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Chimeric spike mRNA vaccines protect against
Sarbecovirus challenge in mice
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The emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) in 2003 and
SARS-CoV-2 in 2019 highlights the need to develop universal vaccination strategies against the
broader Sarbecovirus subgenus. Using chimeric spike designs, we demonstrate protection against
challenge from SARS-CoV, SARS-CoV-2, SARS-CoV-2 B.1.351, bat CoV (Bt-CoV) RsSHC014, and a
heterologous Bt-CoV WIV-1 in vulnerable aged mice. Chimeric spike messenger RNAs (mRNAs) induced
high levels of broadly protective neutralizing antibodies against high-risk Sarbecoviruses. By contrast,
SARS-CoV-2 mRNA vaccination not only showed a marked reduction in neutralizing titers against
heterologous Sarbecoviruses, but SARS-CoV and WIV-1 challenge in mice resulted in breakthrough
infections. Chimeric spike mRNA vaccines efficiently neutralized D614G, mink cluster five, and the

UK B.1.1.7 and South African B.1.351 variants of concern. Thus, multiplexed-chimeric spikes can prevent
SARS-like zoonotic coronavirus infections with pandemic potential.

novel severe acute respiratory syndrome

coronavirus (SARS-CoV) emerged in 2003

and caused more than 8000 infections

and ~800 deaths worldwide (7). In 2012,

the Middle East respiratory syndrome
coronavirus (MERS-CoV) emerged in Saudi
Arabia (2), with multiple outbreaks that
have resulted in at least ~2600 cases and
900 deaths (3). In December 2019, another
novel human SARS-like virus from the genus
Betacoronavirus and subgenus Sarbecovirus
emerged in Wuhan China, designated SARS-
CoV-2, causing the ongoing COVID-19 pan-
demic (4, 5).

Bats are known reservoirs of SARS-like
coronaviruses (CoVs) and harbor high-risk
“preemergent” SARS-like variant strains, such
as WIV-1-CoV and RsSHC014-CoV, which are
able to use human ACE2 (angiotensin-converting
enzyme 2) receptors for entry, replicate effici-
ently in human primary airway epithelial cells,
and may escape existing countermeasures (6, 7).
Given the high pandemic potential of zoonotic
and epidemic Sarbecoviruses (8), the develop-
ment of countermeasures such as broadly ef-
fective vaccines, antibodies, and drugs is a
global health priority (9-11).

IDepartment of Epidemiology, University of North Carolina at
Chapel Hill, Chapel Hill, NC, USA. ®Lineberger Comprehensive
Cancer Center, University of North Carolina School of
Medicine, Chapel Hill, NC, USA. SInfectious Disease Division,
Department of Medicine, Perelman School of Medicine,
University of Pennsylvania Perelman School of Medicine,
Philadelphia, PA, USA. “Duke Human Vaccine Institute, Duke
University School of Medicine, Durham, NC, USA.
®Department of Laboratory Medicine and Pathology,
University of North Carolina School of Medicine, Chapel Hill,
NC, USA.

*Corresponding author. Email: david.rafael.martinez@gmail.com
(D.R.M.); rbaric@email.unc.edu (R.S.B.)

Martinez et al., Science 373, 991-998 (2021)

Sarbecovirus spike proteins have immuno-
genic domains: the receptor binding domain
(RBD), the N-terminal domain (NTD), and
the subunit 2 (S2) (12, 13). RBD, NTD, and to
a lesser extent S2 are targets for potent
neutralizing and non-neutralizing antibodies
elicited to SARS-CoV-2 and MERS-CoV spike
(12, 14-19). Passive immunization with SARS-
CoV-2 NTD-specific antibodies protect naive
mice from challenge, demonstrating that the
NTD is a target of protective immunity (12, 19, 20).
However, it remains unclear whether vaccine-
elicited neutralizing antibodies can protect
against in vivo challenge with heterologous
epidemic and bat coronaviruses. We gener-
ated nucleoside-modified mRNA-lipid nano-
particle (LNP) vaccines expressing chimeric
spikes that contain admixtures of different
RBD, NTD, and S2 modular domains from
zoonotic, epidemic, and pandemic CoVs and
examined their efficacy against homologous
and heterologous Sarbecovirus challenge in
aged mice.

