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Vaccination has played a critical role in mitigating COVID-19. Despite the availability of licensed 
vaccines, there remains a pressing need for improved vaccine platforms that provide high protection, 
safety, and versatility, while also reducing vaccine costs. In response to these challenges, our aim 
is to create a self-adjuvanted vaccine against SARS-CoV-2, utilizing Virus-Like Particles (VLPs) as 
the foundation. To achieve this, we produced bacteriophage (Qβ) VLPs in a prokaryotic system and 
purified them using a rapid and cost-effective strategy involving organic solvents. This method aims 
to solubilize lipids and components of the cell membrane to eliminate endotoxins present in bacterial 
samples. For vaccine formulation, Receptor Binding Domain (RBD) antigens were conjugated using 
chemical crosslinkers, a process compatible with Good Manufacturing Practice (GMP) standards. 
Transmission Electron Microscopy (TEM) confirmed the expected folding and spatial configuration of 
the QβVLPs vaccine. Additionally, vaccine formulation assessment involved SDS-PAGE stained with 
Coomassie Brilliant Blue, Western blotting, and stereomicroscopic experiments. In vitro and in vivo 
evaluations of the vaccine formulation were conducted to assess its capacity to induce a protective 
immune response without causing side effects. Vaccine doses of 20 µg and 50 µg stimulated the 
production of neutralizing antibodies. In in vivo testing, the group of animals vaccinated with 50 µg 
of vaccine formulation provided complete protection against virus infection, maintaining stable body 
weight without showing signs of disease. In conclusion, the QβVLPs-RBD vaccine has proven to be 
effective and safe, eliminating the necessity for supplementary adjuvants and offering a financially 
feasible approach. Moreover, this vaccine platform demonstrates flexibility in targeting Variants of 
Concern (VOCs) via established conjugation protocols with VLPs.
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SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2), the causative agent of COVID-19 
(Coronavirus Disease 2019)1, was responsible for a global pandemic resulting in over 775 million cases and 
7 million deaths2. While no longer considered a public health emergency of international concern, the World 
Health Organization (WHO) has emphasized that the persistent nature of the pandemic highlights the crucial 
need for long-term management strategies for SARS-CoV-2. Continuous vaccination campaigns are imperative 
until either the emergence of new variants of concern (VOCs) ceases or vaccines provide lasting immunity3–5.

Coronaviruses like SARS-CoV-2 enter host cells by attaching to Spike glycoproteins (S proteins) on their 
surface6. The Receptor Binding Domain (RBD) of the Spike protein binds to host cell receptors, making it the 
primary target for anti-SARS-CoV-2 vaccine development. Patients who recover from infection often have 
neutralizing antibodies targeting the Spike protein, particularly the RBD, in their blood7,8. Among vaccine 
platforms, subunit antigens are widely acknowledged as one of the safest and most effective strategies for vaccine 
development9. However, they do not inherently generate a strong immune response and require the use of 
adjuvants in vaccine formulations10, most of which only moderately inducing the Th1 immune response crucial 
for combating viral infections like COVID-1911. Additionally, the availability of adjuvants is limited - only a 
small number is licensed for human use – and their use increases vaccine costs.

Virus-like particles (VLPs) are emerging as an exceptionally promising vaccine platform due to their ability 
to generate potent and long-lasting immune responses12–14. Unlike traditional vaccines and newer technologies 
such as viral vector and mRNA vaccines, VLPs do not contain viral genetic material, thus eliminating the risks 
associated with replication and transmission, and enhancing safety. Their structural similarity to actual viruses 
enables VLPs to effectively engage both B and T cells through antigen-presenting cells (APCs), resulting in a 
robust and sustained immune reaction. VLPs also offer significant advantages in terms of stability, versatility, 
and ease of production, potentially reducing both costs and manufacturing time compared to other platforms. 
Additionally, VLPs’ ability to mimic viral surface proteins and present them as pathogen-associated molecular 
patterns (PAMPs) allows for a highly effective immune response and memory development. Their stability, lack 
of allergenicity, and adaptability to various expression systems—such as bacteria, yeast, and mammalian cells—
make them suitable for a wide range of applications, including vaccines for SARS-CoV-2, HIV, Ebola, Dengue, 
Chikungunya, etc. These attributes make VLPs a significant choice among both traditional and emerging vaccine 
technologies, combining high safety and immunogenicity with practical production advantages15–19.

Several vaccines based on VLPs have already been licensed and are commercially available for diseases such 
as Hepatitis B (Engerix-B® and Recombivax HB®), Human Papillomavirus (Gardasil® and Cervarix®), Hepatitis E 
(Hecolin®), and Malaria (Mosquirix™)20. At present, multiple vaccine candidates based on VLPs are being tested 
in clinical and preclinical trials across different expression systems, targeting a range of infectious diseases and 
other health conditions16,21–25.

Given the persistent global efforts to address COVID-19, there is a pressing need to investigate novel vaccine 
strategies to overcome current challenges. Recent developments in vaccine technology have demonstrated the 
potential of VLPs as an effective and safe vaccine platform. VLPs-based vaccines have already shown success in 
combating other infectious diseases, evidencing their capability to elicit strong immune responses and provide 
sustained protection. This context highlights the importance of further research into VLP-based vaccines 
for COVID-19, focusing on improving their efficacy and minimizing the need for additional adjuvants. This 
study contributes to this effort by developing a self-adjuvanted VLP-based vaccine for COVID-19, utilizing the 
inherent strengths of VLPs to stimulate a robust immune response against SARS-CoV-2 while addressing the 
limitations of existing vaccine approaches.

Materials and methods
Experimental design
The Covid-19 vaccine investigated in this study was developed through a systematic three-step experimental 
approach, as outlined in the flowchart (Fig. 1) of the experimental design. Step 1 entailed an understanding of 
the antigen utilized, specifically the RBD of the Spike protein. We then evaluated the use of VLPs that could 
be produced efficiently under favorable conditions, characterized by low cost and high immunogenicity. 
Additionally, the antigen needed to be readily conjugated to the VLPs using a simple and replicable strategy. For 
this purpose, we selected Qbeta bacteriophage (Qβ) VLPs due to their exposed lysine amino groups, which are 
well-suited for antigen coupling via bifunctional crosslinkers without disrupting VLPs self-assembly. The vaccine 
was subsequently formulated and characterized, as detailed in the section “Production and Characterization of 
the VLPs-Based Vaccine.”

