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1. Introduction

Coronavirus disease 2019 (COVID-19), 
caused by infection with severe acute res-
piratory syndrome coronavirus 2 (SARS-
CoV-2), emerged in late 2019, causing a 
global pandemic that has lasted for more 
than 2 years. Under the cooperative efforts 
of the science community and the vac-
cine industry, several types of COVID-19 
vaccines, including inactivated vaccines,[1] 
adenovirus-based vaccines,[2] mRNA vac-
cines,[3] and recombinant protein vac-
cines,[4] have been approved and used for 
vaccination worldwide. In general, recom-
binant protein vaccines have typically 
shown lower immunogenicity than virus 
and mRNA vaccines and hence require 
the usage of various adjuvants.

The trimeric spike protein of SARS-
CoV-2 contains the receptor-binding 
domain (RBD) that binds to the human 
angiotensin-converting enzyme 2 (ACE2) 
receptor on the membrane of epithelial 
cells. Blocking the binding between RBD 
and ACE2 can effectively inhibit and pre-
vent viral infection.[5] A high titer of serum 
antibody against the RBD protein can be 

detected in COVID-19 patients 10 days after symptom onset.[6] 
In SARS-CoV-2-infected patients, significant humoral and T-cell 
responses to RBD are detected. Thus, both the RBD and spike 
protein are key targets as COVID-19 vaccine antigens. Impor-
tantly, RBD can be easily produced at a high yield with classic 
CHO cell-based antibody production platform technology and 
existing commercial facilities. Due to the small molecule size 
of RBD, various efforts have been made to enhance its immu-
nogenicity. Some nanoparticle COVID-19 vaccines designed as 
RBD dimers[7] have been shown to elicit more potent immune 
responses than RBD monomers. Other strategies have also 
been used for the development of surface-displayed SARS-
CoV-2 RBD protein vaccine candidates, including virus-like 
particle (VLP) platforms,[8] liposomes,[9] ferritin nanocages,[10] 
Lactobacillus plantarum,[11] and Saccharomyces cerevisiae.[12] These 
studies confirm that particulate presentation strategies for the 
RBD immunogen promote RBD uptake into antigen-presenting 
cells, thus inducing stronger antibody responses.

The ongoing COVID-19 pandemic caused by SARS-CoV-2 has led to millions 
of deaths worldwide. Streptococcus pneumoniae (S. pneumoniae) remains a 
major cause of mortality in underdeveloped countries. A vaccine that pre-
vents both SARS-CoV-2 and S. pneumoniae infection represents a long-sought 
“magic bullet”. Herein, a nanoparticle vaccine, termed SCTV01B, is rationally 
developed by using the capsular polysaccharide of S. pneumoniae serotype 
14 (PPS14) as the backbone to conjugate with the recombinant receptor-
binding domain (RBD) of the SARS-CoV-2 spike protein. The final formulation 
of conjugated nanoparticles in the network structure exhibits high thermal 
stability. Immunization with SCTV01B induces potent humoral and Type 1/
Type 2 T helper cell (Th1/Th2) cellular immune responses in mice, rats, and 
rhesus macaques. In particular, SCTV01B-immunized serum not only broadly 
cross-neutralizes all SARS-CoV-2 variants of concern (VOCs), including the 
most recent Omicron variant, but also shows high opsonophagocytic activity 
(OPA) against S. pneumoniae serotype 14. Finally, SCTV01B vaccination 
confers protection against challenges with the SARS-CoV-2 mouse-adapted 
strain and the original strain in established murine models. Collectively, these 
promising preclinical results support further clinical evaluation of SCTV01B, 
highlighting the potency of polysaccharide-RBD-conjugated nanoparticle 
vaccine platforms for the development of vaccines for COVID-19 and other 
infectious diseases.
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Polysaccharide vaccines against bacterial infections have 
been well developed. In particular, the conjugation of poly-
saccharides to protein carriers has been used to improve  
immunogenicity, and several polysaccharide–protein conjugate 
vaccines are now available to prevent Haemophilus influenzae 
type B (Hib), Neissera meningitides, and S. pneumoniae infec-
tions.[13] At present, tetanus or diphtheria toxoid proteins are 
the most common carrier proteins used; few viral proteins have 
been used as carriers.[14] Interestingly, polysaccharides were 
reported as antigen-loaded nanocarriers in HIV peptide vac-
cines.[15] In particular, the capsular polysaccharide of S. pneumo-
niae serotype type 14 (PPS14), which is an acidic polysaccharide 
composed of repeating linear and branched oligosaccharide 
units, can mediate conjugated antigen cross-interaction with 
B-cell receptors (BCRs), C-type lectin receptors (CLRs), and 
mannose receptors (MRs) on antigen-presenting cells (APCs) 
such as dendritic cells (DCs) and then promote antigen inter-
nalization, processing, and presentation.[16] The presence of 
these secondary signals is supposed to enhance antigenicity 
and induce an antigen-specific T-cell response, such as in 
meningococcal meningitis. The serogroup C polysaccharide is not 
immunogenic in children younger than 2  years of age, while 
a three-dose regimen of meningococcal glycoconjugate vaccines 
elicits specific anti-polysaccharide antibody titers in infants and 
young children.[17] Otherwise, S. pneumoniae serotype 14 is one 
of the most common types worldwide, and hence, it is one of 
the most important serotypes included in all pneumococcal 
conjugate vaccines.