Results

Design and expression of chimeric spike
constructs to cover pandemic and zoonotic
SARS-related coronaviruses

Sarbecoviruses exhibit considerable genetic
diversity (Fig. 1A), and SARS-like bat CoVs
(Bt-CoVs) are recognized threats to human
health (6, 8). Because potent neutralizing
antibody epitopes exist in each of the modu-
lar structures on CoV spikes (21), we hypoth-
esized that chimeric spikes that encode NTD,
RBD, and S2 domains into “bivalent” and “tri-
valent” vaccine immunogens have the po-
tential to elicit broad protective antibody
responses against clades I to III Sarbecovi-
ruses. We designed four sets of chimeric spikes.
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Chimera 1 included the NTD from clade II
Bt-CoV Hong Kong University 3-1 (HKU3-1),
the clade I SARS-CoV RBD, and the clade III
SARS-CoV-2 S2 (Fig. 1B). Chimera 2 included
SARS-CoV-2 RBD and SARS-CoV NTD and S2
domains (77). Chimera 3 included the SARS-
CoV RBD and SARS-CoV-2 NTD and S2, where-
as chimera 4 included the RsSHCO014 RBD and
SARS-CoV-2 NTD and S2. We also generated a
monovalent SARS-CoV-2 spike furin knock-
out (KO) vaccine, partially phenocopying the
Moderna and Pfizer mRNA vaccines in hu-
man use, and a negative control norovirus
GII capsid vaccine (Fig. 1, B and C). We generated
these chimeric spikes and control spikes as
lipid nanoparticle-encapsulated, nucleoside-
modified mRNA vaccines with LNP adjuvants
(mRNA-LNP), as described previously (22).
This mRNA LNP stimulates robust T follic-
ular helper cell activity, germinal center B cell
responses, durable long-lived plasma cells, and
memory B cell responses (23, 24). We verified
their chimeric spike expression in human
embryonic kidney (HEK) cells (fig. S1B). To
confirm that scrambled coronavirus spikes
are biologically functional, we also designed
and recovered several high-titer recombi-
nant live viruses of RsSHC014/SARS-CoV-2
NTD, RBD, and S2 domain chimeras that
included deletions in nonessential, accessory
open reading frame 7 (ORF7) and ORF8 that
encoded nanoluciferase (fig. SIC). SARS-CoV-2
ORF7 and -8 antagonize innate immune sig-
naling pathways (25, 26), and deletions in
these ORFs are associated with attenuated
disease in humans (27, 28).

Immunogenicity of mRNAs expressing chimeric
spike constructs against coronaviruses

