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.



International Journal of Biological Macromolecules 222 (2022) 661-670

Contents lists available at ScienceDirect

' ological

Macromolecul

International Journal of Biological Macromolecules

== >

LSEVIER

journal homepage: www.elsevier.com/locate/ijbiomac

Check for

updates

A SARS-CoV-2 vaccine based on conjugation of SARS-CoV-2 RBD with 1C28
peptide and mannan

Yunxia He ™', Weili Yu™', Lijuan Shen®, Wenying Yan *", Lucheng Xiao ™", Jinming Qi ®",
Tao Hu™"

& State Key Laboratory of Biochemical Engineering, Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China
b University of Chinese Academy of Sciences, Beijing 100190, China

ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 is a particularly transmissible virus that causes a severe respiratory disease known as COVID-19.

SARS-CoV-2 Safe and effective vaccines are urgently needed to combat the COVID-19 pandemic. The receptor-binding

ig? . domain (RBD) of SARS-CoV-2 spike protein elicits most neutralizing antibodies during viral infection and is
ljuvan

an ideal antigen for vaccine development. In particular, RBD expressed by E. coli is amenable to low cost and
high-yield manufacturability. The adjuvant is necessitated to improve the immunogenicity of RBD. IC28, a TLR5-
dependent adjuvant, is a peptide from bacterial flagellin. Mannan is a ligand of TLR-4 or TLR-2 and a poly-
saccharide adjuvant. Here, IC28 and mannan were both covalently conjugated with RBD from E. coli. The
conjugate (RBD-IC28-M) elicited high RBD-specific IgG titers, and a neutralization antibody titer of 201.4. It
induced high levels of Thl-type cytokines (IFN-y) and Th2-type cytokines (IL-5 and IL-10), along with high
antigenicity and no apparent toxicity to the organs. The mouse sera of the RBD-IC28-M group competitively
interfered with the interaction of RBD and ACE2. Thus, conjugation with IC28 and mannan additively enhanced
the humoral and cellular immunity. Our study was expected to provide the feasibility to develop an affordable,

easily scalable, effective vaccine SARS-CoV-2 vaccine.

1. Introduction

SARS-CoV-2, a p-coronavirus in the coronavirus family, is a partic-
ularly transmissible virus that causes the worldwide viral pandemic and
a severe respiratory disease known as COVID-19 [1]. COVID-19 is
characterized by a respiratory syndrome with a variable degree of
severity, ranging from a mild upper respiratory tract illness to severe
interstitial pneumonia and acute respiratory distress syndrome (ARDS)
[2]. The COVID-19 pandemic is a major ongoing challenge to global
public health affecting 216 countries or regions [3]. As of September 8,
2022, there have been a total of 603,711,760 reported SARS-CoV-2 in-
fections and 6,484,136 related deaths around the world [4]. The recent
emergence of several SARS-CoV-2 variants and variants of concern
(VOCGs) is especially worrisome, including B.1.1.7 (alpha), B.1.351
(beta), B.1.427/B.1.429 (epsilon), P.1 (gamma), B.1.617.2 (delta) and
B.1.1.529 (Omicron) [5-7]. Thus, the development of safe and effective
vaccine strategy is urgently needed to combat the SARS-CoV-2 infection
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[8].

Recently, various SARS-CoV-2 vaccines have been developed [9,10],
based on the inactivated viruses [11], recombinant viral vectors
[12,13], DNA [14] or mRNA [15], and recombinant proteins [16]. These
vaccines have shown high efficacy in preclinical and clinical studies
[17,18]. High vaccine effectiveness (VE) of these vaccines against SARS-
CoV-2 was observed through clinical trials, such as 70.4 % VE of the
ChAdOx1 vaccine (AZD1222; Oxford-AstraZeneca), 95 % VE of the
BNT162b2 mRNA vaccine (Pfizer-BioNTech), 94.1 % VE of the mRNA-
1273 vaccine (Moderna), and 50.7 % VE of an inactivated COVID-19
vaccine (CoronaVac) [19,20]. However, worldwide access to these
vaccines was limited by the high cost, and concerns regarding global
production capacity and scalability especially in low and middle-income
countries [21].

Importantly, the vaccine based on recombinant proteins receives
much attention for their specificity, effectiveness, and safety [22]. For
example, NVX-CoV2373 (Novavax Inc.) was a protein-based COVID-19

E-mail addresses: qijinming@home.ipe.ac.cn (J. Qi), thu@home.ipe.ac.cn (T. Hu).

1 The authors contribute equally to the work.

https://doi.org/10.1016/j.ijpiomac.2022.09.180

Received 11 March 2022; Received in revised form 14 September 2022; Accepted 19 September 2022

Available online 21 September 2022
0141-8130/© 2022 Published by Elsevier B.V.


mailto:qijinming@home.ipe.ac.cn
mailto:thu@home.ipe.ac.cn
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2022.09.180
https://doi.org/10.1016/j.ijbiomac.2022.09.180
https://doi.org/10.1016/j.ijbiomac.2022.09.180
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2022.09.180&domain=pdf

Y. He et al.

vaccine using Novavax's proprietary nanoparticle technology. It showed
high immunogenicity and safety, along with stimulating high levels of
neutralizing antibodies in clinical studies [23]. As a structural protein of
SARS-CoV-2, spike glycoprotein is capable of binding to hACE2 and
initiating membrane fusion and virus entry, which can bind to a host
receptor, angiotensin converting enzyme 2 (ACE2) through the receptor-
binding domain (RBD) [24,25]. RBD of SARS-CoV-2 spike protein elicits
most neutralizing antibodies during viral infection [26]. Blocking the
interaction of RBD with hACE2 was a strategy for the design of antiviral
agents, and RBD was thus a potential target antigen for vaccine devel-
opment [27]. However, the low immunogenicity of RBD limits its vac-
cine development, due to the absence of pathogen-associated molecular
patterns to activate the immune system [28].

