
CORRESPONDENCE

Improvement of a SARS-CoV-2 vaccine by enhancing the
conjugation efficiency of the immunogen to self-assembled
nanoparticles
Xiantao Zhang1, Yaochang Yuan1, Bolin Wu1, Xuemei Wang1, Yingtong Lin1, Yuewen Luo1, Rong Li1, Tao Chen1, Jieyi Deng1,
Xu Zhang1, Fan Zou2, Xin He 1✉ and Hui Zhang 1✉

© The Author(s), under exclusive licence to CSI and USTC 2021

Cellular & Molecular Immunology (2021) 18:2042–2044; https://doi.org/10.1038/s41423-021-00736-2

TO THE EDITOR:
Coronavirus disease 2019 (COVID-19) has become a worldwide
public health emergency, threatening public health and global
stability [1]. The development of a safe and effective vaccine is
urgently needed to control the pandemic. Generally, nanoparticle
(NP) vaccines can generate a more potent immune response than
mRNA vaccines [2]. We and others have developed various self-
assembled NP vaccines, which employ a SpyTag/SpyCatcher
conjugation system to present immunogens on the surface of
NPs [3, 4]. However, the conjugation between immunogens and
NPs is not efficient enough for satisfactory application. In this
study, to further improve the presentation of antigens on the NPs,
we developed a GvTagOpti/SdCatcher system derived from
Gardnerella vaginalis and Streptococcus dysgalactiae, respectively,
to present immunogens on NPs with much higher efficiency,
eliciting more potent immune responses in mice than the original
SpyTag/SpyCatcher.
We previously equipped the receptor-binding domain (RBD) of

the Spike protein from SARS-CoV-2 on the surface of a Helicobacter
pylori nonheme ferritin (HPF) scaffold to generate an RBD subunit-
based NP vaccine [3], which elicited a robust immune response in
both mice and Rhesus macaques. However, the conjugation
efficiency of SpyCatcher-HPF-NP and SpyTag-RBD was frequently
less than 40% in the preparation of the SARS-CoV-2 vaccine, which
significantly limits its production for application (Fig. 1A). Immu-
nogens are usually presented on the surface of NPs by chemical or
biological modification, such as isopeptide bonds [5]. Isopeptide
bond formation was monitored by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie
blue, which showed irreversible covalent conjugation that
remained stable under extreme conditions, such as high basic
detergent SDS or high temperature (Fig. 1A–C) [4, 6, 7].
CnaB2 was artificially split into a SpyTag, the 13-residue peptide

including the reactive Asp117, and a SpyCatcher, the 116-residue
domain from the rest of the protein, to form the isopeptide bond
[6]. To improve immunogen presentation by enhancing conjuga-
tion, we screened CnaB2 proteins in various bacterial strains,
including Gardnerella vaginalis (Gv), Granulicatella balaenopterae

(Gb), Peptostreptococcus sp. (Ps), Streptococcus anginosus subsp.
(Sa), and Streptococcus dysgalactiae (Sd). We split these CnaB2s
into the Tag peptide and Catcher protein domains for the St/Sc
system, followed by construction and purification of Tag-GFP and
Catcher-HPF (Fig. S1A). GvCatcher-HPF and GbCatcher-HPF were
excluded from our experiments due to their low solubility
(Fig. S1B). We found that the conjugation of SdCatcher-HPF with
GvTag-GFP, PsTag-GFP, or SaTag-GFP was markedly greater than
that of other combinations (Fig. 1B, lanes 11, 13, and 14). The
conjugation experiments showed that the production of all the
new series of Tag-RBD and Catcher-HPF constructs was twofold
greater than that of the original SpyTag/SpyCatcher systems.
Among them, the conjugation of GvTag-RBD- to SdCatcher-HPF
generated the highest yield (Fig. S2A).
To further increase the binding affinity between Tag and

