S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell

A Universal Design of Betacoronavirus Vaccines
against COVID-19, MERS, and SARS

Graphical Abstract

Coronavirus

(CoV) domain (RBD)

Vaccination

~00

Disulfide-linked
RBD-dimer

Structure-guided design
Tandem repeat RBD single chain dimer

N /f<>:>~\\ =
. A | - (/ \>
1 1 1

COVID-19

Other beta-CoV
diseases

MERS

Highlights
e A dimeric form of MERS-CoV RBD is highly immunogenic
and protective in mice

e RBD-dimer structure guides further design of a
homogeneous dimer by tandem repeat

e The strategy is generalizable to design beta-CoV vaccines
against COVID-19 and SARS

e CoV RBD-dimerimmunogens can be produced at high yields

in pilot scale production

Dai et al., 2020, Cell 182, 722-733
August 6, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.cell.2020.06.035

Authors
Lianpan Dai, Tianyi Zheng, Kun Xu, ...,
Chuan Qin, Jinghua Yan, George F. Gao

Correspondence

dailp@biols.ac.cn (L.D.),
ginchuan@pumc.edu.cn (C.Q.),
yanjh@im.ac.cn (J.Y.),
gaof@im.ac.cn (G.F.G.)

In Brief

Gao et al. present the structure-guided
design of a coronavirus immunogen
comprised of two protein subunits each
containing the virus spike receptor
binding domain fused together via a
disulfide link or tandem repeat. The
immunogen elicits strong
immunogenicity in mice and protects
them against viral challenge. The vaccine
design strategy can be universally
applied to SARS, MERS, COVID-19, and
other CoV vaccines to counter emerging
threats.

¢? CellPress


mailto:dailp@biols.ac.cn
mailto:qinchuan@pumc.edu.cn
mailto:yanjh@im.ac.cn
mailto:gaof@im.ac.cn
https://doi.org/10.1016/j.cell.2020.06.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2020.06.035&domain=pdf

Cell

¢? CellPress

A Universal Design of Betacoronavirus Vaccines
against COVID-19, MERS, and SARS

Lianpan Dai,’->*"2* Tianyi Zheng,"->"? Kun Xu,>'? Yuxuan Han,?"2 Lili Xu,*'? Enqi Huang,® Yaling An," Yingjie Cheng,®
Shihua Li,® Mei Liu,” Mi Yang,” Yan Li,® Huijun Cheng," Yuan Yuan,® Wei Zhang,® Changwen Ke,® Gary Wong,®'°
Jianxun Qi,%¢ Chuan Qin,** Jinghua Yan,®7-* and George F. Gao'-2:6.11,13.*

1Research Network of Immunity and Health (RNIH), Beijing Institutes of Life Science, Chinese Academy of Sciences, Beijing 100101, China
2Savaid Medical School, University of Chinese Academy of Sciences, Beijing 101408, China

3Key Laboratory of Tropical Translational Medicine of Ministry of Education, School of Tropical Medicine and Laboratory Medicine, The First
Affiliated Hospital, Hainan Medical University, Hainan 571199, China

4Key Laboratory for Animal Models of Emerging and Remerging Infectious Diseases, Institute of Laboratory Animal Science, Chinese
Academy of Medical Sciences and Comparative Medicine Center, Peking Union Medical College, Beijing 100032, China

5Anhui Zhifei Longcom Biopharmaceutical Co. Ltd, Anhui 230088, China

8CAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences, Beijing
100101, China

7CAS Key Laboratory of Microbial Physiological and Metabolic Engineering, Institute of Microbiology, Chinese Academy of Sciences, Beijing
100101, China

8Guangdong Provincial Center for Disease Control and Prevention, Guangzhou 511430, China

9Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai 200031, China

10Department of Microbiology-Infectiology and Immunology, Laval University, Quebec City, QC G1V 4G2, Canada

11Chinese Center for Disease Control and Prevention (China CDC), Beijing 102206, China

12These authors contributed equally

13Lead Contact

*Correspondence: dailp@biols.ac.cn (L.D.), ginchuan@pumc.edu.cn (C.Q.), yanjh@im.ac.cn (J.Y.), gaof@im.ac.cn (G.F.G.)
https://doi.org/10.1016/j.cell.2020.06.035

SUMMARY

Vaccines are urgently needed to control the ongoing pandemic COVID-19 and previously emerging MERS/
SARS caused by coronavirus (CoV) infections. The CoV spike receptor-binding domain (RBD) is an attractive
vaccine target but is undermined by limited immunogenicity. We describe a dimeric form of MERS-CoV RBD
that overcomes this limitation. The RBD-dimer significantly increased neutralizing antibody (NADb) titers
compared to conventional monomeric form and protected mice against MERS-CoV infection. Crystal struc-
ture showed RBD-dimer fully exposed dual receptor-binding motifs, the major target for NAbs. Structure-
guided design further yielded a stable version of RBD-dimer as a tandem repeat single-chain (RBD-sc-dimer)
which retained the vaccine potency. We generalized this strategy to design vaccines against COVID-19 and
SARS, achieving 10- to 100-fold enhancement of NAb titers. RBD-sc-dimers in pilot scale production yielded
high yields, supporting their scalability for further clinical development. The framework of immunogen design
can be universally applied to other beta-CoV vaccines to counter emerging threats.

INTRODUCTION to 216 countries with 6,140,934 laboratory-confirmed cases

and 373,548 deaths (as of June 2, 2020, from https://www.

In recent years, we have faced unprecedented threats by coro-
navirus (CoV) infections. During 2002-2004, severe acute respi-
ratory syndrome CoV (SARS-CoV) was first reported in China
and resulted in more than 8,000 infections worldwide with
~800 related deaths (https://www.who.int/). In 2012, Middle
East respiratory syndrome CoV (MERS-CoV) emerged from
Saudi Arabia and quickly spread into 27 countries, with an
even higher fatality rate of 34.4%. Infections of humans by
MERS-CoV were still being reported recently (https://www.
who.int/csr/don/archive/disease/coronavirus_infections/en/).
Currently, coronavirus disease in 2019 (COVID-19) caused by
SARS-CoV-2 infection is classified as a pandemic, spreading

722 Cell 182, 722-733, August 6, 2020 © 2020 Elsevier Inc.

who.int/) (Wang et al., 2020a; Wei et al., 2020; Zhu et al.,
2020). The outbreak is still growing rapidly. In addition, more
and more SARS- and MERS-related CoVs were identified in an-
imal reservoir raising the concerns for their zoonotic transmis-
sions and pandemic potential in future (Banerjee et al., 2019;
Wong et al., 2019).

CoVs are a diverse group of enveloped viruses, which are
further subdivided into four genera, alpha-, beta-, gamma-,
and delta-CoV (Knipe and Howley, 2013; Woo et al., 2009)
(https://talk.ictvonline.org/). To date, seven CoVs are known to
cause human diseases (Lu et al., 2015; Wevers and van der
Hoek, 2009). Among them, two alpha-CoVs (hCoV-NL63 and
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hCoV-229E) and two beta-CoVs (HCoV-OC43 and HKU1) only
cause self-limiting cold-like illnesses (Chiu et al., 2005; Gorse
et al., 2009; Jean et al., 2013; Jevsnik et al., 2012). However,
the remaining three beta-CoVs (SARS-CoV, MERS-CoV, and
SARS-CoV-2) are life-threatening. To date, no clinically effective
prophylactics or therapeutics are available for the prevention or
treatment of the highly pathogenic CoV infections in human,
highlighting the urgent need for vaccine development.

