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� We developed the world's first triple antigen VLP vaccine candidate-PRAK-03202.
� PRAK-03202 can induce neutralizing antibodies against SARS CoV-2.
� PRAK-03202 can induce an IFN-γ response in convalescent patient sera.
� IgG antibody responses against the novel PRAK-03202 persisted for months.
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A B S T R A C T

The rapid development of safe and effective vaccines against severe acute respiratory syndrome coronavirus 2
(SARS CoV-2) is a necessary response to coronavirus outbreak. Here, we developed PRAK-03202, the world's first
triple antigen virus-like particle vaccine candidate, by cloning and transforming SARS-CoV-2 gene segments into a
highly characterized S. cerevisiae-based D-Crypt™ platform, which induced SARS CoV-2 specific neutralizing
antibodies in BALB/c mice. Immunization using three different doses of PRAK-03202 induced an antigen-specific
(spike, envelope, and membrane proteins) humoral response and neutralizing potential. Peripheral blood
mononuclear cells from convalescent patients showed lymphocyte proliferation and elevated interferon levels
suggestive of epitope conservation and induction of T helper 1-biased cellular immune response when exposed to
PRAK-03202. These data support further clinical development and testing of PRAK-03202 for use in humans.
1. Introduction

The coronavirus disease (COVID-19) outbreak was declared a public
health emergency of international concern on January 30, 2020, and a
pandemic on March 11, 2020, by the World Health Organization. As of
June 2021, with more than ~3,840,223 deaths in total and 408,990 new
cases each day, it is considered a serious threat to global public health.
Although several vaccine candidates have initiated clinical testing, very
little is currently known about their long-term humoral response (Hasan
h.com (P.K. Kundu).

17 June 2021; Accepted 30 Septe
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et al., 2021). There are also currently no effective therapeutics (Ho et al.,
2004), calling for the urgent development of safe and effective thera-
peutics against COVID-19.

Severe acute respiratory syndrome coronavirus 2 (SARS CoV-2) is an
enveloped virus with a positive-strand RNA of 29.9 kb that contains four
structural proteins, including the spike, envelope, membrane, and
nucleocapsid proteins. Currently, numerous efforts have focused on
developing DNA and RNA vaccines to combat COVID-19. However, there
are several challenges, including: I) poor immunogenicity; II) single
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target-oriented approach for the vaccines currently in clinical trials:
receptor-binding domain (RBD) or spike protein; III) amounts and
duration of protein production; IV) high mutation rate of the spike pro-
tein; and V) expenses for ultra-cold chain storage of the vaccines, which
all create a bottleneck in the development of an effective COVID-19
vaccine.

While the spike protein has been well documented as a target for
developing effective vaccines or drug-mediated therapies, mutations in
the spike protein of new emerging variants encourage the inclusion of
other structural proteins in vaccine candidates to provide a broader im-
mune response against the variants of SARS CoV-2. Moreover, competi-
tion between neutralizing and non-neutralizing epitopes of the spike
protein could greatly reduce the host immune response (Du et al., 2016)
and increase the chances of failure of single-antigen targeting vaccines.
Recent studies have reported the significance of the envelope and
membrane proteins as potential vaccine targets against SARS CoV-2
(Bhattacharya et al., 2021; Lopandic et al., 2021).

This study aimed to establish approaches to overcome the above-
mentioned limitations by producing a virus-like particle (VLP)-based
triple antigenic vaccine candidate, PRAK-03202, against COVID-19 to
combat this emerging infectious disease. VLPs are composed of multiple
viral proteins, but they lack the viral genome. VLPs are structurally
identical to the native virus and can display pathogen-associated mo-
lecular patterns to the pattern recognition receptors of the host innate
immune system to further activate the adaptive immune response
(Kumar et al., 2011; Wang and Wang, 2013). Immunization with VLPs
has been demonstrated as an effective strategy for vaccine development
for respiratory viruses by several research groups, as they bring an
apparent improvement in terms of biological safety (Kim et al., 2015;
Naskalska et al., 2018; Quan et al., 2020; Syomin and Ilyin, 2019).