Catcher, we further studied the proposed structure underlying the
spontaneous formation of a covalent isopeptide bond between
Lys31 and Asp107 in the CnaB2 structure (PDB: 2X5P) [8]. We
added extra amino acids, such as KVG, RVG, or KKVG, at the N-
terminus of GvTag to construct GvTag-2(Opti), GvTag-3 or GvTag-
4, respectively (Fig. S2B). There could be an interaction between
Lys1 (GvTag-2, GvTag-4) or Arg1 (GvTag-3) in Gv-Tag and Asp22 in
SdCatcher because of charge attraction and a similar structural
distance between Lys31 and Asp107, which can form a covalent
isopeptide bond (Fig. S2B). By heating at 95 °C for 10 min in
loading buffer containing 2% SDS and 0.5% dithiothreitol (DTT)
followed by SDS-PAGE analysis with Coomassie staining, we found
that GvTagOpti-RBD exerted a strong covalent conjugation
capability with SdCatcher-HPF (Fig. 1C) (Fig. S2C). As a result, we
successfully developed and optimized a GvTagOpti/SdCatcher
(Gv/Sd) system for covalent bond formation with a much higher
efficiency.
To further compare the binding affinity between GvTagOpti/

SdCatcher (Gv/Sd) and SpyTag/SpyCatcher (St/Sc), we analyzed the
interactions between the newly modified conjugates with surface
plasmon resonance methodology. The affinity of GvTagOpti-RBD to
SdCatcher-HPF (Kd= 8.87 × 10−7 M) was much stronger than that of
SpyTag-RBD to SpyCatcher-HPF (Kd= 2.68 × 10−6 M) (Fig. 1D).
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Fig. 1 Development of a Gv/Sd linker system for assembling nanoparticles with high efficiency to improve the SARS-CoV-2 vaccine. A The
assembly efficiency of the previous St/Sc construct was analyzed by coincubating SpyTag-RBD with SpyCatcher-HPF, followed by SDS-PAGE
analysis with Coomassie staining. B The binding efficiency was evaluated by coincubating the various combinations of Tag-GFP and Catcher-HPF,
followed by SDS-PAGE analysis with Coomassie staining. C The covalent conjugation ability was assessed by coincubating SdCatcher-HPF with
various GvTag-RBDs, followed by heating at 95 °C for 10min in loading buffer and subsequent SDS-PAGE analysis with Coomassie staining.
D Surface plasmon resonance (SPR) was used to analyze the affinity between Tag-RBDs and Catcher-HPFs. E TEM images and two-dimensional
(2D) reconstruction of each nanoparticle. Scale bars represented 100 nm. F SEC of RBD-Gv/Sd and RBD-St/Sc nanoparticles. The ultraviolet
absorptions at 280 are shown. The retention volume represents the peak of each nanoparticle. G Schematic of BALB/c mouse vaccination. Five
mice from each group were prime/boost vaccinated with NP vaccines at weeks 0 and 4. Serum was collected every two weeks. All mice were
euthanized at week 8. H SARS-CoV-2 RBD-specific IgG titers of immunized BALB/c mice at week 6 were detected by ELISA. IgG antibody titers in
serum were determined by serial dilution and are represented as the reciprocal of the endpoint serum dilution [3]. I RBD-specific IgG titers at each
collection point were calculated and plotted as a time-course curve. J The FRNT50 of nAbs of each vaccine group was determined by FRNT and is
represented as the half-maximal inhibitory concentration (IC50) against authentic virus, which is the reciprocal of the half-maximal neutralizing
dilution (n= 5). The left panel shows representative FRNT spot wells within the 1:100 and 1:1000 dilution groups. Data represent the mean ± SEM
(n= 5). Adjusted p values were calculated by one-way ANOVA with Tukey’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤
0.0001. K HE staining was evaluated in the major organs of high-dose mice. L The body weight of each mouse was measured every 3 days, and the
mice were treated subcutaneously with various doses of GvTagOpti-SdCatcher protein. Data represent the mean ± SEM (n= 5). M A series of liver
and renal function tests was performed 2 weeks after the GvTagOpti-SdCatcher protein treatments, including measurement of ALT (alanine
aminotransferase), AST (aspartate aminotransferase), BUN (blood urea nitrogen), and CRE (creatine) levels
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Moreover, transmission electron microscopy was also carried out to
check the structural characteristics of the RBD-Gv/Sd NPs. As shown
in Fig. 1E, compared with those of RBD-St/Sc, the spike-like dots on
the surface of RBD-Gv/Sd NPs were more numerous and sharper in
structure, indicating potent immunogen presentation on NPs with
Gv/Sd. Furthermore, size exclusion chromatography results showed
that RBD-Gv/Sd had a better distribution regarding homogeneity
and purity, indicating well-structured NP formation (Fig. 1F).
Collectively, these results demonstrated that Gv/Sd was an effective
conjugation system at the protein level.
To evaluate the efficacy of the RBD NP vaccine with GvTagOpti/

