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D614G genotype of SARS-CoV-2 virus is highly infectious and responsible for almost all infection for 2nd
wave. However, there are currently no reports with D614G as vaccine candidate. Here we report the
development of an mRNA-LNP vaccine with D614G variant and characterization in animal model. We
have used special mRNA-architecture and formulation that provides suitable response of the product.
The surface plasmon resonance (SPR) data with spike protein (S) revealed that immunization generated
specific antibody pools against the whole extracellular domain (RBD and S2) of the spike protein. The
anti-sera and purified IgGs from immunized mice neutralized SARS-CoV-2-pseudoviruses in ACE2-
expressing HEK293 cells in a dose dependent manner. Importantly, single-dose immunization protected
mice-lungs from homotypic-pseudovirus entry and cytopathy. The immunologic responses have been
implicated by a balanced and stable population of CD4+ cells with a Th1 bias. The data suggested great
promise for immediate translation of the technology to the clinic.
� 2021 Globe Biotech Limited. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A new infectious coronavirus (SARS-CoV-2) has been first
reported from Wuhan, China in December 2019 that causes
COVID-19 [1]. The World Health Organization (WHO) declared
the COVID-19 a global public health emergency situation on Febru-
ary 5, 2020 after getting growing evidence of continuous person-
to-person transmission [2]. The virus has been spread worldwide
quickly, and consequently WHO has declared it pandemic on
March 11, 2020. As of December 21, 2020, the pandemic has
resulted in 1,701,187 deaths among over 77,243,764 patients in
220 countries, with a case-fatality rate of 2.20%.

There will be a risk of pandemic as long as there is COVID-19
epidemic situation in any area of the world unless people are prop-
erly vaccinated. Therefore, effective vaccines against SARS-CoV-2
are immediately required to control morbidity and mortality
related with COVID-19. Generally, non-replicating viral vectors,
inactivated virus, DNA-based and protein-based vaccines have
been the major approaches for the development of stable and
effective vaccines; though they have their inherent limitations
[3]. Recently, mRNA-based vaccines have become a promising
approach because of their opportunity for rapid development,
comparative low dose, logical better safety profile in terms of no
potential risk of infection or insertional mutagenesis, and low cap-
ital expenditure (CAPEX) [4]. Several other leading vaccines under
development against SARS-CoV-2 are also mRNA-based [5–8].
Lipid nanoparticle technology has been developed for effective
delivery of single-stranded therapeutics like siRNA, antisense oligo,
mRNA etc. The first RNA-LNP therapeutic was approved in 2018
and has set the example for clinical safety of LNP-formulated
RNA [9]. Therefore, we have also opted for mRNA-based LNP-
mediated vaccine development technology to support the initiative
for preventing the ongoing wave of the COVID-19 pandemic. Two
of the mRNA vaccines (developed by Pfizer-BioNTech and Moderna
Inc.) very recently have got conditional approvals for general use
from regulators, which is suggesting that the mRNA-LNP vaccine
technology should be promoted to satisfy the need of billions of
muno-

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.vaccine.2021.05.035
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kakonpoly@yahoo.com
mailto:kakonpoly@gmail.com
mailto:kakonpoly@gmail.com
https://doi.org/10.1016/j.vaccine.2021.05.035
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2021.05.035


K. Nag, J. Chandra Baray, M. Rahman Khan et al. Vaccine xxx (xxxx) xxx
doses to the world population within the shortest possible time to
restore normal life.

The candidate mRNA vaccine ‘GBPD060’ is an LNP–encapsu-
lated, unmodified nucleoside, mRNA–based vaccine that encodes
the SARS-CoV-2 spike (S) glycoprotein stabilized in its prefusion
conformation. Coronaviruses have genetic proofreading mecha-
nisms, and SARS-CoV-2 sequence diversity is comparatively low
[10–11]; though, natural selection can adopt rare but favorable
mutations. Since the outbreak in China, SARS-CoV-2 has gone
through numerous mutations. The D614G amino acid change,
among these, in the spike protein of Wuhan reference strain is
caused by an A-to-G nucleotide substitution at position 23,403 of
the relevant nucleotide sequence. Currently, D614G is the most
prevalent circulating isotype of SARS-CoV-2 worldwide (more than
95%) [12–13]. To date, there is no published report about the
D614G-relevant vaccine development. Few studies have shown
that antibody generated using D614 variant-target did not show
significant difference between D614 and G614 variants in terms
of cellular entry [14]. These studies did not use G614-specific anti-
body, and applied artificial systems for characterizing relevant
functional experiments. Furthermore, how G614 variant vaccine
behave in immunization in human and what would be the impact
of relevant antibody on SARS-CoV-2 is not known. Therefore,
developing of G614 variant-specific vaccine is a prime importance,
and warrant characterization. To address this, we have incorpo-
rated D614G variant-targeted nucleic acid sequence, as well as
few other immunogen-enhancing aspects in our mRNA design con-
sideration. In this study, we described the design and preclinical
characterization of ‘GBPD060’ mRNA-LNP vaccine candidate.
2. Materials and methods

