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Without approved vaccines and specific treatments, COVID-19 is spreading around the world with above
26 million cases and approximately 864 thousand deaths until now. An efficacious and affordable vaccine
is urgently needed. The Val308 - Gly548 of spike protein of SARS-CoV-2 linked with GIn830 - Glu843 of
Tetanus toxoid (TT peptide) (designated as S1-4) and without TT peptide (designated as S1-5) were
expressed and renatured. The antigenicity and immunogenicity of S1-4 were evaluated by Western
Blotting (WB) in vitro and immune responses in mice, respectively. The protective efficiency was mea-

I;;Jlgsv_‘)égf/:_z sured preliminarily by microneutralization assay (MN50). The soluble S1-4 and S1-5 protein was pre-
RBD pared to high homogeneity and purity. Adjuvanted with Alum, S1-4 protein stimulated a strong
TT peptide antibody response in immunized mice and caused a major Th2-type cellular immunity supplemented

with Th1-type immunity. Furthermore, the immunized sera could protect the Vero E6 cells from SARS-
CoV-2 infection with neutralizing antibody titer 256. Recombinant SARS-CoV-2 RBD with a built in T
helper epitope could stimulate both strong humoral immunity supplemented with cellular immunity
in mice, demonstrating that it could be a promising subunit vaccine candidate.

© 2021 Elsevier Ltd. All rights reserved.

Subunit vaccine

1. Introduction

Coronavirus disease (COVID-19) was claimed a pandemic by
World Health Organization (WHO) and was initially reported in
China [1]. Until 12 August 2020, 26,121,999 COVID-19 cases were
reported with 864,618 deaths globally [2].

COVID-19 is caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [3,4]. Coronaviruses named after their
morphology as spherical virions with a core shell and surface pro-
jections resembling a solar corona, are enveloped, positive single-
stranded large RNA viruses that infect humans, but also a wide
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range of animals [5]. SARS-CoV-2 closely related to the SARS-CoV
virus [6], belongs to the B lineage of the beta-coronaviruses [7].
There are more than 100 candidate vaccines in development
worldwide, while among the vaccine technologies under evalua-
tion are inactivated virus vaccines [8], recombinant protein sub-
unit vaccines [9,10], and nucleic acid vaccines [11,12]. Based on
previous experience with SARS-CoV vaccines, SARS-CoV-2 vaccines
should refrain from immunopotentiation (i.e. antibody-dependent
enhancement) that could lead to increased infectivity or eosinophi-
lic infiltration [11]. Therefore, subunit vaccine might be one of the
best candidate vaccines for its simpler in composition and less
uncontrollable risk factors [13]. There are four major structural
proteins including the nucleocapsid protein (N), the spike protein
(S), a small membrane protein (SM) and the membrane glycopro-
tein (M) with an additional membrane glycoprotein (HE) in the
HCoV-0C43 and HKU1 beta-coronaviruses [14]. Like other coron-
aviruses, SARS-CoV-2 infects lung alveolar epithelial cells by
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receptor-mediated endocytosis with angiotensin-converting
enzyme II (ACE2) as the cell receptor [6,8]. SARS-CoV-2 binds
ACE2 with the receptor binding domain (RBD) of S protein
[15,16]. Full-length S (S1 and S2) or S1 which contains RBD could
induce neutralization antibodies that prevent viral infection [17].
RBD is structurally and functionally different from the other S1
parts and highly stable and compact [13]. Numerous researchers
have demonstrated that RBD and has the potential quality as a sub-
unit vaccine [13,18-20], containing abundant T cell and B cell epi-
topes including neutralization epitopes. Subunit vaccines
possessed high safety profile, consistent production and could only
induce humoral immune response, more importantly need appro-
priate adjuvants to induce high level neutralization antibody and
giving effective protection [17,21].