At present, no polysaccharide-conjugated vaccine has been 
developed to prevent SARS-CoV-2 or other viral diseases. 
In this study, we designed and prepared a novel nanopar-
ticle vaccine by chemically conjugating recombinant SARS-
CoV-2 RBD and PPS14. Preclinical studies have demonstrated  
that SCTV01B vaccination induced potent and broad neu-
tralizing antibodies and cellular immune responses against 
SARS-CoV-2 in mice, rats, and nonhuman primates, as well 
as high OPA against S. pneumoniae serotype 14. Therefore, 
SCTV01B represents a promising vaccine candidate for pre-
venting both COVID-19 and S. pneumoniae infection-related 
pneumonia.

2. Results

2.1. Design, Preparation, and Characterization of SCTV01B

To prepare the polysaccharide–protein conjugated nano-
particle vaccine, PPS14 was used as the antigen-backbone 
nanocarrier to couple with the recombinant RBD protein 
of SARS-CoV-2 (Figure 1a). Recombinant RBD (319–531 aa) 
was expressed in Chinese hamster ovary (CHO) cells, and 
the molecular size of recombinant glycosylated RBD pro-
tein ranged from 28 to 32  kD with a band purity >99.9% 
(Figure  1b). The BLI results showed that recombinant RBD 
protein could specifically bind to its receptor ACE2 with an 
affinity of 58 × 10−9 m (Figure 1c). Meanwhile, PPS14 was sep-
arated from S. pneumoniae lysates by centrifugation, ultrafil-
tration, acid precipitation, and subsequent purification with 
chromatography and ultrafiltration (Figure  1a). The nuclear 

magnetic resonance (NMR) spectrum of three lots of PPS14 
showed identical signal peaks at the corresponding areas 
(Figure 1d). Then, the chemical conjugation process of PPS14 
and SARS-CoV-2 RBD protein was performed at an average 
ratio of 1:13 using the reductive amination method (Figure 1a). 
The developed RBD/PPS14 conjugate had a protein/polysac-
charide mass ratio of 0.7:1, as detected by ultraviolet (UV) and 
phenol–sulfuric acid (PHS) methods. Quantitative analysis 
of the SEC-HPLC results showed that the target component 
of conjugated SCTV01B was >92% (Figure S1, Supporting 
Information). Transmission electron microscopy (TEM) anal-
ysis indicated that the conjugated SCTV01B was composed 
of nanoparticles with diameters ranging from 8 to 23  nm 
(Figure 1e). Importantly, the differential scanning fluorimetry 
(DSF) results showed that SCTV01B exhibited high thermal 
stability based on Tm and Tagg and polymerized until 74.0 °C 
(Figure 1f ). Taken together, these results showed that recom-
binant SARS-CoV-2 RBD was successfully conjugated with 
PPS14, and the resulting SCTV01B nanoparticles were quite 
thermally stable.