In Step 2, we aimed to determine the optimal vaccine dose and assess the immunological response induced. 
For this, isogenic C57BL/6 mice were employed to evaluate both the humoral and cellular immune responses 
elicited by the vaccine formulation, along with the ability of the antibodies to neutralize SARS-CoV-2. The 
final phase, Step 3, also involved C57BL/6 mice, but specifically those genetically modified to express human 
ACE2 (human ACE2 knock-in mice). The reasons behind the choice of such an approach are two-fold: to 
provide consistency of experimental lineage, allowing comparative analysis with previous results, and to adopt 
a model that expressed the relevant receptor for SARS-CoV-2 infection, facilitating a more accurate assessment 
of the vaccine’s protective efficacy. Mice were vaccinated with the most effective doses identified from prior 
experiments. Following vaccination, the mice were challenged with SARS-CoV-2 as described. Clinical signs 
were monitored, and at the conclusion of the study, viral load and potential tissue damage in the lungs of both 
vaccinated and unvaccinated challenged mice were evaluated and compared to a control group that was not 
challenged.
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Production and characterization of the VLPs-based vaccine
The vaccine was produced using the QβVLPs, based on the coat protein (CP) which forms a uniform VLPs, 
with an encapsulated toll-like agonist (Fig. 2A and B). For that, synthetic E. coli plasmid of the QβVLPs was 
constructed by Creative Biostructure (Ramsey Road Shirley, NY 11967, USA), cloning the CP gene from Qβ 
bacteriophage into pET28a(+) without a 6x-His tag. The constructed plasmid was then used to transform BL21 
(DE3) E.coli competent cells obtained from Thermo Fisher Scientific. Recombinant expression of the QβVLPs 
was carried out in Hannahan’s Broth (SOB medium) for 16 h at 30 °C and 200 rpm. When the optical density 
at 600 nm (OD600nm) reached 0.6, 1 mM IPTG was added to induce protein expression. After induction, 
the bacterial cell suspension was centrifuged at 5,000 rpm for 15 min, and the resulting cellular sediment was 
resuspended in PBS. Subsequently, the cells were lysed by sonication for 15 min using a 35% potency (10 s on 
and 15 s off). The lysate was then centrifuged, and both the supernatant and pellet fractions were analyzed using 
SDS-PAGE to assess protein expression. For purification of the QβVLPs, 10% (w/v) PEG 8,000 was added to 
the supernatant fraction, and the mixture was incubated overnight on a nutating mixer at 4 °C to precipitate 
total proteins. The precipitate was collected by centrifugation at 9,000 rpm for 30 min. The resulting pellet was 
resuspended in PBS at pH 7.2 and mixed with an equal volume of a 1:1 chloroform/isobutanol mixture until it 
formed a colloid. The mixture was then centrifuged at 9,000 rpm for 1 h to separate the layers. The top (aqueous) 
layer was collected, and dialysis with PBS at pH 7.2 was performed to remove any remaining organic solution.

The total QβVLPs were quantified using the Pierce BCA Protein Assay kit from Thermo Scientific, USA. The 
purity of the QβVLPs was assessed using SDS-PAGE, Western blotting, and transmission electron microscopy 
(TEM) (Fig. 2 C-E).

To conjugate the RBD protein to Qβ VLPs, chemical modifications were performed based on established 
protocols with modifications26–29. Initially, the RBD protein was incubated with a 7.5-fold excess of SATA 
(N-succinimidyl-S-acetylthioacetate) for 30 min. Excess SATA was removed by diafiltration, and hydroxylamine 
hydrochloride was subsequently added at a 1:10 (v/v) ratio. The mixture was incubated at room temperature 
for three hours to introduce reactive sulfhydryl groups into the RBD protein. Following this, the excess 

Fig. 1.  Flowchart of the experimental design. 
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hydroxylamine hydrochloride was removed, and the protein was dialyzed against PES buffer (20 mM sodium 
phosphate, 2 mM EDTA, and 30% (w/v) sucrose, pH 7.2).

The purified QβVLPs were then treated with SMPH (succinimidyl-6-(b-maleimidopropionamido) hexanoate) 
cross-linker at a 10-fold molar excess and incubated at room temperature for 30 min. Unreacted SMPH was 
removed by diafiltration, and the VLPs were dialyzed with PES buffer. Subsequently, the RBD protein, prepared 
with sulfhydryl groups, was mixed with the SMPH-activated QβVLPs in equimolar amounts. The conjugation 
reaction was allowed to proceed for four hours at room temperature to achieve covalent linkage of the RBD 
protein to the QβVLPs.

The vaccine formulation was analyzed using 15% SDS-PAGE under reducing conditions, followed by 
Coomassie brilliant blue staining. For western blot analysis, the gels were electro blotted onto nitrocellulose 
membranes (Bio Rad, USA) using Trans-Blot® SD Semi-Dry Transfer Cell Blots (Bio Rad, USA). Besides, aliquots 
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of QβVLPs alone or QβVLPs displaying RBD were used to be analyzed by TEM. For that, the samples were 
diluted to a concentration of 0.5 µg/µL, and subsequently applied to glow-discharged, carbon-coated Formvar 
copper grids obtained from Electron Microscopy Sciences30. The dried grids were then examined usin a LEO 
906E transmission electron microscope from Zeiss, Germany, operating at an acceleration voltage of 80 kV. 
Images were acquired at a magnification of 129, 300x.

Stereomicroscopic imaging was performed to analyze the trafficking of the VLPs alone and the vaccine 
formulation to lymph nodes of mice, as previously described15,30. For that, QβVLPs alone and QβVLPs-RBD 
were labeled with hyperimmune anti- QβVLPs and anti-RBD and subsequently labeled with Alexa Fluor 488 
(AF488) and Alexa Fluor 594 (AF594), according to the manufacturer’s instructions (Thermo Fisher Scientific). 
The particles were injected subcutaneously (s.c.) into the C57BL/6 mice footpad and measured the draining 
kinetics. Fluorescent light illumination with a ZEISS Axio Zoom.V16 camera was used for imaging.

Procedures involving animals
All animal experiments in this study were performed in accordance with relevant guidelines and regulations, 
adhering to Brazilian Federal Law 11.794, which regulates the scientific use of animals, and State Law 11.977, the 
Animal Protection Code of São Paulo. The project protocol received approval from the Animal Ethics Committee 
(CEUA) of the Institute of Biomedical Sciences, University of São Paulo (Protocol number 133290720). This 
study is reported in accordance with ARRIVE guidelines to ensure comprehensive oversight, maximizing 
research quality, reliability, and transparency.

C57BL/6 mice were purchased from the Central Animal Facility of the Faculty of Medicine at the University 
of São Paulo, while knockin human ACE2 (B6.Cg-Tg(K18-ACE2)2Prlmn/) mice were obtained from “The 
Jackson Laboratory,” Bar Harbor, Maine, USA. Animals were housed in ventilated autoclaved cages (Alesco, 
Brazil) under specific pathogen-free conditions with controlled temperature, humidity, and a 12:12 light-dark 
cycle. In scientific studies involving the mice, the use of ketamine (100 mg/kg) and xylazine (10 mg/kg) were 
implemented for anesthesia, offering effective sedation and analgesia. This combination enhances safe handling 
and reduces stress during experimental procedures. Furthermore, isoflurane served as an inhalational anesthetic 
for both short and prolonged procedures, ensuring consistent maintenance of anesthesia and stable physiological 
conditions throughout the study.

At the conclusion of each experiment, animals were humanely euthanized using an approved Schedule 1 
method (cervical dislocation). These practices uphold ethical standards and ensure compliance with animal 
welfare regulations throughout the study.