Tetanus toxoid (TT) as a T-helper-epitope-rich antigen could
enhance effectively humoral and cellular immune responses of
antigenic epitopes [22]. TT exerts the requisite immunological
enhancement and promotes production of high levels of antibodies
by achieving effective T-B cell reaction [22]. TT has been consid-
ered because it is safe and also has been commercially applied in
making human vaccines [23]. Since generally most people have
an immune response to TT, the resulting antibodies could function
as immune modulation in the immune response to new antigens
through antibody-antigen complex form [24]. GIn830 - Glu843
of TT (TT peptide) as a promiscuous T-helper epitope has a strong
binding capacity to DR3 allele [25,26] and is frequently used as T
cell stimulator to enhance the immunogenicity of exogenous epi-
topes and induce cellular immunity for subunit vaccines
[25,27,28]. TT peptide has only 14 amino acids, was easily
expressed in the form of recombinant protein, and minimized the
interference with epitope recognition and/or binding theoretically.

Without specific prevention measures, current effective manage-
ment mainly focus on the enforcement of quarantine, isolation and
physical distancing (i.e. negative pressure isolation) [9,29-31]. An
efficacious and affordable vaccine is urgently needed. In this study,
we prepared a novel molecule of RBD linked TT peptide (designated
as S1-4) and evaluated prelimarily its antigenicity, immunogenicity
and protective efficiency as potential subunit vaccine.

2. Materials and methods
2.1. Preparation of SARS-CoV-2 subunit vaccine

The SARS-CoV subunit antigen, designated as S1-4, consisted of
the truncated spike protein Val308 - Gly548 (GenBank No.
YP009724390) and TT peptide GIn830 - Glu843 with GGG as the
linker (Fig. 1A), while S1-5 only contained Val308 - Gly548 of spike
protein (Fig. 1B). The genes codon-optimized encoding S1-4 and
S1-5 protein were artificially synthesized (General Biol, Chuzhou,
China) and sub-cloned into pET28a (+) vector using restriction
endonucleases (Ncol and Xhol). The expected Molecular Weight
(MW) of S1-4 and S1-5 protein were 29.0 kDa and 27.4 kDa,
respectively. The positive plasmids were confirmed by restriction
endonuclease analysis and sequencing, while the positive colonies
of freshly transformed BL21(DE3) were chosen depending on the
SDS-PAGE analysis of small-scale expression.

Small-scale expression cultures inoculated with BL21(DE3) car-
rying S1-4 plasmids were induced by IPTG (1 mmol/L) at 37 °C for
2 h. A large-scale preparation was performed in 4-L LB medium
induced by IPTG (1 mmol/L) at 32 °C for 4 h. The cell harvested
by centrifugation (4000g, 10 min, 4 °C) were re-suspended with
Buffer I (10 mmol/L Tris-HCl, 1 mmol/L EDTA, 0.1% Triton X-100,
pH8.0) followed by sonic disruption (300 W, 20 s, 20 s, and 30
times). The pellets retained by centrifugation (17,300g, 20 min,
4 °C) were washed twice with Buffer 1. After the pellets were dis-
solved with Buffer II (10 mmol/L Tris-HCl, 8 mol/L urea, pH8.0),
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Fig. 1. Schematic diagram of the gene of S1-4 (A) and S1-5 (B) in the pET28a vector.

S1-4 protein in the denatured solution was purified by DEAE ion-
exchange chromatography (IEX) then followed by Octyl Sepharose
4 Fast Flow hydrophobic interaction chromatography (HIC). After
being appropriately diluted in Buffer III (8 mol/L Urea, 0.3 mol/L
Arginine, 1 mmol/L EDTA, 1 mmol/L Reduced glutathione, 10%
Glycerol, pH8.0), S1-4 protein was renatured by gradually reducing
the urea content with Buffer IV (15 mmol/L Na,COs, 35 mmol/L
NaHCOs, 1 mmol/L EDTA, 10% Glycerol) at 4 °C for at least 6 h each
cycle. After refolding, S1-4/S1-5 protein solution was centrifuged
to remove the precipitate and sterile filtered by 0.2 um filters.

