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ABSTRACT
The Coronavirus Disease 2019 (COVID-19) pandemic is unlikely to abate until sufficient herd immunity is built up by
either natural infection or vaccination. We previously identified ten linear immunodominant sites on the SARS-CoV-2
spike protein of which four are located within the RBD. Therefore, we designed two linkerimmunodominant site (LIS)
vaccine candidates which are composed of four immunodominant sites within the RBD (RBD-ID) or all the 10
immunodominant sites within the whole spike (S-ID). They were administered by subcutaneous injection and were
tested for immunogenicity and in vivo protective efficacy in a hamster model for COVID-19. We showed that the S-ID
vaccine induced significantly better neutralizing antibody response than RBD-ID and alum control. As expected,
hamsters vaccinated by S-ID had significantly less body weight loss, lung viral load, and histopathological changes of
pneumonia. The S-ID has the potential to be an effective vaccine for protection against COVID-19.
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Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) has resulted in significant mor-
tality, morbidity, and socioeconomic disruptions
globally [1]. As of 15 December 2020, SARS-CoV-2 is
highly efficient in person-to-person transmission and
has caused more than 70 million cases with nearly 1.6
million deaths [2] [https://www.who.int/publications/
m/item/weekly-epidemiological-update---15december-
2020]. Symptomatic COVID-19 is characterized by sys-
temic symptoms such as fever, myalgia, and lethargy,
respiratory symptoms, and occasionally extrapulmon-
ary manifestations such as diarrhea, anosmia, and

ageusia [3]. It has been estimated that at least about
20% of COVID-19 patients are asymptomatic, which
makes the control of the pandemic particularly difficult
[2,4]. An effective and vaccine for COVID-19 is an
essential countermeasure to halt the continuous disse-
mination of SARS-CoV-2 [5].

SARS-CoV-2 is a lineage B betacoronavirus which
shares high sequence homology with SARS-CoV
[6,7]. Like SARS-CoV, SARS-CoV-2 employs its
highly glycosylated spike (S) protein to enter to host
cells. The receptor binding domain (RBD) at the S1
subunit of SARS-CoV-2 S protein interacts with the
host surface receptor angiotensinconverting enzyme
II (ACE2) to trigger virus-host cell membrane fusion
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[8]. Vaccine candidates developed using various plat-
forms are being evaluated in different phases of clini-
cal trials [9–13]. As of mid-December 2020, a number
of COVID-19 vaccines, namely, the mRNA vaccine
mRNA-1273 (Moderna), the inactivated vaccine Cor-
onaVac (SinoVac), and the chimpanzee adenoviral-
vectored vaccine ChAdOx1 (Oxford/AstraZeneca),
have been approved for emergency use in different
parts of the world. We previously showed that patients
can mount neutralizing antibody response against the
receptor binding domain and N terminal domain of
the S protein [14].

The persistence of the COVID-19 pandemic allows
SARS-CoV-2 to continuously adapt to human with
accumulation of immunologically relevant mutations
in the population [15,16]. Antigenic drift has been
documented among coronaviruses [17–20]. For
example, the D480A/G mutation in the RBD of
SARS-CoV-1 became the dominant variant during
the SARS outbreak in 2003 [20]. In the case of SARS-
CoV-2, the D614G mutation in S protein is now
found in the majority of the virus strains. Understand-
ing B cell and antibody immunodominance is impor-
tant for rational design of vaccines that can induce
neutralizing antibodies against pathogens with antige-
nically variable strains [21,22]. We recently conducted
a detailed analysis of the serological data of COVID19
patients and identified ten linear immunodominant
(ID) sites on the SARS-CoV-2 S protein [23]. Some
of these ID sites coincide with conformational epitopes
identified by using S protein-specific monoclonal anti-
bodies. We therefore asked whether these ID sites
alone without the interlinking non-ID sites could
serve as a novel vaccine that provides sufficient protec-
tive immunity against SARS-CoV-2.

In this study, we designed two linker-immunodomi-
nant sites (LIS) candidate vaccines composed of four or
ten ID sites on the S protein. We demonstrated that
both candidate vaccines could induce robust humoral
and cellular response in mice and one of the candidates
provided protection against severe disease in the golden
Syrian hamster model for COVID-19.

Materials and methods

Cell line and viruses

SARS-CoV-2 (strain HKU-001a, GenBank accession
number: MT230904) was propagated as previously
described [24]. Stable cells of HEK293-hACE2 were
prepared as previously described [25]. All cells were
maintained in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 50 U/ml penicil-
lin and 50 μg/ml streptomycin. SARS-CoV-2 pseudo-
viral particles [replication-deficient murine leukaemia
virus (MLV) pseudotyped with the SARS-CoV-2 spike
protein] were purchased from eEnzyme (cat no.

SCV2-PsV-001). Cells were confirmed to be free of
mycoplasma contamination by PlasmoTest (Invivo-
Gen). All experiments involving live SARS-CoV-2
were conducted according to the approved standard
operating procedures of the Biosafety Level 3 facilities
at The University of Hong Kong (HKU) [26].