We next sought to determine whether simul-
taneous immunization with mRNA-LNP expres-
sing the chimeric spikes of diverse Sarbecoviruses
was a feasible strategy to elicit broad bind-
ing and neutralizing antibodies. We immu-
nized aged mice with the chimeric spikes
formulated to induce cross-reactive responses
against multiple divergent clades I to III
Sarbecoviruses, a SARS-CoV-2 furin KO spike,
and a GIL.4 norovirus capsid negative control.
Group 1 was primed and boosted with chime-
ric spikes 1, 2, 3, and 4 (fig. S1A). Group 2 was
primed with chimeric spikes 1 and 2 and
boosted with chimeric spikes 3 and 4 (fig. S1A).
Group 3 was primed and boosted with chim-
eric spike 4 (fig. S1A). Group 4 was primed and
boosted with the monovalent SARS-CoV-2
furin KO spike (fig. S1A). Last, group 5 was
primed and boosted with a norovirus capsid
GII.4 Sydney 2011 strain (fig. S1IA). We then
examined the binding antibody responses
by means of enzyme-linked immunosorbent
assay (ELISA) against a diverse panel of CoV
spike proteins that included epidemic, pan-
demic, and zoonotic coronaviruses.
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Fig. 1. Genetic design of chimeric Sarbecovirus spike vaccines. (A) Genetic diversity of pandemic
and bat zoonotic coronaviruses. HKU3-1 is shown in yellow, SARS-CoV is shown in light blue, RsSHCO14
is shown in orange, and SARS-CoV-2 is shown in purple. (B) Spike chimera 1 includes the NTD from
HKU3-1, the RBD from SARS-CoV, and the rest of the spike from SARS-CoV-2. Spike chimera 2 includes
the RBD from SARS-CoV-2 and the NTD and S2 from SARS-CoV. Spike chimera 3 includes the RBD
from SARS-CoV and the NTD and S2 SARS-CoV-2. Spike chimera 4 includes the RBD from RsSHC014 and
the rest of the spike from SARS-CoV-2. SARS-CoV-2 furin KO spike vaccine and is the norovirus capsid
vaccine. (C) Table summary of chimeric spike constructs.
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Mice in groups 1and 2 generated the highest-
magnitude responses to SARS-CoV Toronto
Canada isolate (Tor2), RsSHC014, and HKU3-1
spike as compared with group 4 (Fig. 2, A, G,
and H). Whereas mice in group 2 generated
lower-magnitude binding responses to both
SARS-CoV-2 RBD (Fig. 2C) and SARS-CoV-2
NTD (Fig. 2D), mice in group 1 generated
similar-magnitude binding antibodies to SARS-
CoV-2 D614G (in which aspartic acid at posi-
tion 614 is replaced with glycine) as compared
with that of mice immunized with the SARS-
CoV-2 furin KO spike mRNA-LNP (Fig. 2B). Mice
in groups 1 and 2 generated similar-magnitude
binding antibody responses against SARS-
CoV-2 D614G, Pangolin GXP4L, and RaTG13
spikes (Fig. 2, B, E, and F) compared with those
of mice from group 4. Mice in group 1 and
group 4 elicited high-magnitude levels of
hACE2 blocking responses, as compared with
those of groups 2 and 3 (Fig. 2J). Because bind-
ing antibody responses after boost mirrored
the trend of the after-prime responses, it is
likely that the second dose is boosting im-
munity to the vaccine antigens in the prime
(Fig. 2). Last, we did not observe cross-binding
antibodies against common-cold CoV spike
antigens from HCoV-HKU1, HCoV-NL63, and
HCoV-229E in most of the vaccine groups (fig.
S2, A to D), but we did observe low binding
levels against more distant group 2C MERS-
CoV (Fig. 2I) and other Betacoronaviruses such
as group 2A HCoV-OC43 in vaccine groups 1
and 2 (fig. S2B). These results suggest that
chimeric spike vaccines elicit broader and
higher-magnitude binding responses against
pandemic and bat SARS-like viruses as com-
pared with those of monovalent SARS-CoV-2
spike vaccines.

Neutralizing antibody responses against live
Sarbecoviruses and variants of concern

We then examined the neutralizing antibody
responses against SARS-CoV, Bt-CoV RsSHC014,
Bt-CoV WIV-1, and SARS-CoV-2 including var-
iants of concern using live viruses as previously
described (Fig. 3, A to D) (17). Group 4 SARS-
CoV-2 S mRNA-vaccinated animals mounted
a robust response against SARS-CoV-2; how-
ever, responses against SARS-CoV, RsSHCO014,
and WIV-1 were 18-, >300- or 116-fold decreased,
respectively (Fig. 3, A to D, and fig. S3, G and H).
By contrast, aged mice in group 2 showed a
42- and twofold increase in neutralizing titer
against SARS-CoV and WIV1 and less than
onefold decrease against RsSSHCO014 relative to
SARS-CoV-2 neutralizing titers (Fig. 3, A to D,
and fig. S3, C and D). Mice in group 3 elicited
thee- and sevenfold increased neutralizing
titers against SARS-CoV and RsSHCO014 yet
showed a threefold decrease in WIV-1 neu-
tralizing titers relative to SARS-CoV-2 (Fig. 3,
A to D, and fig. S3, E and F). Last, mice in
group 1 generated the most balanced and