The glycan moieties of RBD have a relevant role in the stability and
immunogenicity of RBD [29]. RBD has been expressed in the eukaryotic
cell expression systems (e.g., HEK293 cells), which suffers from low
expression yield and high cost [30,31]. SARS-CoV-2 RBD expressed by
E. coli is a cost-effective antigen without the glycan moieties, which has
been used for serological testing [32]. RBD expressed by E. coli exhibited
a weaker interaction with ACE2 than that expressed by HEK293 cells
with glycosylation [33]. In order to develop worldwide accessible and
scalable vaccines for low and middle-income countries, the affordable
and easily scalable RBD expressed by E. coli was the ideal antigen.
Recently, RBD was produced in E. coli when fused to a fragment of
CRMjgy. The CRM;97-RBD chimera exhibited the competence in binding
ACE2 and a high stability at room temperature, which may be developed
a candidate vaccine against COVID-19 [34].

Structural biology-based vaccine design has been employed to
enhance the immune effectiveness of RBD, such as recombinant tandem-
repeat dimeric RBD [35]. Alternatively, appropriate adjuvants and the
delivery system are complementary to increase the immunogenicity of
vaccine antigens by activating the pattern-recognition receptors or by
modulating antigen pharmacokinetics [36,37]. Alum salts, LPS, MF59
and AS04 have been approved as adjuvants vaccine for clinical use
[38,39]. However, these adjuvants may result in several adverse effects
such as inflammation, toxicity, allergy, and immunosuppression [37].

Toll-like receptor agonists have received much attention for their
high adjuvanticity. Bacterial flagellin activates the innate immune sys-
tem and ultimately the adaptive immune system through a Toll-like
receptor 5 (TLR5)-dependent signaling mechanism [40]. The peptide
from bacterial flagellin (IC28) with deletions of D2 and the distal part of
D1 of FliCa174_400 was considered as a TLR5-dependent adjuvant for
vaccination [41]. IC28 does not impact on antigenicity and does not
significantly modify the immunostimulatory adjuvant activity of
flagellin [42]. Mannan is a biocompatible polysaccharide from yeast,
and a ligand of TLR-4 or TLR-2. Mannan is an adjuvant that can stim-
ulate cellular and humoral immunity [43-45]. Interestingly, the mixture
of several adjuvants with different immunomodulatory mechanisms
showed the additive adjuvant effect to increase the immunogenicity of
an antigen [46].

In the present study, RBD expressed by E. coli was covalently con-
jugated with IC28 and mannan to improve the immunogenicity of RBD.
Conjugation ensured the simultaneous capture of the two adjuvants and
RBD by the antigen presenting cells (APCs), which in turn elicited a
strong immune response. The conjugate (RBD-IC28-M) was structurally
characterized. The antigenicity and immunogenicity of RBD-IC28-M
were evaluated in the BALB/c mice. The potential toxicity of RBD-
IC28-M were evaluated. Thus, RBD-IC28-M was expected to act as an
affordable, easily scalable and effective SARS-CoV-2 vaccine.

2. Materials and methods
2.1. Materials

IC28 peptide with a cysteine residue at the C-terminus was synthe-
sized by GL Biochem Co. (Shanghai, China). Human angiotensin-
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converting enzyme 2 (hACE2), hACE2-specific rabbit antibody, and
HRP-conjugated goat antirabbit IgG antibody were ordered from Sino
Biological (Beijing, China). Mannan from S. cerevisiae, 1-anilino-8-naph-
thalene sulfonic acid (ANS), 6-maleimidohexanoic acid N-hydrox-
ysuccinimide ester (EMCS), sodium cyanoborohydride, dithio-bis-(2-
nitrobenzoic acid (DTNB) and 3,3',5,5'-tetramethylbenzidine (TMB)
were purchased from Sigma (USA). Horse radish peroxidase (HRP)-
conjugated goat anti-mouse IgG Fc antibody (HRP-IgG), IgG1 Fc anti-
body (HRP-IgG1), IgG2a Fc antibody (HRP-IgG2a) and IgM Fc antibody
(HRP-IgM) were purchased from Abcam (USA). IFN-y ELISA kit was
ordered from Biolegend (USA). IL-5 and IL-10 ELISA kits were purchased
from Invitrogen (USA).

2.2. Expression and purification of RBD

The coding DNA sequence of RBD of SARS-CoV-2 S protein (amino
acid 330-583 of S protein) was from strain Wuhan-Hu-1 (Genbank Acc.
No. 045512.2). RBD was expressed in E. coli and purified from the
renaturation solution by a Ni Sepharose Fast Flow column (0.5 cm x 5
cm, GE Healthcare, USA) as previously described [33].