2.1. Target gene and vector cloning

The target DNA was identified using data mining and analysis
using bioinformatics. The target DNA was amplified from a patient
sample, sequence confirmed, modified to achieve the desired
design architecture as such that it harbors a suitable 50 UTR, ORF
to express the S protein with G614 and double proline (2P) muta-
tions (K986P and V987P) with a IgE-secretory signal sequence, a
special 30 UTR constructed with modified alpha and beta globin
in tandem, and finally a 130 residue-long poly-A tail. The detail
of the design, construction, and confirmation is described in sup-
plementary document.

2.2. mRNA production

The in vitro transcription (IVT) of mRNA was performed in pres-
ence with 3́-O-Me-m7G(50)ppp(50)G RNA Cap Structure Analog and
S-adenosylmethionine (NEB, USA) using MEGAscriptTM T7 Tran-
scription Kit (ThermoFisher, USA), and Ribonucleotide Solution
Set (NEB, USA). IVT mRNA synthesis reaction was optimized into
4 steps (supplementary document); final concentration of ribonu-
cleotides was as follows: ATP and UTP – 13.13 mM, and GTP and
CTP – 9.38 mM. The reaction was run for 2 h at 37 �C followed
by a DNase treatment at 37 �C for 15 min and dephosphorylation
using Antarctic Phosphatase (NEB, USA) according to supplier’s
manual. IVT capped mRNA was purified using phenol:chloro-
form:isoamyl alcohol, and using MEGAclearTM Transcription
Clean-Up Kit (ThermoFisher, USA).

2.3. mRNA identification

Purified mRNA, purified capped mRNA and formulated LNPs
were treated with RNase samples, and analyzed by size exclusion
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chromatography (SEC). SEC was performed in Ultimate 3000 (Ther-
moFisher, USA) system using 10 mM Disodium hydrogen phos-
phate (Wako, Japan), 10 mM Sodium dihydrogen phosphate
(Wako, Japan), 100 mM Sodium chloride (Merck, Germany), pH
6.6 as mobile phase. Biobasic SEC-300 (300 � 7.8 mm, particle size;
5 mm, ThermoFisher, USA) column was used with 1.0 mL/minute
flow rate, 260 nm wavelength, 10 mL sample injection volume for
20 min.

2.4. Formulation of mRNA

Purified capped mRNAs were first diluted with sodium acetate
buffer at desired concentration. The lipid molecules were dissolved
in ethanol and mixed well. Lipids (MC3: DSPC: Cholesterol: DMG-
PEG2000) were combined in the molar ratio of 50:10:38.5:1.5 [15–
18]. Then, sodium acetate buffer containing mRNA and lipid sam-
ples were mixed at a ratio of 3:1 and passed through the liposome
extruder (Genizer, USA) to encapsulate the mRNA. The size distri-
bution was checked after encapsulation of mRNA into nanoparti-
cles. Then the formulations were dialyzed against 50 mM
HEPES/sodium acetate buffer and phosphate-buffered saline for
18 h. The size distribution was again checked after dialysis by Zeta-
sizer Nano ZSP (Malvern, USA). LNP samples were analyzed for size
distribution in PBS. The formulation was concentrated using Ultra
centrifugal filters (Merck, Germany), passed through 0.22 mm filter,
and stored at 5 ± 3 �C [19]. The formulation was confirmed by qual-
ity control for the particle size, encapsulation efficiency, endotoxin
limit and sterility.

2.5. Animal management and vaccination

The study procedures were performed according to local and
international regulation. The detailed process is explained in the
supplementary document.

2.6. Local tolerance

Local tolerance was confirmed by clinical signs, macroscopic
and histopathology evaluations of injection sites in animals. Eutha-
nasia and evaluation of lesions was performed in one representa-
tive mouse from placebo and control group and 3 from the
treatment group at 48 h post treatment. The inner thigh muscle
of injected site of each mouse was excised and placed in 10% neu-
tral buffered formalin until adequately fixed. After trimming, pro-
cessing and paraffin embedding, the sections (6 mm) are HE stained
and observed for erythema and edema under microscope.