In CoVs, the envelope-embedded spike (S) proteins are respon-
sible for recognition of host cellular receptors to initiate virus entry
(Luetal., 2015). The receptor-binding domain (RBD) of S protein is
required for the receptor docking. SARS-CoV and SARS-CoV-2
use the same functional host cellular receptor, human angiotensin
converting enzyme 2 (hACE2) (Hoffmann et al., 2020; Li et al,,
2003; Walls et al., 2020; Wang et al., 2020c), whereas, MERS-
CoV uses human CD26 (also known as human dipeptidyl pepti-
dase 4, hDPP4) (Lu et al., 2013; Raj et al., 2013). We and others
have previously revealed the structural bases for the receptor-
recognition by these CoVs (Lan et al., 2020; Li et al., 2005a; Lu
et al., 2013; Shang et al., 2020; Wang et al., 2013, 2020c; Yan
et al., 2020). So far, most of potent neutralizing monoclonal anti-
bodies are against CoV RBD (Jiang et al., 2020; Li et al., 2015;
Modjarrad et al., 2016). Therefore, RBD is an attractive vaccine
target because it can focus the immune response on interference
of receptor binding (Jiang et al., 2012; Wang et al., 2020b; Zhang
etal., 2015; Zhou et al., 2019b). To date, a number of RBD-based
vaccines have been reported in development against MERS and
SARS (Jiang et al., 2012; Wang et al., 2020b; Zhou et al,,
2019b). However, RBD-based subunit vaccines may face some
important challenges, mostly arising from their relatively low
immunogenicity, which must be combined with appropriate adju-
vants or optimized for suitable protein sequences, fragment
lengths, and immunization schedules (Wang et al., 2020b). Strate-
gies to promote immunogenicity of RBD-based vaccine include
increasing the antigen size, multimerization or intensive antigen-
display in particles, however, these strategies inevitably intro-
duced exogenous sequences which complicated their potentials
for clinical usage (Du et al., 2007, 2013; He et al., 2004; Kim et al.,
2018; Li et al., 2019; Ma et al., 2014; Nyon et al., 2018; Tai et al.,
2016; Tang et al., 2015; Wang et al., 2017).

Here, we describe a universal design of beta-CoV immuno-
gens that overcomes the immunogenicity limitation of RBD-

Cell

based vaccine. CoV RBD dimers have been observed before
(Hwang et al., 2006; Lan et al., 2020; Xiao et al., 2004; Zhang
et al., 2018), but their immunogenicity has not been tested. We
found a disulfide-linked dimeric form of MERS-CoV RBD signif-
icantly enhanced the antibody response and neutralizing anti-
body (NAb) titer compared to the conventional monomeric
form. In a mouse model, it conferred protection against MERS-
CoV infection and relieved lung injury. Crystal structure revealed
the RBD-dimer fully exposed dual receptor binding motifs
(RBMs), the major site recognized by NAbs. To increase dimer
stability, the immunogen was further engineered as a version
of tandem repeat single chain dimer (sc-dimer) by structure-
guided design without introducing any exogenous sequence.
The RBD-sc-dimer retained high vaccine efficacy as the disul-
fide-linked dimer. Next, this strategy was further generalized to
develop vaccines against the other two highly pathogenic
beta-CoVs, SARS-CoV-2 and SARS-CoV. Notably, RBD-sc-
dimer design significantly increased the immunogenicity and
enhanced NADb titers between 10- to 100-fold compared to the
conventional RBD-monomer, indicating its feasibility as a univer-
sal strategy for beta-CoV vaccine design. In particular, two
doses of RBD-sc-dimer elicited high NAb titers up to ~4,096
against SARS-CoV-2 infection. The RBD-sc-dimers of MERS-
CoV and SARS-CoV-2 were further developed for pilot scale pro-
duction in GMP grade manufacturing. Both can be produced at
high yields (g/L level) in an industry-standard Chinese hamster
ovary (CHO) cell system, suggesting its scalability and promise
for further clinical development to control MERS and the ongoing
COVID-19 pandemic.

RESULTS

Identification of a Dimeric Form of MERS-CoV RBD as a
Superior Immunogen

Our initial aim was to develop an RBD-based MERS vaccine.
MERS-CoV RBD (E367-Y606) was expressed by baculovirus in
insect cells. The supernatant was harvested and the secreted
proteins were purified. Analytical gel filtration indicated a sup-
posed RBD monomer-dimer equilibrium in solution, and their
protein sizes were further confirmed by gel electrophoresis as
~30kDa and ~60 kDa, respectively (Figure 1A). Aninter-molecule
disulfide bond was required for the dimer formation as verified by

Figure 1. Dimeric Form of MERS-CoV RBD Enhances Immunogenicity and Is Protective in Mice

(A) Left: analytical gel filtration profile of baculo-derived MERS-CoV RBD (E367-Y606) protein with HiLoad 16/600 Superdex 200 pg. The 280-nm absorbance
curves are shown. The proposed peaks of RBD-dimer and RBD-monomer are indicated with arrows. Right: SDS-PAGE migration profiles of RBD-dimer and
-monomer proteins at non-reduced and reduced conditions.

(B) Time course of MERS vaccine immunization, viral challenge and measurement. Groups of 6- to 8-week-old female BALB/c mice (n = 6) were vaccinated with
three doses of 3, 10, or 30 ng immunogen with adjuvant of AddaVax or Alum in 3-week intervals. PBS with and without adjuvant were given as controls. Serum
samples were collected 14 days after last immunization. Mice were then transduced with 2.5 x 108 PFU of Ad5-hCD26 via i.n. route followed by infection with 5 x
10° PFU of MERS-CoV via i.n. route. Lung tissues were harvested and split for virus titer detection (n = 3) and pathological examination (n = 3), respectively.
(C) Enzyme-linked immunosorbent assay (ELISA) assay shows the RBD specific I1gG titers.

(D) MERS-CoV pseudovirus neutralization assay shows the NTg.

(E) MERS-CoV (EMC2012 strain) neutralization assay shows the NTso.

(F) Virus titers in lung.

(G) Histology of lung sections (100-fold magnification). The lung injuries are marked as slight, mild, and severe, according to the degree of interstitial pneumonia.
Black bar represents 100 um.

The values shown in (C)—(F) are the mean + SEM. The horizontal dashed line indicates the limit of detection. P-values were analyzed with one-way ANOVA (ns,
p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).
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Figure 2. Structural Characterization of MERS-CoV RBD-Dimer and Structure-Guided Design of RBD-SC-Dimer as a MERS Vaccine

(A) A cartoon representation of the MERS-CoV RBD-dimer structure. Two RBD protomers are arranged in axial symmetry and are colored in hot pink and cyan,
respectively. Intra- and inter-molecular disulfide bonds are numbered. Dashed loops represent the N- and C-terminal residues that are invisible in the electron
density maps. The cysteine residue C603 is highlighted. The light yellow ellipses represent the regions of RBM.

(B) The schematic representation of MERS-CoV RBD-sc-dimer. RBDs are truncated at C-terminal residue N602 and connected as tandem repeat to form a single
chain dimer (SP, signal peptide).

(C) Analytical gel filtration profile of MERS-CoV RBD-sc-dimer protein with HiLoad 16/600 Superdex 200 pg. The 280-nm absorbance curve is shown. Non-
reduced and reduced SDS-PAGE migration profiles of the pooled samples are shown.

(D) Ultracentrifugation sedimentation profiles of MERS-CoV RBD-sc-dimer.