Assessment of the immunological capacity generated by the vaccine formulation
To assess the capacity of the VLPs-based vaccine to induce humoral and cellular immune response, as well as 
neutralizing antibodies against the SARS-CoV-2, experiments were conducted using female C57BL/6 mice, and 

Fig. 2.  VLPs-based vaccine production and characterization. (A) The QβVLPs (PDB 1QBE) tridimensional 
structures, highlighting the high exposure number of linker conjugation points, as well as the internal toll-like 
agonist and the core with ~ 27 nm, measured after electron microscopy analysis (E). (B) The coat protein gene 
of Qβ bacteriophage (Genbank M99039.1 and Proteinbank AAA1662.1) was cloned in pET28a and BL21 
(DE3) E. coli competent cells were transformed with the construction. After IPTG induction QβVLPs are 
self-assembled in the bacteria cytoplasm. (C) The expression and purification of recombinant QβVLPs was 
analyzed using 15% SDS–PAGE under reducing conditions and Coomassie blue dye staining. Line 1 depicts E. 
coli cells before induction with 1 mM IPTG. Lane 2 shows the proteins of cells after induction IPTG. Lanes 3 
depict the supernatant (soluble form) obtained through freeze, thawing and sonication lysis in the extraction 
buffer before purification. Lane 4 show purified recombinant protein CP Qβs. (D) Western blot of the bacterial 
extracts and purified CP QβVLPs using hyperimmune serum of the mouse immunized with QβVLPs. Line 
1 depicts E. coli cells before induction with 1 mM IPTG. Lane 2 shows the proteins of cells after induction 
IPTG. Lanes 3 depict the supernatant (soluble form) after lysis. Lane 4 show purified recombinant protein 
CP QβVLPs. Molecular weight marker (Thermo Fisher Scientific Ref. 26619). (E) Transmission electron 
microscopy (EM) of QβVLPs nanoparticle at 129.300 magnitude. (F) Chemical modifications performed on 
the QβVLPs (SMPH) and RBD antigen (SATA and Hydroxylamine.HCl), and subsequent conjugation for 
the vaccine formulation. Bacteriophage Q beta capsid protein in T3 symmetry PDB Entry − 7TJM; SARS-
CoV-2 E406W mutant RBD PDB Entry − 7TPK (G) SDS-PAGE 15% stained with Coomassie brilliant blue for 
characterization of the vaccine formulation. Line 1 QβVLPs, line 2 RBD antigen and line 3 the vaccine profile 
with different bands representing different vaccine oligomers. (H) Western blot performed with hyperimmune 
serum anti QβVLP-RBD vaccine and total anti-mouse IgG antibody conjugated with HRP. Line 1 QβVLPs, line 
2 RBD antigen, line 3 shows the vaccine profile with different bands representing different vaccine oligomers. 
(I) Transmission EM of the VLPs-based vaccine and its tridimensional structure. (J) Stereomicroscopic images 
of popliteal draining LN in live mice illustrate the accumulation of QβVLPs labeled with AF488 QβVLPs-RBD 
vaccine labeled with AF594 (A-bright field image of LN (identified by arrowhead); B-C QβVLPs/AF488 in 5 
and 10 min post injection taken with appropriate fluorescent filter sets; D-E QβVLPs-RBD vaccine/AF594 in 5 
and 10 min and post injection taken with appropriate fluorescent filter sets. Magnitude 7x. The QβVLPs (PDB 
1QBE) (https://doi.org/10.1016/s0969-2126(96)00060-3), RBD (PDB 6M0J) (https://doi.org/10.1038/s41586-
020-2180-5), and the RNA (PDB 4GXY) (https://doi.org/10.1038/nsmb.2405) tridimensional structures were 
rendered on 3D protein imager (https://doi.org/10.1093/bioinformatics/btaa009).

◂
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knockin human ACE2 (B6.Cg-Tg(K18-ACE2)2Prlmn/) strains, aged between 6 and 8 weeks (mature immune 
system).

The vaccination was applied subcutaneously (s.c.) with varying doses of the QβVLPs-RBD vaccine. Initially, 
we administered sequential doses of the vaccine formulation at 2.5 µg, 5 µg, 10 µg, and 20 µg to assess their 
efficacy in eliciting an immune response. The doses of 2.5 µg, 5 µg, and 10 µg did not generate a sufficiently 
robust immunological response. Therefore, we proceeded with the higher doses and included an additional 
group receiving 50 µg. The 50 µg dose demonstrated a significantly enhanced ability to induce immunity in the 
murine model. Based on these results, the 20 and 50 µg doses were selected for further investigation due to its 
superior immunogenicity. As controls, separate groups of mice were immunized with only QβVLPs, RBD, or 
PBS. The immunizations were administered in two doses, with 14 days of interval between each injection.

To measure the antibody response, blood samples were collected via cheek vein puncture on days 0 (prior 
vaccination), 7, 14 after the first immunization, and days 7 and 14 after the boost. Following sample collection, 
all mice were humanely euthanized through CO2 exposure. We performed three independent experiments, with 
each arm consisting of five female mice, resulting in a total of 15 mice per group.

The production of IgG antibodies, including total and subclass-specific responses, was evaluated using 
enzyme-linked immunosorbent assays (ELISA), following established protocols with minor modifications26–30. 
Recombinant Spike protein was diluted to 1 µg/mL in 50 mM carbonate buffer (pH 9.6) and used to coat ELISA 
plates, which were incubated overnight at 4 °C. The next day, the plates were washed three times with PBS 
containing 0.05% Tween 20 and subsequently blocked with 1% PBS-BSA for two hours. After blocking, mouse 
serum samples were added to the plates, starting with a 1:150 dilution, followed by serial three-fold dilutions 
(1:3) up to four times. The plates were then incubated with goat anti-mouse total IgG HRP conjugate (Sigma-
Aldrich/Merck, USA) as the secondary antibody. For subtype identification, goat anti-mouse IgG1 and IgG2b 
antibodies (Sigma-Aldrich/Merck, USA) were employed. The reaction was developed by adding 100 µL of TMB 
substrate (Sigma-Aldrich/Merck, USA) to each well and incubating for 10 min at room temperature in the dark. 
The reaction was halted with 0.5 M H2SO4, and optical density was measured at 450 nm using a microplate 
reader.

The neutralizing capacity of antibodies was assessed by evaluating the ability of hyperimmune serum from 
vaccinated mice to inhibit the binding of the RBD to human hACE2. This was performed using the cPass SARS-
CoV-2 Neutralization Antibody Detection Kit (GenScript, USA). Serum samples were collected 14 days after 
the second dose of the QβVLPs-RBD vaccine (administered at 20 µg and 50 µg) and tested alongside controls 
including QβVLPs, RBD, and PBS. The kit’s provided negative and positive controls were prepared as per the 
manufacturer’s instructions. For the assay, serum samples were diluted 1:10 and mixed with HRP-conjugated 
RBD. This mixture was incubated at room temperature for 1 h, then added to a 96-well microplate coated with 
hACE2. After a 15-minute incubation at room temperature, the microplate was washed with the specific buffer 
provided by the kit. The reaction was developed by adding the TMB substrate from the kit and was stopped with 
the provided acidic solution. The absorbance was then measured at 450 nm using a microplate reader.

In addition to utilizing the commercial kit, we conducted an in vitro neutralization assay with SARS-CoV-2 
to further evaluate the neutralizing efficacy of serum from vaccinated and control mice. This assay adhered to 
a well-established and published protocol31, with specific modifications, to ensure the accuracy and reliability 
of antibody neutralization against the native virus. Serum samples were first heat-inactivated at 56 °C for 1 h 
to eliminate complement activity. Vero E6 cells, cultured in DMEM supplemented with 5% FBS, were seeded 
at 104 cells per well in 96-well plates and incubated for 24 h at 37 °C in 5% CO2 to allow for cell adhesion. 
Serum samples, collected 14 days after the booster dose, were initially diluted 1:20, followed by serial three-fold 
dilutions (1:3) up to four times. These diluted sera were then incubated with 100 TCID50 of SARS-CoV-2 P.1 
(Gamma variant, GenBank: MW642250.1) for 1 h at 37 °C. Following incubation, the virus-serum mixtures 
were added to the Vero E6 cell plates in DMEM with 1% FBS and further incubated for 72 h at 37 °C in 5% CO2. 
Negative controls (cells without serum and virus) and positive controls (cells with virus only) were included. 
After 72 h, the plates were washed and fixed with 4% paraformaldehyde for 20 min. Paraformaldehyde was 
removed, and the cells were stained with 0.5% crystal violet for 30 min. The excess dye was then washed away 
with PBS, and the plates were dried before being immersed in methanol. Absorbance was measured at 620 nm 
using a microplate reader. The experiments were performed in triplicate across three independent assays to 
ensure reproducibility and reliability of the results.