We used the D-crypt™ platform to produce PRAK-03202 because of
its low risk of contamination by adventitious agents, low production
costs, and the ability to produce VLPs with reliable quality and quantity
(Arora, 2020). PRAK-03202 immunogenicity in viral neutralizing anti-
body assays was determined together with the adjuvant effect of alhy-
drogel (AH). Aluminum-based adjuvants have been widely used in more
than 30 licensed vaccines (Di Pasquale et al., 2015) and are the only
adjuvant in use for the last 70 years. Recent preclinical studies have
shown that AH is associated with protection against SARS-CoV-2 (Gao
et al., 2020; Liang et al., 2020).

2. Materials and methods

2.1. Mice

Pathogen-free 6-8 week-old BALB/c mice were maintained in DHITI
Life Sciences, India. All animal protocols were approved by the Com-
mittee for the Purpose of Control and Supervision of Experiments on
Animals (1931/PO/RcBi/S/16/CPCSEA). BALB/c mice (n ¼ 40) were
immunized intramuscularly three times with PRAK-03202 within a 14-
day interval and categorized into the following eight groups: placebo
(0 μg in physiological saline; N ¼ 5), AH only (N ¼ 5), and AH with
PRAK-03202 (N ¼ 5/dose; 5, 10, 20, 50, 100, and 150 μg/dose). All
immunization experiments were performed using the high-performance
liquid chromatography (HPLC)-purified form of PRAK-03202. In addi-
tion, the same purified lot of PRAK-03202 was used in all studies.

2.2. Clinical information and serological testing

Patient medical history was collected for information on demographic
characteristics, clinical profile including blood biochemistry, lung pro-
file, renal profile, liver profile, and subsequent outcome in case of any
reported symptoms and signs. Blood from convalescent patients was
fractionated into the sera and peripheral blood mononuclear cells
(PBMCs). The study was approved by the Institutional Ethics Committee
of Premas Biotech Pvt. Ltd.
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2.3. 5-Bromo-2-deoxyuridine (BrDU) assay

PBMCs were separated from the blood of convalescent patients and
stimulated with two doses of PRAK-03202 (2.5 μg and 5 μg). The
lymphocyte proliferation rate was measured using the BrdU assay ac-
cording to the manufacturer's instructions [cell proliferation enzyme-
linked immunosorbent assay (ELISA) BrDU, Roche, USA].

2.4. Serum antibody measurements

This study measured PRAK-03202-specific immunoglobulin G (IgG)-
mediated antibody titers in serum samples collected from immunized
mice and patients by ELISA (Jackson et al., 2020). We also measured the
spike, envelope, and membrane protein-specific IgG-mediated immune
responses in mouse serum samples. For the PRAK-03202-specific IgG
response, wells were coated with 0.25 μg of PRAK-03202, and for the
antigen-specific IgG response, 96-well microtiter plates were coated with
0.025 μg of purified spike, envelope, and membrane proteins individu-
ally at 2–8 �C overnight. Then, the plates were blocked with 2% bovine
serum albumin for 1 h at room temperature. Diluted sera (1:1000) of
mice and convalescent patients were applied to each well and incubated
at 37 �C for 2 h. Afterwards, the plates were respectively incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse antibodies
(1:5000; A4416, Sigma-Aldrich, USA) and HRP-conjugated anti-human
secondary antibodies (1:10000 dilution; A0170, Sigma-Aldrich, USA) at
37 �C for 1 h. The plates were developed using 3, 30, 5, 50-tetrame-
thylbenzidine (TMB) and read at 450/570 nm using an ELISA plate
reader.

2.5. SARS-CoV-2 neutralization assays

Neutralization experiments on serum samples from immunized ani-
mals and convalescent patients were performed according to the manu-
facturer's protocol (sVNT Kit, GenScript, USA). Briefly, the samples were
pre-incubated with HRP-RBD to bind circulating neutralizing antibodies.
The mixture was added to a human angiotensin-converting enzyme 2
(ACE2) pre-coated plate and incubated at 37 �C for 15 min. The wells
were washed four times with phosphate-buffered saline, and the mixture
was incubated with TMB at 20–25 �C in the dark for 15 min. The stop
solution was added, and the plate was read at 450 nm using a microtiter
plate reader. Mouse neutralization potential (NP) was plotted relative to
the human NP (reference), taken as 100%.

