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Abstract

Since its emergence in December 2019, severe acute respiratory syndrome cor-

onavirus 2 (SARS‐CoV‐2) has developed into a global pandemic within a matter of

months. While subunit vaccines are one of the prominent options for combating

coronavirus disease 2019 (COVID‐19), the immunogenicity of spike protein‐based
antigens remains unknown. When immunized in mice, the S1 domain induced much

higher IgG and IgA antibody levels than the receptor‐binding domain (RBD) and

more efficiently neutralized SARS‐CoV‐2 when adjuvanted with alum. It is inferred

that a large proportion of these neutralization epitopes are located in the S1 domain

but outside the RBD and that some of these are spatial epitopes. This finding in-

dicates that expression systems with posttranslational modification abilities are

important to maintain the natural configurations of recombinant spike protein an-

tigens and are critical for effective COVID‐19 vaccines. Further, adjuvants prone

to a Th1 response should be considered for S1‐based subunit COVID‐19 vaccines to

reduce the potential risk of antibody‐dependent enhancement of infection.

K E YWORD S

antibody‐dependent enhancement, COVID‐19, receptor‐binding domain, S1, SARS‐CoV‐2
subunit vaccine, spike protein

1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) has
infected 10 million people and caused 0.5 million deaths around the

globe as of 1 July 2020, 6 months after the first case was reported

in December 2019.1‐3 Several medications, including hydroxy-

chloroquine, remdesivir, and dexamethasone, have quickly been uti-

lized as treatments for coronavirus disease 2019 (COVID‐19);
however, none have showed significant benefits yet.4‐9 Considering

its highly contagious character, vaccines may be the optimal choice to

combat SARS‐CoV‐2.
Several platforms, including nucleic acids (DNA/RNA), viral vec-

tors, live attenuated, inactivated and protein subunit vaccine candi-

dates, are being evaluated as potential SARS‐CoV‐2 vaccines.10,11

Subunit vaccines, which are one of the two most commonly adopted

vaccine platforms in the market, have definitive advantages over

whole‐virion vaccines (both attenuated and inactivated), particularly

when considering the risk of exposure during vaccine production,

which can only be avoided by high biosafety level factory buildings

and strict training in operation processes.

Prior research focused on the development of vaccines against

other coronaviruses (including SARS‐CoV‐1, which originated in

2002, and Middle East respiratory syndrome coronavirus (MERS‐
CoV), which was identified in 2012) determined that spike (S) pro-

teins are ideal targets for subunit vaccine antigens. S proteins are

found on the surface of coronaviruses and are responsible for viral

attachment to host cells (S1 domain) and virus‐cell membrane fusion

(S2 domain).12‐15 Taking into account production difficulties for large

recombinant proteins (the S protein extracellular domain is ~1300

amino acids) and the risk of antibody‐dependent enhancement (ADE)
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of infection, S1 (∼700 amino acids) and its receptor‐binding domain

(RBD, ∼200 amino acids) are widely considered the most attractive

potential coronavirus vaccine targets.16‐18 Unlike other S segments,

the RBD of SARS‐CoV‐2 shows low similarity with those of other

known coronaviruses.3 Though neutralizing antibodies targeting the

RBD have been reported in SARS‐CoV‐2 patients, similar to those

found in SARS‐CoV‐1 and MERS patients, the immunogenicity of

the SARS‐CoV‐2 RBD remains unknown.19‐22

2 | MATERIALS AND METHODS

2.1 | Antigen preparation

HEK293K cells expressed recombinant SARS‐CoV‐2 S1 (cat: 40591‐
V08H, purity >90% as determined by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis [SDS‐PAGE] and more than 95% as

determined by size exclusion chromatography high performance

liquid chromatography) and RBD (Cat: 40592‐V08H, purity >95% as

determined by SDS‐PAGE) proteins were purchased from Sino

Biological Inc. (Beijing, China).