RBD-ID and S-ID polypeptide purification

The RBD-ID and S-ID DNA sequence was synthesized
(BGI) and cloned into pET28a, resulting in p-4ID and
p-10ID plasmid, respectively. To facilitate the purifi-
cation, a hexa-His tag was added to the C-terminal
of RBD-ID and S-ID. P-4ID and p-10ID were sub-
sequently transformed into E. coli BL21(DE) strain.
Bacterial pellet from 1L of bacterial culture were har-
vested by centrifugation. Followed by sonication, the
pellets were resuspended in binding buffer (Tris-HCl
pH 8.0, 20 mM imidazole). The soluble cell extracts
were collected and filtered using a 0.22 μm membrane
after centrifugation at 15,000 × g for 30 min at 4°C.
The filtrates were then loaded on a nickel-NTA Sepha-
rose column (GE Healthcare). The bound proteins
were eventually eluted with elution buffer (Tris-HCl
pH 8.0, 250 mM imidazole). The purified proteins
were identified using SDS-PAGE analysis and subject
to endotoxin removal afterwards (Pierce).

Active immunization

RBD-ID and S-ID vaccine formulated with aluminum
hydroxide gel adjuvant (Alum; 1 mg/ml) were injected
subcutaneously (s.c.) into BALB/c mice (10 per group,
25 µg/animal/injection) and golden Syrian hamsters (5
per group). The animals were subjected to booster vac-
cinations every 3 weeks (administered twice). Animals
of the mock-immunized group received an equal
amount of Alum in a mixture with PBS. The antibody
titers in the serum samples collected from animals
were documented by enzyme-linked immunosorbent
assay (ELISA) after each booster vaccination as
described elsewhere [23].

ELISPOT assay

Mice were sacrificed 5 days after the second booster
vaccination (s.c.). After euthanasia, spleens were col-
lected and single suspensions of splenocytes were
obtained. Interferon gamma (IFN-)-producing and
interleukin 17A (IL-17A)-producing splenocytes
from vaccinated or control mice were analysed using
a cytokine-specific enzyme linked immunospot (ELI-
SPOT) assay (R&D Systems, USA) as described by
the manufacturer. Briefly, splenocytes isolated from
immunized mice were plated at a concentration of
1 × 105 cells/well and induced with antigens (0.2 µg/
well) in triplicate and incubated for 20 h at 37°C.
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Ionomycin (Sigma, USA) (1 µg/ml) and phorbol myr-
istate acetate (PMA; Sigma) (50 ng/ml) were used as
positive controls. Splenocytes from unstimulated,
immunized mice and RPMI 1640-treated splenocytes
were used as negative controls. After the cells were
decanted, biotinylated primary monoclonal antibodies
were added to each well and the plates were incubated
for 1 h at 37°C. The plates were incubated with strep-
tavidin-horseradish peroxidase (HRP) conjugate for
1 h at 37°C and subjected to colour development
with TMB solution. Finally, the spots were enumer-
ated using an Immunospot analyzer.

Pseudovirus-based virus neutralization test

Pseudovirus-based virus neutralization test (pVNT)
was performed as described previously, with modifi-
cations [25]. In brief, pVNT was performed in
HEK293-hACE2 stable cells. Murine leukemia virus–
based SARS-CoV-2 spike-pseudotyped particles
(Wuhan-Hu-1 strain) were purchased from eEnzyme
(catalog number SCV2-PsV-001). Sera were serially
diluted with phosphate-buffered saline (PBS) and co-
incubated with the equal volume of pseudovirus
(1:10 dilution of the stock) for 30 min before adding
to the cells. After incubation at 37°C for 36 h, firefly
luciferase activity indicating pseudovirus entry was
determined using the Luciferase Assay System (Pro-
mega, catalog number E1501). Serum samples of five
randomly selected COVID convalescent patients
from 39 patients with COVID-19 between Jan 26,
2020, and March 18, 2020 were tested for neutralizing
antibody titers. The patients provided written
informed consent under UW 13-372, UW 13-265,
and UW 19-470. The antiRBD immune serum was
kindly provided by Prof. Kwok-yung Yuen’s group.

Viral challenge experiment in golden Syrian
hamsters

Male and female Syrian hamsters, aged 4–6 weeks old,
were obtained from the Chinese University of Hong
Kong Laboratory Animal Service Centre through the
HKU Centre for Comparative Medicine Research.
All the animal experimental procedures were
approved by the Committee on the Use of Live Ani-
mals in Teaching and Research of HKU. Briefly, the
hamsters were with subcutaneous two injections of
RBD-ID, S-ID, or aluminum hydroxide gel (control)
at day 0 and day 21, kept in Biosafety Level 2 housing
and given access to standard pellet feed and water ad
libitum, as previously described [25]. Each hamster
was anesthetized with intraperitoneal ketamine
(200 mg/kg) and xylazine (10 mg/kg) and then intra-
nasally inoculated with 105 plaque forming units
(pfu) of SARS-CoV-2 in 100 µl DMEM. The hamsters
were monitored twice daily for clinical signs of disease

until 4 dpi when they were sacrificed for virological
and histopathological analyses. Viral load and infec-
tious virus titers in the lung tissue homogenates
were quantified by qRT–PCR and plaque assay as pre-
viously described [26]. Histopathological analysis and
immunofluorescence staining were performed as pre-
viously described [26]. The histological scores were
determined as we described previously [27].