2.6. Plaque reduction neutralization test (PRNT)

Vero E6 cells (1 � 105 cells/well) were seeded onto 24-well plates.
The following day, 30 PFU of infectious wild-type SARS-CoV-2 was
incubated with diluted serum (total volume of 150 μl) at 37 �C for 1 h.
The virus-serum mixture was added to the pre-seeded Vero E6 cells and
incubated at 37 �C for 1 h. Then, 1 ml of 2% modified Eagle's medium
containing carboxymethyl cellulose was added to the infected cells. After
3 days of incubation, 1 ml of 3.7% formaldehyde was added and incu-
bated at room temperature for 30 min. The formaldehyde solution from
each well was discarded, and the cell monolayer was stained with a
crystal violet solution for 60 min. After washing with water, the plaques
were counted to calculate PRNT50, which indicates serum dilutions
yielding 50% virus neutralization. The PRNT assay was performed at the
biosafety level 3 (BSL-3) facility at THSTI, India.

2.7. Cytokine profiling

Healthy control and patient PBMCs (1 � 105 cells/well) were stim-
ulated with two doses of PRAK-03202 (2.5 μg and 5 μg) at 37 �C in a
humidified chamber containing 8% CO2 for 120 h. Supernatants were
collected, and cytokine staining for interferon (IFN)-γ was performed
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according to the manufacturer's instructions [human IFN–g ELISA set
(RUO), BD Biosciences, USA].

2.8. Vaccine safety evaluation

The safety of the SARS-CoV-2 vaccine was evaluated in immunized
mice at week 5. Datasets of many safety-related parameters were
collected during and after immunization, including clinical observation,
body weight, organ weight (lung and spleen), and body temperature.
Flow cytometric analysis of lymphocyte subset percentage was per-
formed in the lungs, and blood was collected using commercially labeled
CD4þ (Cat6¼100412; Biolegend), CD8þ (Cat6¼140410; Biolegend), CD11c
(Cat6¼117316; BioLegend), CD11bþ (Cat6¼101224; Biolegend), B cells
(Cat6¼1115535; Biolegend), natural killer (NK Cat6¼108905; Biolegend),
and Ly6B (Cat6¼127629; Biolegend) antibodies. Briefly, the lungs were
initially treated with a collagenase solution and macerated. Both lung
and blood cells were lysed in red blood cell lysis buffer (Biolegend) on ice
for 15 min. The cells were centrifuged at 400 rpm and 4 �C for 5 min. Cell
pellets were resuspended in flow cytometry staining (FACS) buffer con-
taining a 1:100 dilution of target-specific antibodies and incubated at 4
�C in the dark for 20 min. Cells were then washed twice with FACS buffer,
and data were acquired using a BD FACS Canto II and analyzed using
FlowJo (TreeStar).

2.9. Long-term humoral immune response

Mice were kept alive beyond the recovery period under observation
to assess the long-term immune response. Briefly, sera were collected
from these mice at various time points (0, 21, 61, 66, 76, 86, 97, and 110
days). The total IgG response was evaluated by ELISA using a 1:5000
dilution of HRP-conjugated anti-mouse secondary antibody (A4416,
Sigma-Aldrich, USA).

2.10. Statistical analysis

Results are presented as the mean � standard error of the mean
(SEM). The differences in antibody titers were evaluated using the non-
Figure 1. Characterization of the triple-antigenic PRAK-03202 as a vaccine candida
velope, and membrane proteins in the S. cerevisiae-based D-Crypt™ platform by using
protein, M: Membrane protein (Refer: Supplementary Figure 1). B) HPLC profile of pu
spike, envelope, and membrane proteins at 48 h post-induction. The buffer peak on
purified VLP intercept g12 ¼ 0.8116; polydispersity index ¼ 18.5%; particle size ¼ 1
cell cytoplasmic lysate at the D) 500 nm, E) 200 nm, and F) 100 nm scale. The figu
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parametric Kruskal-Wallis test. The differences in NP and the overall
differences were tested using analysis of variance (ANOVA). Bonferroni-
adjusted P-values were computed for all pairwise comparisons. The
correlations between the methods were analyzed using the Spearman
correlation test. All statistical analyses were performed using OriginPro
software (Version, 2020b). Statistical significance was set at p < 0.05.