2.3. Preparation of the conjugates

2.3.1. Preparation of RBD-IC28

RBD (0.6 mg) was incubated with 10-fold molar excess of EMCS in
20 mM PB buffer (pH 7.4) at 4 °C for overnight (Fig. 1). The free EMCS
was removed by extensive dialysis of the reaction mixture against 20
mM PB buffer (pH 7.4). The EMCS-modified RBD (0.6 mg) was mixed
with IC28 (0.1 mg) in 20 mM PB buffer (pH 7.4) to obtain the RBD-IC28
conjugate (RBD-IC28) at 4 °C for overnight (Fig. 1). The incubation at
4 °C could avoid the denaturation of RBD during the incubation period.

2.3.2. Preparation of RBD-M

Mannan (10 mg/mL, 1 mL) was oxidized by addition of 0.1 M NalO4
(0.2 mL) in 20 mM sodium acetate buffer (pH 5.6). The reaction was
kept in the dark for 40 min at room temperature, followed by extensive
dialysis of the reaction mixture against 20 mM PB buffer (pH 7.4). RBD
(0.6 mg) was then mixed with the oxidized mannan (3 mg) and sodium
cyanoborohydride (3 mg) in 20 mM PB buffer (pH 7.4). The mixture was
incubated at 4 °C for overnight to obtain the conjugate (RBD-M) (Fig. 1).

2.3.3. Preparation of RBD-IC28-M

The oxidized mannan (2 mg), RBD-IC28 (0.6 mg) and NaBH3CN (2
mg) were mixed in 20 mM PB buffer (pH 7.4). The mixture was incu-
bated at 4 °C for overnight to obtain the conjugate (RBD-IC28-M)
(Fig. 1).

2.4. Purification of the conjugates

A semi-preparative Superdex 200 column (2.6 cm x 60 cm, GE
Healthcare, USA) based on size exclusion chromatography (SEC) was
utilized to purify RBD-IC28, RBD-M and RBD-IC28-M. The reaction
mixtures containing the three conjugates were loaded on the column
and eluted by PBS buffer (pH 7.4) at a flow rate of 2.0 mL/min. The
fractions corresponding to the three conjugates were pooled,
respectively.

2.5. SDS-PAGE analysis

The three conjugates were analyzed by SDS-PAGE, using a 12 %
polyacrylamide gel under a reducing (5 % v/v fB-mercaptoethanol)
condition. The gel was stained with Coomassie blue R-250.

2.6. SEC analysis

The three conjugates were analyzed by an analytical Sepharose 6
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Fig. 1. The scheme for preparation of the conjugates.

column (1 cm x 30 cm, GE Healthcare, USA). The column was equili-
brated and eluted with PBS buffer (pH 7.4) at a flow rate of 0.5 mL/min.
The effluent was detected at 280 nm.

2.7. Quantitative assay

The RBD contents of the three conjugates were measured by the
Bradford method. The IC28 contents of RBD-IC28 and RBD-IC28-M were
measured by the DTNB method. The mannan contents of RBD-M and
RBD-IC28-M were measured by the phenol-sulfuric acid method, using
mannan as the standard.

2.8. Fluorescence spectroscopy

2.8.1. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence measurements of the three conjugates were
carried out on a Hitachi F-4500 fluorescence spectropolarimeter (Hita-
chi, Japan) at room temperature, using a cuvette with 1.0 cm path
length. The intrinsic emission spectra were recorded from 300 nm to
400 nm and excited at 280 nm. Excitation and emission slit widths were
5 nm and 10 nm, respectively. The three conjugates were all at a protein
concentration of 0.1 mg/mL in 20 mM PB buffer (pH 7.4).

2.8.2. Extrinsic fluorescence spectroscopy

ANS was mixed with the conjugates at a molar ratio of 10:1. The
mixtures were measured by extrinsic fluorescence spectroscopy. The
emission spectra were recorded from 400 nm to 600 nm and excited at
350 nm. Excitation and emission slit widths were 10 nm and 20 nm,
respectively. The three conjugates were all at a protein concentration of
0.1 mg/mL in 20 mM PB buffer (pH 7.4).

2.9. Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra of the three conjugates were
recorded on a Jasco-810 spectropolarimeter (Jasco, Japan) between
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260 nm and 190 nm. A cuvette with a 0.1 cm path length was used. The
three conjugates were at a protein concentration of 0.2 mg/mL in 20
mM PB buffer (pH 7.4). The secondary structures were calculated by the
structure fitting software that has been built-in to the instrument.

2.10. Immunization

Thirty female BALB/c mice aged at 5 weeks (15-20 g) were
randomly divided into five groups for six animals each. All the proced-
ures of the animal experiments have been approved by the Animal
Ethical Experimentation Committee of Institute of Process Engineering,
Chinese Academy of Sciences (Beijing, China), according to the re-
quirements of the National Act on the Use of Experimental Animals
(China). The groups were PBS, RBD, RBD-IC28, RBD-M and RBD-IC28-M
groups, which were defined according to the samples immunized. All the
samples were at a protein concentration of 0.2 mg/mL in PBS buffer (pH
7.4) except for the PBS group. The mice were immunized with 0.1 mL of
the samples by intramuscular injection on days 0, 7, and 14. Blood
samples were collected on days 7, 14, and 21. The mice sera was isolated
and stored at —80 °C until use.