2.2. SCTV01B Induced Robust Humoral and T-Cell Responses  
in Mice and Rats

To evaluate the immunogenicity of SCTV01B, adult hACE2 
mice[18] and aged BALB/c mice[19] were used for intramuscular 
immunization with SCTV01B combined with adjuvant or an 
equal volume of adjuvant alone as a negative control three 
times over an interval of 21  days (Figure 2a,f). The results 
indicated that both RBD-specific IgG and pseudovirus (PSV)-
neutralizing antibodies in two mice were elevated in a dose-
dependent manner after the second injection. RBD-specific 
IgG titers after vaccination with SCTV01B in hACE2 mice 
at 1, 3, and 10  µg using the prime/boost regimen reached 
1/67 806, 1/128 000, and 1/215269 (Figure  2b), and NT50 titers 
reached 1/2985, 1/26 262, and 1/17 614 (Figure  2c) at day  
14 postboosting, respectively. A further boost with a third dose 
increased anti-RBD IgG titers and NT50 titers by an average 
of four- to fivefold in all dose groups (Figure  2b,c; Table S1, 
Supporting Information), and the titers could be maintained 
for at least 7  weeks without obvious decreases (Figure S2a,b, 
Supporting Information). Similarly high levels of immune 
responses were also observed in the aged BALB/c mice after 
immunization with 1 and 3  µg of SCTV01B with three injec-
tions, with the highest IgG titer of >104.9 and NT50 titer of 104.0 
(Figure 2g,h; Table S2, Supporting Information). Furthermore, 
strong RBD-specific IgG and NT50 titers were also observed in 
adult BALB/c mice vaccinated with 1 and 10 µg of SCTV01B 
(Figure S3a,b, Supporting Information) and in SD rats vacci-
nated with 20 or 60 µg of SCTV01B (Figure S3c,d, Supporting 
Information).

RBD-specific IFN-γ (Th1, Type 1 T helper cell) or IL-4 (Th2, 
Type 2 T helper cell)-positive splenic spot-forming cells (SFCs) 
were detected by ELISpot assays. The results indicated that 
strong cellular T-cell responses were observed in hACE2 mice 
(Figure  2d,e; Table S3, Supporting Information) and aged 
BALB/c mice (Figure  2i,j; Table S4, Supporting Information) 
after two doses of SCTV01B. Meanwhile, obviously increased 
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IFN-γ+ CD4+ T and CD8+ T cells in the total splenic population 
detected by ICS assay were observed in SCTV01B-vaccinated  
hACE2 mice and aged BALB/c mice (Figure S4a,c,e,g, Sup-
porting Information). The activated RBD-specific CD40L+ 
(CD154+) T-cell responses that helped B cells with efficient iso-
type switching[20] to secrete the high-affinity RBD-specific neu-
tralizing antibodies are shown in Figure S4b,d,f,h (Supporting 
Information).

2.3. SCTV01B Induced Potent Humoral and Th1-Biased Cellular 
Immune Responses in Mice

To evaluate the contribution of PPS14 to SCTV01B-induced 
immunity, we compared the immune responses induced by 
SCTV01B or unconjugated RBD antigen with the same adju-
vant in adult BALB/c mice. The results showed that SCTV01B 
induced a 23-fold higher IgG titer and a 5.5-fold higher NT50 

titer than the unconjugated RBD at day 21 after the priming 
dose, indicating that the PPS14-conjugated nanoparticle 
antigen was much more immunogenic and induced a more 
rapid immune response. After two weeks of the boost dose, 
a time when the vaccine was predicted to induce a peak anti-
body titer in mice, SCTV01B induced a comparable IgG titer 
but a 3.7-fold higher NT50 titer than RBD (Figure 3a,b). ELISpot 
results also showed that SCTV01B induced a higher frequency 
of splenic RBD-specific IFN-γ-SFCs than RBD (Figure  3c) 
and a similar frequency of splenic RBD-specific IL-4-SFCs 
as RBD (Figure  3d). As a result, the ratios of IFN-γ-SFCs to  
IL-4-SFCs in the SCTV01B group were higher than those in 
the RBD group (Figure  3e). Therefore, SCTV01B can induce 
more effective neutralizing antibodies and a Th1-baised cellular 
immune response profile in mice, demonstrating its significant 
advantages and desired features for an effective vaccine com-
pared with the unconjugated RBD antigen, which induced a  
Th2-biased immune response.

