
 
 

 

180- fold for RBD-bann, all of them orders of magnitude higher than for the monomeric 

RBD. The third immunization only increased the titer for the monomeric RBD but not for 

others, demonstrating that the two immunizations should be sufficient to reach the 

plateau response. Analysis of the antibody classes (Fig.4) showed mainly IgG1, IgG2b 

and IgG3 with lower titers of IgM and IgA and no IgG2a, suggesting Th1-biased 

response, typically observed for the DNA vaccines72.  

 

Figure 3: Titer of total IgG antibodies against the RBD and Spike protein for immunization with 

plasmids for different scaffolded RBDs and scaffold alone. Mice were immunized with different 

combination of RBD plasmid DNA, complexed with jetPEI-in vivo transfection reagent, according to 

immunization protocol (A). End point titer (EPT) for total IgG against RBD (B-D) and against Spike protein 

(E-G). Graphs represent mean of EPT of group of mice (n=5 per group). Each dot represents an 

individual animal. *P< 0.05; **P < 0.01. All P values are from Mann-Whitney test. 
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Figure 4: Analysis of different classes of antibodies against RBD for different scaffolded RBDs 

and immunization by the scaffold. Mice were immunized with different combination of RBD plasmid 

DNA. End point titers 6 weeks after the first immunization of IgA (A), IgM (B), IgG1 (C), IgG2b (D) and 

IgG3 (E) against RBD protein were determined by ELISA. Graphs represent mean of EPT of group of 

mice (n=5 per group). Each dot represents an individual animal. 

 

While plasmids in combination with jetPEI transfection gent were used initially, further 

immunization experiments demonstrated that the use of naked plasmid DNA without 

added jetPEI did not decrease the antibody titer compared to immunization with 

complexed jetPEI- DNA mixture (Supplementary Figure 1). 

 

Neutralization of viral protein binding to the receptor by sera 

Neutralization of the viral engagement of the ACE2 receptor by the Spike protein was 

investigated by a neutralization test based on the inhibition of interaction between Spike 

and ACE2, that has been shown before to correlate well with neutralization of viral 

infection73. Results showed best neutralization by the sera of mice immunized by RBD-

bann vaccine with IC50 dilution of ~1:220 (Fig. 5a, Sup.Fig. 2). Viral neutralization was 

additionally tested using S-pseudotyped VSV viral assay (Fig. 5b). Similar as in the 
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interaction neutralization assay, best neutralization was obtained for the RBD-bann, 

followed by RBD-foldon-RBD, RBD-ferritin and RBD-AaLs. In both assays protection 

was low for immunization by DNA coding for RBD monomer.  

 

Figure 5: Neutralization of binding of viral RBD to the ACE2 receptor and inhibition of pseudoviral 

infection of cells by mouse antisera. A) Sera of mice immunized with DNA vaccines comprising 

scaffolded RBD were diluted and pre-incubated with Spike protein. Afterwards, Spike that bound to ACE2 

was detected using streptactin-HRP. Mean and SEM of 6 (RBD-AaLs) or 5 (all others) biological 

replicates are shown (A) Sera of mice immunized with DNA vaccines comprising scaffolded RBD were 

diluted 50-fold and Spike-pseudotyped virus infection of ACE2 and TMPRSS2 –transfected HEK293 cells 

was followed by luminescence. Mean and SEM of 6 (RBD-AaLs) or 5 (RBD-bann, RBD-foldon-RBD, 

RBD-ferritin) or 4 (empty pcDNA3 vector, RBD) biological replicates are shown (B). *P< 0.05, ***P < 

0.001 ****P < 0.0001. All P values are from one-way ANOVA followed by Tukey's multiple comparisons 

test. 