2.7. Immunogenicity

Approximately 200 mL blood was collected from facial vein and
centrifuged at 1500 �g for serum isolation (10 min at 4 �C). All ser-
ums were aliquoted, frozen immediately and stored at �80 �C until
analysis. The reactivity of the sera from each group of mice immu-
nized with GBPD060 was measured against SARS-CoV-2 S antigen
(SinoBiologicals, China). The serum IgG binding endpoint titers
(EPTs) were measured in mice immunized with GBPD060. EPTs
were observed in the sera of mice at day 7 and day 14 after immu-
nization with a single dose of the vaccine candidate.

2.8. Toxicity

Whole blood (~50 mL) from each mouse was collected in 2%
EDTA at 3 days pre-immunization and 14 days post-
immunization. Complete blood count (CBC) analysis was measured
using auto hematology analyzer BK-6190-Vet (Biobase, China).
Samples were used for blood-chemistry analysis viz., alanine trans-
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ferase (ALT), aspartate transaminase (AST) and blood urea nitrogen
(BUN) using semi-automatic chemistry analyzer (Biobase, China).

2.9. Pseudovirus preparation and in vitro neutralization

Adenovirus and retrovirus based pseudovirus were prepared for
SARS-CoV-2 in vitro and in vivo neutralization assay. The detailed
process is explained in the supplementary document.

2.10. In vivo neutralization

18 albino male mice of 6–8 weeks were selected divided into 6
groups, 1 control and 5 treatment, comprising of 3 male mice in
each group. The control group mice were immunized intramuscu-
larly with 50 mL of placebo and treatment group mice were immu-
nized with 1 mg/50 mL of GBPD060 vaccine. GFP pseudotyped
homotypic SARS-CoV-2 adenovirus (or treated as indicated in
Fig. 6) were sprayed in the nasopharynx on 21-day post immuniza-
tion. Nasopharynx and lung aspirate samples from mice were col-
lected and analyzed for virus copy number using qPCR at indicated
time point. Animals were sacrificed and lung sections were per-
formed and microscopic slides were prepared for fluorescence
imaging (GFP) to detect virus load.

2.11. Antibody analysis by ELISA

Serum from the mice of different groups were analyzed by stan-
dard enzyme-linked immunosorbent assay (ELISA) to determine
antibody titers (supplementary document).

2.12. Antibody binding affinity

The BIAcore T200 equipment (GE Healthcare, USA) and Amine
coupling kit (GE Healthcare, USA) were used for immobilization
of SARS-CoV-2 Spike S1 + S2 ECD-His recombinant protein (Sino
Biological, China) in Series S Sensor Chips CM5 (GE Healthcare,
USA). The detailed process is explained in the supplementary
document.

2.13. SARS-CoV-2 surface glycoprotein peptide pool generation and
mapping

SARS-CoV-2 S-ECD His recombinant protein (Sino Biological,
China), S2-ECD-His Recombinant Protein (Sino Biological, China),
and RBD(S1)-His recombinant proteins (Sino Biological, China)
were digested with Serine Protease (MS grade, Pierce, Thermo-
Fisher, USA). The detailed process is explained in the supplemen-
tary document.

2.14. Mouse splenocyte isolation, peptide stimulation and flow
cytometric analysis of T cell populations

Mice were sacrificed and splenocytes were harvested, surface
antigen and intracellular cytokine staining of cells were performed
for day 14 and day 91 samples. The detailed process is explained in
the supplementary document.

3. Results

3.1. Bioinformatics analysis to initiate the designing of ‘GBPD060’

We have started with alignment of available sequences of SARS-
CoV-2 spike (S) protein. In march 2020, we found a total of 15
D614G sequences out of 170 reference sequences of SARS-CoV-2
(supplementary Fig. 1a). Hydropathy profile showed a minor vari-
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ation in relevant protein between D614 and G614 genotypes (sup-
plementary Fig. 1b and 1c). Relevant 3D modeling suggested that
there might be higher angular strain on G614 than the D614, which
could affect the stability and atomic distance with the neighboring
atoms (supplementary Fig. 1e and 1f). Our observation has been
recently experimentally validated by others [13,20–21].