Adv. Mater. 2022, 34, 2200443

Figure 1. Design and Characterization of SCTV01B. a) Experimental design and workflow for the preparation of SCTV01B. The SARS-CoV-2 RBD was 
expressed in CHO cells. PPS14 was produced from S. pneumoniae by the acid precipitation method and conjugated with RBD utilizing the reductive 
amination method. b) Identifying the molecular weight of RBD by NuPAGE. c) Binding affinity of RBD to its ACE2 receptor using the BLI method.  
d) NMR spectrum of PPS14 saccharide residue components and structure analysis (3 lots): containing glucose and N-acetyl glucose groups with peaks 
at 4.88 ppm (parts per million) and galactose groups with peaks at 4.87 ppm. Peaks in the 4.59–3.50 ppm region were attributed to ring protons, and 
peaks in the 2.18 ppm region were attributed to N-acetyl groups. e) Transmission electron microscopy of SCTV01B showed nanoparticles with hetero-
geneous diameters (scale bar = 50 nm). f) The thermostability of SCTV01B was characterized by Tm and Tagg.
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2.4. SCTV01B Protected Mice from SARS-CoV-2 Challenge  
in Murine Models

To further explore the protective efficacy against SARS-CoV-2 
in mice with prolonged time post-vaccination, hACE2 mice[18] 
were intranasally challenged with 5.6 × 105 PFU of SARS-CoV-2 
(BetaCoV/Beijing/IMEBJ05/2020) at 2 months after three doses 
of vaccination, and then viral load and histological changes 
in the lung tissues were determined at 5 or 7  days postinfec-
tion (dpi), respectively (Figure 4a). The results indicated that 
PBS-injected control mice showed high levels of viral RNAs 
(above 108 RNA copies g−1) in the lung tissues at 5 and 7 dpi. 
As expected, immunization with 1 or 3  µg SCTV01B signifi-
cantly decreased the virus load to the detection limit level, 
representing a reduction in the virus load of >3.1 log10 at 7 dpi 
(Figure  4b, Table S5, Supporting Information). More impor-
tantly, the histological results showed that immunization with 
3  µg SCTV01B completely protected the mice from SARS-
CoV-2-reducing lung damage, and immunization with 1 µg of 
SCTV01B significantly alleviated lung damage at 5 dpi with 
only mild lesions of alveolar epithelial cells, focal hemorrhage, 
and inflammatory cell infiltration (Figure 4c).

Aging is a significant risk factor for severe COVID-19 and 
death in humans.[21] The protective effects of SCTV01B vac-
cination were also assessed in aged BALB/c mice with a lethal  

mouse-adapted SARS-CoV-2 strain MASCp36.[22] Following vac-
cination with 1  µg of SCTV01B or vehicle PBS alone twice for 
1 month, mice were randomized and inoculated with 6 × 103 PFU 
of mouse-adapted SARS-CoV-2 MASCp36 (Figure  4d). Survival 
curve analysis showed that all mice in the PBS control group devel-
oped typical respiratory symptoms and eventually succumbed to 
severe acute respiratory disease syndrome (ARDS) within 5 days 
after MASCp36 challenge. Fortunately, all SCTV01B-vaccinated 
mice survived throughout the observation period (Figure  4e). 
Meanwhile, SCTV01B vaccination resulted in a ≈600-fold reduc-
tion (p  <  0.01) in viral RNA load compared with mice in the 
PBS control group at 3 dpi (Figure 4f). Histological examination 
revealed that lung tissues from the PBS control mice exhibited 
moderate to severe interstitial pneumonia, including increased 
thickness of the alveolar septum, inflammatory cell infiltration 
and congested blood vessels. The lung tissues from the SCTV01B-
vaccinated mice displayed fewer lung lesions (Figure 4g).