Protein analysis was conducted by SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE), Size Distribution analysis (Zetasizer Nano
7590, Malvern, Worcestershire, UK) and Western Blotting (WB)
using convalescent serum of COVID-19 patients, rabbit monoclonal
antibody (MAb) against RBD, Rat polyclonal antibody (PADb) against
SARS-CoV-2 and related HRP -conjugated secondary antibodies.
Molecular weight (MW) and aggregation state of S1-4 protein com-
plex in solution was detected according to Guerra’s method [32].
Briefly, size-exclusion chromatography (SEC) was performed
equipped with Superdex 75 HR 10/300 GL column. SEC calibration
curves were constructed based on linear regression analysis of
peak elution volume (Ve) versus the logarithm of the MW of refer-
ence proteins (human gamma-globulin, 158 kDa; ovalbumin,
44 kDa; horse myoglobin, 17 kDa; B12 vitamin, 1.35 kDa). In par-
allel, the Ve of purified S1-4 protein was interpolated in the cali-
bration plot to calculate MW and the aggregation state.
Approximate tertiary structures of homo-trimer S1-4 (PDB:
6zgf.1.A) by homology modeling were constructed with SWISS-
MODEL [32].

After being concentrated with protein concentrators (Pierce
Biotechnology, Rockford. USA), S1-4 protein was mixed with alu-
minum hydroxide (Alum) at a ratio of 2:1 (v/v) for adsorption,
and the antigen concentration in the final adsorption product
was adjusted to 800 pg/mL. The mixture (S1-4/Alum) is designated
as SARS-CoV-2 subunit vaccine.

The prokaryotic expression, chromatography purification and
renaturation of S1-5 protein were performed according to those
of S1-4 protein. Similarly, S1-5 protein was adjuvanted with Alum
as a control (S1-5/Alum, 800 pg/mL).

2.2. Evaluation of humoral immunity of SARS-CoV-2 subunit vaccine in
mice

All animal procedures were reviewed and approved by the Ani-
mal Care and Welfare Committee at the National Institute for Viral
Disease Control and Prevention, Chinese Center for Disease Control
and Prevention (No. 20200201003). The neutralization tests were
performed in a BSL-3 laboratory. Ten specific pathogen-free,
female 4-6 weeks old BALB/c mice (Vital River Laboratories, Bei-
jing, China) each group were immunized intramuscularly with
50 pL of S1-4/Alum (40 pg antigen/mg Alum), S1-5/Alum (40 pg
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antigen/mg Alum) or Alum alone (1 mg) respectively, with two
booster shots on Day 7 and 14. Orbital venous blood was sampled
at regular intervals (Day 0, 14, 28 and 35) and sera was collected by
centrifugation (1000g, 10 min, 4 °C) after coagulation at room tem-
perature for 2 h.

Enzyme linked immunosorbent assay (ELISA) was applied to
evaluate the antibody response according to the previous study
[33]. Anti-SARS-CoV-2 antibody titers were determined by an end-
point dilution ELISA on micro-well plates coated with inactivated
SARS-CoV-2 (30 ng/well). Briefly, sera serially diluted in
phosphate-buffered saline (PBS) were added into micro-well plates
(100 pL/well) and incubated at 37 °C for 1 h. Goat anti-mouse IgG
antibody (HRP conjugate) (Sigma-Aldrich, SL, USA) was used as the
detection antibody (100 pL/well). Color reaction was developed
with 3, 3, 5, 5'-tetramethylbenzidine (TMB) and terminated with
H,S0,4 solution. The absorbance was read at 450 nm with an ELISA
reader (Thermo Fisher, Mannheim, Finland). Antibody titers were
determined as the highest dilution at which the mean absorbance
of the sample was 2.1-fold greater than that of the control serum.

The neutralization antibody titers were detected by a tradi-
tional virus microneutralization assay (MN50) using SARS-CoV-2
(CN1 strain) [34,35]. The assay was performed in quadruplicate,
and a series of eight two-fold serial dilutions of the serum were
assessed. Briefly, 100 tissue culture infective dose 50 (TCIDsg) units
of SARS-CoV-2 were added to two-fold serial dilutions of heat-
inactivated serum (60 °C, 30 min), and incubated for 1 h at 37 °C.
The virus-serum complexes were added to Vero E6 cells monolay-
ers (3 x 10°/well) grown in an 96-well plates and incubated for
72 h. Record the results by visual inspection of the cytopathogenic
effect (CPE) using an inverted microscope. The neutralizing titers
(MN50) were calculated as the highest serum dilution at which
half of four wells had intact cells and no CPE [36].