(E) Representative BlAcore diagrams of MERS-CoV RBD-sc-dimer and RBD-monomer bound to hCD26 protein. The Kp value was calculated by the software
BlAevaluation Version 4.1 (GE Healthcare). The values shown are mean + SD of two independent experiments.

(F and G) Groups of 6- to 8-week-old female BALB/c mice (n = 6) were immunized with a 10-ug dose of RBD-sc-dimer and HEK293T-derived disulfide-linked
RBD-dimer, respectively, with AddaVax as adjuvant. PBS formulated with adjuvant was given as control. A three-dose vaccination regimen was performed.
Serum samples were collected after each immunization (19 days after 15t immunization, 14 days after 2"® immunization, and 14 days after 3" immunization) to

(legend continued on next page)
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the dimer-to-monomer switch from non-reduced to reduced
condition in gel electrophoresis (Figure 1A). To evaluate their po-
tential as vaccines, increasing doses of RBD-dimer or -monomer
were given to BALB/c mice, with the combination of AddaVax (an
MF-59-like squalene adjuvant) or Alum as adjuvant. PBS plus
adjuvant and PBS alone were given as controls. Serum samples
were collected 14 days after the last immunization as indicated
(Figure 1B). As expected, RBD-monomer is poorly immunogenic
and induced low levels of antigen-specific antibody and NAD titer
against pseudotyped virus (Figures 1C and 1D). In contrast, the
dimer immunogen markedly enhanced the immunogenicity for
both antibody responses and neutralization, with the 90%
neutralization titer (NTgo) up to ~1,000 (Figures 1C and 1D).
Because RBD-dimer was superior to monomer as an immu-
nogen, sera from the dimer group were further tested for the
neutralizing activities against live MERS-CoV virus (EMC2012
strain). Consistently, high levels of NAbs were detected in RBD-
dimer-vaccinated mice using either AddaVax or Alum as adjuvant
(Figure 1E). In particular, AddaVax combined with 10 ng dose of
antigen reached NAD titers up to ~900 (Figure 1E).

Validation of Vaccine Protection for MERS-CoV RBD-
Dimer In Vivo

To further explore the protective efficacy of RBD-dimer in vivo,
the immunized mice were transduced via the intranasal (i.n.)
route with adenovirus expressing hCD26 as the MERS-CoV-sen-
sitive animal model (Figure 1B) (Zhao et al., 2014). Five days later,
the transduced mice were intranasally challenged with 5 x 10°
plaque-forming unit (PFU) of MERS-CoV. At 3 days after chal-
lenge, lung tissues were harvested for virus titer detection and
pathological examination. Consistent with the high serological
NADb titers in RBD-dimer-vaccinated mice, virus loads were
reduced ~100- to 1,000-fold in lung compared to the PBS group
(Figure 1F).

To further elucidate the protective effect of the vaccination,
histopathological analyses were conducted on mice challenged
with MERS-CoV. All lung tissue samples harvested from mice
vaccinated with PBS exhibited severe interstitial pneumonia,
pulmonary alveolitis, diffuse inflammatory cell infiltration, and ne-
crosis of bronchial epithelial cells (Figure 1G). Milder lesions were
observed in mice immunized with the RBD-dimer, because the
pulmonary alveolus was highly visible with lower infiltration of in-
flammatory cells (Figure 1G). Therefore, RBD-dimer can sub-
stantially reduce the lung injury caused by MERS-CoV infection.
The small histopathological changes in the lung likely resulted
from a direct inoculation of high amount (5 x 10° PFU) of virus
intranasally. Taken together, we demonstrated the RBD-dimer
is a protective immunogen against MERS-CoV infection and
has a significant improved immunogenicity.

Structural Characterization of MERS-CoV RBD-Dimer
To determine the molecular basis of the observed dimer immu-
nogen at an atomic level, we determined the crystal structure
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of MERS-CoV RBD-dimer at a resolution of 2.9 A (Table S1).
Interestingly, RBD-dimer is arranged as a “bilateral-lung”-like
structure with axial symmetry (Figure 2A). The dual RBMs are
located at the lower lobes of both “lungs” facing outward against
the axis (Figure 2A). Both RBMs are fully exposed (Figures 2A
and S1), suggesting the potential to elicit antibodies interfering
with receptor binding. The core subdomains of both RBD proto-
mers stack on each other via 3 helices and loops surrounding
the helices. The N and C termini are invisible in the electron den-
sity maps, indicating the flexibility of these regions. Accordingly,
in the previously determined structure of the full-length MERS-
CoV-S, these regions consist of flexible loops that facilitate the
hinge-like conformational movements of RBD for receptor
engagement (Yuan et al., 2017). Each RBD contains 9 cysteine
residues, with 8 of them forming 4 intra-molecule disulfide
bonds. An additional invisible C-terminal cysteine residue
(Ce03) is proposed to build the inter-molecule disulfide bond
covalently linking the RBD-dimer (Figure 2A). Given the number
of flexible, unresolved residues that link the two subunits of the
dimer together, and the small non-covalent interface observed
between the two subunits of the dimer, it is far from certain
that the crystallographically observed structure corresponds to
a unique structure the protein adopts in solution.

Structure-Guided Design of the RBD-SC-Dimer

Because the RBD forms a monomer-dimer equilibrium in solu-
tion, the yields of dimer protein varied from batch to batch. To
facilitate downstream vaccine development, we sought to
further engineer the RBD-dimer in a more stable form. The struc-
ture of MERS-CoV RBD-dimer showed both N and C termini of
two RBD protomers were juxtaposed and closed to each other
(Figure 2A), which inspired us to link these two RBD as a tandem
repeat single chain. In order to avoid introducing any exogenous
sequences, we sought to link them by their own flexible terminal
residues. Both RBDs were truncated at N602, the position just
before C603 to avoid potential instability caused by cysteine res-
idue, and then connected in tandem (Figure 2B). RBD expressed
in a mammalian cell system was previously reported to be able to
induce stronger neutralizing antibody response than those ex-
pressed in insect cells (Du et al., 2009b). We, therefore, con-
structed and expressed immunogens switching from insect cells
to mammalian cells. The RBD-sc-dimer was expressed in
mammalian HEK293T cells. The supernatant of the transfected
cells was collected for further purification. Analytical gel filtration
showed that the new construct was expressed as a single peak
with a size of ~60 kDa, indicating the dimeric form of RBD (Fig-
ure 2C). The molecular weight was further corroborated as
60.7 kDa by analytical ultracentrifugation (Figure 2D). Surface
plasmon resonance (SPR) assay demonstrated the RBM is
exposed in the RBD-sc-dimer as in conventional RBD-mono-
mer, supported by the comparable binding affinities of RBD to
its receptor hCD26 (Figure 2E).

evaluate the humoral response dynamics. ELISA assay shows the MERS-CoV RBD-specific IgG titers in (F) and MERS-CoV pseudovirus neutralization assay
shows the NTgq in (G). The values shown in (F) and (G) are the mean + SEM. The horizontal dashed line indicates the limit of detection. P values were analyzed with

one-way ANOVA (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
See also Figure S1 and Table S1.
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(F) Evaluation of neutralization activity with live SARS-CoV-2. The serum samples of RBD-sc-dimer, RBD-monomer, and control groups from the second im-
munization were serially diluted and mixed with 100 50% tissue culture infectious dose (TCID5o) SARS-CoV-2 (2020XN4276 strain). The mixtures were added into
Vero cells and cytopathic effects (CPE) could be observed 72 h post infection. The NTso was calculated as reciprocal of serum dilution required for 50%

neutralization of viral infection.
See also Figures S2 and S3.