 

Immunization by RBD-bann facilitates protection in the surrogate animal infection 

model 

Mouse ACE2 is not able to bind RBD of the SARS-CoV-2, thus human ACE2 needs to 

be introduced to make mice sensitive to SARS-CoV-2 infection. A previous study 

introduced human ACE2 gene by the AAV delivery74. Here, we developed a model 

where hACE2 and TMPRRS was introduced into mice by intranasal transfection. SARS-
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CoV-2 Spike pseudotyped virus as used in the cell assay was used to test infection of 

mice in naïve as well as in immunized mice. Strong protection of pseudoviral infection in 

mice immunized by RBD-bann and lower in mice immunized by a monomeric RBD was 

observed (Fig. 6). Although this assay has several limitations as the pseudotyped virus 

is not able to replicate, it is nevertheless able to recapitulate the neutralization efficiency 

by the immunization since the antibodies target the viral recognition of the cellular 

receptor and, importantly, it does not require biosafety level 3 animal facilities, making it 

safer and faster to use by a wider range of researchers. 

 

Figure 6. Protection of pseudoviral infection by DNA plasmid immunization in a mouse model. 

Mice were immunized by two injections of plasmids separated by two weeks. After one month hACE2 and 

TMPRRS was introduced by intranasal plasmid transfection followed by intranasal infection with 

SARS_CoV-2 S-typed virus (PV). Luminescence based on pseudovirus intranasal infection was 

measured after 24 hrs (A). Bioluminescence imaging revealing the protective state of immunized animals 

against pseudovirus infection in animals. Subsequent quantification of bioluminescence average radiance 

was carried out (B, C). Dashed line represent merging of pictures of mice from the same test group taken 

separately. Each dot represents an individual animal (pcDNA3 n=4; RBD and RBD-bann n=5). **P< 0.01. 

All P values are from Mann-Whitney test. 
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Spike protein-specific cytotoxic T cells from immunized animals 

An important branch of the immune response is cellular immunity mediated by T 

lymphocytes. Since the RBD also contains several T cell epitopes it is expected to 

trigger both CD4 helper as well as CD8 cytotoxic specific T cell response. After the DNA 

immunization we harvested mice spleens and subsequently isolated CD8 cells. By 

coculturing them with hACE2 transfected mouse NIH-3T3 cells that were infected with 

pseudovirus we observed strong specific augmented cell killing primarily for RBD-bann 

construct and production of IFN (Fig. 7, Supp.Fig.3) suggesting that this type of 

vaccine may be able to offer protection through elimination of virus-infected cells. Also, 

stimulation of mouse splenocytes from DNA immunized mice, with Spike peptide pool 

led to highest T cell cytokine production in RBD-bann vaccinated mice (Fig. 7c) 

 

Figure 7: Spike protein-specific cytotoxic killing by lymphocytes from immunized animals. 

Cytotoxic T cell killing from immunized mice against cells expressing viral S protein. Mice were 

immunized with different combinations of RBD plasmid DNA and at the end of the experiment spleens 

were harvested. The cytotoxic effect of isolated CD8+ T cells was determined on hACE2 and TMPRRS 

transfected NIH-3T3, followed by pseudovirus infection. Twenty-four hours, bioluminescence was 

determined (A). Based on radiance values, obtained from pseuodovirus infection, specific lysis of NIH-

3T3 cells was calculated (B). Mouse splenocytes from DNA immunized animals were stimulated with 

Spike peptide pool and 24 hours afterwards IFNγ was measured (C). Each dot represents spleen cells 

from an individual animal (n=4). **P< 0.01, ***P< 0.001. All P values are from one-way ANOVA followed 

by Tukey's multiple comparisons test. 
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Immune response against the scaffold in a genetic fusion with the target antigen 

Despite many reports of different types of scaffolds for VLPs, immune response against 

the scaffold has been seldomly evaluated. While no effect has been reported in some 

cases, there are reports on the impaired immune response in case of using the same 

scaffolding or delivery platform47,48. Preexisting antibodies could opsonize the active 

agent in the subsequent immunization based on fusion with the same scaffold or vector 

and in case of genetically encoded vaccines, such as DNA, RNA or different vectors 

cells that produce the scaffold might be targeted by the existing cytotoxic lymphocytes. 