Statistical analysis

All data were analysed in GraphPad prism 7.0 software
(GraphPad Software Inc., CA, US). Differences
between two groups were compared by unpaired Stu-
dent’s t-test.

Differences among three or more groups were com-
pared by one-way ANOVA. Twotailed p value < 0.05
was considered statistically significant.

Data availability

All data is available upon request. Unique materials
used in this study are available from the corresponding
author by Material Transfer Agreement.

Results

Generation of LIS vaccine candidates

In a recent study, we identified ten linear immunodo-
minant (ID) sites on the SARSCoV-2 S protein located
at 21–45 (IDA), 221–245 (IDB), 261–285 (IDC), 330–
349 (IDD), 375–394 (IDE), 450–469 (IDF), 480–499
(IDG), 522–646 (IDH), 671–685 (IDI), and 902–926
(IDJ) (Figure 1(a–d) and Fig.S1). Four of these ID
sites, namely, IDD, IDE, IDF, and IDG, are located
within the receptor-binding domain (RBD). We
designed two linker-immunodominant site (LIS) vac-
cine candidates composed of these four ID sites within
the RBD (RBD-ID) or the complete ten ID sites (S-ID)
(Figure 1(e)). The peptide sequences of the ID sites are
aligned with peptide linkers, expressed, and purified
by using affinity chromatography. SDS-PAGE analysis
of recombinant RBDID (14 kDa) and S-ID (48 kDa)
was performed to confirm the purity (Figure 1(f)).

Humoral responses elicited by
immunization with RBD-ID or S-ID

The ability to elicit a robust humoral response is
required for an effective coronavirus vaccine. To this
end, we first immunized BALB/c mice with either
one of our two vaccine candidates on day 0 and day
28 by subcutaneous injection (Figure 2(a)). Enzyme-
linked immunosorbent assay (ELISA) was performed
on the mouse sera to analyse the humoral immune
response after each injection. Immunization of both
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Figure 1. Design of linker-immunodominant site (LIS) COVID-19 vaccine candidates. (a) Structural representation and (b) sche-
matic view of the immunodominant sites in the SARS-CoV-2 spike protein. Abbreviations: SP, signal peptide; NTD, N-terminal
domain; RBD, receptor-binding domain; FP, fusion peptide; HR, heptad repeat; TM, transmembrane domain; CP, cytoplasmic
domain. (c) Schematic depiction of the RBD-ID and S-ID gene sequences. (d) The amino acid sequences of the 10 immunodomi-
nant sites. (e) Representation of the predicted RBD-ID and S-ID structures. (f) SDS-PAGE analysis of the recombinant RBD-ID
(14 kDa) and S-ID (48 kDa).
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RBD-ID and SID induced RBD-specific IgG responses
(Figure 2(b,c)). We also compared the levels of RBD-
specific IgG1 and IgG2a in the mouse sera to evaluate
the balance of Th1 and Th2-biased immunity. Both
RBD-ID and S-ID induced IgG1 and IgG2a subclass
antibodies (Figure 2(d)). The IgG subclass profile indi-
cated that Th2-biased antibodies was elicited in both
RBD-ID-immunized and S-ID-immunized mice.
Pseudovirus neutralizing activity was induced by
immunization with either RBD-ID or S-ID, with
S-ID immunization having a higher NT50 (Figure 2
(e,f), Fig.S2).

Next, immune sera from golden Syrian hamsters
were tested for immunogenicity and neutralizing
activity against SARS-CoV-2 (Figure 3(a)). As shown
in Figure 3(b), high RBDspecific and antigen-specific
IgG titers were detected in the sera of hamsters immu-
nized with either RBD-ID or S-ID. Furthermore, both
RBD-ID and S-ID could elicit ID sitespecific anti-
bodies in the hamsters (Figure 3(c)). Immune sera
from the hamsters effectively blocked infection by
SARS-CoV-2 pseudovirus (Figure 3(d–e), Fig S2). In
particular, 1:40 dilution of sera from S-ID-immunized
hamsters could almost completely protect HEK293-
hACE2 stable cells from SARS-CoV-2 pseudovirus
infection (Figure 3(d)). Accordingly, the mean of
NT50 of S-ID (1355) was about 14-fold higher than
that of RBD-ID (99.45) (Figure 3(e)).

Cellular immune responses induced by
immunization with RBD-ID or S-ID

In addition to humoral response, we further investi-
gated whether a SARS-CoV-2specific cellular immune
response was induced by immunization of RBD-ID or
S-ID in BALB/c mice (Figure 4(a)). As shown in
Figure 4(b,c), enzyme-linked immunosorbent spot
(ELISPOT) assay showed that the number of IFN-γ-
producing splenocytes was much higher in the mice
immunized with either RBD-ID or S-ID. Accordingly,
the number of IL-4-producing splenocytes in the
immunized mice were significantly higher than that
of the control mice.