To assess the immunogenicity of the RBD-sc-dimer, we
immunized mice with 10 ng dose of antigen formulated with Ad-
daVax as adjuvant. Equivalent HEK293T-derived disulfide-linked
RBD-dimer was given as a comparison. PBS plus adjuvant was
used as the control. We performed a three-dose regimen to
assess the response dynamics. Impressively, the sc-dimer
immunogen can elicit RBD-specific IgG up to endpoint titer of
~10° after the second and third immunizations, which was
marginally higher than that induced by the original disulfide-
linked RBD-dimer (Figure 2F). Serum samples were further
tested for their neutralizing activities using pseudotyped virus.
The RBD-sc-dimer induced NTgg up to ~1,000 after both two
and three injections, which were also marginally higher than
that induced by the disulfide-linked RBD-dimer (Figure 2G).
Two immunizations reached almost the peak antibody response
for the sc-dimer-vaccinated mice (Figures 2F and 2G). Taken
together, the RBD-sc-dimer was highly immunogenic and main-
tained the vaccine potency comparable to, if not slightly higher
than, that of the original disulfide-linked RBD-dimer.

The RBD-SC-Dimer Strategy Applied to Vaccine Design
against SARS-CoV-2 and SARS-CoV

Because the three life-threatening CoVs identified to date all
belong to beta-CoV, we further explored the potential of RBD-
sc-dimer strategy for vaccine design against other CoVs in these
genera. RBD sequences from 19 identified beta-CoVs were
aligned together and showed the conserved cysteine residue
at C603 position of MERS-CoV S protein (Figure S2). Next,
we sought to design immunogens of RBD-sc-dimer against
the other two highly pathogenic CoVs, SARS-CoV-2 and
SARS-CoV.

The RBD construct for SARS-CoV-2 started at R319 (the E367
position of MERS-CoV S protein) and was truncated at C-termi-
nal residue K537, the amino acid just before C603 position of
MERS-CoV S protein (Figures 3A and S2). Two copies of RBD
were then dimerized in tandem as the strategy described for
MERS-CoV RBD-sc-dimer (Figure 3A). SARS-CoV-2 RBD was
expressed as a single dimer-sized protein, as verified by analyt-
ical gel filtration and gel electrophoresis (Figure 3A). Further

Cell 182, 722-733, August 6, 2020 727




¢ CellPress

analytical ultracentrifugation determined its molecular weight as
61.7 kDa, suggesting a stable dimer formation (Figure 3B). The
SPR assay demonstrated RBD-sc-dimer bound to receptor
hACE2 with comparable affinity as its monomer counterpart,
implying the exposure of the RBMs (Figure 3C; Table S2). Inter-
estingly, the hACE2 protein expressed by baculovirus from in-
sect cells showed weaker affinities to bind SARS-CoV-2 RBDs
(two orders of magnitude lower) compared to mammalian-
derived one, suggesting different glycosylation patterns of the
hACE2 proteins may account for the distinct binding affinities
(Table S2).

To further assess the immunogenicity, we first immunized
BALB/c mice with the SARS-CoV-2 RBD-sc-dimer or conven-
tional RBD-monomer (10 pg dose of immunogen plus AddaVax
adjuvant). PBS formulated with adjuvant was given as control.
Three-dose regimens were performed to assess the response
dynamics. Serum samples were collected after each immuni-
zation and measured for the humoral responses. As expected,
the RBD-sc-dimer of SARS-CoV-2 induced a significantly
higher antigen-specific 1IgG compared to the conventional
RBD-monomer after each immunization (p < 0.0001) (Fig-
ure 3D). Consistently, RBD-sc-dimer elicited ~10- to 100-fold
higher titers of NAb compare to monomer in an assay with
pseudotyped virus (Figure 3E). Two immunizations almost
maximized the NAD titer induced by RBD-sc-dimer (Figure 3E),
therefore, we further tested neutralizing activities after the sec-
ond immunization against live SARS-CoV-2 (2020XN4276
strain) infection. Impressively, all serum samples from RBD-
sc-dimer group showed high NAb titers, with the 50%
neutralization titer (NTso) of most samples reaching 4,096 and
above (Figure 3F). In contrast, only 2 out of 8 serum samples
from RBD-monomer-vaccinated mice reached NAb titers
beyond 16, to a maximum of 256 (Figure 3F). To characterize
the cellular immune responses, enzyme-linked immunospot
(ELISPOT) and intracellular cytokine staining (ICS) assays
were performed. We could not detect substantial induction
of T cell responses in RBD-sc-dimer-vaccinated mice com-
pared to the PBS-vaccinated ones after the last vaccination
(Figure S3).

In order to design RBD-sc-dimer for SARS-CoV, the RBD
construct was started at R306 (the E367 positon of MERS-CoV
S protein) and truncated at Q523, one residue ahead of the
C603 position in the MERS-CoV S protein (Figure S2). Two
copies of RBD were further linked as tandem repeat. The stable
dimer was detected in analytical gel filtration and gel electropho-
resis (Figure 4A), with a molecular weight of 54.5 kDa as deter-
mined by analytical ultracentrifugation (Figure 4B). SARS-CoV
receptor hACE2 was found to bind RBD-sc-dimer with affinity
comparable to its binding to RBD-monomer, suggesting the
exposure of RBMs (Figure 4C; Table S3). We also evaluated
the immunogenicity for RBD-sc-dimer of SARS-CoV compared
with its monomeric form using the same three-dose vaccination
regimen. Consistent with what was found in assessment of
MERS and COVID-19 vaccines, RBD-sc-dimer significantly
enhanced the antigen-specific antibody responses and NADb ti-
ters compared to the conventional RBD-monomer. This
enhancement was pronounced after the second immunization
(Figures 4D and 4E).
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High Yields of RBD-SC-Dimer in an Industry-Standard
CHO Cell System

In view of the ongoing COVID-19 pandemic and frequent MERS
outbreaks, we sought to further develop vaccines against these
two CoVs for pilot scale production in GMP grade
manufacturing. The RBD-sc-dimers of MERS-CoV and SARS-
CoV-2 were constructed without purification tag and subse-
quently transformed to clinical-grade CHO cell lines. Stable
CHO cell lines were screened for antigen expression. Cell lines
with highest antigen abundance were selected for large scale
production. Notably, both RBD-sc-dimers can be produced at
high yields, to the level of gram per liter. The RBD-sc-dimer of
MERS-CoV reached expression levels of >2 g/L, with a final yield
of 1.05 g purified antigen per liter (Figure 5A). The RBD-sc-dimer
of SARS-CoV-2 can reach expression levels of >1.5 g/L, with a
final yield of 0.67 g purified antigen per liter (Figure 5A). Both an-
tigens reached >98% purity as verified by gel electrophoresis
analyses (Figures 5A and 5B). The highly scalable production
of these two immunogens strongly suggested the feasibility to
meet the vaccine demands worldwide.

DISCUSSION

In general, the current CoV vaccine candidates can be classified
into two categories: (1) gene-based vaccines including DNA/
messenger RNA vaccines, recombinant vaccine vectors, and
live-virus vaccines, which produce antigens in host cells, and
(2) protein-based vaccines including inactivated whole virus
and protein subunit vaccine, whose antigens are manufactured
in vitro (Graham, 2020). Protein subunit vaccines have been
traditionally used for vaccine development and such vaccines
have good safety and effectiveness profiles in preventing dis-
eases such as hepatitis B and herpes zoster (Syed, 2018; Valen-
zuela et al., 1982). Here, we reported the design of CoV RBD-sc-
dimer as a protein subunit vaccine, representing a promising
pathway for CoV vaccine development.