3.2. Construction, antigen expression and formulation of ‘GBPD060’

We have obtained the ORF for the SARS-CoV-2 spike with G614-
translating codon from a clinically confirmed COVID-19 patient
through PCR amplification (Accession No. MT676411.1). Necessary
modifications were performed to obtain the desired clone in
pET31b vector as described in ‘Materials and Method’ section.
The schematic diagram of the target gene and construction scheme
are shown in Fig. 1a and supplementary Fig. 2a and 2b, respec-
tively. The in vitro transcription (IVT) process was modified to
obtain high yield and desired quality of mRNA (Fig. 1b). We have
obtained the capped-mRNA with a 130-nucleotide residue-long
poly A tail. The mRNA sequence with poly A tail was confirmed
by DNA sequencing after reverse transcription (Fig. 1c); Accession
No. MWO45214. The IVT process was tuned and validated to
obtain desired mRNA with high yield and quality (Fig. 1b). The
mRNA was encapsuled in lipid nano particle (LNP) ranging from
60 to 140 nm with the final pH of 7.2. We did a pilot study with
limited numbers of mice to identify the suitable mRNA-LNP size
for our formulation. mRNA-LNP either smaller than 60 nm or larger
than 120 nm did not generate considerable immunological
response even with a dose of 10 mg/mouse (data not shown). To
obtain the best process control for the dose production, we there-
fore, set our mRNA-LNP size range at 85 ± 20 nm. We used mRNA-
LNP of this range throughout the rest of the experiments (Fig. 1e).
LNP without SARS-CoV-2 S-mRNA was used as placebo.

3.3. Local tolerance and toxicity

Control, treatment and placebo group comprising 3 male mice
each were used for local tolerance testing. Pictures of the site of
injection before and 24 h after injection are shown in Fig. 2a (top
and bottom panels, respectively). No detrimental physical conse-
quences of administration were observed such as, local trauma fol-
lowing injection and/or physicochemical actions of the vaccine
from local toxicological or pharmacodynamics effects. No sign of
erythema or erythredema were observed in muscle tissue section
from the site of injection (Fig. 2b). Complete blood count (CBC)
from different groups indicated good health status of mice; all
parameters were in normal physiological range (Fig. 2c – j). There
were no signs for anemia, infection, inflammation, and bleeding
disorder. Liver function tests (LFTs) such as alanine transaminase
(ALT) and aspartate aminotransferase (AST) were performed to
confirm clinical suspicion of potential liver injury or disease and
to distinguish between hepatocellular damage and cholestasis
(Fig. 2k and l). Blood urea nitrogen (BUN) was tested to evaluate
the health of kidneys, such as kidney disease or damage
(Fig. 2m). Data for ALT, AST and BUN were in normal range and
no significant changes were observed between pre-immunization
and after immunization.

3.4. ‘GBPD060’ induces high and Th-1 biased antibodies against full-
length SARS-CoV-2 S-protein

Immunization of mice with mRNA-LNP produced specific titer
at a dose dependent manner (Fig. 3a). Low dose (0.1 mg/mouse)
immunization produced moderate level of antibody response
(Fig. 3a, Treatment 1). We found the best antibody response with
1 mg/mouse dose (Fig.: 3a, Treatment 2). High dose (10 mg/mouse)



Fig. 1. Target construction, amplification, IVT optimization, purification, and LNP formation. A representative data set from 3 independent experiments are shown. (a)
Graphical representation of linear DNA construct for mRNA transcription, (b) IVT optimization where Lane 4 is the optimized condition, (c) DNA sequencing electropherogram
data of D614G sequence in the target, (d) Identification of purified capped mRNA by SEC-HPLC, (e) size distribution of mRNA-LNP dose formulation.
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immunization produced higher level of titer with wide-spread dis-
tribution, and therefore, we have considered this dose unaccept-
able (Fig. 3a, Treatment 3). The subtyping analysis revealed that
the titer contains balanced ratio of IgG2a and IgG1 in 7-day post
immunization sera, and it remains stable for 14-day post immu-
nization sera (Fig. 3b, Treatment 2). Similar trend was observed
for (IgG2a + IgG2b) and (IgG1 + IgG3) (Fig. 3c, Treatment 2), which
has suggested that the antigenic response was CD4 + Th1-biased.
High dose (10 mg/mouse) injected mice sera also produced similar
response (Fig. 3b and c, Treatment 3). To check whether the immu-
nization have generated antibody pool spanning for the whole
antigen or for any specific domain (either S1 or S2), we have cho-
sen surface plasmon resonance (SPR) experiment. The S protein
chip recognized high-affinity antibody from anti-sera pool
(Fig. 3d). The response was attenuated significantly for S-protein
(s) (S, S1 and S2) pretreated sera (Fig. 3d). S and S1 pretreatment
showed similar and strong inhibitory response while S2 pretreat-
ment showed comparatively moderate inhibitory response. The
purified Ig from the pooled anti-sera produced significantly pro-
nounced response (Fig. 3e). The SPR data clearly showed that the
vaccination has produced specific antibody pool against the full-
length of S protein.