Evaluation of protective efficacy elicited by
RBD-ID or S-ID against SARS-CoV-2 infection
in golden Syrian hamsters

As immunization of RBD-ID and S-ID could elicit
both high-titer neutralizing antibodies and robust T
cell response, we proceeded to study whether the
two LIS vaccine candidates could block or reduce
the infection in golden Syrian hamsters inoculated
with live SARS-CoV-2. The hamsters were immunized
with two subcutaneous injections (25 µg per dose) of
either RBD-ID or S-ID on day 0 and day 21 and
then challenged with SARS-CoV-2 14 days after the

final injection (Figure 5(a)). Aluminum hydroxide
gel alone was used for the control hamsters. As
shown in Figure 5(b), the control hamsters developed
weight loss of about 15% at 4 dpi, whereas the ham-
sters immunized with S-ID had minimal weight loss
of about 8% at 4 dpi. Corroborating with the weight
loss results, the viral loads, viral titer (Figure 5(c,d)),
and the histology scores (Figure 5(e)) of the hamsters
immunized with S-ID were the lowest among the three
groups and were significantly lower than those of the
control hamsters and the hamsters immunized with
RBD-ID.

Hematoxylin and eosin stain (H&E stain) analysis
of the control hamsters’ lung tissues showed severe
mononuclear inflammatory cell infiltration and dis-
torted alveolar structures with diffuse loss of alveolar
space (Figure 5(f)). The lung tissues of the hamsters
immunized with RBD-ID displayed milder histo-
pathological changes with moderate mononuclear
inflammatory cell infiltration but largely preserved
alveolar space (Figure 5(g)). In contrast, the lung tis-
sues of the hamsters immunized with S-ID exhibited
minimal histopathological changes with little inflam-
matory cell infiltration largely preserved alveolar
structures (Figure 5(h)). In line with the H&E stain
findings, immunostaining assay detected abundant,
moderate, and minimal SARS-CoV-2 nucleocapsid
protein expression in the lung tissues of the control
hamsters, hamsters immunized with RBD-ID, and
hamsters immunized with S-ID, respectively (Figure
5(i–k)).

Discussion

The rapid spread of COVID-19 caused by SARS-CoV-
2 has led to global panic and urgent need of effective
vaccination strategies. The S protein of coronaviruses
is known to be highly immunogenic and may serve as
a vaccine target [28,29]. We recently mined the immu-
nogenic epitopes on S protein of SARS-CoV-2 by ana-
lysing sera samples of COVID-19 patients and
identified ten linear ID sites, including four which
reside in the RBD [23]. Based on these findings, we
developed two novel candidate LIS vaccines by incor-
porating the ten ID sites into single polypeptides. We
then thoroughly evaluated the humoral and cellular
immunity they induced in BALB/c mice as well as
their protection against SARS-CoV-2 infection in
our established golden Syrian hamster model. While
both RBD-ID and S-ID induced high titers of binding
antibodies and cellular immune response, only S-ID
induced robust neutralizing antibody response in
mice. Importantly, our data showed that immuniz-
ation with S-ID which encompasses all ten ID sites
could significantly improve the clinical, virological,
and histopathological parameters in hamsters. RBD-
ID, which only contains the four ID sites within the
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RBD, did not confer as much protection as S-ID in
vivo. Immunization of hamsters with RBD-ID elicited
antibodies specific for all four ID sites. However, pseu-
dovirus neutralization assay showed that the anti-

SARS-CoV-2 neutralizing activity of RBD-ID immune
sera was much lower than that of S-ID. The mean
serum neutralizing antibody titers of S-ID-immunized
mice and hamsters were 2.12 and 13.9 folds higher

Figure 2. Humoral immune responses in RBD-ID-iummunized or S-IDimmunized BALB/c mice. The BALB/c mice were immunized
subcutaneously with 25 μg recombinant RBD-ID (n = 6), S-ID (n = 6), or aluminum hydroxide gel (control, n = 6) per mouse, and
boosted with an equivalent dose 21 days later. Serum samples were collected from the mice at days 7, 14, 21, and 28 after the
initial immunization and tested for binding antibody and neutralizing antibody titers. (a) Schedule of immunization and sample
collection. (b) IgG subclass binding antibodies against RBD-ID or RBD in mice immunized with RBD-ID detected by ELISA. Data are
presented as mean ± SD. Statistical significance was calculated using a two-way ANOVA with multiple comparisons tests (*p <
0.05, **p < 0.01, ***p < 0.001). (c) IgG subclass binding antibodies against S-ID or RBD in mice immunized with SID detected by
ELISA. Data are presented as mean ± SD. Statistical significance was calculated using a two-way ANOVA with multiple comparisons
tests (*p < 0.05, **p < 0.01, ***p < 0.001). (d) Endpoint titer ratios of IgG2a/c to IgG1. Data are shown as mean ± SD. (e) % neu-
tralization and (f) 50% neutralizing antibody titer achieved by RBD-ID, S-ID, or control in the sera of immunized mice. Neutraliz-
ation was determined using VSVbased SARS-CoV-2 pseudovirus. The dashed line indicated the detection limit or and the solid line
indicated 50% neutralization. Data are shown as mean ± SD.
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Figure 3. Humoral immune responses in immunized golden Syrian hamsters. The hamsters were immunized subcutaneously with
25 μg recombinant RBD-ID (n = 5), SID (n = 5), or aluminum hydroxide gel (control, n = 5) per hamster, and boosted with an equiv-
alent dose 21 days later. Serum samples were collected from the mice at days 7, 21, and 28 after the initial immunization and
tested for binding antibody and neutralizing antibody titers. (a) Schedule of immunization and sample collection. (b) IgG subclass
binding antibodies against RBD-ID, S-ID, or RBD in hamsters immunized with RBD-ID (left) or S-ID (right) detected by ELISA. Data
are presented as mean ± SD. Statistical significance was calculated using a two-way ANOVA with multiple comparisons tests (*p <
0.05, **p < 0.01, ***p < 0.001). (c) Immunodominant site-specific antibodies in the hamsters. (d) % neutralization and (e) 50% neu-
tralizing antibody titer achieved by RBD-ID, SID, or control in the sera of immunized hamsters. Neutralization was determined
using VSV-based SARS-CoV-2 pseudovirus. The dashed line indicated the detection limit or and the solid line indicated 50% neu-
tralization. Data are shown as mean ± SD.
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than those of RBD-ID-immunized mice and hamsters,
respectively. Furthermore, we compared the neutraliz-
ing antibody titers of serum samples from COVID-19
convalescent patients and anti-RBD serum with that of
S-ID immune serum.