Structure-guided antigen design is an important tool to make
vaccines with speed and precision (Graham, 2020). Full-length
S protein is another common choice as CoV antigen subunit.
Full-length trimeric S protein is usually highly immunogenic
due likely to its large size (~600 kDa). It contains not only
RBD, the major target for potent neutralizing antibodies, but
also non-RBD regions that can also induce neutralizing or pro-
tective antibodies, for instance, the N-terminal domain (Chen
et al., 2017; Pallesen et al.,, 2017; Wang et al., 2019; Zhou
et al., 2019a). A generalized strategy was reported to stabilize
pre-fusion conformation of MERS-CoV S protein via struc-
ture-based antigen design that improved the efficacy of full-
length S protein-based CoV vaccine (Pallesen et al., 2017).
However, because antibody-dependent enhancement (ADE)
has been reported for CoV immune response (Corapi et al.,
1992; Hohdatsu et al., 1998; Jaume et al., 2011; Kam et al.,
2007; Vennema et al.,, 1990; Wan et al., 2020; Wang et al.,
2014), minimized effective immunogens are sought. Alterna-
tively, the RBD of CoV S protein has been recognized as an
attractive vaccine target because of its advantages in immune
focusing (Du et al., 2009a; Jiang et al., 2012; Ma et al., 2014;
Wang et al.,, 2020b; Zhang et al., 2015; Zhou et al., 2019b),
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Figure 4. Design and Assessment of RBD-
SC-Dimer as Vaccine against SARS-CoV

(A) A schematic diagram of SARS-CoV RBD-sc-
dimer. Two SARS-CoV RBD (R306-Q523) were di-
merized as tandem repeat (SP, signal peptide).
Analytical gel filtration of SARS-CoV RBD-sc-dimer
proteins was performed with HiLoad 16/600 Su-
perdex 200 pg. The 280-nm absorbance curve is
shown. Non-reduced and reduced SDS-PAGE
migration profiles of the pooled samples are shown.
(B) Ultracentrifugation sedimentation profiles of
SARS-CoV RBD-sc-dimer.
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(C) Representative BlAcore diagrams of SARS-CoV
RBD-sc-dimer and monomer bound to hACE2
protein. The Kp value was calculated by the soft-
ware BlAevaluation Version 4.1 (GE Healthcare).
The values shown are mean + SD of two indepen-
dent experiments.

(D and E) Groups of BALB/c mice were immunized
with 10 pg dose of SARS-CoV RBD-sc-dimer and
conventional RBD-monomer, respectively, with
AddaVax as adjuvant. PBS formulated with adju-
vant was given as control. A three-dose vaccination
regimen was performed. Serum samples were
collected after each immunization (19 days after 15t
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but may require effective adjuvant and multiple doses to evoke
adequate immunogenicity. We identified the disulfide-linked
RBD-dimer as immunogen that significantly increased the
immunogenicity compared to the conventional monomer as
evidenced by NAb titers. The RBD-dimer was further engi-
neered as a tandem repeat sc-dimer by a structure-guided
design, which can be a generalizable strategy for beta-CoV
vaccine design. Actually, two immunizations of RBD-sc-dimers
were already sufficient to maximize high levels of antibody re-
sponses for all tested vaccines against MERS, COVID-19,
and SARS (Figures 2F, 2G, 3D, 3E, 4D, and 4E). Thereby, a
two-dose vaccination regimen will be applied to evaluate the
protective efficacy in animal models and humans for the
RBD-sc-dimer-based CoV vaccines. Of note, after three immu-
nizations, the monomeric RBD is similar in terms of immunoge-
nicity as two vaccinations with the sc-dimer. In particular, for
SARS-CoV vaccine, RBD-sc-dimer showed only marginally

munizations (Figures 4D and 4E).
The enhanced immunogenicity of
RBD-sc-dimer could be explained by
(1) doubling the molecular weight of an-
tigen from ~30 kDa to ~60 kDa, (2) dual RBMs, by which the
dimer works bivalently, that may cross-link B cell receptors in
B cells for a better stimulation, (3) non-RBM epitopes on
dimer-interface of RBD are likely occluded to further improve
immune focusing, and (4) exposure of the immunodominant
epitopes.

We provided a universal strategy to design beta-CoV vaccines
and proved the concept in vaccine development against MERS,
COVID-19, and SARS. The resulting immunogens could be
applied to other expression systems such as yeast and insect
cells and also to other vaccine platforms, like DNA, messenger
RNA, and vaccine vectors. RBD-sc-dimer engineered without
introduction of any exogenous sequence highlighted the feasi-
bility for clinical development of RBD-sc-dimer-based CoV vac-
cines. The COVID-19 and MERS vaccine candidates described
here are of promise for further development from bench to clinic.
The antigen yields at g/L level highlight the scale-up production
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A Figure 5. Pilot Scale Production of RBD-SC-
Dimers of MERS-CoV and SARS-CoV-2
i i (A) RBD-sc-dimers were produced in industry-
Immunogen yields (g/L) Purity standard CHO cell system in GMP grade
o manufacturing. The immunogen yields and purities
MERS-CoV 1.05 >98% for vaccine stock solution are shown.
(B) Non-reduced SDS-PAGE migration profile of
e & 0,
SARS-CoV-2 0.67 > 98% increasing amounts of GMP grade RBD-sc-dimers
are shown.
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capacity to meet the urgently global demands, in particular, for
the pandemic COVID-19.

Limitations of Study

It is known that CoV RBD is the major target for NAbs interfering
with viral receptor binding, and we were focusing on the humoral
response induced by the RBD-based vaccines. An extended
study (e.g., by passive transfer experiment) should be performed
to further confirm whether the humoral response is sufficient to
protect against CoV challenge, although our recent work by us-
ing human-origin monoclonal antibodies confirmed the passive
protection (Shi et al., 2020; Wu et al., 2020). Although both
PBS alone and PBS with adjuvant have been widely used as
the placebo in studies of recombinant protein-based vaccines,
groups receiving irrelevant protein with adjuvant are a better
negative control.
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Imject Alum adjuvant

Recombinant MERS-CoV-S protein RBD monomer
(baculovirus-expressed), spike residues 367-606,
accession number: JX869059
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accession number: JX869059
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Recombinant MERS-CoV-S protein RBD-sc-dimer
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two copies in tandem, accession number: JX869059
Recombinant SARS-CoV-2-S protein RBD monomer
(mammalian cell-expressed), spike residues 319-541,
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Recombinant SARS-CoV-2-S protein RBD-sc-dimer
(mammalian cell-expressed), spike residues 319-537,
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This paper
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Recombinant SARS-CoV-S protein RBD-sc-dimer This paper N/A
(mammalian cell-expressed), spike residues 306-523,

two copies in tandem, accession number: NP_828851

Recombinant hCD26 (baculovirus-expressed), spike This paper N/A
residues 39-766, accession number: NP_001926

Recombinant hACE2 protein (baculovirus-expressed), This paper N/A
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Recombinant hACE2 protein (mammalian cell-expressed),
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Sino Biological Inc.
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pPCAGGS-MERS-CoV-RBD-His, residues 367-606, This paper N/A
accession number: JX869059
pPCAGGS-MERS-RBD-sc-dimer-His, residues 367-602, This paper N/A
two copies in tandem, accession number: JX869059
PCAGGS-SARS-CoV-2-RBD-His, residues 319-541, This paper N/A

accession number: YP_009724390
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pCAGGS-SARS-CoV-2-RBD-sc-dimer-His, residues This paper N/A
319-537, two copies in tandem, accession number:

YP_009724390

pCAGGS-SARS-CoV-RBD-His, residues 306-527, This paper N/A
accession number: NP_828851

pCAGGS-SARS-RBD-sc-dimer-His, residues 306-523, This paper N/A
two copies in tandem, accession number: NP_828851

pPCAGGS-MERS-CoV-S, accession number: JX869059 This paper N/A
pCAGGS-SARS-CoV-2-S, accession number: This paper N/A
YP_009724390

pCAGGS-SARS-CoV-S, accession number: NP_828851 This paper N/A

Software and Algorithms

PyMOL software

BlAevaluation Version 4.1
ESPript 3

GraphPad Prism 8.0
HKL2000

Phaser

Coot

CCP4

Phenix
MolProbity
OriginPro 2018

The PyMOL Molecular
Graphics System, Version 2.0
Schrédinger, LLC.