3.5. Cellular and cytokine responses to ‘GBPD060’

We further characterized the cellular response and induction of
specific cytokines in response to vaccination after 14 and 91 days
of first immunization. The splenocytes obtained from vaccinated
mice were re-stimulated with a library of SARS-CoV-2-S peptide
pool. 14 days after first immunization, the stimulated splenocytes
generated significantly higher population of CD4 + Th1 cytokine
4

IFN-gamma, IL-2 and TNF-a expressing cells (0.21 ± 0.03,
0.61 ± 0.03 and 0.95 ± 0.11, respectively) compare to the placebo
treated group (0.06 ± 0.03, 0.18 ± 0.07 and 0.52 ± 0.06, respectively)
(Fig. 4a-c.). CD4 + Th2 cytokine IL-6-expressing cells were moder-
ately increased in stimulated splenocytes of vaccinated mice com-
pare to the placebo-injected mice (0.42 ± 0.08 and 0.23 ± 0.02,
respectively) (Fig. 4d). The secreted cytokines were found modu-
lated over the placebo group as follows: IFN-gamma (treatment
group, 559.87 ± 70.76 pg/ml and 303.47 ± 156.53 pg/ml; placebo,
28.29 ± 2.03 pg/ml and 16.04 ± 2.52 pg/ml), IL2 (treatment group,
499.10 ± 30.80 pg/ml and 345.17 ± 22.85 pg/ml; placebo group,
175.71 ± 21.92 pg/ml and 136.87 ± 15.18 pg/ml), IL4 (treatment
group, 77.94 ± 7.7 pg/ml and 46.36 ± 3.7 pg/ml; placebo group,
22.5 ± 3.25 pg/ml and 9.5 ± 1.08 pg/ml) and IL6 (treatment group,
45.78 ± 15.52 pg/ml and 32.61 ± 15.52 pg/ml; placebo group, 16.
96 ± 3.53 pg/ml and 14.87 ± 3.08 pg/ml), respectively for 6- and
18-h, which have suggested vaccine specific response (Fig. 4e-h).

Again, 91 days after first immunization, the stimulated (S1 and
S2) splenocytes generated significantly higher population of
CD4 + Th1 cytokine IFN-c, TNF-a and IL-2-expressing cells
(0.39 ± 0.01 and 0.19 ± 0.08, 0.6 ± 0.17 and 1.13 ± 0.21, and
0.07 ± 0.07 and 0.11 ± 0.11, respectively) compare to the placebo
treated group (0.14 ± 0.03 and 0.18 ± 0.08, 0.36 ± 0.05 and
0.69 ± 0.04, and 0.07 ± 0.07 and 0.06 ± 0.05, respectively) (Fig. 4i
and 4j). Similarly, S1 and S2 stimulated splenocytes also generated
significantly higher population of CD8 + Th1 cytokine IFN-c, TNF-a
and IL-2-expressing cells (0.91 ± 0.08 and 0.48 ± 0.27, 0.58 ± 0.25
and 1.3 ± 0.21, and 0.3 ± 0.08 and 0.05 ± 0.05, respectively) com-
pare to the placebo treated group (0.24 ± 0.13 and 0.25 ± 0.1,
0.26 ± 0.15 and 0.55 ± 0.16, and 0.03 ± 0.03 and 0.03 ± 0.03, respec-
tively) (Fig. 4k and 4l). S1 and S2 stimulated splenocytes generated