2.3. Investigation of immune response type by IFN-y/IL-4 ELISpot and
antibody isotypes assay

Mouse IFN-y and IL-4 enzyme linked immunospot assay (ELI-
Spot) assay were conducted according to the manufacturer’s guide-
lines (DaKeWe, Shenzhen, China). Briefly, splenocytes (3 x 10° per
well, in triplicate) of immunized mice at Day 35 were plated into
ELISpot plate and stimulated with PHA (Positive control) or S1-4/
S1-5 protein. After incubation for 16 h in a 37 °C humidified incu-
bator with 5% CO,, the cells were removed before adding the detec-
tion antibody (biotin conjugate). Two hours later at room
temperature (RT), Streptavidin-HRP was added after washing plate.
One hour later at RT, TMB substrate was applied until distinct spots
emerged. Count spots in an ELISpot reader after stopping color
development with deionized water.

In mice, IgG1 versus IgG2a reflected the differential Th2-Th1
reactivity [37]. Therefore, IgG1 and IgG2a responses SARS-CoV-2
were measured for sera obtained at Day35 by ELISA. Briefly, serial
dilutions of mouse sera on Day 35 were incubated in the plates
coated with inactivated SARS-CoV-2 (30 ng/well). Following
washes, anti-mouse IgG1 and IgG2a-HRP conjugates (Thermo-
Fisher, MA, USA) were applied as secondary antibody with TMB
as the substrate. Antibody titers were defined as the dilution at
which the mean absorbance of the sample was 2.1-fold greater
than that of the control serum.

2.4. Statistical analysis

Antibody titers were log-transformed to establish geometric
mean titers (GMT) for analysis. The number of specific IFN-y- or
IL-4-secreting T cells was expressed as spots forming cells (SFCs)
per 3 x 10° cells. The related data were statistically analyzed by
Mann-Whitney U test for non-parametric data and the paired t test
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for parametric data. SPSS software (22.0, Chicago, IL, USA) and
GraphPad Prism software (8.00, San Diego, CA, USA) was applied
to analyze the data and draw graphics, respectively. Significance
was indicated when value of P < 0.05.

3. Results

3.1. S1-4 protein was prepared to high homogeneity and purity by
prokaryotic expression and chromatography purification

Upon induction, in small-expression, the expected S1-4 protein
of 29.0 kDa was observed (Fig. 2A) suggesting that S1-4 protein
could be appropriately expressed in E. coli. Through large-scale
expression (4 L LB medium), S1-4 protein accounted for approxi-
mately 26.38% in the total cell lysates, and increased up to
70.13% in the total proteins from the inclusion bodies (IBs)
(Fig. 2B). Therefore, S1-4 protein expressed and existed mainly in
the IBs form in E. coli. S1-4 protein treated with 8 mol/L urea (pH
8.0) and then purified by IEX existed mainly in the unbound frac-
tion (Fig. 2C). The purity of S1-4 protein can reach 96.91% at
2.64 mg/mL through HIC (Fig. 2D). Renaturated by stepwise dialy-
sis, the concentration and purity of S1-4 protein were 0.84 mg/mL
and 98.71%, respectively (Fig. 2D). Correspondingly, the concentra-
tion and purity of S1-5 protein were 0.81 mg/mL and 99.10%
respectively after the same procedure as S1-4 protein (Fig. 2E).

According to size distribution report by volume, the diameter of
S1-4 protein was about 9.133 nm (Fig. 3A). A calibration curve of
log MW versus Ve was generated (log MW = —0.195 x Ve + 7.07
7, R? = 0.991, P < 0.001; Fig. 3B). Three kinds of MW (28,986 Da,
57,544 Da and 89,146 Da) were found, which suggested the pres-
ence of monomeric (29.0 kDa), dimeric (59.0 kDa) and trimeric
(87.0 kDa) forms of S1-4 protein. According to the predictive struc-
ture of homo-trimer S1-4 protein (Fig. 3C) and area under the peak
curve on SEC, we speculated that most of S1-4 protein in solution
has a trimeric structure with a diameter 9.133 nm and a MW
89.1 kDa.

After diluted with normal saline, S1-4 and S1-5 protein were
mixed respectively with aluminum adjuvant and adjusted antigen
concentration in the final adsorption product was 800 pg/mL.