GE Healthcare

Robert and Gouet, 2014
GraphPad Software
Otwinowski and Minor, 1997
Read, 2001

Emsley and Cowtan, 2004

Collaborative Computational
Project, Number 4, 1994

Adams et al., 2010
Williams et al., 2018
OriginLab Corporation

https://pymol.org/2/

N/A
http://espript.ibcp.fr/ESPript/ESPript/
https://www.graphpad.com/

N/A

N/A
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peemsley/coot/
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http://www.phenix-online.org/
N/A
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RESOURCE AVAILABLITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, George F.
Gao (gaof@im.ac.cn).

Materials Availability
All requests for unique/stable reagents generated in this study should be directed to and will be fulfilled by the Lead Contact author
with a completed Materials Transfer Agreement.

Data and Code Availability
The accession number for the atomic coordinates and diffraction data reported in this study is PDB code 7C02. All the other data
supporting the finding of this study are available within the paper and are available from the corresponding author upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and viruses

African green monkey kidney epithelial cells (Vero cells) (ATCC), human embryonic kidney cells 293T (HEK293T cells) (ATCC) and
Huh7 hepatoma cells (Institute of Basic Medical Sciences, CAMS) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) at 37°C under 5% CO,. Sf9 (Invitrogen) and High five
(Invitrogen) insect cells were cultured in Insect-XPRESS medium (Lonza, USA) at 28°C. CHOZN® CHO K1 cell line was purchased
from Sigma-Aldrich(Shanghai)Trading Co., Ltd. CHOZN® CHO K1 cell line was authenticated and the other cell lines were not. All cell
lines were tested negative for mycoplasma contamination. MERS-CoV (EMC2012 strain) and SARS-CoV-2 (2020XN4276 strain) were
propagated in Vero cells.
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Mice

Specific pathogen-free (SPF) 6-8-week old female BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (licensed by Charles River). All mice used in this study are in good health and are not involved in other experimental
procedure. They were housed under SPF conditions in the laboratory animal facilities at Institute of Microbiology, Chinese Academy
of Science (IMCAS) and Institute of Laboratory Animal Sciences, Peking Union Medical College. Mice were housed with 6 compan-
ions per cage. All animals were allowed free access to water and standard chow diet and provided with a 12-hour light and dark cycle
(temperature: 20-25°C, humidity: 40%-70%).

METHOD DETAILS

Protein expression and purification

The baculovirus expressed recombinant MERS-CoV RBD dimer, monomer proteins, hACE2 and hCD26 protein were expressed with
the Bac-to-Bac baculovirus expression system (Invitrogen). The coding sequence for MERS-CoV RBD (S protein residues 367-606,
GenBank: JX869059), hACE2 (residues 19—-615, GenBank: BAJ21180) and hCD26 (residues 39-766, GenBank: NP_001926) were
codon-optimized and cloned into the baculovirus transfer vector pFastBac1 (Invitrogen). For each construct, gp67 signal peptide
sequence was added to the protein N terminus for protein secretion, and a hexa-His tag was added to the C terminus to facilitate
further purification processes (Lu et al., 2013; Wang et al., 2020c).

Transfection and virus amplification were conducted with Sf9 cells, and the recombinant proteins were produced in High Five cells
(Invitrogen) for 2 days. The cell supernatants were then collected and soluble proteins were recovered through a 5 mL HisTrap™ HP
column (GE Healthcare). After removal of most of the impurities, the recovered proteins were further purified by gel-filtration chro-
matography using a HiLoad® 16/600 Superdex® 200 pg column (GE Healthcare) with a running buffer of 20mM Tris-HCI and
150 mM NaCl (pH 8.0).

The mammalian cell-expressed recombinant proteins were transiently expressed in HEK293T cells. The coding sequence for
MERS-CoV RBD (S protein 367-606, GenBank: JX869059), SARS-CoV-2 RBD (S protein 319-541, GenBank: YP_009724390),
SARS-CoV RBD (S protein 306-527, GenBank: NP_828851) were codon-optimized for mammalian cell expression and synthesized.
RBD-sc-dimer of MERS-CoV was two RBD (S protein 367-602) connected as tandem repeat. RBD-sc-dimer of SARS-CoV-2 was
two RBD (S protein residues 319-537) connected as tandem repeat. RBD-sc-dimer of SARS-CoV was two RBD (S protein residues
306-523) connected as tandem repeat. For each construct, signal peptide sequence of MERS-CoV S protein (S protein residues 1-
17) was added to the protein N terminus for protein secretion, and a hexa-His tag was added to the C terminus to facilitate further
purification processes. These constructs were synthesized by GENEWIZ, China. These constructs were cloned into the pCAGGS
vector, respectively, and transiently transfected into HEK293T cells. After 3 days, the supernatant was collected and soluble protein
was purified by Ni affinity chromatography using a HisTrap™ HP 5 mL column (GE Healthcare). The sample was further purified via
gel filtration chromatography with HiLoad® 16/600 Superdex® 200 pg (GE Healthcare) in a buffer composed of 20 mM Tris-HCI (pH
8.0) and 150 mM NaCl. The eluted peaks were analyzed by SDS-PAGE for protein size and puirity.

The hACE2 protein (residues 1-740, Genbank: NP_068576) is expressed from HEK293T cells with poly-histidine tag at the C ter-
minus (Sino Biological Inc., China).

Ethics statement

Animal studies were approved by the Committee on the Ethics of Animal Experiments of the IMCAS, and conducted in compliance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the IMCAS Ethics Committee. All challenge
studies with MERS-CoV were approved by the Institutional Animal Care and Use Committee of the Institute of Laboratory Animal
Science, Peking Union Medical College.

Mouse experiments

For immunization of mice, each antigen was diluted with PBS, mixed with an equal volume of Imject Alum adjuvant (Thermo Scientific,
USA) or AddaVax adjuvant (InvivoGen, USA) and emulsified by a syringe. BALB/c mice were vaccinated via the intramuscular injec-
tion. Serum samples were collected after vaccination as indicated in figures legends.

For MERS-CoV challenge experiments, mice were lightly euthanized with isoflurane and intranasally transduced with 2.5 x 108
PFU of Ad5-hCD26 35 days after the last immunization for rapid generation of a mouse model of MERS-CoV infection (Zhao
et al., 2014). Five days later, the transduced mice were infected with 5 x 10% PFU of MERS-CoV (EMC2012 strain) in a total volume
of 50 uL of DMEM medium via the i.n. route. The mice were euthanized and necropsied 3 days after challenge. Lung tissues were
harvested for virus titration (standard TCIDs titration based on CPE) and pathological examination. All animal experiments with
MERS-CoV challenge were conducted under animal biosafety level 3 (ABSL3) facility in Peking Union Medical College.