Fig. 2. Local tolerance and CBC analysis. A representative data set from 2 independent experiments are shown, where n = 3 for each experiment. (a) check for sign of visible
adverse reaction of administration before and after injection, (b) HE stained tissue from site of injection for erythema and edema, (c)WBC, white blood count, (d) RBC, red blood
cell, (e) HGB, hemoglobin, (f) MCV, mean corpuscular volume, (g) MCH, mean corpuscular hemoglobin, (h) MCHC, mean corpuscular hemoglobin concentration, (i) HCT,
hematocrit, (j) PLT, platelet, (k) ALT/SGPT, alanine transaminase, (l) AST/SGOT, aspartate aminotransferase, (m) BUN, blood urea nitrogen. Data were analyzed using one-way
ANNOVAmethod, and found statistically non-significant. (For interpretationof the references to color in this figure legend, the reader is referred to thewebversionof this article.)
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moderate CD4 + and CD8 + Th2 cytokine IL-4 and IL-17A-
expressing cells compare to the placebo-injected mice (Fig. 4i-l).
Higher level of sustained Th1 specific cytokine response over Th2
specific cytokine suggested a stable and balanced Th1-biased
immunologic response after administration of ‘GBPD060’ vaccine.
S1 stimulated splenocytes generated significantly higher popula-
tion of CD19 + CD27 + expressing cells (1.57 ± 0.17) compare to
the placebo treated group (0.72 ± 0.12) (Fig. 4m).
5

3.6. ‘GBPD060’ induces neutralization of SARS-CoV-2-S pseudo-type
viruses

Sera of vaccinated mice inhibited infection of GFP-expressing
pseudo-type SARS-CoV-2-S adenovirus in hACE2-expressing
HEK293 (ACE2-HEK293) cell in a dose dependent manner (Fig. 5a
and 5b). Neutralization assay demonstrated that there is a correla-
tion between the intensity of GFP and SARS-CoV-2 specific anti-



Fig. 3. Antibody titer and affinity analysis. A representative data set from 2 independent experiments are shown, where n = 4 for each experiment (unless mentioned
otherwise). (a) antibody titer analysis from serum of different groups after 14 and 35 days of immunization (n = 6), data were compared by Mann-Whitney test, ****= p-
value < 0.0001, ***= p-value < 0.001, **= p-value < 0.01 (b) ratio of IgG2a and IgG1 in treatment 2 and treatment 3 group, (c) ratio of IgG2a + IgG2b and IgG1 + IgG3 in
treatment 2 and treatment 3 group, (d) serum antibody affinity analysis, (e) resin pull-down serum antibody affinity analysis.
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body for vaccinated mice. Higher concentration of SARS-CoV-2
antibody efficiently neutralize the entry of the pseudovirus into
the ACE2-HEK293 cell. IC50 value for GFP-inhibition were found
significantly higher for the anti-sera (~3 mg/mL) compared to the
CR3022 and a commercially available polyclonal mouse antibody
against S-protein (~7 mg/ml). In parallel with the GFP analysis, to
confirm the virion copy number, we have implemented real-time
PCR as an orthologous method (supplementary document). The
data showed correlation with the GFP and gene copy analysis
(Fig. 5d). HIV1-based SARS-CoV-2-S pseudo type virus infection
was also significantly inhibited by 1 mg/mouse dose anti-sera com-
pared to the placebo anti-sera (Fig. 5d, Serum). Either S1 or S2 pro-
tein pretreatment nullified the inhibition capacity of anti-sera
(Fig. 5d, Serum + S1 and Serum + S2) confirmed that the inhibition
property for the HIV1-based SARS-CoV-2-S pseudo type virus is
related to the vaccination.

Next, we attempted to check whether immunization can pro-
tect mice from GFP-expressing homotypic pseudo-type adenovirus
[22]. Virus were sprayed through nasopharyngeal space of mice
either in buffer or pretreated with immunized sera. The anti-
sera-treated SARS-CoV-2-S adenovirus produced lower copy of
virus compared to the buffer-treated virus (Fig. 6a, Treatment 2
and Treatment 1, respectively). The copy number of virus was
found reduced further from day 2 to day 3 (Fig. 6a, Treatment 4
and Treatment 3, respectively). These data clearly revealed that
though the anti-serum has significant inhibitory capacity against
viral infection but systemic immune-protection is essential for bet-
ter protection. Lower copy number of virus over the time indicated
that the cellular immunity is also necessary, along with humoral
immunity, for efficient viral clearance. The anti-sera treated with
6

S1 + S2 protein failed to inhibit SARS-CoV-2-S adenovirus infection
in the placebo-injected mice (Fig. 6a, Treatment 5), and proved that
the inhibition and neutralization of the SARS-CoV-2-S pseudo-type
virus is correlated with the immunogenic response generated due
to ‘GBPD060’.