3. Results and discussion

3.1. Characterization and binding affinity of PRAK-03202 for novel
coronavirus

In the present study, we developed a VLP-based COVID-19 vaccine
candidate, PRAK-03202, with triple antigenic efficacy. PRAK-03202
design and synthesis were initiated upon the release of the SARS CoV-2
genome sequences in February 2020 (Wu et al., 2020). The
co-expression of the spike, envelope, and membrane proteins has been
shown to form VLPs for SARS-CoV-2 in recent studies (Boson et al., 2020;
Xu et al., 2020). The design and manufacture of the PRAK-03202 vaccine
candidate represents a plug-and-play process, where we insert the
three-target antigen sequence into a highly characterized S.cer-
evisiae-based D-Crypt™ platform (Premas Biotech). This system allows
scalability of the drug product, and thus circumvents conventional vac-
cine production complexities in eggs or cell culture (Arora, 2020).
PRAK-03202 was purified from cell lysates and analyzed for spike, en-
velope, and membrane protein expression. Immunoblot analysis using
commercially available antibodies confirmed the expression of the three
proteins (Figure 1A). The co-expression of the spike, envelope, and
membrane proteins was further confirmed by mass spectrometry. Puri-
fied PRAK-03202 showed purity greater than 98% using size exclusion
chromatography-HPLC (Figure 1B). PRAK-03202 was characterized by
dynamic light scattering (DLS) and cryo-transmission electron micro-
scopy (cryo-TEM). DLS analysis showed a mean particle size of 176 � 18
nm with an 18% polydispersity index (Figure 1C). Additionally,
cryo-electron microscopy analysis showed intact spherical bilayer parti-
cles (Turonova et al., 2020) with distinct crown-like spikes representing a
prefusion virus state (Figure 1D-F).
te against SARS-CoV-2. A) Immunoblot analysis for co-expression of spike, en-
antigen-specific antibodies (Sigma Aldrich, USA). S: Spike protein, E: Envelope
rified peak (left) from cytoplasmic extract of S. cerevisiae cells, co-expressing the
the right side was overlaid with the HPLC profile peak. C) DLS analysis of the

76 � 18 nm; baseline ¼ 0.998. D-F) Cryo-TEM image of PRAK-03202 from yeast
re shows intact spherical-shaped bilayer particles with distinct spikes.
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Binding of the RBD to the ACE2 receptor is the first step in SARS CoV-
2 infection. Therefore, preventing the interaction between the spike RBD
and the ACE2 receptor is considered a strong therapeutic strategy, and
work with the SARS and Middle East respiratory syndrome (MERS)
coronaviruses have demonstrated proof-of-concept for this approach
(Davidson et al., 2020; Huang and Chai, 2020; Li, 2013). To assess the
binding affinity of PRAK-03202 to the human ACE2 receptor, flow
cytometric analysis was performed with Hep-G2 (high endogenous
expression of ACE2 receptor) and MCF-7 (low endogenous expression of
ACE2 receptor-negative control) cells. The data demonstrated that
Hep-G2 cells bound preferentially to a higher extent (31 � 9%) than
MCF-7 cells, demonstrating the binding efficacy of PRAK-03202 with the
ACE2 receptor (Figure 2A-C).
3.2. PRAK-03202-specific humoral immune responses in mice

Serum neutralizing antibodies provide protection against several
respiratory viruses and are therefore accepted as a functional biomarker
of the in vivo humoral response. Therefore, to assess the immunogenicity
of PRAK-03202, BALB/c mice (n ¼ 45) were immunized with different
doses (5, 10, 20, 50, 100, and 150 μg) of PRAK-03202 and categorized
into eight groups: placebo (0 μg in physiological saline; N ¼ 5), AH only
(N ¼ 5), and AH with PRAK-03202 (N ¼ 5/dose; 5, 10, 20, 50, 100, and
150 μg). No visible changes in body temperature, organ/body weight
(Figure 2D-G), or other clinical symptoms, such as an arched back and
decreased response to external stimuli, were observed, even at high doses
(150 μg). Therefore, this dose was considered to have no observed
adverse effect levels (Nair and Jacob, 2016).