2.5. SCTV01B Induced Potent Humoral and Balanced Th1/Th2 
Cellular Immune Responses in Nonhuman Primates

To further explore the immunogenicity of SCTV01B in non-
human primates, 10  µg of SCTV01B was administered to 
rhesus macaques for two doses at 21-day intervals. The results 
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Figure 2. SCTV01B stimulates potent RBD-specific humoral and T-cell responses in both adult hACE2 mice and aged BALB/c mice. a,f). Schematic 
diagram of SCTV01B immunization and sample collection. Briefly, adult hACE2 mice and aged BALB/c mice were intramuscularly immunized with 
various doses of SCTV01B (1, 3, and 10 µg for hACE2 mice; 1 or 3 µg for aged BALB/c mice), and an equal volume of adjuvant alone was used as 
the negative control three times over an interval of 21 days. For detection of humoral response, tail vein blood samples were collected after each 
vaccination on schedule to prepare serum samples. The serum geometric mean RBD-specific antibody titer and NT50 titer against the Wuhan-Hu-1 
strain were determined by enzyme-linked immunosorbent assay (ELISA) and SARS-CoV-2 PSV neutralization assays at the indicated time points post-
immunization, respectively. The dashed black lines indicate the limit of detection (LOD). The LOD of the RBD-specific antibody ELISA is 1000, and the 
LOD of the SARS-CoV-2 pseudovirus neutralization assay is 40. For detection of the T-cell response, mice were euthanized at 8 days for hACE2 mice 
or 25 days for aged BALB/c post first-boost immunization, and their spleens were dissected for enzyme-linked immunospot (ELISpot). b,c,g,h). RBD-
specific IgG titer (b,g) and NT50 titer (c,h) in sera of hACE2 mice (n = 6–16 per group) and aged BALB/c mice (n = 4–27 per group), respectively. Levels 
of RBD-specific IgG titers and NT50 titers were compared across different dose groups of SCTV01B in hACE2 mice and in the 1 µg SCTV01B group after 
three injections in both hACE2 mice and aged BALB/c mice by unpaired two-tailed Welch’s tests. *p ≤ 0.0186, **p ≤ 0.0064, and ****p < 0.0001 represent 
statistical significance. The unlabeled comparisons were not significant, with p ≥ 0.0507. d,e,i,j) The frequencies of RBD-specific IFN-γ SFCs (d,i) and 
IL-4 SFCs (e,j) in total splenocytes from hACE2 mice (n = 4 per group) and aged BALB/c mice (n = 2–9 per group) were determined by ELISpot. The 
adjuvant and different doses of SCTV01B were compared across groups by unpaired two-tailed Welch’s tests. *p ≤ 0.0447, ***p = 0.0007. The unlabeled 
comparisons were not significant, with p ≥ 0.0655. Individual animal values are indicated by colored symbols.
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showed that SCTV01B vaccination induced high levels of anti-
RBD IgG titers at 2 weeks post-prime immunization. The levels 
of the anti-RBD IgG titer peaked with 1/1149401 at day 14 post-
boosting, with a 29-fold increase compared with the peak titer 
after prime vaccination (Figure 5a). A more obvious increase 
of 177-fold in the peak NT50 titer after boost dose was observed 
in the SCTV01B-vaccinated rhesus macaques (Figure  5b). 
RBD-specific IFN-γ-SFCs and IL-4-SFCs were significantly 
increased at 7 days postboosting, and a high ratio of IFN-γ-
SFCs and IL-4-SFCs was observed in the SCTV01B-vaccinated 
group (Figure 5c–e). Additionally, serum samples from rhesus 
macaques vaccinated with SCTV01B at 21 days after boosting 
vaccination were tested for NT50 titer against the pseudoviruses 
of the original Wuhan-Hu-1, D614G strain (B.1); VOCs: Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and its 
subtypes AY.1, AY.2, and AY.3, and Omicron (B.1.1.529); variants 
of interest (VOIs): Lambda (C.37), Mu (B.1.621); variants under 
monitoring (VUMs): Epsilon (B.1.427, B.1.429), Iota (B.1.526), 
and Kappa (B.1.617.1); and other variants such as B.1.618 strains. 
The results demonstrated that SCTV01B induced a broad 
spectrum of neutralizing antibodies against SARS-CoV-2 vari-
ants due to sequence conservation, as the neutralization titers 
were similar against both the original D614G and Wuhan-Hu-1 

