
Online F
irst

© 2025 Andri Wardiana et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/).

*Corresponding Author
Andri Wardiana, Research Centre for Genetic Engineering, National 
Research and Innovation Agency, KST Soekarno BRIN, Bogor, Indonesia  
E-mail: andr027 @ brin.go.id

1. INTRODUCTION  
The world has been facing coronavirus disease 2019 

(COVID-19) caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) for more than 3 years [1]. This 
virus was first identified in the Wuhan area of China and 
subsequently spread to nearly all countries [2]. Researchers 

worldwide are working to develop a vaccine against SARS-
CoV-2 to prevent the spread of COVID-19. The first vaccine 
launched in an emergency and that has passed a clinical trial 
(phase III) is a whole, attenuated, or inactivated virus [3]. mRNA 
vaccines have demonstrated higher efficacy against various viral 
strains, but their production is costly, and they require complex 
cold-chain logistics to maintain stability [4–6]. Additionally, 
recent research has raised concerns about the long-term effects 
and biodistribution of mRNA vaccines, underscoring the need 
for global replication studies to confirm these findings and 
ensure their safety [7]. As an alternative, many researchers have 
developed protein subunit-based COVID-19 vaccines [8]. 
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ABSTRACT
The global coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has accelerated vaccine development worldwide. While whole inactivated virus 
vaccines have reduced the incidence of severe disease and mortality, their effectiveness against emerging variants is 
limited. mRNA vaccines offer broader protection but face challenges in cost, production, and storage. Protein subunit 
vaccines targeting the viral spike (S) protein present a promising alternative due to their safety and scalability. In this 
study, we developed a recombinant protein subunit using the receptor-binding domain (RBD) of the SARS-CoV-2 
spike protein, fused with a foldon domain (RBD-Fd) to promote trimer formation. The protein was expressed in 
Pichia pastoris GlycoSwitch® to achieve human-like glycosylation and was formulated with aluminium hydroxide 
(Alhydrogel®/Alum) to enhance immunogenicity. The resulting prototype protein subunit was evaluated in mice via 
subcutaneous injection at doses of 5 µg or 10 µg. Results showed that the alum-adjuvanted RBD-Fd formulation 
induced a strong antibody response following two doses at both concentrations. However, it generated only a partial 
T cell response with CD8⁺ T cell activation but no corresponding CD4⁺ response. These findings highlight the 
potential of prefusion RBD-based protein subunit and support further optimization to enhance cellular immunity. 
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with a plasmid construct encoding a codon-optimized RBD-
Fd gene comprising the Wuhan strain RBD fused to a foldon 
sequence via a GS flexible linker. The gene was inserted into 
the PD902 vector under control of the methanol-inducible AOX 
promoter (ATUM, California, USA) for efficient expression 
in yeast. Transformed cells were initially cultured in yeast 
peptone dextrose solid medium containing Zeocin (Gibco, 
New York, USA) for clone selection, followed by culture in 
Buffered Glycerol Complex Medium and induction of protein 
expression in Buffered Methanol-Complex Medium containing 
1% methanol. The culture was incubated at 30°C and 200 rpm, 
with methanol induction every 24 hours. Cells were harvested 
on day 4, and the supernatant was collected for downstream 
processing.