Optimal protection against SARS-CoV-2 is likely elicited by humoral
and cell-mediated immune responses (Chowdhury et al., 2020). Since
lower doses in animals are considered safe for humans (USFDA, 2005),
the PRAK-03202-specific total IgG response was evaluated from the sera
of mice immunized with 5, 10, and 20 μg doses of adjuvant PRAK-03202
at days 0 and 35. Briefly, 96-well microtiter plates were coated with
0.025 μg of PRAK-03202 at 2–8 �C overnight. Diluted sera of vaccinated
mice and convalescent patients were applied to each well and incubated
Figure 2. Safety and specificity of PRAK-03202 for ACE2 receptor. A and B) Flow cyt
(left panel) and B) HEP-G2 cells (right panel). PRAK-03202 was labelled with CFSE dy
G2 cells with high endogenous expression of ACE-2 and MCF-7 cells with marginal e
Graphical representation to show positive binding of labelled PRAK-03202 to Hep-G2
amount of PRAK-03202 binding ranged within 31 � 9%. *Indicates statistically sign
measurement of BALB/c mice immunized with 6 different doses of PRAK-03202 and
are given as means � SEM. F and G) Scatter graph depicting weight of F) lung and
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at 37 �C for 2 h. Next, the total IgG binding endpoint titers from all
immunized mouse groups were measured against PRAK-03202 by ELISA.
The results showed that all PRAK-03202-vaccinated groups elicited
higher IgG-mediated responses than the controls. We observed a
dose-dependent increase in titer throughout the study, with a maximum
titer obtained at a 20 μg dose of PRAK-03202 (AH: titer value 1000 � 0;
AHþ5 μg PRAK-03202: 8500� 50; AHþ10 μg PRAK-03202: 14900� 36;
AHþ20 μg PRAK-03202: 25300� 65) (Figure 3A). Neutralizing antibody
titers of PRAK-03202 closely matched the titers measured for the
convalescent patient sera (51,714 � 133), highlighting the potential of
PRAK-03202 to induce a potent neutralizing immune response
(Figure 3B).

RBD-specific neutralization inhibition was evaluated in sera from
convalescent and immunized mice. The NP of convalescent patient sera
was used as a reference and considered as 100%; data from mice were
plotted relative to this standard. In the neutralization inhibition assay,
sera from all the PRAK-03202-vaccinated groups showed significant NP
by inhibiting the RBD and ACE2 interaction, compared with the control
groups. However, maximum inhibition of RBD and ACE2 cell surface
receptors was observed at the lowest (5 μg) dose of adjuvant PRAK-
03202 (62.3 � 0.50%), compared with the control groups (AH: 6.12 �
8.06%; Figure 3C). Comparatively low total IgG values and high NP
values at a 5 μg dose (NP: 62.3 � 0.50%) suggested that immunization
with 10 μg (NP: 42.3� 1.92%) and 20 μg (NP: 29.9� 0.69%) of adjuvant
PRAK-03202 led to the generation of non-neutralizing epitopes in sera
that did not engage in ACE2 receptor binding; therefore, lower NP was
observed. These results were consistent with those of previous studies,
which showed that non-neutralizing epitopes severely reduced vaccine
efficacy by inducing strong non-neutralizing immune responses and
distracting the host immune system from reacting with neutralizing
epitopes on the RBM (Du et al., 2013, 2016).

Conventionally, neutralizing antibodies are measured using
PRNT. PRNT is considered the gold standard for determining
immune protection (Muruato et al., 2020). To validate the virus
neutralization assay results, we performed conventional PRNT on all
PRAK-03202-vaccinated groups. On day 3 post-challenge, wild-type
ometric analysis to show PRAK-03202 binding to the ACE2 receptor in A) MCF-7
e (lower panel); unlabeled PRAK-03202 was taken as control (upper panel). Hep-
xpression of ACE-2 were used as positive and negative controls, respectively. C)
and MCF-7 cells. Percentage values are given as means � SEM from n ¼ 3. The
ificant difference (P < 0.05) from MCF-7 cells. D) Temperature and E) weight

AH for five consecutive weeks (N ¼ 5/group; total number of mice ¼ 45). Values
G) spleen of immunized mice at week 5. Values are given as means � SEM.