ELISA

ELISA plates (Corning, USA) were coated over-night with 3 pg/mL of SARS-CoV-2, MERS-CoV or SARS-CoV monomeric RBD pro-
teinin 0.05 M carbonate-bicarbonate buffer, pH 9.6, and blocked in 5% skim milk in PBS. Serum samples were diluted and added to
each well. Plates were incubated with goat anti-mouse IgG-HRP antibody and developed with 3,3',5,5-tetramethylbenzidine
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(TMB) substrate. Reactions were stopped with 2 M hydrochloric acid, and the absorbance was measured at 450 nm using a
microplate reader (PerkinElmer, USA). The endpoint titer was defined as the highest reciprocal dilution of serum to give an absor-
bance greater than 2.5-fold of the background values. Antibody titer below the limit of detection was determined as half the limit
of detection.

Pseudovirus neutralization assay

MERS-CoV, SARS-CoV-2 and SARS-CoV pseudovirus preparation and neutralization assay were carried out by a previously
published method (Nie et al., 2020), with some modifications. Briefly, the plasmids of pNL4-3.luc.RE and pCAGGS-S (encoding
for full-length S protein of MERS-CoV, SARS-CoV-2 or SARS-CoV) were co-transfected into 293T cells. After 48 hours, the super-
natant containing pseudovirus was harvested, centrifuged and filtered through a 0.45 uM sterilized membrane. Single use aliquots
were stored at —80°C. The TCIDsq was determined by infection of Huh7 cells (Li et al., 2005b). To evaluate the pseudovirus neutral-
ization activity of mouse serum, heat-inactivated serum was 2-fold serially diluted and incubated with an equal volume of 100 TCID5q
pseudovirus at 37°C. The medium was also mixed with pseudovirus as control. Then the mixture was transferred to pre-plated Huh7
cell monolayers in 96-well plates. After incubation for 24 or 48 hours, the cells were lysed and luciferase activity was measured by the
Luciferase Assay System (Promega, USA) according to the manufacturer’s protocol. NTg, was defined as the highest reciprocal
serum dilution at which the relative light units (RLUs) were reduced by greater than 90% compared with virus control wells. NTgg
below the limit of detection was determined as half the limit of detection.

Live SARS-CoV-2 and MERS-CoV neutralization assay

The live virus neutralization assay was conducted in a BSL-3 facility. Briefly, sera from immunized mice was 2-fold (MERS-CoV
neutralization assay) or 4-fold (SARS-CoV-2 neutralization assay) serially diluted and mixed with the same volume of MERS-CoV
(100 TCIDsg, EMC strain) or SARS-CoV-2 (100 TCIDsg, 2020XN4276 strain), incubated at 37°C. Thereafter, 100 pL virus-serum
mixture was transferred to pre-plated Vero cells in 96-well plates. Inoculated plates were incubated at 37°C for an additional 72
h, following which the CPE of the virus were observed microscopically at 40-fold magnification. The neutralization titers were defined
as the reciprocal of serum dilution required for 50% neutralization of viral infection.

Determination of virus titer in lung tissue samples

Lung tissues were homogenized in 1 mL of DMEM medium and clarified by low-speed centrifugation at 4500 g for 30 minutes at 4°C.
Virus titers were determined in Vero cells monolayers grown in 96-well plates. Vero cells were seeded (1.5 x 10*/well) in a 96-well
plate and incubated overnight at 37°C in a CO, incubator. Then, 100 puL of 10-fold serially diluted suspension was added to each
well in quadruplicate. The virus was allowed to adsorb to the cells at 37°C for 1 hour. After adsorption, the viral inocula were removed,
and 0.1 mL medium (DMEM, 2% FBS) was added to each well. The plates were incubated in a CO, incubator at 37°C for 3 days, after
which the CPEs were observed microscopically at 40-fold magnification. The virus titer of each specimen, expressed as the TCIDso,
was calculated by the Reed-Muench method (Reed and Muench, 1938).

Histopathology analysis

Three mice per group necropsies were performed according to a standard protocol three days post infection. Lungs from challenged
mice were collected, fixed in 10% neutral buffered formaldehyde, and embedded in paraffin. Tissue sections (5 um) were stained with
hematoxylin and eosin (H&E) and analyzed microscopically at 100-fold magnification. Lung injury was evaluated for peribronchiolitis
(inflammatory cells, primarily lymphocytes, surrounding a bronchiole), perivasculitis (inflammatory cells, primarily lymphocytes, sur-
rounding a blood vessel), interstitial pneumonitis (increased thickness of alveolar walls associated with inflammatory cells, primarily
neutrophils), and alveolitis (inflammatory cells, primarily neutrophils and macrophages, within alveolar spaces).

ELISPOT

To detect antigen-specific T lymphocyte responses, an IFN-y-based ELISPOT assay was performed. Mice spleens were removed
and splenocytes were isolated. Flat-bottom, 96-well plates were pre-coated with 10 ug/mL anti-mouse IFN-y Ab (BD Biosciences,
USA) overnight at 4°C and then blocked for 2 hours at 37°C. Mouse splenocytes were added to the plate (2 x 10%/well). Then, different
concentrations of peptide pool were added to the wells. Phytohemagglutinin (PHA) was added as a positive control. Cells incubated
without stimulation were employed as a negative control. After 18 hours of incubation, the cells were removed, and the plates were
processed in turn with biotinylated IFN-y detection antibody (BD Biosciences, USA), streptavidin-HRP conjugate (BD Biosciences,
USA), and AEC substrate (BD Biosciences, USA). When the colored spots were intense enough to be visually observed, the devel-
opment was stopped by thoroughly rinsing samples with deionized water. The numbers of the spots were determined using an auto-
matic ELISPOT reader and image analysis software (Cellular Technology Ltd.).

ICS and flow cytometry

Mouse splenocytes were added to the plated (1 x 10%/well). A peptide pool consisting of 20-mers (overlapping by 10 amino acids)
spanning the SARS-CoV-2-S RBD were synthesized. Mouse splenocytes were stimulated with the peptide pool for 2 hours. The cells
were then incubated with GolgiStop (BD Biosciences, USA) for an additional 10 hours at 37°C. Then, the cells were harvested and
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stained with anti-CD3 (BioLegend), anti-CD8q. (BioLegend) and anti-CD4 (BD Biosciences) surface markers. The cells were subse-
quently fixed and permeabilized in permeabilizing buffer (BD Biosciences, USA). Half of the cells were stained with anti-IFN-y (BD
Biosciences), anti-IL-2 (BD Biosciences) and anti-TNF-« (BioLegend). Another half of the cells were stained with anti-IL-4 (Biolegend).
All labeled lymphocytes were gated on a FACSArialll flow cytometer (BD Biosciences, USA).