2.2. Protein purification and formulation
The purification of the RBD-Spike protein 

was performed using an ÄKTA Avant system (Cytiva, 
Massachusetts, USA), following the manufacturer’s protocols. 
The culture supernatant was first filtered through a 0.45 µm 
or 0.2 µm membrane filter (Corning, Arizona, USA) prior to 
a three-step purification process. This included protein capture 
using an ion exchange column, followed by an intermediate 
purification step with hydrophobic interaction chromatography, 
and a final polishing step using size exclusion chromatography. 
In the initial stage, the filtered supernatant was applied 
to a pre-equilibrated HiTrap ANX FF (high sub) (Cytiva, 
Massachusetts, USA) column with binding buffer, containing 
20 mM Tris-Cl, pH 9, at a flow rate of 0.5 ml/minute. The 
column was washed with binding buffer, followed by an elution 
step using a buffer containing 20 mM Tris-Cl, 1 M NaCl, pH 
9. The eluate fractions were confirmed by SDS-PAGE and Slot 
Blot using anti-RBD primary antibodies. Samples containing 
the target protein were then supplemented with ammonium 
sulfate to a final concentration of 1 M, and the pH was adjusted 
to 7. The sample was then purified using the Hydrophobic 
Interaction Chromatography method with a HiScreen Phenyl 
FF (high sub) (Cytiva, Massachusetts, USA) column, which 
was pre-equilibrated with binding buffer containing 50 mM 
Na-phosphate and 1.7 M ammonium phosphate. This was 
followed by a washing step using the same buffer. Then, a 
buffer containing 50 mM Na-phosphate at pH 7 was applied to 
elute the protein target, and the positive fractions were collected 
for further purification steps. The final purification stage was 
performed through a Hi/Prep 16/60 Sephacryl S-200 HR 
column (Cytiva, Massachusetts, USA). Before purification, the 
sample was desalted with 1 × Phosphate Buffered Saline (PBS) 
and concentrated using an Amicon ultra centrifugal column 
with a 10 kDa molecular weight cutoff (Merck, Darmstadt, 
Germany). Up to 2 ml of sample was injected into the column, 
and the PBS 1 × was used to elute the sample with a flow rate 
of 0.5 ml/minute. All fractions that had peaks were checked 
using SDS-PAGE, Slot Blot, and Western Blot. The purification 
results were concentrated using a 10 kDa cutoff Amicon 
column (Merck, Darmstadt, Germany). Protein concentration 
was measured using the Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific, Massachusetts, USA). The purified protein 

Protein subunit vaccines utilize specific proteins 
from the virus to stimulate the immune response in the body. 
The SARS-CoV-2 virus comprises several structural proteins, 
including spike, envelope, membrane, and nucleoprotein. The 
protein spike (S) is the most commonly used in the development 
of the COVID-19 vaccine due to its high antigenicity and 
immunogenicity [9]. The spike protein consists of two subunits, 
S1 and S2. The S1 subunit plays a crucial role in recognizing 
and binding to the host cell receptor, angiotensin-converting 
enzyme 2, through its receptor binding domain (RBD). In 
contrast, the S2 subunit mediates the fusion process between 
the viral membrane and the host cell [10]. 

In this study, we design a perfusion structure of RBD 
Spike SARS-CoV-2 as a prototype subunit protein, fused with 
the foldon domain (RBD-Fd) to form a trimeric structure. The 
protein was produced using the glycoengineered Pichia pastoris 
(P. pastoris) yeast Glycoswitch®, which allows for the controlled 
production of proteins with human-like glycosylation [11]. The 
use of P. pastoris engineered with human-like glycosylation 
overcomes the limitations of bacterial hosts, which lack 
glycosylation, and conventional yeast, which generate 
non-human glycan structures. This approach enhances the 
translational potential, yielding an active and immunologically 
compatible protein subunit vaccine candidate [12,13]. In 
addition, previous studies have shown the effectiveness of the 
prefusion conformation of the spike protein, resulting in protein 
stability that enhances the potency of neutralizing antibody 
responses [14–16]. 

In general, the effectiveness of vaccines relies not 
only on the antigen but also on adjuvants, which are frequently 
used to stimulate the immune system more effectively. The 
advantages of adjuvants include a reduction of the amount of 
antigen required for each vaccination dose and the number of 
vaccination sessions. Additionally, adjuvants also improve the 
stability of the antigen component by increasing its half-life; 
therefore, enhancing its immunogenicity [17,18]. In this study, 
aluminium hydroxide, Alhydrogel® (Alum), was used as an 
adjuvant to the antigen of RBD-Fd. Aluminium adjuvants have 
an excellent safety profile, are inexpensive, and work well with 
many of the different vaccine antigens in currently licensed 
vaccines [19]. 

Our research performed protein expression, 
purification, and characterization studies, followed by an 
investigation of biological efficacy using animal studies. We 
demonstrate that the formulation of alum-adjuvanted prefusion 
foldon fusion RBD spike of SARS-CoV-2 induces a robust 
antibody response, accompanied by a partial T cell response in 
mice.

2. MATERIALS AND METHODS

2.1. Protein production
The RBD-Fd protein was expressed using the P. 

pastoris GlycoSwitch® system, a genetically modified yeast 
strain (s10) with mannosidase knockdown to minimize high-
mannose glycan structures (BioGrammatics, Inc., California, 
USA). Transformation was performed via electroporation using 
the Gene Pulser Xcell system (Bio-Rad, California, USA) 
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is then formulated with adjuvant Alum (Invivogen, California, 
USA) for biological tests. 