Cellular immune response was evaluated by intracellular cytokine staining (ICCS). The spleen and lymph 
nodes of mice were collected two weeks after the boost immunization with VLPs-based vaccine, QβVLPs alone, 
RBD protein, or PBS. The organs were macerated using a Potter homogenizer. The extracted cells were filtered 
through a 40 μm cell strainer (Corning, EUA), washed with PBS, and then plated in a 96-well microplate at a 
concentration of 1 × 106 cells/mL in RPMI-1640 medium supplemented with 10% FBS. For the positive control, 
cells were incubated with a stimulus solution of PMA + ionomycin in the presence of brefeldin A Stop Golgi 
(BD Bioscience, USA). The negative control cells were treated with PBS + brefeldin A Stop Golgi. To detect 
cytokines, T cells from the immunized mice were incubated with 5 µg of RBD + brefeldin A Stop Golgi®. All 
samples were then incubated for 12 h at 37 °C in a 5% CO2 environment. After incubation, th cells were fixed and 
permeabilized using the Cytofix/Cytoperm™ Plus Fixation/Permeabilization kit (BD Biosciences, USA). They 
were then stained with anti-mouse CD4+ (BD Bioscience, USA), anti-mouse CD8+ (BD Bioscience, USA), and 
anti-mouse IFNγ (BD Bioscience, USA) antibodies. Cytometry analysis was performed using the FACS Canto II 
flow cytometer (BD Biosciences, EUA), and the data were analyzed using FlwJo software (Flowjo, EUA, https://
www.flowjo.com/solutions/flowjo) and GraphPad Prism 9.1 (Graphpad Software, EUA https://www.graphpad.
com/).
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Measuring vaccine protective capacity and safety
Following evaluation of immune induction capacity of the vaccine formulation, we measured protection against 
viral infection and safety. Female B6.Cg-Tg(K18-ACE2)2Prlmn mice were vaccinated and challenged with P1. 
SARS-CoV-2. Prior to vaccination, the B6.Cg-Tg(K18-ACE2)2Prlmn mice were genotyped according to The 
Jackson Laboratory recommendations. Each group consisting of five animals were vaccinated as described 
previously. On the 35th day following the immunization schedule, the animals were intranasally challenged with 
106 virus particles of P.1 SARS-CoV-2 diluted in 40 µL of PBS. Clinical signs, behavior, and weight loss were 
monitored for seven days.

Following the observation period, the right lung of each animal was collected and preserved in 10% formalin 
solution buffered with phosphate for a duration of seven days. The lung specimens were then embedded in 
paraffin and processed using a tissue processor (PT05 TS, LUPETEC, UK). Subsequently, histological paraffin 
(Histosec, Sigma-Aldrich) was used to embed the lung samples. Thin sections measuring 4 μm in thickness 
were prepared and stained with hematoxylin and eosin. The resulting sections were captured using a Slide 
Digitizer − 3D Histech scanner and subsequently analyzed using Download CaseViewer 2.4, 64-bit version (3D- 
Histotech, Hungary) - https://www.3dhistech.com/solutions/caseviewer/). Finally, the figures were compiled 
using Adobe Photoshop version 23.5.4 (USA, https://www.adobe.com/br/products/photoshop.html).

Viral quantification was measured by qRT-PCR. Total RNA was extracted from homogenized mice lungs 
using Trizol Reagent. To synthesize cDNA, the Superscript II Reverse Transcriptase (Thermo Fisher) was 
employed, in accordance with the manufacturer’s instructions. Real-time PCR was conducted using the Power 
SyBr green master mix (Thermo Fisher) and a QuantStudio 12k thermocycler (Thermo Fisher), utilizing the 
following parameters: an initial denaturation step at 95 °C for 15 min, followed by 40 cycles of denaturation at 
95 °C for 15 s and annealing/extension at 60 °C for 1 min. The primer sequences used were as follows: CoV-2 
forward 5′- ​G​C​C​T​C​T​T​C​T​C​G​T​T​C​C​T​C​A​T​C​A​C-3′ and CoV-2 reverse 5’- ​A​G​C​A​G​C​A​T​C​A​C​C​G​C​C​A​T​T​G − 3’. 
The qRT-PCR data were presented as 1/ΔCT and were performed in triplicate.

In addition, we also measured the cytokine expression profile in the lung tissue of vaccinated and 
control animals by RT-qPCR. The assay was performed as described above for viral load quantification. The 
oligonucleotides used are shown in Table 1.

Statistical analysis
The statistical analysis of all data was conducted using GraphPad Prism 9.1 for Mac (GraphPad Inc, USA, 
https://www.graphpad.com/). For comparisons between two normally distributed groups, an unpaired t-test 
was utilized, taking into account the distribution of the data. Alternatively, when comparing two non-parametric 
groups, a Mann–Whitney rank test was applied. In cases involving more than two groups, non-parametric data 
were assessed using one-way ANOVA, with Bonferroni’s multiple comparison post-test applied to normally 
distributed data. Weight measurements and flow cytometry data were subjected to analysis via Two-Way 
ANOVA. Survival analysis was performed using the log-rank test. Statistical significance was determined at 
P ≤ 0.05.

Results
The production of VLPs-based vaccine platform
The strategy of this study involved generating QβVLPs in prokaryotic system (E. coli) to enable high-level 
production, rapid purification and evaluation of its solubility, stability, and ultrastructural morphology. The 
purification protocol included viral particle precipitation, clarifications with organic solvents, centrifugations, 
and dialysis32,33, aiming to remove lipopolysaccharides (LPS) present in the bacterial samples used for the study. 
To validate this approach and assess the regulatory implications of including host-derived RNA in vaccine 
formulations, we conducted an endotoxin evaluation of the QβVLP vaccine using the Thermo Scientific™ Pierce™ 
Chromogenic Endotoxin Quant Kit, following the manufacturer’s guidelines. The endotoxin concentration in 
the QβVLP vaccine was measured at 1.6 EU/mL. For reference, preclinical studies generally set the acceptable 
endotoxin threshold for recombinant vaccines at less than 20 EU/mL34. This simple, fast, and cost-effective 
purification method shows great promise for purifying QβVLPs nanoparticles.