strains, moderately decreased against the Alpha, Delta, Lambda, 
and Epsilon variants, and 7–25-fold decreased against the Beta, 
Gamma, Mu, Iota, Kappa, and Omicron variants with the E484 
substitution (Figure 5f; Table S6, Supporting Information).

2.6. SCTV01B Immunization Induced a Protective Immune 
Response to PPS14 in Rhesus Macaques

Because our nanoparticle vaccine SCTV01B contained both RBD 
and PPS14 as immunogens, we further sought to determine 
whether protective immunity against S. pneumoniae was induced. 
Serum samples from SCTV01B-immunized rhesus monkeys 
were tested. As expected, the background anti-PPS14 antibody 
titer was low but increased dramatically and reached >104 after 
two injections of SCTV01B (Figure 6a). The serum also showed 
high opsonophagocytic activity (OPA) against S. pneumoniae sero-
type 14 compared with that of the adjuvant control (Figure 6b,c). 
A previous study has indicated that the level of OPA portended 
good protective efficacy in monkey models.[23] These results 
indicated that in addition to prevention of COVID-19, SCTV01B 
would probably have the added potential benefit of prophylaxis 
against S. pneumoniae serotype 14-related pneumococcal disease.

Adv. Mater. 2022, 34, 2200443

Figure 3. SCTV01B enhances RBD-specific immune responses in BALB/c mice. BALB/c mice (n = 8 per group) were immunized with 1 µg RBD or 
SCTV01B for two injections. a) Anti-RBD IgG titer was tested by ELISA. b) The NT50 titer against the Wuhan-Hu-1 strain was analyzed by a SARS-
CoV-2 PSV neutralization assay. The dashed black lines indicate the LOD. c) The numbers of RBD-specific IFN-γ-SFCs and d) IL-4-SFCs in splenocytes 
were determined by ELISpot at 13 days postboosting. e) The ratios of IFN-γ-SFCs to IL-4-SFCs were calculated RBD and SCTV01B were compared by 
unpaired two-tailed Welch’s tests. *p = 0.0397, **p ≤ 0.0089, and ****p < 0.0001. p = 0.8121 (NS) represented not significant. Individual animal values 
were indicated by colored symbols.
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3. Discussion

This study reports a novel COVID-19 vaccine candidate com-
posed of nanoparticles of PPS14-conjugated RBD protein and 
squalene-based emulsion adjuvant. Our results indicated 
that the conjugation of RBD proteins with PPS14 polysaccha-
rides and the formation of nanoparticles led to significantly 
enhanced immunogenicity compared with unconjugated RBD 
protein. Two injections of SCTV01B with adjuvant enhanced 
antigen presentation and recruitment of immune cells[24] and 
induced potent RBD-specific humoral responses and balanced 
Th1 and Th2 immunity in animal models, including aged 
BALB/c mice and rhesus macaques. High neutralizing anti-
body titers with sustained Th1 responses were considered to 
correlate with protection against viral replication.[25] Th1-biased 
immune responses have favorable antiviral properties, whereas 
Th2-biased responses have been associated with vaccine-asso-
ciated enhanced respiratory disease (VAERD).[26] Thus, the 
immune profile induced by SCTV01B in mice indicated a low 
risk of vaccine-enhanced disease upon SARS-CoV-2 challenge.