Crystallization and structure determination

The baculovirus-expressed protein of MERS-CoV RBD-dimer was buffered in 20 mM Tris, 50 mM NaCl, pH 8.0. It was concentrated
to 10 or 5 mg/mL for crystallization. Crystallization trials were performed in sitting drops of 600 nl. All crystals were obtained by mixing
equal volumes of protein and reservoir solution, using a Mosquito LCP robot (TTP LabTech). Diffraction-quality crystals of MERS-CoV
RBD-dimer were obtained at 18°C in condition consisting of 0.12 M ethylene glycols, 0.1 M imidazole and MES (acid), 30% v/v
ethylene glycol plus PEG 8K at condition of pH 6.5 (Morpheus® MD1-46). All diffraction data were collected at the Shanghai Syn-
chrotron Radiation Facility (BL19U beamlines) and processed with HKL2000 (Otwinowski and Minor, 1997).The structure was solved
by the molecular replacement module of Phaser (Read, 2001) from the CCP4 program suite (Collaborative Computational Project,
Number 4, 1994), with the previously reported structure of MERS-CoV RBD (PDB: 4KQZ) as the search models. Restrained rigid-
body refinement with REFMAC5 (CCP4 suite) and manual model building with Coot (Emsley and Cowtan, 2004) were then performed.
Further rounds of refinement were then done with Phenix. Refine (Adams et al., 2010). During model building and refinement, the
program of MolProbity (Williams et al., 2018) was used to validate the stereochemistry of the structure. The data collection and struc-
ture refinement statistics are summarized in Table S1. The structural figures were generated using the PyMOL Molecular Graphics
System, Version 2.0.

SPR

The SPR assys were carried out at 25°C using a BIAcore 3000 machine with CM5 chips (GE Healthcare). All proteins for SPR assays
were exchanged to PBST buffer (10 mM Na2HPO4; 2 mM KH2PO4, pH 7.4; 137 mM NaCl; 2.7 mM KCI; 0.005% Tween 20). The RBD-
monomer and RBD-sc-dimer of SARS-CoV-2, SARS-CoV and MERS-CoV were immobilized in pairs onto CM5 chips, respectively, at
about 1000 response units (RUs). Gradient concentrations of hCD26 (from 3.125 to 200 nM for MERS-CoV RBD and RBD-sc-dimer)
and hACE2 (from 0.78125nM to 200nM for SARS-CoV-2 RBD and RBD-sc-dimer, and from 3.125nM to 400 nM for SARS-CoV RBD
and RBD-sc-dimer) were then used to flow over the chip surface at 30 ulL/min and the real-time response was recorded. After each
cycle, the sensor surface was regenerated using 7 uL of 10 mM NaOH. The binding kinetics were analyzed using 1:1 binding model
with the software BlAevaluation Version 4.1 (GE Healthcare).

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out on three samples (SARS-CoV-2 RBD-sc-dimer, MERS-CoV RBD-sc-dimer and
SARS-CoV RBD-sc-dimer) using the ProteomelLab XL-1 analytical ultracentrifuge (Beckman Coulter, Brea, CA). A volume of 380 pL of
protein sample (Axgo = 0.6 - 0.8) and 400 pL of matching buffer (20mM Tris, 150mM NaCl, pH8.0) were injected into appropriate chan-
nels of 12 mm double sector aluminum epoxy cells with sapphire windows. Solutions were centrifuged at 39,000 rpm at 20°C in an
An-60Ti rotor for 8 hours. Scans were collected at 280 nm, with 3 minutes elapsed between each scan. Data were analyzed using the
continuous sedimentation coefficient distribution c(s) model in SEDFIT software.

Pilot scale production of RBD-sc-dimers

The coding sequence for RBD-sc-dimer proteins of MERS-CoV and SARS-CoV-2 were codon-optimized for mammalian cell expres-
sion. For each construct, signal peptide sequence was added to the N terminus for protein secretion. Both constructs do not contain
any tag sequence at C terminus. Clinical-grade CHO-K1 (SAFC) cell lines expressing RBD-sc-dimers of MERS-CoV and SARS-CoV-
2 were generated and further selected for high expression clones by WISDOMAB Biopharmaceutical Co.Ltd, China. Cell lines with
highest antigen expression were selected for large-scale immunogen production and purification by Anhui Zhifei Longcom Biophar-
maceutical Co.Ltd, China.

Sequences used in the alignments

The accession numbers of the sequences used for analyzing the RBD sequences of beta-CoVs are as follows: MERS-CoV (GenBank:
AFS88936), SARS-CoV (GenBank: AAS00003), SARS-CoV-2 (GenBank: QHR63290), Bat-CoV_HKU5 (GenBank: ABN10875), Rou-
settus_bat-CoV (GenBank: AOG30822), Bat-CoV_BM48-31 (GenBank: ADK66841), Bat-CoV_HKU9 (GenBank: ABN10911),
Bat_Hp-betaCoV (GenBank: AlL94216), SARS-related-CoV (GenBank: APO40579), BtRs-Beta-CoV (GenBank: QDF43825), Bat-
SARS-like-CoV (GenBank: AT098231), SARS-like-CoV_WIV16 (GenBank: ALK02457), Bat-CoV (GenBank: ARI44804), BtR1-
Beta-CoV (GenBank: QDF43815), HCoV_HKU1 (GenBank: AZS52618), MCoV_MHV1 (GenBank: ACN89742), BetaCoV_HKU24
(GenBank: AJA91217), HCoV_OC43 (GenBank: AAR01015), BetaCoV_Erinaceus (GenBank: AGX27810).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Kp values for SPR assays were calculated by the software BlAevaluation Version 4.1 (GE Healthcare), using 1:1 binding model. The
values shown are mean + SD of two independent experiments. Details can be found in figures legends.

Pseudovirus neutralization were conducted with at least duplicates. P-values were analyzed with one-way ANOVA with multiple
comparisons for ELISA and pseudovirus neutralization, live virus neutralization and viral loads measurements. P-values were
analyzed with unpaired t test for ELISPOT and ICS assays. Details can be found in figures legends.
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MERS-CoV RBD-dimer

i‘ﬂ hCD26_1

Figure S1. MERS-CoV RBD-Dimer Fully Exposes Dual RBMs for Its Receptor hCD26, Related to Figure 2
The complex structure of hCD26/MERS-CoV-RBD (PDB: 4KRO0) are docked onto MERS-CoV RBD dimer, showing the complete exposure of dual RBMs. Two
RBD protomers are shown as surface and colored in hotpink and cyan, respectively. Two hCD26 are shown as cartoon and colored in yellow.
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Figure S2. Amino Acid Alignment of 19 RBDs from Beta-CoV Genera, Related to Figures 3 and 4

The sequences are aligned based on a MUSCLE alignment. Conserved residues are highlighted in red. To construct the RBD-sc-dimer, the start and
stop residues are highlighted by text in green boxes with arrow mark. The highly conserved C603 position of MERS-CoV S protein is highlighted by text in red
with arrow mark. The sequence alignment was generated with Clustal X and ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/index.php) (Robert and
Gouet, 2014).
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Figure S3. Characterization of the Cellular Inmune Response for COVID-19 Vaccine, Related to Figure 3

Fourty-five after the last vaccination, the splenocytes were isolated from mice vaccinated with SARS-CoV-2 RBD-sc-dimer (plus AddaVax™ adjuvant) and PBS
(plus AddaVax™ adjuvant), respectively.

(A) ELISPOT assay was performed to evaluate the ability of splenocytes to secrete IFN-vy following stimulation with different concentrations of peptide pool of
SARS-CoV-2 RBD (2 pg/mL, 10 pg/mL and 50 pg/mL). Spot-forming cells (SFCs) per million cells are shown.

(B) An ICS assay was conducted to quantify the proportion of CD8+ and CD4+ T cells producing key cytokines (IFN-vy, IL-2, TNF-o and IL-4) following stimulation
with 10 pg/mL peptide pool (SARS-CoV-2 RBD). Shown are the frequencies of respective cytokine-producing cells.

The values are the mean + SEM. P-values were analyzed with unpaired t test (ns, p > 0.05).