The analysis of the production of recombinant QβVLPs is illustrated in Fig. 2. Figure 2 C displays two bands 
at approximately 15 kDa (monomer) and 30 kDa (dimer) after IPTG culture induction (Line 2), in the soluble 
form (Line 3), and after purification (Line 4). Western blot analysis using hyperimmune serum from mice 
immunized with QβVLPs confirms immune recognition of the 15 kDa (monomer) and 30 kDa (dimer) bands, 

Gene

Oligonucleotides Sequences 5’-3’

Forward Reverse

IL-1β ​A​C​C​T​G​T​C​C​T​G​T​G​T​A​A​T​G​A​A​A​G​A​C​G ​T​G​G​G​T​A​T​T​G​C​T​T​G​G​G​A​T​C​C​A

IFN-α ​G​T​T​C​A​A​G​T​C​T​C​T​G​T​C​C​C​C​A​A​A​A ​G​T​G​G​G​A​A​C​T​G​C​A​C​C​T​G​A​T​G​T

IFN-β ​C​A​G​C​T​C​C​A​A​G​A​A​A​G​G​A​C​G​A​A​C ​G​G​C​A​G​T​G​T​A​A​C​T​C​T​T​C​T​G​C​A​T

TNF-α ​C​C​C​T​C​A​C​A​C​T​C​A​G​A​T​C​A​T​C​T​T​C​T ​G​C​T​A​C​G​A​C​G​T​G​G​G​C​T​A​C​A​G

IL-6 ​T​G​T​T​C​T​C​T​G​G​G​A​A​A​T​C​G​T​G​G​A ​A​A​G​T​G​C​A​T​C​A​T​C​G​T​T​G​T​T​C​A​T​A​C​A

IL-4 ​T​C​A​T​C​G​G​C​A​T​T​T​T​G​A​A​C​G​A​G ​C​G​T​T​T​G​G​C​A​C​A​T​C​C​A​T​C​T​C​C

Table 1.  Oligonucleotides sequences used to quantify cytokine mRNAs by RT-qPCR.
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as expected (Fig. 2 D), corroborating the SDS-PAGE results. Notably, our QβVLPs were produced in the soluble 
form with a yield of 50 mg/L of purified recombinant protein.

Furthermore, our experimental data regarding the production of VLPs underwent analysis using TEM. 
The results of this analysis confirmed that the QβVLPs were correctly folded and displayed the appropriate 
spatial configuration (Fig. 2 E). Information regarding particle size distribution is crucial for comprehending 
product homogeneity. Figure 2E and I illustrate the uniform and non-aggregated morphology of both the VLPs 
nanoparticles alone and the QBVLPs vaccine conjugated with the RBD protein. These observations are consistent 
with findings from other studies that also report size homogeneity of VLPs nanoparticles as observed via TEM30.

As part of the vaccine formulation utilizing the QβVLPs platform, we initially employed the commercial RBD 
(GenScript Ref. Z03483-1) as the viral antigen. Covalent conjugation of the RBD with QβVLPs was performed 
using equimolar amounts (Fig. 2 F). To evaluate the vaccine formulation, we employed 15% SDS-PAGE stained 
with Coomassie brilliant blue (Fig. 2 G), Western blotting (Fig. 2H), and TEM imaging (Fig. 2 I), as mentioned 
earlier. Additionally, the RBD conjugated to the VLPs underwent labeling with specific antibodies to perform 
stereomicroscopic experiments (Fig. 2 J). Analysis of Fig. 2 G and H, specifically line 3, reveals the composition 
of the vaccine formulation. The expected bands for QβVLPs at 15 kDa and the RBD protein at ~ 50 kDa are 
observed, along with additional bands of varying heights representing different couplings of molecules, such as 
dimers and trimers. The presence of a 50 kDa band corresponding to the RBD protein was observed in Western 
blot (Fig. 2H), recognized by the antibody from hyperimmune sera against QβVLPs-RBD vaccine. The presence 
of the RBD antigen in the vaccine formulation demonstrates that there was no degradation post-formulation, as 
further validated by TEM imaging (Fig. 2 I). As a result, the vaccine formulation was prepared to be evaluated 
in an animal model.

We further investigated the QβVLPs vaccine immunogenic potential by evaluating lymph node drainage 
dynamics through stereomicroscopic experiments, which provided insights into the kinetics of antigen drainage. 
The results showed rapid drainage and accumulation in the popliteal draining lymph node as early as 5 to 10 min 
post-injection (Fig. 2 J).

Immunological assessment of the VLPs-based vaccine formulation
Following the characterization of the vaccine candidate, we evaluated the humoral and cellular immune 
responses in animals that received two doses of the QβVLPs-RBD vaccine formulation at doses of 20 µg and 50 
µg. The levels of total IgG and specific subclasses, IgG1 and IgG2b, binding to the recombinant Spike and RBD 
proteins of SARS-CoV-2 were measured by ELISA (Fig. 3 A).

The production of total IgG against the recombinant Spike protein was found to be dependent on both time 
and dosage (Fig. 3 B-C). We observed a significant increase in antibody production titers 14 days after the 
initial immunization, which further intensified after the booster dose (14 days after second immunization). 
Notably, the formulations of the QβVLPs-RBD vaccine with doses of 20 µg and 50 µg exhibited particularly 
significant increases in total IgG production. Additionally, a similar profile of total IgG presence was observed 
in hyperimmune serum samples from animals after 14 days of the vaccine boost, recognizing the RBD subunit 
(Fig. 3D).

Furthermore, we analyzed the IgG subclasses specific to the Spike recombinant protein, specifically IgG2b 
and IgG1. Figure 3E depicts an elevated level of IgG1𝛾 production, observed only in mice vaccinated with 50 
µg, while Fig. 3F demonstrates a greater presence of IgG2b antibodies after the booster dose in both groups. The 
results we have obtained demonstrate the superiority of the IgG2b response compared to the IgG1 response, 
which is in line with findings from other studies utilizing bacteriophage VLPs58.

After the evaluation of the humoral immune response, we assessed cellular immunity, focusing on 
the induction of specific T cells, particularly Th1 cells. To achieve this, we performed ICCS to measure the 
production of IFNγ, a cytokine known for its involvement in immune regulation and antiviral effects. In Fig. 3 
G-J, it is evident that the vaccine effectively stimulated T cells, specifically CD4+ T cells in the spleen (Fig. 3 G-H) 
and lymph nodes (Fig. 3 I-J), to produce IFNγ, regardless of the vaccine formulation used (20–50 µg).

Neutralization capacity of antibodies from vaccinated mice
In this study, we employed the cPass SARS-CoV-2 Neutralization Antibody Detection Kit (GenScript, USA Ref. 
L00847) to evaluate the capacity of hyperimmune serum samples from mice immunized with 20 µg and 50 µg 
of the vaccine, 14 days after the booster dose. Figure 4 A demonstrates that both vaccine doses (20 µg and 50 
µg) elicit the production of neutralizing antibodies (nAbs) that effectively recognize and inhibit the binding of 
RBD to hACE2, with percentages of 90.5% and 92.3%, respectively. These percentages were compared to the 
controls provided by the kit as well as PBS, RBD, and QβVLPs hyperimmune serum. Additionally, to determine 
the presence of nAbs against SARS-CoV-2, we conducted an in vitro microneutralization assay using the Vero 
E6 cell line, which expresses the ACE2 receptor on its surface. The results demonstrated that hyperimmune sera 
from mice immunized with 50 µg and 20 µg of the QβVLPs - RBD vaccine were capable of neutralizing the P.1 
SARS-CoV-2 strain (Gamma variant) compared to the control groups (Fig. 4 B). The group of mice immunized 
with 50 µg was particularly effective, neutralizing 100% of the virus in dilutions ranging from 1/20 to 1/60, 
and 80% in dilutions from 1/540 to 1/1600. A colorimetric reading based on optical density values accurately 
assessed the ratio of infected cells to non-infected cells, facilitating the processing of a large number of samples 
within 72 h.