2 of 8



RESEARCH | RESEARCH ARTICLE

A SARS-CoV Toronto S2P B SARS-CoV-2 S2P C SARS-CoV-2 RBD
spike ectodomain D614G spike
Hekkk '"—?,s"; —ns.__
147 _*-*él 7 e 7 **‘*ﬂ*ﬁ,‘
127 ‘” ) ns. Py b ns. A
* n.s.
- B B T
o — ns! 4 ® . u .
B TR TR 3 Sag
5% : te T : é* 3 ' A i
- - - &y ¥ .
27 i * v ' 5 e ~ g 4 ¢ ¥
L 4 v, a8}
Q- t T - — — e i f—
D SARS-CoV-2 NTD E Pangolin GXP4L F RaTG13
spike ectodomain spike ectodomain
14 ns. 4 n.s. ] — 8.
**::; — _ns__ J - —s
O :115— ns. :,_g ~ - R : ns. & 4 ﬁi
0 — e & % § £ e % g
7 RS, o | s - —
I P> =R k) { g. oy TS
- 7 8 A T % ] [i] %g °
4 A ? Iy B g o ° i
¥ it u
2+ af . s .
0-tem-m - s L bk < t = — =
G RsSHCO014 S2P H HKU3-1 | MERS-CoV
spike ectodomain spike ectodomain spike ectodomain
144 — . .
12 i . sekksk i
*k
O 104 sk ¥ . s ns! |
<D( 8+ n% g % i é b o % % s 7 —
£ §ig~ - % =10 LI TR =
Yt T
4 T
2 ; 7 o % é , 7 Bg T 8 °
s $
0--ez—em—ap- = - - + * T - M_“ dh ﬁ‘*‘.‘w‘
baseline post prime  post boost baseline postprime  post boost baseline post prime  post boost
J hACE2 blocking
of SARS-CoV-2 spike
n.s.
1004 e ﬂ:
804 ? 33%} ﬁ‘ Fig. 2. Human and animal coronavirus spike binding and hACE2-blocking responses in
_:’g:) o 2 T‘:“ chimeric and monovalent SARS-CoV-2 spike-vaccinated mice. Serum antibody ELISA
§’ 60+ G i : binding responses were measured in the five different vaccination groups. Before immunization,
g 40 s ! after prime, and after boost binding responses were evaluated against Sarbecoviruses,
e o, , MERS-CoV, and common-cold CoV antigens including (A) SARS-CoV Toronto Canada (Tor2)
201 Ty v’ . i S2P, (B) SARS-CoV-2 S2P D614G, (C) SARS-CoV-2 RBD, (D) SARS-CoV-2 NTD, (E) Pangolin
0- o GXPAL spike, (F) RaTG13 spike, (G) RsSHCO14 S2P spike, (H) HKU3-1 spike, (I) MERS-CoV
baseline post boost spike, and (J) hACE2 blocking responses against SARS-CoV-2 spike in the distinct immunization
mRNA vaccine group groups. .Blue squares indic.ate mice from group 1, orange tria_ng[es indigate mice from group 2,
-3 Group 1: chimeras 1-4 prime/boost green tr!angles |nd|§ate m|§e from grgup 3, red rhombuses Aln(l1|cate‘ m|§e from group 4.’ .
~A~ Group 2: chimeras 1-2 prime and 3-4 boost and upside-down triangles indicate mice from group 5. Statistical significance for the binding
—&— Group 3: chimera 4 prime/boost and blocking responses is reported from a Kruskal-Wallis test after Dunnett's multiple
—— Group 4: SARS-CoV-2 spike furin KO prime/boost comparison correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
-7 Group 5: Norovirus capsid prime/boost