Figure 3. Humoral immune responses in immunized BALB/c mice (n ¼ 5/group) and convalescent patient sera (N ¼ 3). A and B) Five groups of BALB/c mice were
immunized with the indicated doses of PRAK-03202 (n ¼ 5/group). PRAK-03202-specific IgG antibody titers were analyzed by ELISA in mice (A) and in (B) healthy
and convalescent patient sera. Bars represent the mean titer, with standard deviation indicated. C) Bar chart depicting the NP of PRAK-03202 in immunized mice
relative to the NP of convalescent patients, which was taken as reference. Corrected NP (%) ¼ (average NP of sera samples of immunized mice/average NP of sera
samples from convalescent patients) X100. *Indicates statistically significant difference (P < 0.05). D) Vero E6 cells were infected with the 30 PFU of wild type SARS-
CoV-2 and serum mixture at the indicated dilutions. PRNT50 titer was plotted for each group of immunized mice. E) Antigen-specific -fold changes in IgG responses
(spike, envelope, and membrane proteins) of PRAK-03202 were measured by ELISA in immunized mice. PRAK-03202 was incubated with 0.25 μg of purified spike,
envelope, and membrane protein-coated 96-well plates. The plates were read at 450/630 nm using an ELISA plate reader. Error bars indicate SEM.
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PRNT50 virus–neutralizing activity against SARS-CoV-2 was detected in
all PRAK-03202 vaccinated groups. The PRNT50 titers were higher in
the AHþ5 μg PRAK-03202 (1:20) groups than in the other adjuvant
groups, where PRNT50 was observed at a dilution of 1:5. Moderate
inhibition of plaque number was observed in all mice except those
vaccinated with a lower dose (5 μg) of PRAK-03202, further confirming
the protective potential of this dose. A strong correlation was observed
between the virus neutralization assay and the PRNT results, with a
correlation efficiency R2 of 0.78 (p ¼ 0.003) (Figure 3D). The results
demonstrate that when diagnosing patient specimens, the viral
neutralization assay of PRAK-03202 should deliver results comparable
to those of the PRNT assay. Compared to the PRNT assay, BSL-2
containment is required for the viral neutralization assay, instead of
BSL3, which decreases the turnaround time and increases testing effi-
cacy to high-throughput in case of SARS-CoV-2 infection.
3.3. Spike, envelope, and membrane protein-specific immune response

Previous studies have shown that novel coronaviruses can escape the
host immune response either by exposing non-neutralizing epitopes to
their RBDs or due to emerging mutations in their spike sequence that
mediate escape from neutralizing antibody responses induced by im-
munogens designed using the Wuhan/WIV04/2019 sequence (Dong
et al., 2020; Durmaz et al., 2020). Hence, other SARS-CoV-2 proteins may
also play important roles in the development of suitable vaccine candi-
dates (Bhattacharya et al., 2021; Lopandic et al., 2021).

Therefore, to measure the in vitro spike, envelope, and membrane-
specific IgG response, 96-well microtiter plates were coated with 0.025
μg of purified spike, envelope, and membrane proteins individually at
2–8 �C overnight. Diluted sera of vaccinated mice were applied to each
well and incubated at 37 �C for 2 h. Evaluation of immune response
against the spike, envelope, and membrane proteins showed that the sera
of mice vaccinated with 10 μg dose showed maximal immune response
5

against the three antigens (spike-3.05� 0.45-fold, envelope-2.04� 0.11-
fold, membrane-1.95 � 0.13-fold; P¼NS), whereas AH in combination
with 5 μg PRAK-03202 showed a comparatively high response for spike
protein compared with controls (AHþ5 μg PRAK-03202: spike-1.83 �
0.42-fold, envelope-1.35 � 0.12-fold, membrane-1.3 � 0.07-fold)
(Figure 3E). This highlights the potential of PRAK-03202 to induce a
strong and potent immune response by eliciting effective antibody re-
sponses for all three antigens. Therefore, PRAK-03202 may serve as an
effective vaccine candidate for novel coronavirus infections.
3.4. PRAK-03202 induced IFN-γ response in convalescent patients

To further observe whether PRAK-03202 was recognized by the sera
of convalescent patients (n ¼ 7), immunoblotting analysis was per-
formed. Our findings showed multiple protein bands, which suggest that
certain components of PRAK-03202 were recognized by antibodies pre-
sent in the sera of convalescent patients (Figure 4A-B).