We further collected the lungs of control- and GBPD060-
immunized mice (single-dose day 14 postimmunization), which
were challenged with homotypic SARS-CoV-2 pseudovirus (day-5
post challenge). GFP-labelled viruses were clearly found spread
throughout the lungs of control group mice (Fig. 6b – d, arrow-
head). Peritracheal viral infection was predominant and suggesting
that the virus entry pathway is the airways of the lung (Fig. 6b – d,
*). The immunized mice lungs showed few viral-spots on day-5
post challenge tissue (Fig. 6e – g, arrowhead), which were com-
pletely disappeared by day-6 of post challenge (data not shown).
No peritracheal viral signal was observed in these lungs (Fig. 6e
– g, *). The data provided visual and conclusive evidence that
GBPD060 immunization can neutralize SARS-CoV-2 virus and pro-
tect the animal from infection of the virus into the lungs.

4. Discussion

The G614 variant was first identified in China and Germany in
January 2020. It was a rare genotype before March 2020, which
then quickly became the major circulating genotype worldwide
[13]. Cardozo et al., reported in May 2020 that G614 genotype is
associated with increased case fatality rate over D614 [23]. Scien-
tific findings evidently demonstrated that the G614 variant is ~10
times more infectious over the D614 genotype [24–25]. It has been
revealed from in vitro and clinical data that G614 variant has a dis-



Fig. 4. Cellular immune response analysis (cellular and secretory cytokine) in control and treatment group; unpaired T-test were performed between control and treatment
groups; ***= p-value < 0.001, **= p-value < 0.01, *= p-value < 0.05. A representative data set from 2 independent experiments are shown, where control n = 3 and treatment
n = 3 for each experiment (unless mentioned otherwise). (a) IFN-gamma expressing cell population percentage at Day 14, treatment n = 2 (b) IL-2 expressing cell population
percentage at Day 14, (c) TNF-a expressing cell population percentage at Day 14, (d) IL-6 expressing cell population percentage at Day 14, (e) secretory IFN-gamma
concentration at 6 and 18 h, (f) secretory IL-2 concentration at 6 and 18 h, (g) secretory IL-4 concentration at 6 and 18 h, (h) secretory IL-6 concentration at 6 and 18 h, (i)
CD4 + cell population at Day 91, stimulated with S1 peptide pool, (j) CD4 + cell population at Day 91, stimulated with S2 peptide pool, (k) CD8 + cell population at Day 91,
stimulated with S1 peptide pool, (l) CD8 + cell population at Day 91, stimulated with S2 peptide pool, (m) memory B cell population at Day 91, stimulated with S1 peptide
pool.
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tinct phenotype, and there likely be a huge impact of this mutation
on infection, transmission, disease onset, disease prognosis, as well
as on vaccine and therapeutic development [13,26–27]. We found
the sequence G614 from a PCR-confirmed patient in May, 2020
(Accession No. MT676411.1). Based on the scientific information
available then, we have predicted that this variant may become
dominant in future, and at that period of time there was no infor-
mation for any vaccine candidate in development considering
G614 genotype. We, therefore, decided to develop the vaccine con-
sidering this mutation.

The design consideration for the vaccine was to obtain high-
expressing spike protein as antigen in a putative perfusion stabi-
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lized condition. Comparative design features of ‘GBPD060’ with
the available published information for relevant vaccine candi-
dates in development are shown in Table 1. ‘GBPD060’ mRNA has
few features along with the G614-targeted mutations, which are
different than the other relevant known candidates. Ribosome
binding site, IgE-signal sequence by replacing the native 13 amino
acids from the N-terminal of the SARS-CoV-2 S protein, 30 UTR con-
stituted with the 30UTRs of alpha and beta globin gene in tandem
are worth to mention. We have used 65 – 105 nm LNP to deliver
the mRNA. LNPs out of this range did not elicit considerable anti-
body response in a separate pilot study (data not shown); the best
range was observed with 85 ± 20 nm of LNP. The LNP-sizes deter-