highest neutralizing titers, which were 13-
and 1.2-fold increased against SARS-CoV and
WIV-1 and less than onefold decreased against
RsSHCO14 relative to the SARS-CoV-2 neutral-
izing titers (Fig. 3, A to D, and fig. S3, A and B).
The serum of mice from groups 1 and 4 neu-
tralized the dominant D614G variant with
similar potency as that of the wild-type D614
nonpredominant variant, and both groups had
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similar neutralizing antibody responses against
the UK B.1.1.7 and the mink cluster 5 variant
as compared with the D614G variant (Fig. 3,
E and F). Despite the significant but small
reduction in neutralizing activity against the
B.1.351 variant of concern (VOC), we did not
observe a complete ablation in neutralizing
activity in either group. Mice from groups 1
and 2 elicited lower binding and neutralizing

27 August 2021

responses to SARS-CoV-2 as compared with
those of group 4, perhaps reflecting a decreased
amount of mRNA vaccine incorporated into
multiplexed formulations; the monovalent vac-
cines may drive a more focused B cell response
to SARS-CoV-2, whereas chimeric spike anti-
gens lead to more breadth against distant
Sarbecoviruses. Thus, both monovalent SARS-
CoV-2 vaccines and multiplexed chimeric
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Fig. 3. Live Sarbecovirus neutralizing antibody responses in vaccinated
mice. Neutralizing antibody responses in mice from the five different vaccination
groups were measured by using nanoluciferase-expressing recombinant viruses.
(A) SARS-CoV neutralizing antibody responses from baseline and after boost

in the distinct vaccine groups. (B) SARS-CoV-2 neutralizing antibody responses
from baseline and after boost. (C) RsSHC014 neutralizing antibody responses
from baseline and after boost. (D) WIV-1 neutralizing antibody responses from

-A—-Group 3: chimera 4 prime/boost
-7 Group 5: Norovirus capsid prime/boost

baseline and after boost. (E) The neutralization activity in groups 1 and 4 against
SARS-CoV-2 D614G, South African B.1.351, UK B.1.1.7, and mink cluster 5
variant. (F) Neutralization comparison of SARS-CoV-2 D614G versus South
African B.1.351, versus UK B.1.1.7, and versus mink cluster 5 variant. Statistical
significance for the live-virus neutralizing antibody responses is reported from a
Kruskal-Wallis test after Dunnett's multiple comparison correction. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

spikes elicit neutralizing antibodies against
newly emerged SARS-CoV-2 variants, and mul-
tiplexed chimeric spike vaccines outperform
the monovalent SARS-CoV-2 vaccines in terms
of breadth against multiclade Sarbecoviruses.

In vivo protection against heterologous
Sarbecovirus challenge

To assess the ability of the mRNA-LNP vac-
cines to mediate protection against previously
epidemic SARS-CoV, pandemic SARS-CoV-2,
and Bt-CoVs, we challenged the different
groups and observed the mice for signs of
clinical disease. Mice from group 1 or group 2
were completely protected from weight loss
and lower- and upper-airway virus replication
as measured with infectious virus plaque assays
after 2003 SARS-CoV mouse-adapted (MA15)
challenge (Fig. 4, A, B, and C). Similarly, these
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two vaccine groups were also protected against
SARS-CoV-2 mouse-adapted (MA10) challenge.
By contrast, group 3 showed some protection
against SARS-CoV MA15-induced weight loss
but not against viral replication in the lung or
nasal turbinates. Group 3 was fully protected
against SARS-CoV-2 MA10 challenge. By con-
trast, group 5 vaccinated mice developed severe
disease, including mortality in both SARS-CoV
MA15 and SARS-CoV-2 MA10 infections (fig.
S5, B and C). Monovalent SARS-CoV-2 mRNA
vaccines were highly efficacious against SARS-
CoV-2 MA10 challenge but failed to protect
against SARS-CoV MA15-induced weight loss
and replication in the lower and upper respi-
ratory tract (Fig. 4, A, B, and C), suggesting
that SARS-CoV-2 mRNA-LNP vaccines are not
likely to protect against future SARS-CoV emer-
gence events. Mice from groups 1 to 4 were