E. coli expressed SARS‐CoV‐2 S1 and RBD proteins were

prepared as follows. DNA sequences encoding either the S1

subunit (YP_009724390.1, Met1‐Tyr695) or the RBD domain

(YP_009724390.1, Arg328‐Pro521) were synthesized by Gen-

script Inc. (Nanjing, China) downstream of a DNA sequence en-

coding the norovirus shell domain (to enhance immunity). These

sequences were then inserted between BamHI and NotI restric-

tion sites in a pET‐28b plasmid (Novagen), transformed into E. coli

(BL21, DE3) and induced overnight at room temperature (~25°C)

using 0.4 mM isopropyl‐β‐D‐thiogalactopyranoside.23,24 Cells

were collected by centrifugation, resuspended in PBS, sonicated

and centrifuged again. Precipitates were resuspended in PBS and

sonicated again. Inclusion bodies were dissolved in PBS con-

taining 8M urea and dialyzed against 20 mM Tris‐HCl (pH 7.4)

containing sequential dilutions of urea (6, 8, 2, 1, and 0M). Re-

combinant proteins were analyzed by 10% SDS‐PAGE followed by

Western blot analysis (primary antibody: rabbit anti‐SARS‐CoV‐1
S1 subunit polyclonal antibody from Sino Biological Inc.; sec-

ondary antibody: horse radish peroxidase (HRP)‐conjugated goat

anti‐rabbit polyclonal antibody from ThermoFisher Scientific).

Proteins were quantified by both SDS‐PAGE in 10% gels loaded

with known concentrations of serially diluted bovine serum

albumin (Bio‐Rad) and by bicinchoninic acid protein assay kit

(Beyotime Inc., Beijing China). Finally, proteins were observed by

transmission electron microscopy (Hitachi, Japan).25‐27

2.2 | Immunization of mice

Six‐week‐old female specific pathogen‐free BALB/c mice (14‐17 g)

were supplied and maintained by the Central Services of the Institute

of Medical Biology, Chinese Academy of Medical Sciences & Peking

Union Medical College (IMB, CAMS). Animals were randomly divided

into five groups with six mice in each group (N = 6). Antigens were

diluted to 10 μg/mouse/dose in 25 μL of phosphate buffered saline

(PBS) and mixed with the same volume of alum adjuvant (Thermo

Fisher Scientific) before immunization. Thus, 50 μL of immunogens

were administered intramuscularly into the thigh muscle three times

at 2 week intervals. Two weeks after the final immunization, mice

were anesthetized with ketamine, and blood was collected via cardiac

puncture. After clotting at 4°C overnight, serum was collected by

centrifugation at 3 000 rpm for 10minutes and pooled by group.

All experiments were performed in compliance with the Guiding

Principles for the Care and Use of Laboratory Animals of the Animal

Ethics Committee of the IMB, CAMS (permit number: SCXK (dian)

K2017‐0002).

2.3 | Enzyme‐linked immunosorbent assay
of antibody titers

Ninety‐six‐well plates were coated with 2 μg/mL HEK293K cell‐
expressed recombinant SARS‐CoV‐2 S1 or RBD proteins overnight at

4°C. Plates were washed one time with wash buffer (PBS containing

0.05% (v/v) polysorbate 20) and then blocked with 5% (w/v) skim

milk dissolved in wash buffer for 1 hour at 37°C. Plates were then

washed four times and incubated with serially diluted mouse sera for

1 hour at 37°C. Next, plates were washed five times and incubated

with goat anti‐mouse IgG/IgA/IgG1/IgG2a HRP‐conjugated second-

ary antibodies (ThermoFisher Scientific) for 1 hour at 37°C. Following

five additional washes, 3,3′,5,5′‐tetramethylbenzidine (TMB, BD

Bioscience) substrate was added. The plate was incubated at room

temperature in the dark for 10minutes, and reactions were stopped

by the addition of 2M sulfuric acid. Absorbance (450 nm) was de-

tected using a microplate reader (Bio‐Tek Instruments, Inc). Antibody

titers were defined by end‐point dilution with a cut‐off signal of

OD450 = 0.1. Sera samples that did not produce an optical density of

more than 0.1 at 1:500 were determined as 0.