2.11. ELISA assay

The RBD-specific antibodies IgG, IgG1, IgG2a and IgM titers were
measured by ELISA. The 96-well plates were pre-coated with RBD (0.75
pg/well) in 50 mM NaHCOs (pH 9.6) at 4 °C overnight. The plates were
blocked with 200 pL of 4 % skimmed milk in PBS buffer (PBS-milk, pH
7.4) at 37 °C for 1 h, followed by washing 3 times with PBS buffer (pH
7.4). The diluted sera (100 pL) were added and incubated in the wells for
1 h at 37 °C, followed by washing with PBS buffer containing 0.1 %
Tween 20 (PBST, pH 7.4). The plates were added with 100 pL of the
diluted HRP-IgG, HRP-IgG1, HRP-IgG2a or HRP-IgM at 37 °C for 1 h,
respectively. After washing 3 times with PBST, 100 pL of 0.015 % (w/v)
TMB was added and incubated at 37 °C for 30 min, followed by adding
25 pL of 2 M HySO4. The resultant solution was determined at 450 nm.
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The antibody titers were presented as the highest sample dilution, which
led to in an OD value >2.1 times the OD mean of the sera of the PBS
group.

2.12. Avidity of antibody

The avidity of RBD-specific IgG was determined by the ammonium
thiocyanate elution method [47]. Briefly, the plates were pre-coated
with RBD (0.75 pg/well). The conjugates were blocked with 200 pL
PBS-milk and washed 3 times with PBS buffer (pH 7.4), followed by
incubation of the diluted mice sera at 37 °C for 1 h. Afterwards, each
plate was incubated with 50 pL of ammonium thiocyanate (0-3.5 M) at
37 °Cfor 1 h. After a washing cycle, the measurement was repeated. The
avidity index (AI) was expressed as ammonium thiocyanate concentra-
tion needed to decrease the absorbance by 50 %.

2.13. Antigenicity of the conjugates

The binding affinity of RBD to the receptor hACE2 was assayed by
ELISA to evaluate the antigenicity of the conjugates. The 96-well plate
was coated with RBD, RBD-IC28, RBD-M and RBD-IC28-M at a protein
concentration of 5 pg/mL, respectively. The plate was then incubated
with hACE2 that were five-fold serially diluted starting at 10 pg/mL.
After washing with PBST, 100 pL hACE2-specific rabbit antibody with
5000-fold dilution was added to each well, followed by incubation at
37 °Cfor 1 h. After washing with PBST, HRP-conjugated goat anti-rabbit
IgG antibody with 10,000-fold dilution was added and incubated for 45
min at 37 °C. Finally, 100 pL of the substrate solution containing 0.015
% (w/v) TMB was added and incubated at 37 °C for 30 min, followed by
addition with 25 pL of 2 M H2SO4 and spectrometric determination at
450 nm.

2.14. Serum competition assay

The interaction between RBD and hACE2 was competitively inhibi-
ted by the mice serum. The competition assay was determined by surface
plasmon resonance (SPR), using a Biacore S200 instrument (Cytiva Life
Sciences, USA). RBD was biotinylated by the EZ-link-NHS-biotin reagent
(Thermo Fisher Scientific). The biotinylated RBD (5 pg/mL) was injected
over the Series S Sensor chip SA (Cytiva Life Sciences, USA) for 30 s at
10 pL/min. The sera of the RBD-IC28-M group on day 21 were harvested.
An aliquot of serum from each mouse (5 pL) was mixed to obtain a mix
representative of the RBD-IC28-M group. A two-fold dilution of the sera
was loaded on the SA Sensor chip to saturate RBD for 300 s. Then, 400
nM hACE2 was associated with the chip for 300 s to detect the
competitive binding signal. The chips were then regenerated with 10
mM glycine-HCI buffer (pH 2.5). Real-time signal data were collected,
and the competition behavior was recorded.

2.15. Authentic SARS-CoV-2 virus neutralization assay

The neutralization assays with authentic SARS-CoV-2 virus were
performed in a BSL-3 laboratory. In brief, the sera of the PBS, RBD and
RBD-IC28-M groups were three-fold serially diluted starting at 1:30 by
DMEM supplemented with 2 % FBS, 1 % penicillin and 1 % strepto-
mycin, respectively. The diluted sera mixed with equal volumes of 100
tissue culture half-infective doses (TCIDsy) of the SARS-CoV-2 strain
(Wuhan-Hu-1, GenBank: NC 045512.2), followed by incubation at 37 °C
for 2 h. Afterward, the mixture was added to Vero-E6 cells in 96-well
plates and incubated for 96 h at 37 °C with 5 % CO,. All diluted
serum samples were tested in duplicate. The neutralization antibody
titers of all the sera were defined as the reciprocal of serum dilution that
could neutralize 50 % of the virus infection at 4 d postinfection.
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2.16. Lymphocyte proliferation assay

The immunized BALB/c mice on day 21 were sacrificed. The spleens
were aseptically removed. Fresh splenocytes were resuspended to 3 x
10° cells /mL (96-well plates, 100 pL) in RPMI 1640 medium with 10 %
(w/v) heat-inactivated FBS, 0.05 mM 2-mercaptoethanol, 100 IU/mL
penicillin, and 100 pg /mL streptomycin for 36 h. The cells were sub-
sequently stimulated with medium alone (negative control), 20 pg/mL
RBD (experimental group) and 1 pg/mL ConA (positive control) for 24 h,
respectively. Proliferation was assayed with CCK-8 vital stain (Dojindo
Laboratories, USA). The stimulation index was calculated as the ratio of
the average ODy4s0 value of the antigen-stimulated cells to that of the
medium-stimulated cells. Experiments were performed in triplicate and
repeated at least three times independently.