In addition to humoral responses, cellular immune responses have
also been associated with more favorable recovery from MERS-CoV
infection and are likely an important factor in SARS-CoV infection as
well (Zhao et al., 2017). To assess T cell responses and determine
whether PRAK-03202 mimics the viral epitopes, PRAK-03202 was used
in cytokine staining assays using healthy and convalescent human
PBMCs. PRAK-03202-specific lymphocyte proliferation was evaluated by
ELISA in convalescent patients (n ¼ 5) and healthy control sera (n ¼ 2).

In comparison with controls, higher lymphocyte proliferation was
observed in PRAK-03202-stimulated patient sera at two doses (2.5 μg: 2-
fold; 5μg: 1.45-fold) (Figure 4C). These findings suggest that PRAK-03202
induced lymphocyte proliferation in convalescent blood, indicating its
recognition by antigen-presenting cells and presentation to immune cells.

Type I or type II immunity have been predominantly elicited by
vaccines in previous studies (Hoft et al., 1999; Spellberg and Edwards,
2001). Therefore, we evaluated the IFN-γ response in the patient samples



Figure 4. IFN-γ responses in convalescent patients. A) Immunoblot analysis of five different batches of PRAK-03202 (PR-01 to PR-05) when probed with sera from
convalescent patients. M ¼ marker, PR-01-PR-05: 5 batches of PRAK-03202 (Refer: Supplementary Figure 2A). B) Immunoblot analysis of PRAK-03202 when probed
with sera from four convalescent patients (PR-S1 to PR-S4) (Refer: Supplementary Figure 2B). C) Lymphocyte proliferation in PRAK-03202 (2.5 μg and 5 μg)-stim-
ulated PBMCs from controls (n ¼ 2) and convalescent COVID-19 patients (n ¼ 5). Samples were stimulated for 120 h, and the BrDU assay was performed (Cell
Proliferation ELISA BrDU, Roche, USA). The plates were read at 450/690 nm using an ELISA plate reader. OD values represent means � SEM. Significant differences
between controls and patients were observed. *Indicates a statistically significant difference (p < 0.05). D) Cytokine staining for IFN-γ by ELISA in controls and
convalescent patient samples stimulated with two different doses (2.5 μg and 5 μg) of PRAK-03202. Error bars indicate SEM.
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(Figure 4D). Experimental data showed elevated IFN-γ levels in patient
PBMCs (2.16 � 0.33) compared with healthy controls (0.95 � 0.23),
suggesting induction of T helper 1 (Th1)-biased cellular immune re-
sponses. Rapid cellular responses could potentially reduce the viral load
and spread of SARS-CoV-2 and COVID-19.

Different strategies have been devised to enhance host immunity
against viral diseases by inducing Th1-type immune responses and
neutralizing antibodies against targeted proteins. Naïve T cells polarize
immune responses into Th1 and Th2 cells. A recent study showed that
patients mounting a Th2 response against SARS-CoV-2 required intensive
care, compared with a Th1 response, which would keep the infection
under IFN control (Roncati et al., 2020). IFNs, such as IFN-α and IFN-γ,
are highly correlated with the SARS-CoV-2 viral load, suggesting that
viral load may drive these cytokines (Lucas et al., 2020). Similarly,
increased expression of toll-like receptor 3 (TLR3) after coronavirus in-
fections has been reported to activate transcription factors, such as IFN
regulatory transcription factor 3 and nuclear factor-κB, which are asso-
ciated with increased production of type I IFNs (IFN-α and β), inflam-
matory cytokines (interleukin-6 and tumor necrosis factor), and IFN-γ
(Allison et al., 2015). These results suggest that the virus evades the
immune system by disabling IFNs during the early stages of infection.
When a virus invades a cell, IFNs provoke an intense local response by
unleashing various other proteins that inhibit viral replication and
invade neighboring cells. Hence, successful vaccines are expected to
polarize the T cell response towards type 1 immunity via IFNs and pre-
vent the stimulation of cytokines that induce Th2 immunity.