The IgG1‐to‐IgG2a titer ratio was calculated to evaluate Th1‐Th2
balance.28,29

2.4 | SARS‐CoV‐2 neutralization

First, 100 μL of Vero cells cultured in Dulbecco's modified Eagle's

medium (DMEM, Corning, NY) supplemented with 5% fetal bo-

vine serum (FBS, HyClone, Logan) were seeded into 96‐well

plates (Corning) at 2.5 × 105 cells per well and cultured at 37°C in

5% CO2 overnight. The KMS‐1 strain of SARS‐CoV‐2 (GenBank

No: MT226610.1) was diluted 10‐fold in DMEM and added at

100 μL/well. After 6 to 7 days of incubation at 37°C in 5% CO2,

cytopathic effect (CPE) was assessed with an inverted micro-

scope. Viral load was calculated based on the dilutions at which

more than 50% of the cells exhibited lesions using the cell culture

infective dose (CCID50) formula.30
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For neutralization, mouse sera were diluted with DMEM in a

two‐fold series. Then, 50 μL of SARS‐CoV‐2 diluted with DMEM to

3.3 lg CCID50 was added to 50 μL of diluted serum, incubated at 37°C

for 1 hour, and then added to 100 μL of Vero cells suspended in

DMEM and 10% FBS. After culturing cells at 37°C in 5% CO2 for 4

days, the neutralization titer was reported as the serum dilution at

which SARS‐CoV‐2 infection was inhibited by 50%.

All SARS‐CoV‐2 manipulations were carried out in a biosafety

level 3 (BSL‐3) laboratory at IMB, CAMS.

2.5 | Statistical analysis

Data are shown as the mean and standard deviation. GraphPad Prism

7.0 (San Diego, CA) was used for statistical analyses.

3 | RESULTS

3.1 | SARS‐CoV‐2 S1 and RBD recombinant
proteins are expressed as inclusion bodies in E. coli

Here, we fused S1 and RBD to the carboxyl terminus of the norovirus

shell domain, which has been reported to present recombinant

expressed proteins on the surface of virus‐like particles to enhance

the immunity of recombinant proteins.23,24 While both RBD and S1

were expressed well with the norovirus shell domain (S‐RBD and

S‐S1, respectively), as certified by the corresponding band (~52 kDa

for S‐RBD and ~108 kDa for S‐S1) by SDS‐PAGE (Figure 1A) and

Western blot analysis (Figure 1B), both were expressed as inclusion

bodies. Following sonication, washing and dialysis, while S‐RBD
showed quite high purity (lane S‐RBD in Figure 1A), S‐S1 showed only

∼60% purity by SDS‐PAGE (lane S‐S1 in Figure 1A). Transmission

electron microscopy showed that after dialysis, only a small portion

of the S‐RBD and S‐S1 fusion proteins formed similar but not iden-

tical virus‐like particles with diameters of ∼30 to 60 nm (showed by

arrows in Figure 1C,D), while the majority of these recombinant

proteins formed irregular aggregates (Figure 1C,D).

3.2 | SARS‐CoV‐2 S1 induces higher IgG and IgA
titers than RBD

2 weeks after the third intramuscular immunization (Figure 2A), both

S1‐specific (S1‐coated plate in Figure 2) and RBD‐specific (RBD‐
coated plate in Figure 2) antibodies were analyzed.

HEK293K cell‐expressed recombinant S1 (S1 immunized) and

E.coli‐expressed norovirus shell domain‐S1 fusion protein (S‐S1

F IGURE 1 Production and
characterization of E. coli‐expressed SARS‐
CoV‐2 S1 and RBD proteins. (A) Sodium
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS‐PAGE) of norovirus shell
domain‐RBD (S‐RBD, lane 1, indicated by
arrows pointing to the left) and norovirus shell
domain‐S1 (S‐S1, lane 2, indicated by arrows

pointing to the right). (B) Western blot
characterization of S‐RBD (lane 1, indicated by
arrows pointing to the left) and S‐S1 (lane 2,
indicated by arrows pointing to the right).