Challenges and assessment of clinical signs, viral load, inflammation, and histopathology
The data presented above provide insights into the immune responses induced by two doses of the vaccine 
formulations (20 µg and 50 µg). This encompasses the generation of both humoral and cellular immune 
responses, along with the production of neutralizing antibodies. Although the vaccine formulation with 50 µg 
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Fig. 3.  Immunological assessment of the vaccine formulation. (A) - Schedule of mouse (C57BL/6) 
immunization in two doses (day 0 and boost) and serum collection after immunizations. (B-C) Profile of total 
IgG anti-Spike production of serum collected 14 days after first and second immunization with 20 µg, 50 µg, 
and controls (PBS, QβVLPs, and RBD), respectively. (D) Total IgG anti-RBD production of serum collected 
14 days after boost with 20 µg, 50 µg, and controls. (E-F) Production of IgG2b and IgG1𝛾 anti-Spike present 
in the serum collected 14 days after the second immunization with 20 µg, 50 µg, and controls. ELISA results 
show an average of three experiments ± SEM. *** P ≤ 0.001 compared with PBS, RBD, and QβVLPs controls. 
The results show an average of three experiments ± SEM. *** P ≤ 0.001 compared with PBS, RBD, and QβVLPs 
controls. (G-J) Profile of intracellular IFNγ production by lymphocytes of the mice immunized with QβVLPs-
RBD vaccine analyzed by flux cytometry. (G-H) Detection of IFNγ production in CD4+ T lymphocytes from 
the spleen extracted from mice immunized with the QβVLPs-RBD vaccine (20 µg and 50 µg) RBD, QβVLPs 
or PBS and subsequently stimulated with the Spike recombinant protein. (I-J) Detection of IFNγ production 
in T lymphocytes CD4+ from cervical lymph nodes extracted from mice immunized with the QβVLPs-RBD 
vaccine (20 µg and 50 µg), RBD, QβVLPs or PBS and subsequently stimulated with the Spike recombinant 
protein. Negative control: PBS. Positive control: PMA + Ionomycin. The results show an average of three 
experiments ± SEM. *** P ≤ 0.001 compared with negative control (C-).
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exhibited slightly enhanced immunity, there was no statistically significant difference compared to the 20 µg 
formulation. From the available data, it can be inferred that both vaccine formulations (20 µg and 50 µg) elicited 
comparable immune responses in vaccinated animals. Therefore, we immunized groups of B6.Cg-Tg(K18-
ACE2)2Prlmn mice with the most potent vaccine formulations (20 µg and 50 µg), alongside control groups 
(PBS, RBD, and QβVLPs), following the established immunization schedule. Subsequently, these mice were 
challenged with 106 virus particles of P.1 SARS-CoV-2 and monitored for seven days to evaluate clinical signs, 
behaviors, survival rates, and weight fluctuations (Fig. 5 A-B). Remarkably, all mice immunized with either 20–
50 µg of the vaccine survived the challenge, whereas all control mice administered PBS, RBD, or QβVLPs alone 
succumbed to infection (Fig. 5 A, purple line with star). The control groups, comprising unvaccinated animals, 
were unable to withstand the final virus exposure.

The PBS and QβVLPs groups exhibited weight loss exceeding 20%, while the RBD group experienced weight 
loss exceeding 10%. Additionally, control groups displayed other clinical signs of disease, such as impaired 
mobility, ruffled fur, and hunching. Conversely, the group vaccinated with 50 µg of QβVLPs-RBD maintained 
a stable body weight throughout the experiment and showed no clinical signs. In the group vaccinated with 20 
µg of QβVLPs-RBD, two mice experienced a 10% reduction in body weight, but no clinical signs were observed. 
It is crucial to emphasize that the safety assessment was conducted throughout the period when animals were 
immunized for the immune response tests. Observations revealed that the mice did not exhibit behavioral 
changes indicative of discomfort or pain, such as weight loss, dehydration, piloerection, hunched posture, social 
isolation, or vocalizations upon handling. Furthermore, as detailed in the results of the SARS-CoV-2 challenge 
tests (Fig. 5), the immunized animals were closely monitored for vital signs. These signs remained within 
normal ranges, with no observed weight loss, and all animals survived until the conclusion of the experiment. 
Furthermore, lung samples from mice vaccinated with 20 µg and 50 µg of QβVLPs-RBD vaccine exhibited a 
significantly lower viral load of SARS-CoV-2 compared to non-immunized animals (Fig. 5 C). These results 
indicate that the 50 µg QβVLPs-RBD vaccine was more effective in reducing viral load compared to the 20 µg 
QβVLPs-RBD vaccine.

At the conclusion of the experiment, the B6.Cg-Tg(K18-ACE2)2Prlmn immunized and control groups 
of mice were euthanized after seven days of being challenged. Lung necropsies were performed to assess the 
outcomes. Figure 6 illustrates the findings, comparing uninfected control animals (Fig. 6 A, B, and C) with 
infected control groups (PBS, RBD, and QβVLPs) depicted in Fig. 6 D-I.

Gross lung lesions and pulmonary pathology consistent with interstitial pneumonia were observed in the 
infected control groups, characterized by type II pneumocyte hyperplasia (Fig. 6H). Additionally, there was 
evidence of alveolar and perivascular inflammation, consisting of lymphocytes, macrophages, and neutrophils 
(Fig. 6 E and I). Variable amounts of alveolar fibrin, edema, and hemorrhage were present (Fig. 6 F), along with 
frequent syncytial and single cell necrosis (Fig. 6 G).

Fig. 4.  Neutralizing antibodies assay. (A) The samples collected from vaccinated and control group of 
mice were diluted 1:10 and incubated with RBD conjugated with HRP and after were added in the 96 wells 
plate previously coating with ACE2, as described on the Kit cPass SARS-CoV-2 Neutralization Antibody 
Detection Kit (GenScript, EUA Ref. L00847). Negative (without antibody) and positive controls (positive 
neutralizing antibody) are purchased from the kit. The average ± standard errors are shown, with significance 
levels ***P ≤ 0.001 compared with positive control and PBS, RBD, and QβVLPs controls. (B) In vitro 
microneutralization assay. P1. SARS-CoV-2 were incubated with hyperimmune serum samples of 14 days 
after boost of the QβVLPs-RBD vaccine (20 µg and 50 µg), and controls (RBD, QβVLPs or PBS in a 1/3 
dilution ratio. After, Vero E6 monolayer sub cultivated in 96 well plates were incubated with P.1 SARS-
CoV-2 + hyperimmune sera samples for 72 h at 37 oC in 5% CO2. After this, it was added and the absorbance 
was measured in a plate reader in the range of 620 nm. The average ± standard errors are shown, with 
significance levels ***P ≤ 0.001 compared with positive control and PBS, RBD, and QβVLPs controls.
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The immunized animals that received two doses of 20 µg QβVLPs-RBD also displayed interstitial pneumonia 
characterized by type II pneumocyte hyperplasia and alveolar fibrin deposition (Fig. 6 J-L), but to a lesser extent 
when compared to the infected control groups. Furthermore, this group (20 µg) exhibited lower perivascular 
inflammation (Fig. 6 J) than the infected control groups.

The lungs of the animals that received two doses of 50 µg QβVLPs-RBD closely resembled those of the 
uninfected control groups, and showed significantly less damage compared to the infected control groups, as 
well as in comparison to the vaccinated animals receiving 20 µg. Figure 6 M indicates minimal perivascular 
inflammation of polymorphonuclear cells, in contrast to Fig. 6 D-E, while the alveoli exhibited a similar 
appearance to the non-infected control (Fig. 5 N); the type II pneumocyte cells displayed normal morphology 
(Fig. 6 O).