3.2. S1-4 protein possessed antigenicity in vitro

The antigenicity of S1-4 protein was demonstrated by WB anal-
ysis with a commercial recombinant RBD protein (Val16 - Arg685
of spike protein; 76.45 kDa) expressed in baculovirus-insect cells
by Sino Biological (Beijing, China) as positive control (Fig. 4). Ten
micrograms of S1-4 protein and commercial recombinant RBD pro-
tein were loaded onto the first three gels (Fig. 4A - 4C), with the
exception of 30 pg of the two proteins in the fourth gel (Fig. 4D).

Whether it was Rabbit monoclonal antibody against RBD
(Fig. 4B), Rat polyclonal antibody against inactivated SARS-CoV-2
(Fig. 4C), or convalescent serum of COVID-19 patients (Fig. 4D) as
the primary antibody, there was an obvious band at about
30 kDa, suggesting the high antigenicity of S1-4 protein. It was
noteworthy that there was also an obvious band at about 59 kDa,
which was probably a dimer (Fig. 4). There was no band at about
87 kDa, which was the MW of a trimer.

3.3. SARS-CoV-2 subunit vaccine displayed strong immunogenicity in
mice and immunized sera could protect the Vero E6 cells from SARS-
CoV-2 infection

To analyze the immunogenicity of SARS-CoV-2 candidate sub-
unit vaccine, we determined the anti-SARS-CoV-2 antibody titers
in sera of immunized mice by ELISA based on inactivated SARS-
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Fig. 2. The preparation of S1-4 and S1-5 protein. (A). Small-scale expression of S1-4 protein. (B). Large-scale expression of S1-4 protein. (C). S1-4 protein purified by IEX. (D).
S1-4 protein purified by HIC and renaturation. (E). S1-5 protein purified by IEX and HIC.
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Fig. 3. Size distribution by volume (A), calibration curve for the standard protein and S1-4 protein on SEC column (B) and the predictive trimeric topology of S1-4 protein (C).

CoV-2 (Fig. 5A). The antibody titer (GMT) in mice immunized with
S1-4/Alum came to 100 one week after the first injection, while it
climbed to 1481 one week after the second injection. However, the
antibody titer (GMT) in mice immunized with S1-5/Alum was only
24 after the first injection and 192 after the second injection.
Finally, one week after the third injection, the antibody titer
(GMT) in mice immunized with S1-4/Alum was 1728, while that
of S1-5/Alum was 456. Obviously, S1-4 linked with TT peptide tail
were more immunogenic than S1-5 without TT peptide. Similarly,
the antibody titer increased rapidly after the second immunization
between S1-4 and S1-5 protein. Interestingly, at the same sampling
time, the antibody titer of mice immunized with S1-4/Alum was
almost four times that of mice immunized with S1-5/Alum, sug-
gesting the strong immune modulation of TT peptide.

The virus neutralizing activity of SARS-CoV-2 subunit vaccine in
immunized mice was examined using live SARS-CoV-2 (CN1 stain)
operating within Biosafety Level 3 (BSL-3) Laboratory (Fig. 5B). The
neutralizing antibody titer (MN50) were 192 on Day28 (one week
after second immunization) and reached 256 on Day35 (one week
after third immunization) in the sera of mice immunized with S1-
4/Alum. However, the neutralizing antibody titers (MN50) of sera
of mice immunized with S1-5/Alum were only 48 and 64 on
Day28 and Day35, respectively. Furthermore, neutralizing anti-
body titers increased along with total antibody titers, whether in
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S1-4 or S1-5 protein immunized mice (P < 0.05). The anti-SARS-
CoV-2 antibody titer at the same sampling time was approximately
seven times higher than that of neutralizing antibody (P < 0.05).
Those results indicated that TT peptide enhanced the neutralizing
antibody level by stimulating the produce of more total antibody.