The serum neutralizing antibody titers of S-ID
immunized hamsters were comparable with those of
convalescent patients and RBD immunized hamsters
(Fig. S2). These results provided the first in vitro and
in vivo evidence that LIS vaccine which includes the

appropriate ID sites can induce robust humoral and
cellular immune response against SARS-CoV-2.

A recent study reported amapof themajorRBDanti-
genic sites through structural studies of monoclonal
antibodies (mAbs) derived from COVID-19 patients
[30]. Interestingly, despite that the ID sites E (375–
394), F (450–469), and G (480–499) overlapped with
several binding sites recognized by the reported neutra-
lizing mAbs, RBD-ID containing these ID sites did not
confer strong protection against SARS-CoV2 infection

Figure 4. Cellular immune responses in RBD-ID-iummunized or S-ID-immunized BALB/c mice. The BALB/c mice were immunized
subcutaneously with 25 μg recombinant RBD-ID (n = 6), S-ID (n = 6), or aluminum hydroxide gel (control, n = 6) per mouse, and
boosted with an equivalent dose 21 days later. Splenocytes were collected at days 28 after the initial immunization and tested for
T cell response. (a) Schedule of immunization and sample collection. (b) ELISPOT assay for IFN-γ and IL-4 in the splenocytes of the
mice immunized with RBD-ID or (c) S-ID. Data are shown as violin plot with all points. Unpaired two-tailed Student’s t-test, **p <
0.01. Abbreviations: SI, immunized mice stimulated with RBDID or S-ID; SM, mock-immunized mice stimulated with RBD-ID or S-ID.
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in vivo. This might be related to the intrinsic limitation
of RBD-ID which used artificial peptide linkers to link
the four linear ID sites and thus might induce a less

potent neutralizing antibody response than the confor-
mational epitopes recognized by the monoclonal anti-
bodies. The stronger protection conferred by S-ID, as

Figure 5. S-ID immunization protects golden Syrian hamsters from severe SARSCoV-2 infection. At 35 days after the initial immu-
nization, hamsters (n = 5 per group) were intranasally inoculated with 105 plaque forming units (pfu) of SARS-CoV-2 in 100 µl
DMEM. The hamsters were sacrificed at 4 days after virus challenge for tissue collection for viral loads, virus titer, and lung path-
ology evaluation. (a) Schedule of immunization, virus challenge, and tissue collection. (b) Body weight changes of the hamsters.
Error bars denote SD. (c) The viral loads and (d) virus titers in the lungs of the hamsters at 4 days after virus challenge determined
by quantitative RT-PCR and median tissue culture infective dose (TCID50) assay, respectively. Data are presented as mean ± SD.
Statistical significance was calculated using a two-way ANOVA with multiple comparisons tests (*p < 0.05, **p < 0.01, ***p <
0.001). (e) Histological scores indicating the lung histopathological severity in each group. Data are presented as mean ± SD
of five randomly selected slides from each group. Unpaired two-tailed Student’s t-test, **p < 0.01 when compared with the pla-
cebo group. (f) to (h) Representative images of the H&E-stained lung tissues of (f) mockimmunized, (g) RBD-ID-immunized, or (h)
S-ID-immunized hamsters at 4 days after SARS-CoV-2 challenge. The mock-immunized hamsters showed diffuse lung tissue con-
solidation with alveolar infiltration and exudation, bronchiolar epithelium cell death (arrows), and peribronchiolar mononuclear
cell infiltration (arrowheads). These changes were less severe in the RBD-ID-immunized hamsters and the least severe in the S-ID-
immunized hamsters. (i) to (k) Representative images of the immunofluorescent staining using SARS-CoV2 nucleocapsid protein of
the lung tissues of (i) mock-immunized, (j) RBD-IDimmunized, or (k) S-ID-immunized hamsters at 4 days after SARS-CoV-2 chal-
lenge. The mock-immunized hamsters showed abundant SARS-CoV-2 nucleocapsid protein expression diffusely distributed in the
alveola (white arrowheads) and in the bronchiolar epithelial cells (white arrows). Scale bar, 100 μm. The RBD-ID-immunized ham-
sters showed markedly less SARS-CoV-2 nucleocapsid protein expression and the S-IDimmunized hamsters exhibited almost no
detectable SARS-CoV-2 nucleocapsid protein expression.
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compared with RBD-ID, highlights the importance of
the six ID sites located outside the RBD in the S1 subunit
of the SARS-CoV-2 S protein. The immunogenicity of
these ID sites is further confirmed by in vitro neutraliz-
ation assay. In contrast with the abundant information
available for identification of epitopes within the RBD
[30–40], our knowledge on the interactions between
the epitopes outside of the RBD and SARSCoV-2-
specific antibodies remains limited. A linear epitope
(562–580) located within ID site H (522–646) of S-ID
was recently found to induce neutralizing antibodies in
COVID-19 patients in two different studies [41,42]. ID
site I (671–685) is located within the S1/S2 cleavage
site that is essential for virus-host membrane fusion
[43], and thus antibodies elicited by ID site I may be
able to block themembrane fusion process. Considering
the proximity of some of these six extra-RBD ID sites to
RBD, antibodies induced by these ID sites might steri-
cally hinder binding of RBD to the ACE2 receptor.
Taken together, our data demonstrated that the
inclusion of extra-RBD ID sites without the interlinking
non-ID sites in candidate vaccines can contribute to a
more potent neutralizing antibody response than vac-
cines which only contain RBD ID sites.