Discussion
Advances and challenges in vaccine technology: focus on VLPs
Advancements in vaccine technology are crucial for addressing global health challenges. Traditional licensed 
vaccines often rely on adjuvants to stimulate Th1-helper cell responses. However, the limited availability and high 

Fig. 5.  Challenge with SARS-CoV-2 and assessment of clinical signs and viral. Two-dose immunization (20 
µg and 50 µg) was able to protect K18-hACE-2 animals (model for severe COVID-19 from mortality, weight 
loss and other clinical signs of the disease such as motility, bristling hair and hunchback position. (A) Survival 
(%) after 7 days post infection (DPI); (in purple and highlighted with a star the survival rate of animals 
vaccinated with 20 µg and 50 µg of QβVLPs-RBD). (B) Loss weight (%) after 7 DPI. Mice immunized with 50 
µg QβVLPs-RBD showed no significant weight loss while non immunized had more than 20% of body weight 
loss, in addition to showing the clinical symptoms of the disease. The average ± standard errors are shown, 
with significance levels ***P ≤ 0.001 compared with positive control (C+). (C) Viral quantitative measurements 
by qRT-PCR showed a significantly lower viral load of SARS-CoV-2 in the lungs of mice vaccinated with 
two-dose immunization (20 µg and 50 µg) in comparison to non-immunized animals The average ± standard 
errors are shown, with significance levels ***P ≤ 0.001 compared with positive control (C+). (D) Cytokine 
profile expression measurements by qRT-PCR. Negative Control (C-): Samples from animals that were neither 
vaccinated nr exposed to the virus (naive animals). Positive Control (C+): Samples from animals that, while 
not vaccinated, were exposed to the virus.
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costs of these adjuvants present significant obstacles to developing universal, low-cost vaccination strategies. The 
advent of mRNA vaccine technology represents a significant advancement in the field of immunization, with the 
potential to surpass traditional vaccine formulations. Unlike conventional vaccines and subunit vaccines, which 
often require the addition of adjuvants to enhance immune responses, mRNA vaccines can stimulate robust 
immune responses without these additives. However, despite their transformative potential, mRNA vaccines face 
considerable challenges related to the stability and delivery of mRNA, and the stringent storage requirements of 
these vaccines pose logistical difficulties, particularly in resource-limited and remote settings. Current research 
is concentrated on improving mRNA translation efficiency and safeguarding mRNA from degradation, with 
lipid nanoparticles emerging as a pivotal component in these enhancements35–39. Nevertheless, the dependence 
on large pharmaceutical companies for these vaccine components highlights the urgent need for more accessible 
vaccine technologies, especially for neglected diseases.

Viral vector-based vaccines present a promising alternative, with proven effectiveness and versatility. Recent 
advancements in this technology include genetic modifications designed to enhance both the efficiency and 

Fig. 6.  Lung histopathological analysis of immunized B6.Cg-Tg(K18-ACE2)2Prlmn animals challenged with 
SARS-CoV-2. (A-C) Lung of non-infected animals. (A) Panoramic lung vision. (B) Lung parenchyma with 
normal appearance. (C) Type I and II pneumocytes with normal morphology (arrow black PI and arrow 
black PII). (D-I) Lung of the infected controls animals previously immunized with PBS, RBD, and QβVLPs. 
(D) Panoramic lung vision. (E) Perivascular inflammation (asterisk). (F) Alveolar fibrin and hemorrhage 
(blue F and yellow H arrows, respectively). (G) Syncytial and single cell necrosis (green N arrow). (H) Type 
II pneumocyte hyperplasia (gray PII arrows). (I) Macrophages (pink M arrows). (J-L) Lung os the infected 
controls animals previously immunized with QβVLPs-RBD vaccine (20 µg). (J) Panoramic lung vision. 
(K) Type II pneumocyte hyperplasia (gray PII arrows). (L) Alveolar fibrin (blue F arrow). (M-O) Lung os 
the infected controls animals previously immunized with QβVLPs-RBD vaccine (50 µg). (M) Panoramic 
lung vision. (N) Lung parenchyma with normal appearance. (O) Type I and II pneumocytes with normal 
morphology (arrow black PI and arrow black PII). The 4 μm thick sections were stained with hematoxylin 
and eosin and images were captured with Slide Digitizer − 3D Histech scanner and analyzed in Download 
CaseViewer 2.4, 64-bit version (3D- Histotech, Hungary - https://www.3dhistech.com/solutions/caseviewer/).
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safety of these vaccines. Additionally, the development of heterologous vaccination strategies has been pivotal in 
improving overall efficacy and durability. Despite these advancements, a potential decline in vaccine efficacy over 
time due to the immune system’s response to the viral vector remains a challenge. To address this, heterologous 
vaccine boosters are employed to sustain long-term immunological protection by diversifying the immune 
response and counteracting the diminishing effectiveness40–42.

Having access to diverse and functional vaccine platforms is essential from both logistical and immunological 
perspectives. Such diversity enables customization based on local needs and allows for strategies to address 
reduced vaccine efficacy following multiple doses, particularly when using heterologous booster approaches. 
Moreover, amidst the collective suffering of human tragedies and economic losses caused by pandemics, it has 
become increasingly clear that prioritizing the development of locally produced vaccine platforms is a vital 
component of pandemic preparedness. This involves creating a range of vaccines using various technologies that 
can be adapted to other pathogens with pandemic potential43–46.

In this context, our study presents a promising vaccine formulation utilizing QβVLPs. These VLPs are 
nanoparticles with an icosahedral capsid structure, consisting of 180 subunits derived from the coat protein of 
the Qβ bacteriophage47. This structure allows the VLPs to retain a substantial amount of bacterial RNA within 
their core. Non-viral RNA is incorporated into QβVLPs in vivo through an RNA hairpin derived from Qβ 
RNA, which has a strong affinity for the coat protein. During VLPs assembly, the coat protein interacts with the 
RNA hairpin via the RNA backbone, and specific sequence interactions48,49. Bacterial RNA plays a crucial role 
in activating the innate immune system by acting as an agonist for Toll-like receptors (TLR) 7 and 8, which are 
present in the endosomes of certain immune cells. This property has demonstrated significant immunogenic 
potential in vaccines formulated with QβVLPs, as evidenced by the early transcriptional responses in APCs and 
the subsequent T cell response following immunization15. The particle size is critical for immune activation, 
as these particles can efficiently drain into the lymphatic system through lymphatic vessel pores, facilitating 
recognition by APCs in lymphoid organs and prompt antigen presentation to follicular T cells. This contributes 
to a comprehensive activation of the immune system, from innate to adaptive, enhancing the efficiency of 
humoral immunity and antibody production dependent on T cells15,50.

It is crucial to highlight that numerous studies have demonstrated promising results with QβVLPs in both 
preclinical and clinical settings. Research has explored their applications in infectious diseases, as discussed here, 
as well as in chronic conditions. Notably, QβVLPs have been investigated for treatments involving Angiotensin-
II peptide conjugated to QβVLPs for hypertension, therapeutic interventions for nicotine dependence, and 
vaccines targeting oligomeric alpha-synuclein30,51,52.

Engineering VLPs to display a variety of antigens is complex and achieving high-density antigen display is 
essential to maximize their immunogenic potential. Various methods have been developed to utilize VLPs as 
effective scaffolds for antigen presentation, taking advantage of their versatility to accommodate different antigens 
in terms of composition, size, and structure. One method involves inserting foreign antigens into viral structural 
proteins for display on the VLPs surface49. However, this can disrupt VLP assembly. To address this, preformed 
VLPs can serve as scaffolds for antigen attachment via conjugation techniques. Post-production modifications 
can use natural conjugation sites or engineered functionalities. For example, bacteriophage QβVLPs feature 
amino groups on exposed lysines, ideal for linking to cysteine-containing antigens with bifunctional cross-
linkers. This method avoids disrupting VLPs assembly and is suitable for GMP production, with several Qβ-
based vaccines already tested in clinical trials.