2.3. Animals and animal ethics
This study used 30 specific pathogen-free (SPF) 

female BALB/c mice, aged 6–8 weeks, which were obtained 
from Nomura Siam International Co., Ltd, Thailand. The sample 
size was calculated using the Federer formula [20]. Mice were 
housed for 28 days in a closed-cage system within an ABSL-3 
facility under controlled conditions, including a 12-hour light/
dark cycle and ad libitum access to food and water throughout 
the experiment. All of the studies were approved by the Animal 
Care and Use Ethics Committee of the National Research and 
Innovation Agency (BRIN), No. 016/KE.02/SK/6/2022.

2.4. Immunization
Purified recombinant RBD protein at doses of 5 µg or 

10 µg was mixed with 50 µg of aluminium hydroxide adjuvant 
and 1 × PBS, and administered subcutaneously in a total 
volume of 0.2 ml. Animals were divided into six groups (n = 
5 per group): Group 1 received no treatment; Group 2 received 
PBS (placebo) on days 1 and 14; Group 3 received a single dose 
of 5 µg RBD on day 1; Group 4 received a single dose of 10 µg 
RBD on day 1; Group 5 received 5 µg RBD on days 1 and 14; 
and Group 6 received 10 µg RBD on days 1 and 14 (Table 1). On 
day 28, all mice were euthanized via intraperitoneal injection of 
overdosed pentobarbital. Blood was collected via intracardiac 
puncture during termination, and necropsy was performed to 
collect the spleen aseptically for further analysis.

2.5. Serum and spleen preparation
The blood samples from each group were centrifuged 

at 1,000–2,000 × g for 10–15 minutes in a refrigerated 
centrifuge to separate the serum from the blood clot. The 
serum samples were stored at −80°C for further Enzyme-
linked immunosorbent assay (ELISA) analysis. On the other 
hand, the spleen was washed three times with PBS in a petri 
dish to remove non-specific debris and blood from the sample. 
The sample was mechanically disrupted by pressing the tissue 
with the base of a syringe to create a single-cell suspension, 
which was then filtered through Falcon® 70 µm Cell Strainers 
(Corning, Arizona, USA) to remove clumps and transferred to 
a polypropylene tube. PBS was added to bring the volume to 
10 ml, and the suspension was centrifuged at 2,500 rpm for 5 
minutes at 4°C. The resulting pellet was resuspended in 1 ml of 
PBS. After that, 200 µl of the cell suspension was transferred to 

a microtube, mixed with 500 µl of PBS, and centrifuged again 
at 2,500 rpm for 5 minutes at 4°C. Cell numbers were aliquoted 
at 1  × 10[6] cells/well in 200 μl of PBS and kept on ice for flow 
cytometry analysis.

2.6. Flow cytometry
The cells were incubated with FITC-conjugated CD8a 

Monoclonal Antibody (Invitrogen, Thermo Fisher Scientific, 
Massachusetts, USA) and PE-conjugated anti-CD4 monoclonal 
antibody (Invitrogen, Thermo Fisher Scientific, Massachusetts, 
USA) for 30 minutes at 4°C in the dark. The cells were 
washed three times with PBS, resuspended in 200 µl PBS, and 
subsequently analyzed by flow cytometry to assess CD4⁺ and 
CD8⁺ T cell populations using Attune NxT Flow Cytometer 
(Thermo Fisher Scientific, Massachusetts, USA) in the FITC 
and PE channels at 498/517 nm and 565/576 nm for excitation/
emission maximum, respectively.

2.7. ELISA for antibody response
An in-house ELISA was performed to investigate the 

presence of anti-RBD antibodies in the serum sample. Briefly, 
an ELISA plate (Nunc, Illinois, USA) was precoated with 
the antigen at approximately 50 ng/well in sodium carbonate 
buffer at pH 9.6. After blocking with 5% skim milk in PBS-T 
(PBS containing 0.05% (v/v) Tween-20) for about 2 hours, the 
plate was then washed three times with PBS-T. Then, a freshly 
prepared dilution of serum (1:100) of each treatment group 
was added to an RBD-coated plate and incubated overnight at 
4°C. After washing with PBS-T, anti-mouse IgG conjugated 
with HRP (Thermo Fisher Scientific, Massachusetts, USA) was 
added and incubated for about 2 hours at room temperature. 
The signal from the antibody reaction was developed by adding 
ABTS (Sigma-Aldrich, St. Louis, USA) as an HRP substrate. 
After color development, the optical density of each well was 
determined using a microplate reader, Multiskan FC Microplate 
Photometer (Thermo Fisher Scientific, Massachusetts, USA), at 
405 nm.