27 August 2021

completely protected from weight loss and
lower airway SARS-CoV-2 MA10 replication
(Fig. 4, D, E, and F). Using both a Bt-CoV
RsSHCO014 full-length virus and a more viru-
lent RsSHCO014-MA15 chimera in mice (6), we
also demonstrated protection in groups 1 to
3 against RsSHCO14 replication in the lung
and nasal turbinates (fig. S4) but not in mice
that received the SARS-CoV-2 mRNA vac-
cine. Group 5 control mice challenged with
RsSHCO014-MA15 developed disease, includ-
ing mortality (fig. S5D). Group 3 mice, which
received a SARS-CoV-2 NTD/RsSHCO014 RBD/
SARS-CoV-2 S2, were fully protected against
both SARS-CoV-2 and RsSHCO014 challenge,
whereas group 4 mice were not, demonstrat-
ing that a single NTD and RBD chimeric spike
can protect against more than one virus com-
pared with a monovalent spike.
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Fig. 4. In vivo protection
against Sarbecovirus
challenge after mRNA-LNP
vaccination. (A) Percent
starting weight from the dif-
ferent vaccine groups of mice
challenged with SARS-CoV
MA15. (B) SARS-CoV MA15
lung viral titers in mice from
the distinct vaccine groups.
(C) SARS-CoV MAIL5 nasal
turbinate titers. (D) Percent
starting weight from the
different vaccine groups of
mice challenged with SARS-
CoV-2 MAI10. (E) SARS-CoV-2
MA10 lung viral titers in
mice from the distinct vac-
cine groups. (F) SARS-CoV-2
MA10 nasal turbinate titers.
(G) Percent starting weight
from the different vaccine
groups of mice challenged with
WIV-1. (H) WIV-1 lung viral
titers in mice from the distinct
vaccine groups. (I) WIV-1 nasal
turbinate titers. (J) Percent
starting weight from the dif-
ferent vaccine groups of mice
challenged with SARS-CoV-2
B.1.351. (K) SARS-CoV-2
B.1.351 lung viral titers in mice
from the distinct vaccine
groups. (L) SARS-CoV-2
B.1.351 nasal turbinate titers.
The vaccines used in the
different groups are denoted
at bottom. Statistical signifi-
cance for weight loss is
reported from a two-way
analysis of variance (ANOVA)
after Dunnett's multiple
comparison correction. For
lung and nasal turbinate titers,
statistical significance is
reported from a one-way
ANOVA after Tukey's multiple
comparison correction. *P <
0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.

‘We then performed a heterologous challenge
experiment with the bat preemergent WIV-1-
CoV (7). Mice from groups 1 and 2 were fully
protected against heterologous WIV-1challenge,
whereas mice that received the SARS-CoV-2
mRNA vaccine had breakthrough replication
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—4— Group 2: chimeras 1-2 prime and 3-4 boost

—A— Group 3: chimera 4 prime/boost

- Group 5: Norovirus capsid prime/boost

in the lung (Fig. 4, G, H, and I). We also chal-
lenged with a virulent form of SARS-CoV-2
VOC B.1.351, which contains deletions in the
NTD and mutations in the RBD, and observed
full protection in vaccine groups 1, 2, and 4
compared with that in controls, whereas break-

through replication was observed in group 3,
further indicating the importance of the NTD
in vaccine-mediated protection (Fig. 4, J, K,
and L). The reduced protection against the
B.1.351 variant containing NTD deletions
indicates that the NTD is a clear target of
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Fig. 5. Lung pathology in vaccinated
mice after SARS-CoV and SARS-CoV-2
challenge. (A) Hematoxylin and eosin