Overall, our data clearly demonstrated that the S-
ID containing both intra- and extraRBD ID sites
robustly induced the host humoral and cellular
immune responses, resulting in significantly improved
disease outcome in vivo. Our findings in this study
provided a new platform for the rational design of vac-
cines against SARS-CoV-2 and possibly other emer-
ging viruses.

Acknowledgements

We would like to thank the technicians in the laboratories of
JD Huang, KY Yuen, and JFW Chan for their help in the pro-
ject. This work was partly supported by funding from the
Health and Medical Research Fund (COVID190117), the
Shenzhen Peacock Team Project (KQTD2015033117210153)
and Shenzhen Science and Technology Innovation Commit-
tee Basic Science Research Grant (JCYJ20170413154523577),
and donations of Richard Yu and Carol Yu, May Tam Mak
Mei Yin, the Shaw Foundation Hong Kong, Michael Seak-
Kan Tong, Lee Wan Keung Charity Foundation Limited,
Hong Kong Sanatorium & Hospital, Hui Ming, Hui Hoy
and Chow Sin Lan Charity Fund Limited, Chan Yin Chuen
Memorial Charitable Foundation, Marina Man-Wai Lee, the
Hong Kong Hainan Commercial Association South China
Microbiology Research Fund, the Jessie&GeorgeHoCharita-
ble Foundation, Perfect Shape Medical Limited, Kai Chong
Tong, Foo Oi Foundation Limited, Tse Kam Ming Laurence,
Betty Hing-Chu Lee, Ping Cham So, and Lo Ying Shek Chi
Wai Foundation. The funding sources had no role in the
study design, data collection, analysis, interpretation, or writ-
ing of the report. Author Contributions: BZ Zhang, X Wang,
SF Yuan, KY Yuen, JFW Chan and JD Huang designed the
study. BZ Zhang, X Wang, SF Yuan, W Li, Y Dou, VKM
Poon, CCS Chan and K Tang performed the experiments. JP

Cai, KKH Chik, CCY Chan, YF H, JC Hu, SR Badea, HR
Gong, X Lin, H Chu, X Li, KKW To, L Liu, Z Chen, IFN
Hung provided key reagents and suggestions. BZ Zhang, X
Wang, SF Yuan, W Li, Y Dou, KY Yuen, JFW Chan and JD
Huang analysed the data. BZ Zhang, X Wang, KY Yuen,
JFW Chan and JD Huang wrote the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Health and Medical Research
Fund [grant number COVID190117]; Shenzhen Peacock
Plan [grant number KQTD2015033117210153].

ORCID

Shuofeng Yuan http://orcid.org/0000-0001-7996-1119
Hin Chu http://orcid.org/0000-0003-2855-9837
Kelvin Kai-Wang To http://orcid.org/0000-0002-1921-
5824
Zhiwei Chen http://orcid.org/0000-0002-4511-2888
Ivan Fan-Ngai Hung http://orcid.org/0000-0002-1556-
2538
Kwok Yung Yuen http://orcid.org/0000-0002-2083-1552
Jasper Fuk-Woo Chan http://orcid.org/0000-0001-6336-
6657

References

[1] Li X, Sridhar S, Chan JF. The Coronavirus disease 2019
pandemic: how does it spread and how do we stop it?
Curr Opin HIV AIDS. 2020 Nov;15(6):328–335.

[2] Chan JF-W, Yuan S, Kok K-H, et al. A familial cluster
of pneumonia associated with the 2019 novel corona-
virus indicating person-to-person transmission: a
study of a family cluster. Lancet. 2020 Feb 15;395
(10223):514–523.

[3] Huang C, Wang Y, Li X, et al. Clinical features of
patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet. 2020 Feb 15;395(10223):497–
506.