2.8. Statistical analysis
Statistical significance was determined using one-way 

analysis of variance (ANOVA) followed by Dunnett’s multiple 
comparisons test to compare each treatment group with the 
untreated group. All analyses were performed using GraphPad 
Prism version 8. Data were presented as mean ± standard 
deviation (SD). A p-value < 0.01 was considered statistically 
significant.

3. RESULTS AND DISCUSSION

3.1. Expression of trimeric RBD-Fd
Figure 1A shows the structural design of the trimeric 

foldon-fused RBD of the SARS-CoV-2 spike protein for 
subunit antigen development. The foldon domain, derived from 
T4 fibritin, was employed to facilitate trimerization of the RBD, 
mimicking the native trimeric architecture of the viral spike 
protein. This design aims to enhance antigen presentation and 
potentially improve immunogenicity by better mimicking the 
natural viral structure [21]. 

Table 1. Group of treatment and recombinant RBD-Fd dose.

Group Treatment Number of mice

1 Control (Untreated) 5

2 Placebo (PBS only) 5

3 RBD-Fd dose 5 µg 5

4 RBD-Fd dose 10 µg 5

5 RBD-Fd dose 5 µg + booster 5

6 RBD-Fd dose 10 µg + booster 5
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The recombinant RBD-Fd protein was expressed 
in a glycoengineered P. pastoris strain engineered to produce 
human-like glycosylation patterns. The target protein was 
secreted into the culture medium, and the sample used for 
analysis was collected from the supernatant. To verify the 
expression and oligomeric state of the construct, a Western blot 
was performed using an anti-RBD SARS-CoV-2 antibody (Fig. 
1B). The protein sample was run on a reducing SDS-PAGE gel. 
Still, it was prepared with a non-reducing sample buffer and 
not boiled, allowing for partial preservation of non-covalent 
interactions. The blot revealed a prominent band at a higher 

molecular weight, corresponding to the trimeric form of the 
RBD-Fd fusion protein. Additionally, a lower molecular weight 
band was observed at the expected size of approximately 31 
kDa, indicating the monomeric form of the protein. This is likely 
due to partial dissociation of the trimer under the denaturing 
gel conditions. The presence of both trimeric and monomeric 
forms suggests that, although the foldon domain effectively 
promotes trimerization, some subunit dissociation occurs during 
electrophoresis. This phenomenon is common when analyzing 
multimeric proteins under denaturing conditions and does not 
necessarily imply structural instability under physiological 
conditions [22]. Further confirmation of the trimeric state in 
native conditions could be pursued using techniques such as 
size-exclusion chromatography coupled with multi-angle light 
scattering or blue native PAGE [23]. 

3.2 Protein purification
The purification workflow and subsequent analysis 

of the RBD-Fd protein expressed in culture supernatant using 
a multistep chromatography strategy are shown in Figure 
2A. The workflow presents a stepwise purification scheme 
starting with ion exchange chromatography (IEX) using a weak 
anion exchange column, followed by hydrophobic interaction 
chromatography (HIC), and finalized with size exclusion 
chromatography (SEC) for polishing. This sequential approach 
was designed to ensure high purity and structural integrity of 
the recombinant RBD-Fd protein. IEX enabled effective initial 
capture of the target protein based on charge interactions, while 
HIC further removed hydrophobic contaminants. The final 
SEC step was critical for separating trimeric RBD-Fd from 
aggregated species or low-molecular-weight impurities. 

Figure 1. (A) The trimeric structure of the prefusion foldon-fused receptor-
binding domain (RBD) of the SARS-CoV-2 spike protein was achieved by 
linking the foldon domain to the C-terminus of the RBD via a glycine-serine 
(GS) flexible linker, promoting trimerization of the protein in cells. (B) 
Western blot analysis using anti-RBD SARS-CoV-2 antibody showing trimeric 
and monomeric forms of RBD-Fd expressed in glycoengineered P. pastoris. 
Molecular weight marker: PageRuler Prestained Protein Ladder, 10–180 kDa  
(Thermo Fisher Scientific). 