In the present study, elevated IFN-γ levels in the patient samples
supported the findings of previous studies demonstrating that intranasal
IFN-γ is a viable treatment option for respiratory syncytial virus due to its
ability to reduce viral titers in the lung with no detectable increase in
CD4þ or CD8þ T cell infiltration (Empey et al., 2012). This indicates
6

potential mimicking of the actual virus by PRAK-03202, which could
induce a Th1 immune response.

3.5. PRAK-03202-specific IgG-mediated long-term humoral response

Safety and efficacy are essential for vaccine development in both
preclinical and clinical trials. T cell infiltration can increase lung viral
titers in the case of respiratory viruses and is considered a major part of
vaccine development for respiratory diseases (Empey et al., 2012). We
provide evidence for the safety of PRAK-03202 in mice and did not
observe any visible changes in lymphocyte subset percentage (CD4þ,
CD8þ, CD11bþ, CD11cþ, Ly6B, B cells, and NK cells) in either the lungs
(Figure 5A-G) or blood (Figure 6A-G) of the PRAK-03202-vaccinated
groups.

Mice vaccinated with adjuvant PRAK-032025 were kept alive beyond
the recovery period under observation for long-term humoral immune
response; sera were collected at various time points. Total IgG responses
could be seen even after 110 days (IgG: 5.25 � 0.23-fold compared with
placebo), suggesting a long-term humoral response induced by PRAK-
03202 (Figure 6H).

The mortality and morbidity observed during the SARS-CoV-2
pandemic has created an imminent need for a prophylactic vaccine to
prevent infection of approximately 7 billion people worldwide. Although
several vaccine candidates have initiated clinical testing, very little is
known about their long-term humoral response. Specifically, detailed
descriptions and precise estimates of the magnitude and duration of
immune responses are lacking.

We also observed IgG-mediated responses in all immunized mice for
approximately 4 months (110 days). The observation that IgG and
neutralizing antibody responses persist even up to 110 days is encour-
aging and suggests the development of systemic immune memory with



Figure 5. Profile of immune cells in the lungs of BALB/c mice vaccinated with PRAK-03202. A-G) Lungs were initially treated with collagenase solution and
macerated. Flow cytometric analysis of the lymphocyte subset percentage of A) CD4þ, B) CD8þ, C) CD11bþ, D) CD11cþ, E) Ly6Gþ, F) B cells, and G) NK cells in lung
samples was performed by using the indicated antibodies at a 1:100 dilution. Error bars indicate means � SEM.

Figure 6. Profile of immune cells in the blood of mice vaccinated with PRAK-03202. A-G) Flow cytometric analysis of the lymphocyte subset percentage of A) CD4þ,
B) CD8þ, C) CD11bþ, D) CD11cþ, E) Ly6Gþ, F) B cells, and G) NK cells in blood samples were performed by using the indicated antibodies at a 1:100 dilution. Error
bars indicate means � S.E.M. H) Sera from immunized mice were collected at various time points (0, 21, 61, 76, 86, 97, and 110 days). Total IgG response was
evaluated using ELISA with a 1:5000 dilution of HRP-conjugated secondary antibodies (A4416, Sigma, USA). An IgG response was observed even after 110 days,
suggesting long-term efficacy of PRAK-03202. Error bars indicate SEM.
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PRAK-03202. While a long-term study may be necessary, the present
findings support that the IgG antibody responses against the novel PRAK-
03202 vaccine persist for months. However, we did not evaluate the
protection level of PRAK-03202 in mice challenged with live SARS-CoV-
2, which is important for future studies.

Our results indicate that, in comparison to other existing vaccine
platforms against SARS-CoV-2, PRAK-03202 may provide several ad-
vantages: 1) resemblance with native SARS CoV-2; 2) non-replicative and
non-infective nature, providing safe usage in immunocompromised
populations (Nooraei et al., 2021); 3) scalability and commercialization
using our D-crypt™ platform, which may circumvent conventional vac-
cine production complexities, and thus represent an attractive vaccine
strategy against SARS-CoV-2 infection.

Limitations of the study

This study did not evaluate the protection level of PRAK-03202 in
mice challenged with live SARS CoV-2. Furthermore, this study was
7

based on mouse models; thus, it is important to call for research using
non-human primates to evaluate the translational and pharmacological
values of these findings.
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