2.17. Cytokine secretion assay

Splenocytes of the immunized mice were diluted to 3 x 10° cells/mL
in RPMI-1640 medium containing 10 % FBS and 100 U/mL penicillin-
streptomycin, followed by incubation with 20 pg/mL RBD for 68 h.
The supernatant of splenocyte cultures was collected by centrifugation.
The concentrations of IFN-y, IL-5 and IL-10 in the supernatant were
determined using the mouse cytokine ELISA kits, according to manu-
facturer's instructions. Experiments were performed in triplicate and
repeated at least three times independently.

2.18. Toxicity study

The serum samples of the five groups on day 21 were collected for
toxicity study. Creatine kinase (CK), lactate dehydrogenase (LDH),
alanine aminotransferase (ALT), total protein (TP), albumin (ALB), and
uric acid (UA) in the mice sera was determined, using an Analyzer
Medical System (AUTO LAB, Italy). The levels of these substances were
used to evaluate the potential toxicity of the conjugates to the cardiac,
hepatic, and renal functions.

2.19. Statistical analysis

The differences between the experimental groups were compared by
one-way ANOVA. Results were analyzed using GraphPad Prism 5 soft-
ware (GraphPad Software, CA, USA). The values of P < 0.05 (*) and P <
0.01 (**) were considered statistically and highly statistically significant
between the experimental groups, respectively.

3. Results
3.1. SEC analysis

The three conjugates were prepared by conjugation of RBD with IC28
and/or mannan. The three conjugates were purified from the reaction
mixture by a semi-preparative Superdex 200 column. Afterwards, an
analytical Sepharose 6 column (1.0 cm x 30 cm) was used to analyze the
purified conjugates. As shown in Fig. 2a, RBD showed a single and
symmetric elution peak at 20.4 mL. The single elution peak of RBD-IC28
(18.9 mL) was slightly left-shifted as compared with that of RBD. RBD-M
was eluted as a wide peak at 16.6 mL that was left-shifted as compared
with that of RBD-IC28. RBD-IC28-M exhibited a wide peak at 14.8 mL
that was further left-shifted. No apparent by-product was observed
during the chemical reaction. Thus, conjugation with IC28 and mannan
synergistically enhanced the hydrodynamic volume of RBD.

3.2. SDS-PAGE analysis
As shown in Fig. 2b, RBD (Lane 2) exhibited a single electrophoresis

band corresponding to an apparent Mw of ~27.0 kDa. As compared with
RBD, RBD-IC28 (Lane 3) displayed a single band with a slower
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Fig. 2. Characterization of the three conjugates. The conjugates were analyzed by an analytical Sepharose 6 column (1 cm x 30 cm) at room temperature (a). The
column was equilibrated and eluted by 20 mM PB buffer (pH 7.4) at a flow rate of 0.5 mL/min. The conjugates were analyzed by SDS-PAGE (b). Lane 1: marker; Lane

2: RBD; Lane 3: RBD-IC28; Lane 4: RBD-M; Lane 5: RBD-IC28-M.

migration, corresponding to an apparent Mw of ~30.0 kDa. This indi-
cated that RBD was covalently conjugated with IC28. RBD-M (Lane 4)
and RBD-IC28-M (Lane 5) both displayed a disperse electrophoresis
band corresponding to an Mw of 60-150 kDa.

RBD molar ratios of RBD-M and RBD-IC28-M were 1.9 and 1.8,
respectively. The IC28/RBD molar ratios of RBD-IC28 and RBD-IC28-M
were 3.7 and 3.9, respectively. Thus, mannan, IC28 and RBD were at a
comparable amount in the conjugates. Because RBD-IC28-M had an

apparent Mw of 60-150 kDa, 2-5 RBD molecules (~27 kDa) were pre-
sumably conjugated with multiple IC28 (~1 kDa) and mannan (~3 kDa)
in a lattice structure. Thus, the conjugate is not homogeneous in the
molecular size.

3.3. Quantitative assay

The RBD, IC28 and mannan contents of the conjugates were quan-
titatively analyzed. The mannan/IC28/RBD molar ratios of the conju-
gates were calculated by comparison of their contents. The mannan/
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Fig. 3. Structural characterization of the three conjugates. The intrinsic fluorescence emission spectra (a) were recorded from 300 nm to 400 nm. The extrinsic
fluorescence emission spectra (b) were recorded from 400 nm to 600 nm. The CD spectra (c) were recorded from 260 nm to 190 nm.
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3.4. Fluorescence analysis

3.4.1. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence was utilized to monitor the structural alter-
ation of RBD upon conjugation with IC28 and mannan. As shown in
Fig. 3a, the maximum emission fluorescence intensities of RBD were at
326 nm. As compared with RBD, RBD-IC28, RBD-M and RBD-IC28-M all
displayed a slightly decrease in the fluorescence intensity with the
maximum at 328 nm. This suggested that conjugation with IC28 and
mannan slightly altered the tertiary structure of RBD.

3.4.2. Extrinsic fluorescence spectroscopy

The hydrophobicity of the three conjugates was measured by binding
with a fluorescent probe, ANS. As shown in Fig. 3b, RBD showed an EF
intensity with the maximum at 500 nm. The EF intensity of RBD-M was
slightly higher than those of RBD-IC28 and RBD-IC28-M. As compared
with RBD, RBD-IC28, RBD-M and RBD-IC28-M all displayed a slightly
decrease in the EF intensity with the maximum at 503 nm. This sug-
gested that covalent conjugation with IC28 and mannan increased the
hydrophilicity of RBD and slightly decrease the EF intensity. Moreover,
covalent conjugation increased the exposure of the hydrophobic resi-
dues of RBD to the surrounding environment, which rendered the
occurrence of the obvious red shift.