Figure 2. Purification of RBD-Fd from cell culture supernatant and analysis of eluates. (A) Schematic 
representation of the sequential chromatography purification strategy. The chromatography step starts with 
ion exchange chromatography (IEX) for capture, followed by hydrophobic interaction chromatography (HIC), 
and concluding with a polishing step using size exclusion chromatography (SEC). (B) Slot blot analysis using 
a monoclonal antibody specific to the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein. (C) 
SDS-PAGE analysis was performed under reducing and denaturing conditions (boiled sample buffer). The SEC 
eluate was concentrated using a 10 kDa molecular weight cut-off Amicon Ultra centrifugal filter. Molecular weight 
marker: Precision Plus Protein™ Standards, 10–250 kDa (Bio-Rad).
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3.3. Immunogenicity study
Figure 3 illustrates the schematic of the in vivo study 

design used to evaluate the immunogenicity of the purified 
RBD-Fd protein. Female SPF BALB/c mice were assigned 
to different treatment groups, including untreated, PBS-only, 
and formulation-treated groups (5 µg and 10 µg doses). Every 
treated group received a single dose of the formulation or 
PBS on Day 1. To assess the effect of a booster immunization, 
two formulation-treated groups received an additional dose 
on Day 14. The study was terminated on Day 28, at which 
point blood and spleen samples were collected for subsequent 
immunological analysis. This study design allowed for the 

To evaluate the presence, integrity, and purity 
of the recombinant RBD-Fd protein following multistep 
chromatography, slot blot and SDS-PAGE analyses were 
performed on the eluate of every single step of purification. 
Figure 2B shows the slot blot analysis, performed using an anti-
RBD SARS-CoV-2 antibody, which demonstrated the presence 
of the target protein in the eluate fractions collected from 
each purification step. These results confirm that the RBD-Fd 
fusion protein was successfully retained and eluted during each 
chromatography stage, indicating efficient recovery throughout 
the process. To further evaluate protein purity, SDS-PAGE 
analysis was conducted on the same fractions (Fig. 2C). The 
SDS-PAGE results revealed a progressive improvement in 
purity after each purification step, with the final size exclusion 
chromatography yielding a dominant band corresponding to 
the expected molecular weight of the RBD-Fd fusion protein. 
Minor bands, possibly representing host cell proteins or 
degradation products, were substantially reduced after the final 
polishing step, indicating the effective removal of impurities. 
These results demonstrate the effectiveness of the multistep 
chromatography approach in purifying the RBD-Fd protein 
to high homogeneity, a critical prerequisite for downstream 
biochemical or immunological characterization.

Figure 3. Schematic of the in vivo study design. Female SPF BALB/c mice 
received the assigned dose on Day 1 across all groups. A booster dose was 
administered on Day 14 to the designated group. The study concluded on Day 
28, followed by blood and spleen collection.

Figure 4. Flow cytometric analysis of splenocytes after immunization, showing CD4⁺ (PE) and CD8⁺ (FITC) T cell 
responses. The bar chart represents the mean fluorescence intensity (MFI) for each channel.
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assessment of both primary and secondary immune responses. 
The inclusion of a booster group enables comparison of 
immune kinetics and magnitude between single-dose and two-
dose regimens. The 14-day interval between prime and boost is 
commonly used in murine models and was selected to mimic 
accelerated immunization schedules suitable for pandemic 
response scenarios. Termination on Day 28 provided sufficient 
time for the development of measurable humoral and potential 
cellular immune responses, while minimizing the risk of age-
related variability in immune function [24]. 

Flow cytometric analysis of splenocytes harvested 
following immunization was conducted to evaluate the T cell 
response through CD4⁺ and CD8⁺ markers (Fig. 4). The data 
demonstrate a partial immune response exclusively in CD8⁺ T 
cells, with no detectable response in CD4⁺ T cells across all 
tested groups. In the CD8⁺ T cell population, both the 5 µg and 
10 µg single-dose groups showed increased mean fluorescence 
intensity (MFI) signals compared to controls. Booster 
immunization further enhanced the response relative to single-
dose groups. However, the response was not dose-dependent, 
as the 10 µg booster group exhibited a lower MFI signal than 
the 5 µg booster group. These findings suggest that booster 
administration, rather than antigen dose within the 5–10 µg 
range, was the key factor enhancing CD8⁺ T cell response. In 
contrast, untreated and PBS-only groups showed no activation 
of either CD4⁺ or CD8⁺ T cells, confirming the specificity of the 
formulation-induced immune response. These findings suggest 
that the formulation predominantly activates CD8⁺ cytotoxic T 
lymphocytes, with minimal or no engagement of CD4⁺ helper T 
cells. The lack of a CD4⁺ response may reflect the nature of the 
antigen processing pathway [25] or the adjuvant profile [26], 
which favors cross-presentation and MHC class I-restricted 
CD8⁺ activation [27]. Overall, while CD8⁺ T cell responses 
are promising, the lack of CD4⁺ T cell activation may have 
implications for long-term memory and humoral support. CD4+ 
T cells play a vital role in helping CD8+ T cells mature into 
memory cells and in guiding B cells to produce effective 
antibodies [28–31]. Therefore, further investigation into the 
formulation or optimization of adjuvants is needed to achieve a 
more balanced immune profile.