[4] Yanes-Lane M, Winters N, Fregonese F, et al.
Proportion of asymptomatic infection among
COVID-19 positive persons and their transmission
potential: a systematic review and meta-analysis.
PLoS One. 2020;15(11):e0241536.

[5] Krammer F. SARS-CoV-2 vaccines in development.
Nature. 2020 Oct;586(7830):516–527.

[6] Lu R, Zhao X, Li J, et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: implications
for virus origins and receptor binding. Lancet. 2020
Feb 22;395(10224):565–574.

[7] Wu F, Zhao S, Yu B, et al. A new coronavirus associ-
ated with human respiratory disease in China. Nature.
2020 Mar;579(7798):265–269.

[8] Wrapp D, Wang N, Corbett KS, et al. Cryo-EM struc-
ture of the 2019-nCoV spike in the prefusion confor-
mation. Science. 2020 Mar 13;367(6483):1260–1263.

[9] Zhu F-C, Guan X-H, Li Y-H, et al. Immunogenicity
and safety of a recombinant adenovirus type-5-vec-
tored COVID-19 vaccine in healthy adults aged 18
years or older: a randomised, double-blind, placebo-

EMERGING MICROBES AND INFECTIONS 883

http://orcid.org/0000-0001-7996-1119
http://orcid.org/0000-0003-2855-9837
http://orcid.org/0000-0002-1921-5824
http://orcid.org/0000-0002-1921-5824
http://orcid.org/0000-0002-4511-2888
http://orcid.org/0000-0002-1556-2538
http://orcid.org/0000-0002-1556-2538
http://orcid.org/0000-0002-2083-1552
http://orcid.org/0000-0001-6336-6657
http://orcid.org/0000-0001-6336-6657


controlled, phase 2 trial. Lancet. 2020 Aug 15;396
(10249):479–488.

[10] Zhang N-N, Li X-F, Deng Y-Q, et al. A thermostable
mRNA vaccine against COVID-19. Cell. 2020 Sep
3;182(5):1271–1283.e16.

[11] Wu S, Zhong G, Zhang J, et al. A single dose of an ade-
novirus-vectored vaccine provides protection against
SARS-CoV-2 challenge. Nat Commun. 2020 Aug
14;11(1):4081.

[12] Yang J, WangW, Chen Z, et al. A vaccine targeting the
RBD of the S protein of SARSCoV-2 induces protec-
tive immunity. Nature. 2020 Oct;586(7830):572–577.

[13] Corbett KS, Edwards DK, Leist SR, et al. SARS-CoV-2
mRNA vaccine design enabled by prototype pathogen
preparedness. Nature. 2020 Oct;586(7830):567–571.

[14] Liu L, Wang P, Nair MS, et al. Potent neutralizing
antibodies against multiple epitopes on SARS-CoV-2
spike. Nature. 2020 Aug;584(7821):450–456.

[15] Starr TN, Greaney AJ, Hilton SK, et al. Deep muta-
tional scanning of SARS-CoV-2 receptor binding
domain reveals constraints on folding and ACE2 bind-
ing. Cell. 2020 Sep 3;182(5):1295–1310e20.

[16] Korber B, Fischer WM, Gnanakaran S, et al. Tracking
changes in SARS-CoV-2 spike: evidence that D614G
increases infectivity of the COVID-19 virus. Cell.
2020 Aug 20;182(4):812–827.e19.

[17] Chibo D, Birch C. Analysis of human coronavirus
229E spike and nucleoprotein genes demonstrates
genetic drift between chronologically distinct strains.
J Gen Virol. 2006 May;87(Pt 5):1203–1208.

[18] Ren L, Zhang Y, Li J, et al. Genetic drift of human cor-
onavirus OC43 spike gene during adaptive evolution.
Sci Rep. 2015 Jun 22;5:11451.

[19] Guan Y, Zheng BJ, He YQ, et al. Isolation and charac-
terization of viruses related to the SARS coronavirus
from animals in southern China. Science. 2003 Oct
10;302(5643):276–278.

[20] Song H-D, Tu C-C, Zhang G-W, et al. Cross-host
evolution of severe acute respiratory syndrome coro-
navirus in palm civet and human. Proc Natl Acad
Sci USA. 2005 Feb 15;102(7):2430–2435.

[21] Angeletti D, Gibbs JS, Angel M, et al. Defining B cell
immunodominance to viruses. Nat Immunol. 2017
Apr;18(4):456–463.

[22] Angeletti D, Yewdell JW. Understanding and manipu-
lating viral immunity: antibody immunodominance
enters center stage. Trends Immunol. 2018 Jul;39
(7):549–561.

[23] Zhang B-Z, Hu Y-F, Chen L-L, et al. Mining of epitopes
on spike protein of SARS-CoV-2 from COVID-19
patients. Cell Res. 2020 Aug;30(8):702–704.

[24] Chu H, Chan JF-W, Yuen TT-T, et al. Comparative
tropism, replication kinetics, and cell damage profiling
of SARS-CoV-2 and SARS-CoV with implications for
clinical manifestations, transmissibility, and labora-
tory studies of COVID-19: an observational study.
Lancet Microbe. 2020 May 1;1(1):e14–e23.