SdCatcher (RBD-Gv/Sd), 10 μg of RBD-Gv/Sd NP vaccine, RBD
NP SpyTag/SpyCatcher vaccine (RBD-St/Sc), or RBD-GvTagOpti
monomer vaccine was formulated with alum adjuvant to prime-
boost immunize BALB/c mice (Fig. 1G). We found that the
production of RBD-specific IgG was elicited at a much higher level
and earlier by the RBD-Gv/Sd vaccine than by the previous RBD-St/
Sc vaccine (Fig. 1H) (Fig. 1I), indicating that RBD-Gv/Sd induces a
more robust immune response than RBD-St/Sc. In addition,
compared with the neutralizing immune sera from RBD-St/Sc
vaccinated mice against SpyTag/SpyCatcher protein, the sera from
Gv/Sd mice had fewer antibodies against GvTagOpti/SdCatcher
protein, indicating a lower immunogenicity of Gv/Sd itself, as
expected (Fig. S3A).
To further confirm whether neutralizing antibodies (nAbs)

whose production was induced by the RBD-Gv/Sd vaccine could
block SARS-CoV-2 infection, a focus reduction neutralization test
(FRNT) was performed. The 50% FRNT titer of the serum from RBD-
Gv/Sd group mice was more than 1.87 × 104, 21-fold higher than
that of serum from GvTagOpti-RBD monomer group mice (Fig. 1J).
Moreover, the neutralizing capacity against authentic virus of
serum nAbs from RBD-Gv/Sd group was also more potent than
that of serum nAbs from the RBD-St/Sc group, suggesting that the
Gv/Sd conjugate maintained an antigen presentation configura-
tion similar to that of the St/Sc conjugate (Fig. 1J). These results
indicated that the RBD-Gv/Sd NP vaccine elicited more robust
humoral immune responses than the GvTagOpti-RBD monomer
and RBD-St/Sc NP vaccines. The RBD NP vaccines with Gv/Sd
induced a more potent immune response than St/Sc in mouse
models.
To test the safety of the RBD-Gv/Sd vaccine, we expressed and

purified the Gv/Sd fusion protein as previously described [6]. The
Gv/Sd fusion protein was injected subcutaneously into the mice at
doses of 0, 10, or 100 mg/kg individually. There were no significant
changes in body weight for 2 weeks after the injections (Fig. 1L).
Furthermore, no abnormalities in blood samples or tissue samples
were observed, including those from the heart, liver, lung, spleen,
and kidney (Fig. 1K) (Fig. 1M) (Fig. S3C). The alanine amino-
transferase, aspartate aminotransferase, blood urea nitrogen, and
creatine levels were all in the normal ranges, indicating no
damage to hepatic and renal functions (Fig. 1M). Histological
sections of the tissue samples after acute exposure to the Gv/Sd
fusion protein also showed no obvious pathological changes
(Fig. 1K). In particular, specific antibodies against the Gv/Sd
protein in healthy people were barely detectable (Fig. S3B). These
results indicated that the Gv/Sd system is safe and suitable for
application in the field of vaccine development.
To further improve the NP vaccine to combat COVID-19 based

on our previous work, we modified the covalent linkers between
the immunogen and NP scaffold by screening a series of natural
CnaB2 proteins with isopeptide bonds in human symbiotic
bacteria. We identified that the Gv/Sd combination was the most
potent in the development of SARS-CoV-2 NP vaccines, which was
then used in the ferritin NP-based SARS-CoV-2 vaccine to generate

higher binding affinity and conjugation efficiency. The SARS-CoV-2
NP vaccine with Gv/Sd generated much earlier and higher titers of
RBD-specific immune response and neutralizing antibodies.
Furthermore, Gv/Sd-immunized mice had lower antibody titers
against the GvTagOpti-SdCatcher protein itself, indicating lower
immunogenicity of Gv/Sd than St/Sc. Moreover, pre-existing
antibodies against GvTagOpti-SdCatcher protein were nearly
undetectable in healthy people, suggesting the application of
this construct for clinical use. More importantly, Gv/Sd did not
cause any pathological change in the mouse organ tissues in an
acute toxicity experiment. Overall, Gv/Sd significantly improves
RBD-ferritin-based NP assembly, generating an effective and safe
vaccine against SARS-CoV-2 infection. Notably, the novel Gv/Sd
allows a much more productive strategy for SARS-CoV-2 NP
vaccines, demonstrating a potent system with high efficacy,
robust immune response induction, and low toxicity for the
development of NP vaccines.
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