SCTV01B exhibited broad-spectrum and high neutralizing 
antibody titers against various SARS-CoV-2 variants, especially 
the VOCs (B.1.617.2 and its subtype AY.1, AY.2, AY.3, and B.1.1.7, 
B.1.351), but reduced titers against P.1, B.1.1.529, B.1.621, and 
B.1.526 with E484 substitution. An obvious decrease in neutrali-
zation titers against the Beta variant was also reported in humans 
who were injected with the original strain SARS-CoV-2 vaccines, 
such as BNT162b2,[27] ChAdOx1,[27] and Ad26.COV2. S,[27–28]  
mRNA-1273,[29] NVX-CoV2373,[29b] and ZF2001.[30] In addition, 

a remarkable decline in neutralization against the Omicron 
variant by sera from COVID-19 vaccine recipients was veri-
fied.[31,32] Therefore, a third boosting dose or new vaccine based 
on variants is needed to further improve the spectrum of neu-
tralization against pandemic variants and enhance its antiviral 
effect.

Improvements in viral load and pathology in the lungs of a 
nonlethal hACE2 mouse model are key indexes for evaluating 
the protective efficacy of NVX-CoV2373.[33] SCTV01B vaccina-
tion demonstrated clear protective efficacy in a published non-
lethal hACE2 virus challenge mouse model[22] using common 
assessment protocols. More importantly, it significantly pro-
tected aged mice from SARS-CoV-2 infection-induced pneu-
monitis, lung damage, and death. These data suggest that 
this novel vaccine may be a promising vaccine candidate for 
the prevention of SARS-CoV-2 infection-induced COVID-19 in 
humans, especially elderly people.

PPS14, as a component of SCTV01B, was used to increase the 
diameter of RBD antigen nanoparticles to dozens of nanometers 
and target the antigen to DC cells by binding to sugar receptors 
expressed on DC cells, which enhanced vaccine internalization, 
phagocytosis, and presentation by antigen-presenting cells such 
as macrophages and DCs.[16a,b] We found that vaccination with 
the same dose of SCTV01B induced more potent humoral and 
cellular immune responses than vaccination with recombinant 
RBD (Figure  3). Interestingly, vaccination with SCTV01B also 
induced potent anti-PPS14 antibodies with high OPA in rhesus 
monkeys (Figure  6). In some animal and clinical studies, the 
OPA levels have been well demonstrated as a better surrogate 

Adv. Mater. 2022, 34, 2200443

Figure 4. Protective efficacy of SCTV01B in hACE2 mice and aged BALB/c mice. a,d) Schematic diagram of the protective experiment in hACE2 mice 
and aged BALB/c mice. b) The viral load in the lungs of hACE2 mice at 5 and 7 dpi was analyzed in the indicated groups (n = 6 in the PBS group and 
n = 3 in the vaccinated groups). Comparisons were performed by two-tailed Mann–Whitney tests. **p ≤ 0.0013. p = 0.1840 (NS) represents not signifi-
cant. The dashed line indicates the LOD of 4.8 log10 RNA copies g−1. c) Representative histopathology in the lungs of SCTV01B- and PBS-vaccinated 
hACE2 mice after challenge with SARS-CoV-2 at 5 dpi. e) Percentage survival of aged BALB/c mice after vaccination with SCTV01B and PBS control 
(n = 6 per group). Comparisons were performed by two-tailed Mann–Whitney tests. ***p = 0.0002. f) The viral load in the lungs of aged BALB/c mice 
at 3 dpi. Comparisons were performed by two-tailed Mann–Whitney tests. **p = 0.0015. The dashed line indicates the LOD of 4.8 log10 RNA copies g−1. 
g) Representative histopathology in the lungs of SCTV01B- and PBS-vaccinated aged BALB/c mice after challenge with SARS-CoV-2. Scale bar: 200 µm. 
Individual animal values are indicated by colored symbols.
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Figure 5. SCTV01B stimulates potent RBD-specific immune responses in rhesus macaques. Rhesus macaques were immunized with adjuvant alone 
(n = 2) or 10 µg SCTV01B (n = 6) for two injections. a) The RBD-specific IgG titer measured by ELISA. b) NT50 titer against the Wuhan-1 strain detected 
by the SARS-CoV-2 PSV neutralization assay. The dashed line indicates the LOD. c) The frequency of IFN-γ-SFCs and d) IL4-SFCs in PBMCs was 
determined by ELISpot. e) The ratios of IFN-γ- to IL-4-SFCs were calculated. Comparisons were made between the prime (D21) and boost (D28) injec-
tions of SCTV01B and performed by two-tailed Welch’s tests. *p = 0.0293, **p = 0.0022. p = 0.1412 (NS) represents not significant. f) Broad-spectrum 
neutralization activities against SARS-CoV-2 Wuhan-Hu-1, D614G, VOCs (Alpha, Beta, Gamma, Delta, and the Omicron subvariants), VOIs (Mu and 
Lambda), and VUMs (Epsilon, Kappa, and Iota) were measured by PSV neutralization assay. Individual animal values are indicated by colored symbols.