3.5. Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectroscopy was utilized to deter-
mine the secondary structures of the three conjugates. As shown in
Fig. 3c, the far-UV CD spectra of RBD displayed a positive peak at 198
nm and a negative maximum ellipticity around 208 nm, a characteristic
of predominant p-sheet structure. Moreover, the CD spectra of RBD-

y

50000

40000

I Day 14

30000 - 272 pay 21

20000

10000

RBD-specific IgG titers

®
90'\01 ?3’0“ ,L%xt\
X

8000

6000

4000

2000

RBD-specific IgG2a titers

?gp S\

<

e\
60’\01%
&

S 5]
Q© el
&

RBD-specific IgG1 titers

International Journal of Biological Macromolecules 222 (2022) 661-670

IC28, RBD-M and RBD-IC28-M were nearly identical to that of RBD.
Particularly, the a-helix and f-sheet contents of RBD were 4.6 % and
74.7 %, respectively. The a-helix (4.4 %) and fB-sheet contents (69.7 %)
of RBD-IC28-M were comparable to those of RBD. Thus, the secondary
structure of RBD was largely maintained upon conjugation with IC28
and mannan.

3.6. RBD-specific antibodies

3.6.1. RBD-specific IgG

The RBD-specific IgG titers of the mice sera were determined by
ELISA assay. As shown in Fig. 4a, the RBD-specific IgG titers of the RBD
group were 1.4 x 10° at the second dose (day 14) and 3.7 x 10° at the
third dose (day 21), respectively. Similarly, the RBD-specific IgG titers of
the three conjugates groups on day 21 were higher than those on day 14.
The RBD-IC28, RBD-M and RBD-IC28-M groups on day 21 all exhibited
higher RBD-specific IgG titers than the RBD group. In particular, the
RBD-specific IgG titers of the RBD-IC28-M group (3.9 x 10*) were higher
than those of RBD-IC28 (1.4 x 10*) and RBD-M groups (2.0 x 10%). This
reflected the synergistic adjuvant effects of conjugation with IC28 and
mannan.

3.6.2. RBD-specific IgG subclasses

As shown in Fig. 4b and c, the three conjugates all elicited RBD-
specific IgG1 and IgG2a titers. In particular, the Th2-type IgG1 titers
(Fig. 4b) of the five groups were higher than the corresponding Th1-type
RBD-specific IgG2a titers (Fig. 4c). This suggested a predominant Th2-
type immune response and moderate Thl-type immune response. It
should be mentioned that the RBD-IC28-M group showed the highest
RBD-specific IgG1 (3.0 x 10* and IgG2a titers (6.5 x 10°) the among
the five groups. This indicated that conjugation of IC28 and mannan
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Fig. 4. RBD-specific antibody responses to the conjugates. The sera on days 14 and 21 were obtained for RBD-specific IgG measurement (a). The sera on day 21 were
obtained for RBD-specific IgG1 (b), IgG2a (c) and IgM (d) measurements. Values represent the mean value + S.D. from 6 mice per group.
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synergistically increased the Thl- and Th2-type immune response.

3.6.3. RBD-specific IgM

As shown in Fig. 4d, the RBD-specific IgM titers of the five groups
were very low on day 21. As compared the RBD group at the third dose
(4.5 x 102), the RBD-IC28, RBD-M and RBD-IC28-M groups showed 1.2-,
2.4- and 2.3-fold increases in the RBD-specific IgM titers on day 21. The
RBD-specific IgM titers of the RBD-M group was comparable to those of
the RBD-IC28-M group. This indicated that conjugation with IC28 and
mannan increased the shift of the immune response from IgM to IgG.

3.7. Serum competition assay

The mice sera of the RBD-IC28-M group was subjected to a series of
2-fold dilution. The interaction between RBD and hACE2 in the presence
of the diluted mice sera was evaluated by SPR. As shown in Fig. 5a, the
several samples exhibited different response profiles during the incu-
bation time of 300 s. After normalization of the initial response to zero,
the response of the mixture in the presence of PBS buffer significantly
increased as a function of incubation time (Fig. 5b), indicating the strong
binding of RBD with hACE2. In contrast, the response of the mixture in
the presence of the 8000-fold diluted serum was slightly lower than that
in the presence of PBS buffer. The response of the mixture progressively
decreased as the dilution fold decreased. This indicated that the serum
could competitively inhibit the interaction between RBD and hACE2. In
particular, the mixture in the presence of the 125- or 250-fold diluted
sera was not responsive to the incubation time, indicating the 125- or
250-fold diluted sera could completely inhibit the interaction between
RBD and hACE2.

3.8. Authentic SARS-CoV-2 virus neutralization assay

The neutralization ability of RBD-IC28-M against authentic SARS-
CoV-2 virus was evaluated by the neutralization antibody titers of the
immunized sera. As shown in Fig. 6a, the cell survival percentage of the
three groups all decreased as the serum dilution increased in the pres-
ence of SARS-CoV-2. The cell survival percentage of the RBD-IC28-M
group was higher than the RBD (64.3) and the PBS groups. This indi-
cated that the neutralization antibody titer of the sera in the RBD-IC28-
M group (201.4) was higher than that in the RBD (64.3) and the PBS
groups (41.0). Thus, RBD-IC28-M exhibited a certain neutralization
ability against authentic SARS-CoV-2 virus.