The ELISA results in Figure 5 demonstrate that 
a significant antibody response against the SARS-CoV-2 
RBD protein was observed only in the booster immunization 
groups at both 5 µg and 10 µg doses. In contrast, single-dose 
immunization at either dose, as well as the PBS control group, 
failed to elicit a detectable antibody response, with signal levels 
comparable to the untreated control. Importantly, both booster 
groups showed comparable antibody titers, suggesting that 
increasing the antigen dose from 5 µg to 10 µg did not further 
enhance the immune response. These findings are consistent 
with a previous study, which reported that a vaccine candidate 
based on an RBD trimer protein subunit induced a robust 
humoral response only after two doses [32]. Moreover, recent 
preclinical evaluations of an RBD-trimeric subunit vaccine 
demonstrated that a 25 µg dose was sufficient to elicit antibody 
production, while booster immunizations clearly improved the 
seroconversion rate [33]. Taken together, these observations 
suggest that a single dose of 5–10 µg may be insufficient to 

trigger a measurable immune response, thereby underscoring 
the importance of booster immunization for achieving robust 
humoral immunity. Statistical analysis using one-way ANOVA 
confirmed that the antibody responses in both booster groups 
were significantly higher than those in the untreated group (p < 
0.01), emphasizing the critical role of booster immunization in 
eliciting a robust humoral response [34,35]. 

Overall, these results confirm the successful expression, 
secretion, initial structural characterization, purification, and 
immunogenicity studies of the trimeric RBD-Fd fusion protein 
in glycoengineered yeast P. pastoris, supporting its potential 
as a viable subunit protein as a vaccine candidate against 
SARS-CoV-2. Building on previous studies, yeast-expressed 
subunit vaccines represent a highly advantageous platform, 
offering a unique combination of safety, scalability, and 
strong immunogenicity. These attributes not only reinforce the 
translational relevance of our findings but also highlight their 
potential for advancement into real-world vaccine development. 
Moreover, the demonstrated capacity of yeast-based systems to 
induce robust immune responses through simplified production 
further supports their suitability for rapid and cost-effective 
clinical translation [36,37] .

4. CONCLUSION
This study successfully demonstrated the expression, 

purification, and immunogenicity of a trimeric SARS-CoV-2 
RBD-Fd fusion protein produced in glycoengineered P. 
pastoris. The fusion of the foldon domain to the RBD effectively 
promoted trimerization, as shown by Western blot analysis, 
mimicking the native structure of the viral spike protein. The 

Figure 5. ELISA analysis of serum samples against the SARS-CoV-2 RBD 
protein. The data represent the signal ratio of the treated groups relative to 
the untreated control group, measured at an optical density (OD) of 405 nm. 
Data are represented as the mean ± SD. One-way ANOVA analyzed data with 
Dunnett’s multiple comparisons test. ∗∗p < 0.01.



	 Wardiana et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press	 007

Online F
irst

multistep purification strategy comprising IEX, HIC, and SEC 
yielded a highly purified antigen suitable for in vivo studies.

Immunogenicity evaluation in SPF BALB/c mice 
model revealed that booster immunization was essential 
for eliciting both humoral and cellular immune responses.  
ELISA analysis confirmed that significant antibody responses 
were observed only in animals receiving a booster dose, with no 
additional benefit observed at the higher (10 µg) dose compared 
to the lower (5 µg) dose. Flow cytometry results showed a 
selective induction of CD8⁺ T cell responses, particularly in 
the booster groups, while CD4⁺ T cell activation remained 
undetectable. The absence of an immune response in both 
untreated and PBS-only controls confirmed the specificity of 
the immune activation.

These results provide proof-of-concept for yeast-
expressed trimeric RBD-Fd as a scalable recombinant protein 
subunit platform. However, further optimization is required to 
achieve balanced humoral and cellular immunity. Future work 
will focus on neutralization assays to validate the functional 
activity of the elicited antibodies, adjuvant screening to enhance 
immunogenicity, and viral challenge studies to assess protective 
efficacy. Expanding the evaluation to include different mouse 
strains, both sexes, and non-human primate models will be 
critical for improving the predictive value of preclinical data 
and bridging the gap toward clinical testing.
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