[25] Yuan S, Wang R, Chan JF-W, et al. Metallodrug rani-
tidine bismuth citrate suppresses SARSCoV-2 replica-
tion and relieves virus-associated pneumonia in Syrian
hamsters. Nat Microbiol. 2020 Nov;5(11):1439–1448.

[26] Chan JF, Zhang AJ, Yuan S, et al. Simulation of the
clinical and pathological manifestations of corona-
virus disease 2019 (COVID-19) in a golden Syrian
hamster model: implications for disease pathogenesis
and transmissibility. Clin Infect Dis. 2020 Dec 3;71
(9):2428–2446.

[27] Zhang AJ, Lee AC, Chan JF, et al. Co-infection by
severe acute respiratory syndrome coronavirus 2 and
influenza A(H1N1)pdm09 virus enhances the severity
of pneumonia in golden Syrian hamsters. Clin Infect
Dis. 2020 Nov 20.

[28] Jiang S, He Y, Liu S. SARS vaccine development.
Emerg Infect Dis. 2005 Jul;11(7):1016–1020.

[29] Yong CY, Ong HK, Yeap SK, et al. Recent advances in
the vaccine development against Middle East respirat-
ory syndrome-coronavirus. Front Microbiol.
2019;10:1781.

[30] Piccoli L, Park Y-J, Tortorici MA, et al. Mapping neu-
tralizing and immunodominant sites on the SARS-
CoV-2 spike receptor-binding domain by structure-
guided highresolution serology. Cell. 2020 Nov
12;183(4):1024–1042 e21.

[31] Cao Y, Su B, Guo X, et al. Potent neutralizing anti-
bodies against SARS-CoV-2 identified by high-
throughput single-cell sequencing of convalescent
patients’ B cells. Cell. 2020 Jul 9;182(1):73–84.e16.

[32] Rogers TF, Zhao F, Huang D, et al. Isolation of potent
SARS-CoV-2 neutralizing antibodies and protection
from disease in a small animal model. Science. 2020
Aug 21;369(6506):956–963.

[33] Wang C, Li W, Drabek D, et al. A human monoclonal
antibody blocking SARS-CoV-2 infection. Nat
Commun. 2020 May 4;11(1):2251.

[34] Du S, Cao Y, Zhu Q, et al. Structurally resolved SARS-
CoV-2 antibody shows high efficacy in severely
infected hamsters and provides a potent cocktail pair-
ing strategy. Cell. 2020 Nov 12;183(4):1013–1023.e13.

[35] Ju B, Zhang Q, Ge J, et al. Human neutralizing anti-
bodies elicited by SARS-CoV-2 infection. Nature.
2020 Aug;584(7819):115–119.

[36] Barnes CO, West AP, Jr, Huey-Tubman KE, et al.
Structures of human antibodies bound to SARS-
CoV-2 spike reveal common epitopes and recurrent
features of antibodies. Cell. 2020 Aug 20;182
(4):828–842.e16.

[37] Wu Y, Wang F, Shen C, et al. A noncompeting pair of
human neutralizing antibodies block COVID-19 virus
binding to its receptor ACE2. Science. 2020 Jun 12;368
(6496):1274–1278.

[38] Brouwer PJM, Caniels TG, van der Straten K, et al.
Potent neutralizing antibodies from COVID-19
patients define multiple targets of vulnerability.
Science. 2020 Aug 7;369(6504):643–650.

[39] Kreye J, Reincke SM, Kornau H-C, et al. A therapeutic
non-self-reactive SARS-CoV-2 antibody protects from
lung pathology in a COVID-19 hamster model. Cell.
2020 Nov 12;183(4):1058–1069.e19.

[40] Liu Z, Xu W, Xia S, et al. RBD-Fc-based COVID-19
vaccine candidate induces highly potent SARS-CoV-
2 neutralizing antibody response. Signal Transduct
Target Ther. 2020 Nov 27;5(1):282.

[41] Lu S, Xie X-x, Zhao L, et al. The immunodominant
and neutralization linear epitopes for SARS-CoV-2.
bioRxiv. 2020 2020-01-01 00:00:00.

[42] Poh CM, Carissimo G, Wang B, et al. Two linear epi-
topes on the SARS-CoV-2 spike protein that elicit
neutralising antibodies in COVID-19 patients. Nat
Commun. 2020 Jun 1;11(1):2806.

[43] Coutard B, Valle C, de Lamballerie X, et al. The
spike glycoprotein of the new coronavirus 2019-
nCoV contains a furin-like cleavage site absent in
CoV of the same clade. Antiviral Res. 2020
Apr;176:104742.

884 B.-Z. ZHANG ET AL.


	Abstract
	Introduction
	Materials and methods
	Cell line and viruses

	RBD-ID and S-ID polypeptide purification
	Active immunization
	ELISPOT assay
	Pseudovirus-based virus neutralization test
	Viral challenge experiment in golden Syrian hamsters
	Statistical analysis
	Data availability
	Results
	Generation of LIS vaccine candidates

	Humoral responses elicited by immunization with RBD-ID or S-ID
	Cellular immune responses induced by immunization with RBD-ID or S-ID
	Evaluation of protective efficacy elicited by RBD-ID or S-ID against SARS-CoV-2 infection in golden Syrian hamsters
	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References

