparison of S-specific IgG and IgA responses following intranasal or subcutaneous immunization of trivalent vaccine. (A) Experimental schema.

(B) Serum WAT1 S-specific IgG titers. (C) Serum Delta S-specific 1gG titer. (D) Serum BA.1 S-specific IgG titer. (E) WA1, Delta, and BA.1 S-specific IgG in the BAL at
week 6 postimmunization. (F) Serum WA1 S-specific IgA titers. (G) Serum Delta S-specific IgA titers. (H) Serum BA.1 S-specific IgA titers. (/) WA1, Delta, and BA.1
S-specific IgA titer in the BAL at week 6 postimmunization. Dotted line indicates the limit of detection (LOD). Data are expressed as the mean of ten mice + SD.
Statistical differences were determined by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

COVID-19 vaccines are delivered intramuscularly and induce robust
immunity in the blood but lack the mucosal antibody response in
the nose and airways (26, 27). Thus, they effectively prevent mor-
bidity and mortality but not prevent infection and transmission as
efficiently. The IgA and Ty, triggered by MMS vaccine may be
capable of preventing both infection and transmission. A vaccine
strategy that increases CD8" Ty cell density in susceptible organs
can also provide long-term protection against viruses (28).

Although the standard immunization method for the current
MMR vaccine is the subcutaneous or intramuscular route, intra-
nasal delivery of MeV and MuV vaccines has been tested in
infants, children, and adults and found to be safe and highly
efficacious with additional benefits such as needle-free adminis-
tration and induction of mucosal immunity (29-32). Therefore,
intranasal delivery of MMS vaccine may be feasible for humans.
Since both MuV and MeV are neurovirulent (33), evaluation of
the neurovirulence of trivalent vaccines in nonhuman primates
via intracerebral inoculation may be necessary to ensure the safety
of the trivalent vaccine.

The next-generation COVID-19 vaccine should utilize the best
SARS-CoV-2 § antigen. Our trivalent vaccine uses preS-6D, the
most immunogenic form of the S protein. In contrast, all current
COVID-19 vaccines utilize the native full-length S or preS-2P as
the vaccine antigen (3). Because preS-6P has much higher protein
expression and is more stable compared to preS-2P, the use of
preS-6P in vaccine design will significantly enhance the efficacy
and longevity of immune responses (18, 20, 22, 34).

In March of 2021, Merck discontinued a MeV-based COVID-19
vaccine (called V591 or TMV-083) because of insufficient immu-
nogenicity (35, 36). In early 2020, they inserted the full-length S
with 2 prolines (with deleted furin cleavage site and two mutations
in the endoplasmic reticulum retrieval signal) into the H-L gene
junction in the MeV Schwarz strain genome. They used V591 in a
clinical trial, rather than their best available candidate, tMeV express-
ing full-length S with 2 prolines and lacking the C-terminal 11
amino acids (MV-ATU2-SE-2P-dER, inserted at P-M gene
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junction), which were constructed in 2021 (37). Thus, the poor
immunogenicity of V591 vaccine is likely due to two factors: the
suboptimal design of their full-length preS-2P antigen and the non-
optimal position (H-L rather than P-M gene junction) chosen to
insert the S gene into the MeV genome.

One potential concern of using the MMR vaccine platform is
the preexisting immunity. Several studies showed that the preex-
isting MeV immunity had minimal impact on MeV replication
and induction of antigen-specific immune responses (38—40). In
phase II trial, tMeV-based Chikungunya virus has excellent immu-
nogenicity in the presence of preexisting MeV immunity (41). In
the case of Merck’s V591 vaccine trial, Launay et al. (36) found
that preexisting anti-MeV immunity had a statistically significant
impact on the immune response to V591 (36). Perhaps when
antigen expression by MeV is low in vivo (e.g., V591), preexisting
anti-MeV immunity may interfere with the immune responses
against this antigen. For the MuV vector, we previously showed
that the preexisting MuV immunity has minimal impact on
S-specific antibody induced by rMuV-preS-6P (18).

In summary, we have developed a next-generation COVID-19
vaccine candidate that expresses the most highly optimized S antigen,
preS-6P antigen, from the 3 most important SARS-CoV-2 strains
delivered intranasally to induce durable mucosal IgA, serum IgG,
and lung-resident memory T cell immune responses, thereby pro-
viding broad protection against SARS-CoV-2 VoCs.

Materials and Methods

Animal studies were approved by Institutional Laboratory Animal Care and
Use Committee at The Ohio State University (protocol no. 2009A1060-R3 and
2020A00000053). Detailed descriptions of virus strains, cell cultures, recovery,
and characterization of rMeV, rMuV-JL1, and rMuV-JL2 expressing SARS-CoV-2
preS-6P proteins, multistep growth curves, preparation and purification of large
stocks of rMeV and rMuVs, MeV, MuV and SARS-CoV-2 plaque assays, RNA
extraction, RT-PCR, Western blot, animal immunization and challenge studies
in IFNAR1™"~ mice and golden Syrian hamsters, purification of preS-6P protein,
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Tcell assay, intracellular cytokine staining assay, flow cytometry analysis, ELISA for
detection of SARS-CoV-2-specific IgG and IgA antibodies, SARS-CoV-2 neutral-
izing antibody assay, pseudotype neutralization assay, determination of SARS-
CoV-2 titer in mice and hamster tissues, histology, and statistical analysis are
provided in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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