3.4. SARS-CoV-2 subunit vaccine caused a major Th2-type immunity
supplemented with Th1-type immunity

ELISpot assay was applied to enumerate Spot-forming cells
(SFCs) for IL-4 and IFN-v in splenocytes of immunized Balb/c mice
(Fig. 6A). The SFCs for IL-4 in S1-4/Alum were 346.7 * 19.6
(Mean * SD), while SFCs for IFN-y were 212.7 + 7.8. The SFCs for
IL-4 in S1-5/Alum were 143.4 + 11.7, while SFCs for IFN-y were
69.3 + 19.4. Whether in the S1-4/Alum or S1-5/Alum group, the
SFCs for IL-4 were more than those for I[FN-vy, suggesting a major
Th2-type immunity in mice. Furthermore, a considerable number
of IFN-y SFCs existed in the two groups. These results indicated
that not only Th2 (IL-4) but also Th1 (IFN-y) SFCs were involved
in the immune response against S1-4 and S1-5 protein. Remark-
ably, both IL-4 and IFN-y SFCs were more in S1-4/Alum group than
those in S1-5/Alum group (P < 0.05). The immune response type
caused by S1-4 or S1-5 protein mainly based on Th2-type immu-
nity supplemented with Th1-type immunity.
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In Balb/c mice, IgG1 versus IgG2a also reflected the differential
Th2-Th1 immunity, while the IgG1/IgG2a ratio was an indirect
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reflection of immune function in vivo [37]. Therefore, the antibody
titers (GMT) of IgG1 and IgG2a against SARS-CoV-2 and IgG1/IgG2a
ratios were measured by ELISA (Fig. 6B). The IgG1 titer in S1-4/
Alum group was 1132.6 + 103.4 (Mean * SD), while IgG2a titer
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was 400.5 + 77.4. Obviously, IgG1 titers were more than IgG2a
titers in S1-4/Alum group (P < 0.05). [gG1 titer in S1-5/Alum group
was 340.5 £ 42.8, while IgG2a titer was 124.4 + 14.9. Obviously,
IgG1 titers were also more than IgG2a titers in S1-5/Alum group
(P < 0.05). The IgG1/IlgG2a ratio in S1-4/Alum group was
2.95 £ 0.75, while that in S1-5/Alum was 2.79 * 0.56. There was
no significant difference in the IgG1/IgG2a ratio between the two
groups (P > 0.05, Fig. 6B). Therefore, IgG1 response was stronger
than IgG2a response, suggesting a major Th2-type immunity in
mice.

4. Discussion

The independence of structure and function made RBD the ideal
choice of SARS-CoV-2 subunit vaccine [21]. Several expression sys-
tems such as CHO-, baculovirus-, and yeast had been used to
express recombinant RBD protein [16,38-40]. Considering its effi-
ciency, time-cost saving and the safety, nothing else could match
the E. coli expression system, especially in the circumstance that
SARS-CoV-2 vaccine is urgently needed worldwide. Xia had devel-
oped successfully the Hepatitis E virus (HEV) vaccine [41] and
Human Papillomavirus (HPV) vaccine [42] by E. coli expression sys-
tem. Furthermore, both of the vaccines had been licenced by
National Medical Products Administration of China. By the
approach of prokaryotic expression system, the annual productiv-
ity could reach billions of vaccine dosages if the candidate vaccine
be approved, which would make it possible to prevent and elimi-
nate COVID-19 on a global scale.

However, three key questions, glycosylation and renaturation,
bear the brunt, if prokaryotic expression system is applied. First,
there are only two predictive N-linked (Asn331 and Asn343) and
O-linked (Thr323 and Thr385) glycosylation sites within Val308
- Gly548[43]. Practically, Val308 - Gly548 expressed in bac-
ulovirus expression system possessed 3N-glycosylation sites and
100-glycosylation sites [39]. However, all the sites were distant
from the bound ACE2[39]. It was presumed that glycosylations at
those sites of RBD were not crucial for maintance of antigenicity
and immunogenicity [13]. In this study, S1-4 protein without gly-
cosylation was antigenic (Fig. 4) and immunogenic (Fig. 5A)
enough to stimulate protective immunity (Fig. 5B), although it
appeared that S1-4 protein reacted no better with the polyclonal
sera than the commercial RBD (Val16 - Arg685 of spike protein)
expressed in baculovirus expression system (Fig. 4). Surprisingly,
we found that anti-S1-4 protein antibody titers were much higher
than anti-SARS-CoV-2 antibody titers (P < 0.05). Secondly, the exis-
tence of four disulfide bonds (Cys336-Cys361, Cys379-Cys432,
Cys480-Cys488, Cys391-Cys525) brings great difficulties to the
reconstruction of natural structure of RBD [13]. Detailed dialysate
buffer composition had been published in this study and its effec-
tiveness had also been confirmed by our previous work of recom-
binant SARS-CoV RBD renaturation [44]. Finally, three kinds of
aggregation states, monomeric (29.0 kDa), dimeric (59.0 kDa)
and trimeric (87.0 kDa) forms of S1-4 protein, were demonstrated
by SEC chromatography (Fig. 3B). Moreover, momomeric and
dimeric forms was also found in the WB gels (Fig. 4). However, tri-
meric structure of S1-4 protein with a diameter 9.133 nm and a
MW 89.1 kDa was the most convincing according to the predictive
structure and area under the peak curve on SEC. The further study
on the structure of S1-4 protein would be performed.