Despite significant advancements, accurately characterizing vaccine conjugation continues to present 
challenges. Although SDS-PAGE is a widely used method for this purpose, it may not always yield clear results. 
To address these limitations, complementary techniques such as TEM are employed. As demonstrated in our 
results, TEM provides valuable insights into the morphology of VLPs and their conjugates, offering a more 
comprehensive understanding of their structural characteristics. Additionally, techniques such as matrix-assisted 
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), liquid chromatography–mass 
spectrometry (LC–MS), reverse-phase high-performance liquid chromatography (RP-HPLC), cryo-electron 
microscopy (Cryo-EM), atomic force microscopy (AFM), high-performance size exclusion chromatography 
(HPSEC), and surface plasmon resonance (SPR)53 can further enhance the analysis of vaccine conjugation.

Maximizing the production yield of nanoparticles is a crucial objective in vaccine development due to its 
significant impact on vaccine cost. Utilizing E. coli offers several advantages, particularly when proteins are 
synthesized in the soluble fraction with proper folding, as demonstrated in our production strategy. E. coli has 
previously shown a strong safety profile and high efficacy54, and it simplifies scaling up production through 
bioreactor technology.

Comprehensive evaluation of vaccine efficacy: immune response, protection, and lung 
pathology
Considering the emergence of new SARS-CoV-2 variants of concern, which have shown partial evasion of 
immune responses from previous vaccinations or natural infections, there is an urgent need to advance and 
adapt vaccine technologies for optimal protection, safety, and affordability55,56. Vaccine strategies that have 
demonstrated effectiveness in both preclinical and clinical studies, such as those based on VLPs, offer promising 
alternatives. For example, VLPs-based vaccines displaying the RBD of the SARS-CoV-2 spike protein and 
modular capsid VLPs have shown significant potential57,58. Currently, several recombinant spike protein RBD 
vaccines, produced in various cell lines including Pichia pastoris, Chinese hamster ovary (CHO) cells, and Expi 
293T cells, have received regulatory approval. These vaccines often include adjuvants like aluminum hydroxide 
and/or AS03 to enhance immunogenicity59–65. Furthermore, 55 protein subunit vaccines are currently in 
preclinical evaluation66.
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Our study focuses on a VLPs-based vaccine designed to deliver the spike protein’s RBD antigen, with the 
objective of stimulating cellular immune components without the need for adjuvants. This approach aims 
to improve the vaccine’s applicability and affordability. We have achieved exceptional reproducibility in our 
vaccine formulations by modifying QβVLPs nanoparticles with SMPH bifunctional cross-linkers and antigen 
modifications using SATA and hydroxylamine hydrochloride26–29.

Incorporation of bacterial RNA during QβVLPs assembly enhances their immunogenicity by engaging 
pattern recognition receptors such as TLR67. This process has been linked to increased IgG2b and IgG2c levels 
and reduced IgG1, indicating a robust Th1 response. The production of IgG antibodies dependent on T helper 
cell activity, is closely linked to the vaccine’s neutralizing capacity and overall effectiveness. Specifically, the Th1 
cytokine IFN-γ promotes the production of IgG2, while the Th2 cytokine IL-4 drives the expression of IgG168–71. 
Our results indicate that the vaccine formulation elicits a strong immune response independently of additional 
adjuvants, suggesting its potential for broad applicability. The antibodies generated are not only neutralizing but 
also provide protective immunity.

Following the assessment of humoral immunity, we evaluated cellular immunity, particularly the induction of 
specific T cells, with an emphasis on Th1 cells. This evaluation is critical for vaccine development. Our findings 
demonstrate that the vaccine formulation effectively stimulates both adaptive cellular and humoral immune 
responses, distinguishing it from other vaccines that typically require such adjuvants67. VLPs effectively present 
antigens to T cells through dendritic cells by utilizing MHC molecules. This antigen presentation mechanism 
is consistent with the performance observed in other VLP-based vaccines targeting a range of viruses, such as 
Zika virus (ZIKV), Ebola virus, Chikungunya virus (CHIKV), Dengue virus (DENV), influenza, and SARS-
CoV-268–75.

In vivo challenge tests using genetically modified C57BL/6 mice expressing human ACE2 provide a highly 
relevant model for evaluating the efficacy of vaccines against SARS-CoV-2. This model closely mimics human 
infection, offering valuable insights into the vaccine’s performance in conditions that resemble actual human 
disease76. Our study demonstrated that the vaccine formulations tested conferred significant protection, as 
evidenced by reduced viral loads, diminished lung pathology, and improved overall health outcomes in the 
vaccinated mice compared to controls. These results underscore the vaccine’s ability to not only elicit robust 
immune responses but also to protect effectively against infection and mitigate disease severity.

Understanding the nuances of the immune response, particularly the role of pro-inflammatory cytokines, is 
essential for assessing vaccine efficacy. Our findings revealed a significant increase in the production of IFN-γ 
by CD4 + T cells in vaccinated animals compared to controls, highlighting the vaccine’s effectiveness in inducing 
a robust immune response. The levels of key cytokines such as IL-1β, IL-6, and TNF-α, which are critical for 
antiviral defenses, exhibited a strong correlation with disease severity. Additionally, IL-4 plays a crucial role in 
modulating the immune response. The QβVLPs-based vaccines effectively engage both humoral and cellular 
immune mechanisms, facilitating efficient antigen presentation and cytokine release. This dual activation 
promotes a comprehensive and enduring immune response, as demonstrated by the observed immune 
profiles77–80.

Conclusion
This study presents a promising advancement in vaccine technology through the development of a novel VLPs-
based vaccine utilizing QβVLPs chemically modified with receptor-RBD antigens. Our findings demonstrate 
that this vaccine formulation induces robust humoral and cellular immune responses, eliciting specific binding 
and neutralizing antibodies against SARS-CoV-2, and effectively protects against the virus in murine models 
without requiring additional adjuvants.

The QβVLP-based vaccine offers significant advantages over traditional vaccine platforms, including 
a favorable safety profile and the potential for adaptability to VOCs. Its effectiveness in inducing immunity 
without the need for adjuvants addresses the limitations associated with current vaccine technologies, such as 
the need for costly adjuvants and stringent storage conditions.

Future research will be essential to investigate the long-term durability of the immune response and evaluate 
the vaccine’s efficacy in diverse populations and under varying conditions. Additionally, exploring strategies to 
optimize vaccine dosage and vaccination schedules, particularly in the context of heterologous boosting, will be 
crucial for advancing this technology toward clinical application.

In summary, the QβVLP-based vaccine represents a significant step forward in vaccine development, with 
the potential to contribute effectively to global health initiatives. Continued research and development are 
needed to further refine this approach and ensure its broad applicability and sustained impact on public health.

Data availability
All data, code, and materials used in the analysis are available to any researcher for purposes of reproducing 
or extending the analysis. The sequence of the Spike protein produced (containing amino acids 1-1208 of the 
ectodomain, followed by the tail) is a sequence published by Wrapp et al. (2020 - Science, doi: 10.1126/science.
abb2507). Requests for the materials should be submitted to the corresponding author. All data needed to eval-
uate the conclusions in the paper are present in the paper.
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