3.9. Antibody avidity

The antibody avidity reflected the bonding degree of RBD and the
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RBD-specific IgG, and the induction of immunological memory. As
indicated in Fig. 6b, the three conjugates all showed higher avidity index
(AI) of the RBD-specific IgG than that of the RBD group (0.60). Partic-
ularly, the RBD-IC28-M group showed higher AI value (0.99) than the
RBD-IC28 group (0.73) and the RBD-M group (0.95). This suggested that
conjugation with IC28 and mannan synergistically increased the avidity
of the RBD-specific IgG.

3.10. Antigenicity

The antigenicity of the three conjugates was characterized by
detecting their binding affinity to hACE2, a critical characteristic
enabling them to neutralize authentic SARS-CoV-2. As shown in Fig. 7,
RBD exhibited higher binding affinity than RBD-IC28 as a function of
hACE2 concentrations. It was due to that the conjugated IC28 partially
shielded the binding domain of RBD with hACE2. In contrast, RBD-M
and RBD-IC28-M both displayed a higher binding affinity than RBD as
a function of hACE2 concentrations, which were comparable to each
other.

3.11. RBD-specific splenocyte proliferation

Splenocyte proliferation can reflect the effectiveness of vaccine to
induce the humoral and cellular immune response. Splenocyte prolif-
eration index (PI) was measured after stimulation of splenocyte with the
conjugates. As shown in Fig. 8a, the PI value of the RBD-IC28 group (2.2)
was higher than that of the RBD group (1.7) (P < 0.05) and lower than
that of the RBD-M group (2.6) (P < 0.05). Thus, conjugation with IC28
stimulated the RBD-specific splenocyte proliferation, and the ability was
lower than conjugation with mannan. In particular, the PI value of the
RBD-IC28-M group (2.8) was the highest in the five groups. This indi-
cated that conjugation with IC28 and mannan synergistically increased
the splenocyte proliferation.

3.12. Thl-type and Th2-type cytokines

The secretion pattern of cytokines was an important factor to direct
the immune response. As a typical Thl-type cytokine, IFN-y was
responsible for macrophage activation. IL-5 and IL-10 were assayed as
typical Th2-type cytokines. These cytokines in the cultures were
measured by ELISA after stimulation with RBD.

As shown in Fig. 8, the PBS and the RBD groups both exhibited low
levels of the three cytokines. As compared with the RBD group, the RBD-
IC28 group showed 1.1-, 1.6-, and 1.6-fold increase in the IFN-y
(Fig. 8b), IL-5 (Fig. 8c) and IL-10 (Fig. 8d) levels, respectively. As
compared with the RBD group, the RBD-M group showed 2.0-, 1.2- and
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Fig. 5. SPR analysis of the interaction between RBD and hACE2 in the presence of the diluted mice sera. The responses before (a) and after normalization of the
initial response to zero (b) were recorded during the incubation time of 300 s. The mixture of RBD and hACE2 was in the presence of PBS buffer (1), 8000- (2), 4000-
(3), 2000- (4), 1000- (5), 500- (6), 250- (7), and 125-fold (8) diluted sera of the RBD-IC28-M group, respectively.
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2.0-fold increase in the IFN-y, IL-5, and IL-10 levels, respectively. This
suggested that conjugation with IC28 or mannan could increase the Th1-
and Th2-type immune responses to RBD. In particular, the RBD-IC28-M
group showed the highest cytokine levels in the five groups. As
compared with the RBD group, the RBD-IC28-M group showed 2.9-, 1.8-
and 2.4-fold increase in the IFN-y, IL-5 and IL-10 levels, respectively.
Thus, conjugation of IC28 and mannan showed the additive effect to
increase the Thl- and Th2-type immune responses to RBD.

3.13. Toxicity study

Because antibody-drug conjugates (ADC) may render clinical toxicity
[48], it was necessary to evaluate the potential toxicity of RBD-IC28-M.
CK and LDH indicated the cardiac function; ALT, TP and ALB reflected
the hepatic function; UA revealed the renal function. The levels of these
substances in the sera were determined to evaluate their potential
toxicity to the cardiac, hepatic and renal functions of mice.

As shown in Table 1, the PBS group showed certain levels of these
substances. As compared with the PBS group, the RBD group showed no
significant differences in these parameters except a slightly higher LDH
level. The RBD-M group showed no significant differences in these pa-
rameters except slightly lower LDH and CK levels. The RBD-IC28-M
group showed no significant differences in these parameters except a
slightly lower CK level. This indicated that the three conjugates showed
no apparent toxicity to the cardiac, hepatic and renal functions of mice.
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4. Discussion

At present, it is necessary to develop affordable and accessible SARS-
CoV-2 vaccines that can provide immune protection especially for low-
and middle-income countries. RBD expressed by E. coli is amenable to
low cost and high-yield manufacturability with the general expression
yield of 0.1-2 g/L. In the present study, RBD from E. coli, IC28 and
mannan were conjugated in one entity (RBD-IC28-M). As two TLR li-
gands, IC28 and mannan both acted as the adjuvants for RBD. A SARS-
CoV-2 vaccine formulated by covalent conjugation of RBD with 1C28
and mannan represented a promising strategy to address this need. The
immunogenicity, antigenicity, viral neutralization and preliminary
safety of RBD-IC28-M were evaluated.