4 days after infection lung analysis of
SARS-CoV MA15-challenged mice from
the different groups: group 1, chimeras 1
to 4 prime and boost; group 2,
chimeras 1 and 2 prime and 3 and 4;
group 3, chimera 4 prime and boost,
SARS-CoV-2 furin KO prime and

boost, and norovirus capsid prime and
boost. (B) Lung pathology quantitation in
SARS-CoV MA15-challenged mice from
the different groups. Macroscopic lung
discoloration score, microscopic ALI
score, and DAD in day 4 after infection
lung tissues are shown. (C) Hematoxylin
and eosin 4 days after infection lung
analysis of SARS-CoV-2 MA10-challenged
mice from the different groups. (D) Lung
pathology measurements in SARS-CoV-2
MA10-challenged mice from the different
groups. Macroscopic lung discoloration
score, microscopic ALl score, and DAD in
day 4 after infection lung tissues are
shown. Statistical significance is reported
from a one-way ANOVA after Dunnet's
multiple comparison correction. *P <
0.05, **P < 0.01, ***P < 0.001, and
**x*¥p < 0.0001.
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protective immunity and that its inclusion in
vaccination strategies, as opposed to RBD-
alone vaccines, may be required to achieve
full protection. Moreover, the SARS-CoV-2
mRNA vaccine protected against SARS-CoV-2
B.1.351 challenge in aged mice despite a re-
duction in the neutralizing activity against
this VOC.

Lung pathology and cytokines in mRNA-LNP-
vaccinated mice challenged with epidemic and
pandemic coronaviruses

To quantify the pathological features of acute
lung injury (ALI) in mice, we used a tool from
the American Thoracic Society (ATS). We sim-
ilarly scored lung tissue sections for diffuse
alveolar damage (DAD), the pathological hall-
mark of ALI (29, 30). We observed significant
lung pathology with both the ATS and DAD
scoring tools in groups 4 and 5 vaccinated
animals. By contrast, multiplexed chimeric
spike vaccine formulations in groups 1 and 2
provided complete protection from lung pa-
thology after SARS-CoV MAI15 challenge (Fig.
5, A and B). Mice immunized with the SARS-
CoV-2 mRNA vaccine that showed break-
through infection with SARS-CoV MA15
developed similar lung inflammation as that of
control vaccinated animals, potentially sug-
gesting that future outbreaks of SARS-CoV
may cause disease even in individuals vacci-
nated with SARS-CoV-2. Because eosinophilic
infiltrates have been observed in vaccinated,
2003 SARS-CoV-challenged mice previously
(81), with immunohistochemistry we analyzed
lung tissues in protected versus infected ani-
mals with SARS-CoV MA15 for eosinophilic
infiltrates (fig. S6). Groups 1 and 2 contained
rare, scattered eosinophils in the interstitium.
Group 3 showed bronchus-associated lymph-
oid tissue. By contrast, group 4 and group 5
contained frequent perivascular cuffs with
prevalent eosinophils. All groups challenged
with SARS-CoV-2 MA10 were protected against
lung pathology compared with the norovirus
capsid-immunized control group, supporting the
hypothesis that the SARS-CoV-2 NTD present
in the chimeric spike from group 3 is sufficient
for protection (Fig. 5, C and D).

We measured lung proinflammatory cyto-
kines and chemokines in the different vaccina-
tion groups. Groups 1and 2 had baseline levels
of macrophage-activating cytokines and chemo-
Kkines, including interleukin-6 (IL-6), chemokine
(C-C motif) ligand 2 (CCL2), IL-1a, granulocyte
colony-stimulating factor (G-CSF), and CCL4,
compared with group 5 after SARS-CoV MA15
challenge (fig. S7A). Group 3 and group 4
showed high and indistinguishable levels of
1L-6, CCL2, IL-10, G-CSF, and CCL4 compared
with those of group 5 mice after SARS-CoV
MA15 challenge. After SARS-CoV-2 MA10 chal-
lenge, group 4 and group 1 showed the lowest
levels of IL-6 and G-CSF relative to that in

Martinez et al., Science 373, 991-998 (2021)

group 5 controls (fig. S7B), and we only ob-
served significant reductions in CCL2, IL-10,
and CCL4 lung levels in groups 3 and 4 com-
pared with the group 5 control, despite full
protection from both weight loss and lower-
airway viral replication.