(C, D) Transmission electron microscopy of
the (C) S‐RBD and (D) S‐S1 fusion proteins.
Particles with diameters ∼30 to 60 nm are

indicated by arrows. RBD, receptor‐binding
domain; SARS‐CoV‐2, severe acute
respiratory syndrome coronavirus 2
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immunized) induced similar S1‐specific IgG titers (64 000) and similar

RBD‐specific titers (8 000) (Figure 2B). HEK293K cell‐expressed
recombinant RBD (RBD immunized) induced low S1‐specific IgG ti-

ters (8000) and RBD‐specific IgG titers (6 000), implying low im-

munogenicity of the RBD alone. Unlike S1 (similar IgG titers between

S1 and S‐S1 may be attributed to low purity and thus low S1 content

in S‐S1), fusion of the RBD with the norovirus shell domain (S‐RBD
immunized) elevated both RBD‐specific IgG titers (from 6 000 to 32

000) and S1‐specific IgG titers (from 8 000 to 32 000).

As SARS‐CoV‐2 is a respiratory virus, mucosal immunity is important

to fight infection and we therefore detected IgA titers (Figure 2C).

While both HEK293K cell‐expressed recombinant S1 (S1 immunized) and

E.coli‐expressed norovirus shell domain‐S1 fusion protein (S‐S1 im-

munized) induced equivalent levels of S1‐specific IgA titers and IgG titers

(64 000), both HEK293K cell‐expressed recombinant RBD (RBD im-

munized) and E.coli‐expressed norovirus shell domain‐RBD fusion pro-

teins (S‐RBD immunized) induced half the level of S1‐specific IgA titers as

IgG titers (4000 vs 8000 for RBD and 16000 vs 32 000 for S‐RBD,
respectively). While RBD‐specific IgA titers were the lowest of all the IgG

and IgA titers tested, there was a tendency for norovirus shell domain to

elevate RBD immunogenicity on RBD‐specific IgA titers (RBD coated,

S‐RBD immunized vs RBD immunized in Figure 2C), as was observed for

the S1‐specific IgA titers (S1‐coated, S‐RBD immunized vs RBD im-

munized in Figure 2C).

F IGURE 2 Immunization schedule and

humoral responses of various immunogens in
mice. A, Immunization schedule.
I.M.: intramuscular. W: week. B, S1‐ and
RBD‐specific IgG titers. C, S1‐ and
RBD‐specific IgA titers. RBD, receptor‐binding
domain

F IGURE 3 Th1‐Th2 balance analysis.

A, S1‐ and RBD‐specific IgG1 titers. B, S1‐ and
RBD‐specific IgG2a titers. C, IgG1/IgG2a
ratios. RBD, receptor‐binding domain
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3.3 | SARS‐CoV‐2 S1 induced more balanced
Th1‐Th2 responses than the RBD

Similar to S1‐specific total IgG titers (Figure 2B, S1‐coated), both

HEK293K cell‐expressed recombinant S1 (S1 immunized) and E.coli‐
expressed norovirus shell domain‐S1 fusion protein (S‐S1 immunized)

induced the highest S1‐specific IgG1 (Figure 3A, S1 coated) and IgG2a

(Figure 3B, S1 coated) titers and comparably low RBD‐specific IgG1

(Figure 3A, RBD coated) and IgG2a (Figure 3B, RBD coated) titers.

HEK293K cell‐expressed recombinant RBD (RBD immunized) and E.coli‐
expressed norovirus shell domain‐RBD fusion proteins (S‐RBD im-

munized) induced low levels of IgG1 and IgG2a titers specific to both S1

(S1 coated in Figure 3A,B) and the RBD (RBD coated in Figure 3A,B).

Notably, the IgG1 titers in each group in Figure 3A are con-

siderably higher than the IgG2a titers in Figure 3B. To enable direct

comparisons between groups, we compared the IgG1/IgG2a ratios in

each group induced by their own antigens (Figure 3C). While both

HEK293K cell‐expressed recombinant S1 (S1 immunized) and E.coli‐
expressed norovirus shell domain‐S1 fusion proteins (S‐S1 immunized)

induced an IgG1/IgG2a ratio of 4, HEK293K‐expressed recombinant

RBD (RBD immunized) induced an IgG1/IgG2a ratio as high as 16. This

ratio could be lowered by ligation to the E.coli‐expressed norovirus

shell domain (the S‐RBD immunized IgG1/IgG2a ratio was 8) but was

still higher than in that in the S1 and S‐S1 immunized groups. Higher

IgG1‐to‐IgG2a ratios, including the those for the S1 and S1‐RBD
groups, imply a Th2‐biased immune response for these antigens.