The Th1 cells produce cytokines that promote cell-mediated
immune responses such as IFN-y whilst the Th2 cells induce
cytokines such as IL-4, IL-5 and IL-13, which will activate humoral
immune responses [45]. Current evidences strongly indicated that
Th1 type response is a key for successful control of SARS-CoV and
MERS-CoV and probably is true for SARS-CoV-2 as well [17]. Stim-
ulation of IgG2a (Th1-type) has been associated with increased
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efficacy of vaccination in mice [46]. On the whole, both humoral
(Th1-type) and cellular immunity (Th2-type) were necessary to
control SARS-CoV-2 infection. According to the ELISpot assay, S1-
4/Alum could stimulate Th1- and Th2- type immune responses
simultaneously in mice (Fig. 4B), although the latter was dominant.
Anti-SARS-CoV-2 antibody isotype analysis also demonstrated that
IgG1 response was dominant supplemented with IgG2a response,
with an IgG1/IgG2a ratio 2.95. Furthermore, TT peptide played an
important role in promoting cytokine secretion including Th1
and Th2-type cytokines (Fig. 4B). The presence of TT peptide in
the construct as a strong T cell epitope ensured the T-B cell reac-
tion in the process of antigen presentation. Despite the similar
IL-4/IFN-v ratio caused by both S1-4 and S1-5, the absolute values
were different. S1-5 possessed the same T cell epitopes except TT
peptide. The effect of TT peptide in immune response enhancement
was obvious, especially Th2-type immunity (Fig. 6A). Almost all
people have a pre-existing immunity to TT peptide, which would
be helpful for immune modulation [24]. The immune efficacy of
TT peptide, as a built in T helper epitope of S1-4 protein, would
be evaluated in ongoing clinical trials.

Protective efficacy is crucial for a vaccine. Humoral immune
response, especially the neutralization antibody response, plays
an important role by limiting infection at later phase and prevents
reinfection in the future [17]. Neutralization activity of immune
serum is often the key to judge whether a candidate vaccine will
be successful or not. Wu, et al. found that Ad5-nCoV expressing
SARS-CoV-2 full-length spike protein could induce strong humoral
immune responses in mice by intramuscular route with high titer
of anti-recombinant SARS-CoV-2 S protein (Sino Biological, Beijing,
China) antibody and neutralization antibody [47]. In this study, S1-
4 protein could also induce high titer of anti-SARS-CoV-2 antibody
and neutralization antobody in mice (Fig. 5). One week after the
third immunization, anti-SARS-CoV-2 antibody titer detected by
ELISA reached 1728 (Fig. 4A) while neutralizing antibody titer
came to 256 measured by MN50 (Fig. 5). In contrast, S1-5 protein
without TT peptide was barely satisfactory. Neutralizing activity
elicited by SARS-CoV-2 mRNA vaccine developed by Corbett
reached 819 reciprocal IC50 GMT in mice based on pseudo-virus
neutralization assay [12]. Neutralization activity elicited by Ad5-
nCoV vaccine reached about 2% (256) in mice based on SARS-
CoV-2 neutralization assay [47]. In this study, the immune serum
could protect Vero E6 cells from SARS-CoV-2 infection with neu-
tralizing antibody titer 256 on Day35 (Fig. 4A).

5. Conclusion

Recombinant SARS-CoV-2 RBD with a built in T helper epitope
could be prepared by prokaryotic system and chromatography
purification with an ideal antigenicity and immunogenicity. Th2-
type immunity was dominant supplemented with Th1-type immu-
nity. The immune serum could protect Vero E6 cells from SARS-
CoV-2 infection. This would make this subunit protein ideal vac-
cine candidate.
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