Figure 6. SCTV01B stimulates anti-PPS14-specific antibody responses in rhesus macaques. Rhesus macaques (n =  6) were immunized with 10 µg 
SCTV01B for two injections. a) The anti-PPS14-specific IgG titer measured by ELISA. The dashed line indicates the LOD. b) Representative photo of  
S. pneumoniae serotype 14-specific opsonophagocytic assay in 10× or 50× SCTV01B-immunized serum. Each dilution had three duplicates. c) OPA in  
50× dilutions of SCTV01B-immunized sera (n  =  6) determined by opsonophagocytic assay. The SCTV01B and adjuvant groups were compared by 
two-tailed Mann–Whitney tests. *p = 0.0357. Individual animal values are indicated by colored symbols.
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marker of vaccine efficacy than IgG titers.[34] For example, a 
minimum OPA titer with one-eighth conferred protection in 
a mouse model and was correlated with protection in infants 
vaccinated with pneumococcal conjugate vaccine.[34b] Similarly, 
the OPA titers measured from sera of human infants vac-
cinated with PCV15 also showed a good correlation with that 
observed in infant rhesus macaques. In contrast, there was no 
correlation in serum IgG levels between human infants and 
animal models.[23] Additionally, passive protective efficacy was 
also observed in an S. pneumoniae mouse challenge model by 
administering human serum with high OPA titers.[35] Thus, 
immunization with SCTV01B was supposed to confer a full 
protection against S. pneumoniae infection.

The adjuvant used in SCTV01B is an oil-in-water emulsion 
adjuvant containing squalene, which can enhance both humoral 
and cellular immune responses and improve the overall protec-
tive efficacy of vaccines.[36] This type of adjuvant was reported to 
enhance the immunogenicity of the Hib-polysaccharide conju-
gate vaccine[37] and was used in the influenza vaccine FLUAD 
to generate a strong immune response in elderly adults above 
65 years old for prophylaxis of the flu. Both the long durability 
of responses and the increase in CD154-expressing CD4+ T and 
CD8+ T cells, which indicated robust memory B-cell responses, 
were observed in SCTV01B-immunized mice by using this 
type of adjuvant (Figures S2 and S4, Supporting Information). 
Therefore, SCTV01B can be a promising vaccine candidate 
for COVID-19, and the strategy of polysaccharide-conjugated 
protein-based vaccines could be of value in fighting infectious 
diseases.

4. Experimental Section
All experiments with live SARS-CoV-2 were performed in biosafety level 
3 (BSL3) facilities and approved by the Animal Experiment Committee 
of Laboratory Animal Center, Beijing Institute of Microbiology and 
Epidemiology (approval number: IACUC-DWZX-2020-002). All animal 
experiments were conducted according to the Chinese animal use 
guidelines and were approved by the Institutional Animal Care and Use 
Committee (IACUC) (approval number: ACU21-929).

Statistical Analysis: Serum anti-RBD titer, NAT50 titer, and anti-PPS14 
titer were plotted with individual values and presented as geometric 
mean ± SD. RBD-specific T cells of IFN-γ, IL-4, or CD154, viral load of 
lung tissues, and OPA activity of serum were plotted with individual 
values and presented as arithmetic means ± SD. Comparisons among 
groups were conducted by unpaired, two-tailed t-test with Welch’s tests 
in immunogenicity study or Mann–Whitney tests in virus challenging 
study using GraphPad Prism 8. p-Value of *<0.05, **<0.01, ***<0.001,  
and ****<0.0001 were considered statistically significant.

Details of the reagents and experimental methods used can be found 
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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