Even if it is not clear to what extent the antibodies against the scaffold hinder immune 

response in subsequent immunization, it should be advantageous for the scaffold to be 

as small as possible and hypoimmunogenic. In case of β-annulus peptide and foldon, 

the smallest scaffolding domains tested in this study, the response of antibodies to the 

immunization by the scaffolding peptides was not detectable, while lumazine-synthase 

exhibited strong immunogenic properties (Fig. 8). In case of foldon this is most likely 

due to its small size, as it has been reported to be quite immunogenic when fused to a 

larger cargo protein61. On the other hand weak response against the β-annulus peptide, 

which by itself forms large particles is most likely due to its hypoimmunogenicity based 

on its amino acid composition and therefore represents a highly suitable scaffold.  

We aimed to further decrease the immune response against the scaffold by priming and 

booster injection of a plasmid with a different scaffold a each stage (β-annulus and 

foldon). Results demonstrated that the titer against the RBD remained as high as the 

immunization with the same scaffolded RBD (Supp. Fig. 5), while the response against 

the scaffold was minimal (Supp. Fig. 4).  
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Figure 8: Immunogenicity of the scaffolding domains. Mice were immunized with different 

combination of RBD plasmid DNA. Titers of total IgG antibodies against foldon, β-annulus and lumazine 

synthase scaffold were tested. Graphs represent mean of EPT of group of mice (n=5 per group). Each dot 

represents an individual animal. 

 

Discussion 

Presentation of antigens, particularly their multimeric state, plays an important role in 

protective immune response triggered by vaccines30,75. Efficient presentation of antigen 

protein domain could improve the immune response for vaccines, such as against 

SARS-CoV-2, where the structural information is available on the cellular recognition. 

Several scaffolds for protein oligomerization with well-defined structure have been used 

for vaccines against different antigens, including many from viruses31,38,39,46,65,76. 

Several recent reports on vaccines using RBD exhibited high neutralization and 

protection against the infection7,25. Although even monomeric RBD protein produced a 

response7, it was substantially stronger against the dimeric RBD25. Here we provide a 

comparison of four different types of genetically encoded scaffolds fused to the RBD 

and implemented as DNA vaccines. We demonstrate that strongly increased antibody 

responses are generated already by the hexamerization scaffold, however most potent 

responses were obtained by scaffolds that form large oligomers. Antibody titers in this 

study were comparable to several other vaccines that advced to clinical trials4,5,7,9.The 

size and the degree of multimerization was not the only important factor for the 
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observed level of neutralization as the RBD-AaLs that presents 60 copies of the antigen 

was less efficient in comparison to the 24 copies of the RBD presenting RBD-ferritin and 

6 copies in the RBD-foldon-RBD. One reasons for the difference could be that the 

lumazine synthase presents the antigen in a different spatial arrangement in 

comparison to foldon and ferritin, while in RBD-bann assembly the presented oligomeric 

unit of the RBD may be governed by the intrinsic oligomerization propensity of the RBD. 

Scaffolded presentation of antigen generated robust T cell response which supported 

generation of neutralizing antibodies and generation of cytotoxic lymphocytes that could 

counteract the infection. This indicates that the RBD domain is sufficient as the source 

of T cell epitopes. 

Significant attention has been devoted to the presentation of antigens on different 

scaffolds in a precisely defined geometry45,77, however the results of fusion with β-

annulus peptide, that apparently generates polydisperse but large oligomers, suggest 

that precise positioning may not be required, unless for the generation of desired  

natural-like arrangement of the epitopes, such as e.g. trimerization of viral protein 

domains. This advantage could be explained by the wide distribution of distances 

between the B-cell receptors in the clusters in the fluid cellular membrane29. Results 

using DNA scaffolds to investigate the role of spatial arrangement and stoichiometry 

suggest that the BCR activation increases for the separation distance of the epitopes 

from 7-28 nm45. Even in our smallest hexameric assembly the distance between the 

epitopes was around 8 nm, and exceeded 27 nm in larger assemblies (e.g. RBD-AaLS). 

Insoluble aggregates based on amyloid fibril-forming peptides as the scaffolds for 

vaccines50,53 are likely not efficiently transported to the lymph nodes and germinal 

centres34,78. An additional explanation for the efficiency of the β-annulus scaffolded 

vaccine may be a dynamic equilibrium between the oligomeric states of the assembly, 

which may facilitate the trafficking and presentation to B-lymphocytes. T cell response 

as shown here also plays an important role in both generation of antibodies as well as 

for the cytotoxic activity. 