3.4 | S1 but not RBD induces effective
SARS‐CoV‐2‐neutralizing antibodies

Among all the immunized groups, only serum from the HEK293K cell‐
expressed recombinant S1‐immunized group showed obvious neu-

tralization of the KMS‐1 strain of SARS‐CoV‐2 (Figure 4, S1‐immunized

mean titer: 48). Unsurprisingly, serum from the HEK293K cell‐expressed
recombinant RBD‐immunized group (Figure 4, RBD‐immunized mean ti-

ter: 6) showed a low neutralization effect. This effect was 1/8 of that in

the S1 immunized group, comparable with their S1‐specific IgG

(8 000:64000 in Figure 2B) and IgA (4 000:64 000 in Figure 2C) titers.

Moreover, RBD‐specific IgG and IgA titers are not indicative of neu-

tralization effects (6 000:8 000 and 2 000:8 000, respectively, for RBD‐
immunized and S1‐immunized serum, as shown in Figure 2). These results

imply that antibodies induced by domains within S1 but outside the RBD

can also play decisive roles in neutralization. It is the immunogenicity

rather than the functional role of the S1 segment that matters in the

induction of effective SARS‐CoV‐2‐neutralizing antibodies. As both S1‐
specific IgG and IgA titers are very high for S1‐immunized serum, it is

unclear which plays a more important role in virus neutralization.

Notably, while E.coli‐expressed norovirus shell domain‐S1 fusion

protein (S‐S1 immunized) induced both S1‐specific IgG and IgA titers

comparable to those induced in the HEK293K cell‐expressed re-

combinant S1 immunized groups (Figure 2), only 1/8 neutralization titers

were detected (6:48 in Figure 4). Similar phenomena were observed

between the RBD‐ and S‐RBD‐immunized groups: while ligation of nor-

ovirus shell domain elevated the S1‐specific IgG (from 8 000 to 32 000)

and IgA (from 4 000 to 16 000) titers, neutralization declined from six to

two (Figure 4). These results showed that mammalian systems are more

suitable than prokaryotic systems for the production of SARS‐CoV‐2
spike protein antigens that can induce effective neutralization antibodies.

4 | DISCUSSION

Since its emergence in December 2019, SARS‐CoV‐2 has evolved

into a global pandemic. Though public health measures have been

taken, no effective medications or vaccines have been developed yet.

Subunit vaccines, which are one of the two most commonly adopted

vaccine forms in the market, are safer than whole‐virion vaccines due

to the decreased risk of exposure during manufacturing.

Spike (S) proteins, which are found on the surface of coronavirus

particles, are responsible for entrance into host cells and are widely

considered prophylactic and treatment targets.12,14 Similar to results

using inactivated whole‐virus vaccines, immunopathology reports

show eosinophilic infiltration and Th2‐mediated inflammatory alveolar

damage when mice are challenged with infectious virus after im-

munization with full‐length S proteins.31‐35 To reduce this risk, S

protein segments were evaluated as subunit vaccine antigens. While

the S2 domain, which contains two heptad repeat segments, partici-

pates in virus‐cell membrane fusion and is a potential target for the

development of antiviral inhibitors, the S1 domain, which contains the

RBD, is responsible for attachment to host receptors (SARS‐CoV‐1&‐2
with human angiotensin‐converting enzyme 2 and MERS‐CoV with