After in vitro stimulation with RBD, the splenocytes of the RBD-IC28-
M group generate high levels of IFN-y (75.1 ng/mL), a Th1-type cytokine
related to the innate immunity essential to control the viral infection.
RBD-IC28-M promoted high secretion levels of IL-5 (2675.5 pg/mL) and
IL-10 (688.1 pg/mL), two Th2-type cytokines in BALB/c mice. RBD-
IC28-M could strongly stimulate the splenocyte proliferation with a PI
value of 2.2. Thus, a potent cellular immune response was stimulated by
RBD-IC28-M. RBD-IC28-M also elicited high RBD-specific IgG titers (3.9
x 10%). Thus, RBD-IC28-M elicited a strong humoral immune response.
Moreover, the IgG2a and IgG1 levels increased after three immuniza-
tions, indicating that booster immunizations led to memory B-cell
activation.

After being infected by SARS-CoV-2, the viral infection may be
restrained by the rapidly-induced specific neutralizing antibodies
(NADs). The SARS-CoV-2 S protein is the primary target of NAbs, and the
immunodominant RBD accounts for >90 % of the neutralizing activity
in the COVID-19 convalescent sera and vaccinated individuals. As the
antigen of RBD-IC28-M, RBD from E. coli could bind ACE2 with a Kp of
2.98 x 1078 M, which was 7.0-fold of Kp of RBD expressed by the
HEK293 cells [48]. This was due to the absence of the disulfide bond
formation and glycosylation in RBD from E. coli. In our study, RBD-IC28-
M elicited a NAD titer of 201.4 in the BALB/c mice, indicating a certain
neutralizing activity against SARS-CoV-2. In addition, the cellular im-
munity elicited by RBD-IC28-M was expected to clear SARS-CoV-2. Next
study should be focused on the cellular immunity of RBD-IC28-M.

Conjugation of IC28 and mannan did not apparently alter the
structure of RBD. Mannan, a ligand of TLR-4 or TLR-2, could be recog-
nized via mannose receptor, dectin-2, and DC-SIGN, which induce Th1-
type and Th2-type immune response. Flagellin is a microbe-associated
molecular pattern that strongly activates the innate and adaptive im-
mune systems [42]. However, its intrinsic antigenicity may be an
obstacle for clinical development, since the generation of flagellin-
specific antibodies can preclude the presence of adjuvant activity
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Table 1

Toxicity study on the cardiac, hepatic and renal functions of the mice.
Sample LDH" CK” ALT® ALB! TP® UA'

(U/L) (U/L) (U/L) (g/L) (g/L) (pmol/L)

PBS 707.0 757.2 34.8 34.2 63.2 127.0
RBD 901.2 658.4 39.6 33.6 53.6 159.6
RBD-IC28 667.8 502.0 29.4 33.4 55.0 142.2
RBD-M 483.0 505.8 29.8 33.0 58.8 148.0
RBD-IC28-M 613.0 382.6 29.2 33.2 59.4 114.4

 Lactate dehydrogenase.

b Creatine kinase.

¢ Alanine aminotransferase.
4 Albumin.

¢ Total protein.

f Uric acid.

[42]. Interestingly, IC28 from bacterial flagellin stimulated the TLR5 but
displayed very low intrinsic antigenicity [41]. In our study, RBD-IC28-M
elicited significantly stronger immune responses than the RBD conju-
gated with IC28 or mannan alone (RBD-IC28 and RBD-M). Thus, IC28
and mannan could play the immunomodulatory activities for RBD in an
additive manner.

In RBD-IC28-M, 2-5 RBD molecules were conjugated with multiple
IC28 and mannan molecules in a lattice structure. This could increase
the epitopes of RBD and the avidities between RBD and B cell receptors
through the polyvalency effect. Conjugation ensured that RBD, IC28 and
mannan simultaneously reached the APCs. In addition, multimerization
of RBD in RBD-IC28-M increased the antigenicity of the epitopes and
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enhanced its hACE2-binding affinity, which in turn increased the
immunogenicity relative to soluble antigen. As a multiepitopic vaccine,
RBD-IC28-M could thus provide immunological diversity of response.
Moreover, the side effect of RBD expressed by E. coli was similar to that
of RBD expressed by HEK293 that was used for the current SARS-CoV-2
vaccines.

5. Conclusion

The conjugate (RBD-IC28-M) could elicit potent RBD-specific hu-
moral and cellular immune responses. RBD-IC28-M elicited high RBD-
specific IgG titers, and a neutralization antibody titer of 201.4. It also
induced high levels of Thl-type cytokines (IFN-y) and Th2-type cyto-
kines (IL-5 and IL-10), along with high antigenicity and no apparent
toxicity to the organs. The sera of the RBD-IC28-M group could
competitively interfere with the interaction of RBD and ACE2. In addi-
tion, conjugation of IC28 and mannan with RBD showed an additive
immunoproliferative effect to increase the humoral and cellular immune
response to RBD. Thus, conjugation of RBD with IC28 and mannan may
represent a promising approach to enhance the immunogenicity of RBD
against SARS-CoV-2. Moreover, our conjugation strategy may provide a
platform for preparation of protein-based vaccines against the emerging
viruses, such as monkey pox virus.
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