Small scaffolds have the advantage of maximizing the fraction of the antigen and are 

more likely to be hypoimmunogenic, avoiding nonproductive or potentially even harmful 

diversion of the immune response. While foldon has been reported to be strongly 
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immunogenic in the context of fusion to other proteins and attempts were made to 

silence its immunogenicity by glycosylation61, its positioning at the core of the RBD-

foldon-RBD assembly likely decreased its exposure to the B-cell receptors. The other 

tested small scaffold, β-annulus peptide contains predominantly weakly immunogenic 

residues and our results demonstrate that immunization with β-annulus peptide that 

forms large assemblies resulted in a weak immune response. Vaccination with AaLs-

scaffolded RBD on the other hand generated strong antibody response against the 

scaffold.  

DNA vaccines have demonstrated particularly good efficiency as priming agents in 

protein booster combination79,80, which could be used as an implementation for the 

vaccine presented. Combinations of vaccines based on different scaffolds for the prime 

and boost step could additionally decrease the immune response against the target and 

focus the response to the target RBD domain. Further, prime-boost combinations that 

involve DNA vaccine have been shown to boost mucosal immunity80–82 suggesting 

therapeutic advantage for Covid-19. 

While we have used DNA delivery platform to induce production of oligomeric RBD in 

situ in the tissue, the same scaffolding strategy and domains could be used for other 

delivery platforms, including isolated proteins, mRNA as well as diverse viral platforms 

as the scaffolding improved presentation of antigens and immune response. 

Nevertheless it needs to be investigated if this strategy of presentation is efficient also 

for other protein antigens. 

As a conclusion genetic fusion of target antigen to small scaffolding domain enables fast 

design and implementation as nucleic acid based vaccines particularly in case of 

epidemic emergencies. Assemblies that present multiple copies of the RBD as 

presented here are promising candidates for clinical studies as a vaccine against 

Covid19 and represent a platform for vaccines against other emerging viral diseases. 
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Supplementary Figure 1: DNA plasmid immunization with naked DNA. Mice were immunized with 20 

μg per animal of naked DNA (empty vector, RBD, RBD-bann), dissolved in 150 mM NaCl. End point titer 

(EPT) for total IgG against RBD (A) and against Spike protein (B) were determined by ELISA. Graphs 

represent mean of EPT of group of mice (n=6 per group). Each dot represents an individual animal. *P< 

0.05; ****P < 0.0001. All P values are from one-way ANOVA followed by Dunnett's multiple comparisons 

test. 
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Supplementary Figure 2: Neutralization assay based on inhibition of ACE2 Spike interaction in the 

presence of sera of DNA immunized mice. Different mice sera dilutions were incubated with Spike 

protein. By ELISA test, inhibition of Spike and ACE2 protein was determined, indicating neutralization 

effect of anti-Spike antibodies, found in DNA immunized mice. 
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Supplementary Figure 3: Bioluminscence measurement of pseuodvirus infection of hACE2 and 

TMPRRS transfected NIH-3T3 after the addition of mouse isolated CD8+ cells. Twenty-four hours 

later bioluminscece was measured in cell coculture of mouse isolated CD8+ cells and NIH-3T3 cells, 

infected with pseudovirus.   
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Supplementary Figure 4: Total IgG in mice that underwent switch immunization. Mice were 

immunized with combinations of differently scaffolded RBD plasmid DNA (β-annulus and foldon) for prime 

and boost immunization. Titers of antibodies against RBD after prime and boost (A,B) and against Spike 

protein (C, D) were determined via ELISA. Graphs represent mean of EPT of group of mice (n=6 per 

group). Each dot represents an individual animal. To determine NS, Mann-Whitney test was performed.  
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Supplementary Figure 5: Total IgG against scaffold in mice that underwent switch immunization. 

Mice were immunized with combinations of differently scaffolded RBD plasmid DNA (β-annulus and 

foldon) for prime and boost immunization and vice versa. Titers of antibodies against scaffold (depicted in 

blue) after prime and boost were determined via ELISA. Graphs represent mean of EPT of group of mice 

(n=6 per group). Each dot represents an individual animal.  
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