human dipeptidyl peptidase‐4) and has been widely accepted as a

target for SARS‐CoV‐1 and MERS‐CoV vaccine development.13,36‐41

The SARS‐CoV‐2 RBD alone is not as immunogenic as S1, as

evidenced by S1‐specific and RBD‐specific IgG (Figure 2B) and IgA

(Figure 2C) titers induced in immunized mouse serum. This phenomenon

may be attributed partly to the smaller size of the RBD (223 aa) than of

S1 (670 aa). In fact, when the RBD was ligated to the norovirus shell

domain (for a total molecular weight of ∼52 kDa), both S1‐specific and

F IGURE 4 SARS‐CoV‐2 neutralization titers of serum from mice
vaccinated with various immunogens. PBS: serum from mice
immunized with PBS. PBS, phosphate buffered saline; SARS‐CoV‐2,
severe acute respiratory syndrome coronavirus 2
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RBD‐specific IgG and IgA titers were elevated prominently (Figure 2B,C).

Previous reports have demonstrated that RBD immunogenicity can be

enhanced via presentation on virus‐like particles (VLPs) and multi-

merization of RBD monomers.42,43 We originally intended to enhance

RBD immunogenicity via presentation on the norovirus shell domain, but

unfortunately, neither the S‐RBD nor S‐S1 recombinant proteins formed

typical VLPs (Figure 1) as expected.23,24 We are not sure whether these

results should be attributed to the characteristics of the RBD and S1 or

to difficulties of reconfiguration from inclusion bodies.

To our surprise, although both S1 and S‐S1 induced comparably high

S1‐specific IgG and IgA titers (Figure 2), only S1‐immunized mouse serum

showed prominent SARS‐CoV‐2 neutralization (Figure 4). This pattern

was also observed with RBD‐ and S‐RBD‐immunized mouse serum. These

results implied that antibody spectra induced by RBD and S1 from dif-

ferent expression systems are quite different. Compared with prokaryotic

cells, mammalian expression systems efficiently incorporate RBD and

S‐RBD posttranslational modifications, including glycosylation, which

might be critical for the natural configuration of these proteins.44 Con-

versely, inclusion bodies produced by E. coli cells may increase re-

configuration difficulties. Whatever the truth is, these results

demonstrate that conformation‐dependent neutralizing antibodies in-

duced by immunized S1 proteins play key roles in virus neutralization and

subsequent effective protection.20,45 As S1‐induced RBD‐specific IgG and

IgA titers are very low and similar titers induced by RBD showed no

prominent neutralization, we deduced that other S1 domains besides the

RBD are also very important antigens for the induction of neutralizing

antibodies.

Notably, those non‐neutralizing antibodies may inhibit neutralization.

As has been observed in Dengue, respiratory syncytial virus, etc., ADE of

infection phenomena were also reported with antibodies against SARS‐
CoV‐1 and MERS‐CoV spike proteins (including antibodies against the

RBD).46‐48 Interestingly, ADE‐inducing sera did not contain SARS‐CoV‐1
spike‐specific IgG2a subtype antibodies, which are present in neutralizing

sera.49 This result is consistent with the observed eosinophilic infiltration

following vaccination and virus exposure, a typical characteristic of Th2

immune responses with elevated IgG1/IgG2a proportions.28,29

Unfortunately, both SARS‐CoV‐2 S1 and RBD showed a Th2‐like immune

response with high proportions of IgG1 when immunized with alum as

adjuvant (Figure 3), implying a similar immunopathological risk to those

reported for other coronaviruses. Though no ADE has been reported in

animal models re‐exposed to SARS‐CoV‐2 or exposed following vaccine

immunization, special attention should be paid to Th1‐biased adjuvants,

as reported in the development of SARS‐CoV‐1 and MERS‐CoV
vaccines.31,32

In conclusion, the SARS‐CoV‐2 S1 domain is more immunogenic

than the RBD domain, inducing higher IgG and IgA antibodies and also

efficient virus neutralization antibodies. We infer that a large pro-

portion of these neutralization epitopes exist within the S1 domain but

outside of the RBD and that some of these are spatial epitopes. While

S1 induced a more balanced Th1/Th2 response than the RBD when

adjuvanted with alum, increased levels of IgG1 antibodies still indicate

a potential risk of ADE, and adjuvants prone to a Th1 response should

be considered for S1 subunit‐based COVID‐19 vaccines.
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