Discussion

The Moderna and Pfizer/BioNTech SARS-CoV-2
mRNA-LNP vaccines were safe and efficacious
against SARS-CoV-2 infections in large phase 3
efficacy human clinical trials (32-34), but there
is a growing concern regarding VOCs such as
South African B.1.351, which is five- to sixfold
more resistant to vaccine-elicited polyclonal
neutralizing antibodies (35). We sought to rep-
licate the mRNA platform to formulate chi-
meric vaccines that specifically target distant
Sarbecovirus strains. A caveat of including
multiple chimeric spikes in a single shot is
the potential formation of heterotrimers not
present in the intended vaccine formulation.
Chimera 4, which contains the RsSHC014 RBD
and SARS-CoV-2 NTD and S2, elicited binding
and neutralizing antibodies, and mice were fully
protected from Bt-CoV RsSHC014 and SARS-
CoV-2 challenge, whereas SARS-CoV-2 full
length did not fully protect against RsSHC014,
suggesting that CoV spike vaccines can be de-
signed to maximize their display of protec-
tive epitopes and indicates that NTD/RBD/S2
chimeric spikes may enhance protection rela-
tive to monovalent spikes. Because the NTD,
RBD, and S2 contain epitopes that are targeted
by protective antibodies (17, 19, 36), modular
chimeric spikes may provide a way to design
CoV spikes to elicit protective immunity against
three Sarbecoviruses as compared with a single
Sarbecovirus by a monovalent spike. The lack
of protection against WIV-1 and SARS-CoV and
only partial protection against RsSHCO014 chal-
lenge in SARS-CoV-2 immunized mice indicates
the need for the development of universal vac-
cination strategies that can achieve broader
coverage against preemergent bat SARS-CoV-
like and SARS-CoV-2-like viruses. Despite the
lower-magnitude antibody responses against
SARS-CoV-2 in the chimeric spike groups, a
clear advantage of our chimeric spike vaccines
is the clear breadth of protection against mul-
ticlade Sarbecoviruses and SARS-CoV-2 vari-
ants compared with that from the monovalent
SARS-CoV-2 vaccine. Although other strategies
exist, including multiplexing mosaic Sarbeco-
virus RBDs (37) and RBDs on nanoparticles
(38), chimeric spike mRNA-LNP vaccination
can achieve broad protection by using exist-
ing manufacturing technologies and are por-
table to other high-risk emerging coronaviruses
such as group 2C MERS-CoV-related strains.
Thus, chimeric spikes can clearly protect against
more than one Sarbecovirus, but it is possible
that multiplexed full-length spikes may pro-
tect against Sarbecoviruses.

27 August 2021

As previously reported with RNA recombi-
nant viruses, live Sarbecoviruses lacking ORF7/
ORF8 but containing distinct SARS-CoV-2 anti-
genic domains were viable, reaffirming the
known interchangeability and functional plas-
ticity of the CoV spike (21, 39, 40). Our dem-
onstration of cross-protection against multiple
Sarbecovirus strains in mice lends support to
the hypothesis that universal vaccines against
group 2B CoVs are likely achievable. Moving for-
ward, it will be important to determine whether
other combinations of chimeric mRNA-LNP
vaccines from other SARS-like viruses are pro-
tective, elicit broad T cell responses, prevent
the rapid emergence of escape viruses, elicit
protective responses in nonhuman primate
models of Sarbecovirus pathogenesis, and can
boost Sarbecovirus protective breadth in SARS-
CoV-2-vaccinated or convalescent individuals.
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