Fig. 5. In vitro neutralization assay. A representative data set from 3 independent experiments are shown, where n = 4 for each experiment. (a) Image of Green fluorescence
protein (GFP) expression after adeno-based SARS-CoV-2 pseudovirus neutralization assay from 2 to 4 sample dilution, (b) correlation between SARS-CoV-2 antibody from
mice sera and intensity of GFP in different experimental group. For treatment group with the decrease of the antibody concentration, the intensity of GFP expression
increased, which indicated the inhibition of SARS-Cov-2 pseudovirus into ACE2 overexpressed HEK293 cell (ACE2-HEK293 cell), (c) adeno-based SARS-CoV-2 pseudovirus
neutralization percentage at different sample dilution, analyzed by real-time PCR, (d) HIV-1 based SARS-CoV-2 pseudovirus copy number analysis by real-time PCR; all the
samples were compared by one-way ANNOVA method, ***= p-value < 0.001, **= p-value < 0.01, *= p-value < 0.05. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. In vivo neutralization assay, lung section, * indicates trachea and arrow indicate infection. A representative data set from 2 independent experiments are shown, where
n = 3 for each experiment. (a) the inhibition and neutralization of the SARS-CoV-2-S pseudo-type virus, data were analyzed using one-way ANNOVA method, ***= p-
value < 0.001. (b) fluorescence image of lung section of control group mouse, (c) trans image of lung section of control group mouse, (d) overlay image of lung section of
control group mouse, (e) fluorescence image of lung section of treatment group mouse, (f) trans image of lung section of treatment group mouse, (g) overlay image of lung
section of treatment group mouse, intentional green color enhancement was done to observe any GFP intensity for panel g.
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mine the delivery efficiency of the cargo to the target cells [28]. The
pH (7.2) of our formulation buffer for mRNA-LNP is lower than the
other relevant references (7.4–8.0) [5–8]. Lower pH helps quick
release of the cargo from endosomal compartment and protects
mRNA from acid hydrolysis and lysosomal digestion in intracellu-
lar milieu [29]. Together, numbers of minute changes in the design
context likely playing in concert and produced quick, balanced,
stable Th1-IgG2-biased antibody response.
8

‘GBPD060’ immunization did not produce any noticeable effect
for local or systemic toxicity as primarily evident by the absence of
four cardinal signs of inflammation: redness (Latin rubor), heat
(calor), swelling (tumor), and pain (dolor). There was no erythema
or erythredema as well in any injection site. The CBC and blood
chemistry data did not show significant changes in relevant pro-
files and has been suggesting that the vaccine behaves safely in
animal.



Table 1
Comparative design features of ‘GBPD060’.

Parameter GBPD060 Others

Construct T7 promoter T7 promoter [6]
51 bp 50-UTR 50-UTR [5–6]
Ribosome binding sequence Not specified
IgE signal peptide in the ORF ORF [5–8]
D614G mutation Not in consideration
K986P and V987P mutations K986P and V987P mutations [5–6]
Modified alpha and beta globin in 30-UTR 30-UTR [5–6]
130 bp poly A tail Poly A tail [5,7]

poly(A) tail (100 nucleotides) interrupted by a linker [6]
LNP LNP composition: MC3, DSPC, Cholesterol and DMG-PEG2000

(50:10:38.5:1.5).
Stabilization buffer: 1x PBS, pH 7.2
LNP size range: 85 ± 20 nm

LNP composition: ionizable lipid, DSPC, Cholesterol and PEG2000-
DMG [7]
Stabilization buffer: HEPES buffer, pH 8.0 [7]
LNP Size: ~75 nm [8] and average size 100 nm [32]

IgG2a/IgG1
ratio

~ 1.0 ~ 0.8 [5], 1.6 [8]
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A balanced response between Th1 and Th2 is desired to achieve
safe and effective humoral immunity performance.[30] ‘GBPD060’
has produced well-balanced IgG1 and IgG2 response by 7th day
postimmunization and remained similar on 14th day postimmu-
nization sera, which is suggesting a stable antibody response dur-
ing the sampling period. Along with opsonizing characteristics,
IgG2 has higher affinity to its receptors and have superior comple-
ment system activation potential over IgG1 [30–31]. Accordingly,
‘GBPD060’-mediated higher ratio of IgG2 than IgG1 has suggested
that higher capacity of the antibody pool to clear antigen from the
system. The ratio of IgG2a and IgG1, and cytokine-stained
CD4 + and CD8 + T cell population showed a Th1-bias response.
Since mouse IgG2 is equivalent to human IgG1 [30–31] therefore,
it is plausible that ‘GBPD060’ will elicit effective cellular and
humoral response against SARS-CoV-2 in human.

Importantly, ‘GBPD060’ has elicited high level of specific anti-
body with a single immunization, which is comparable with the
level of antibody response observed after administration of 2nd
dose of relevant vaccine developed by Moderna. Additionally, we
have observed significant level of S1 peptide-pool-specific CD27+
memory B cell after 91 days of first immunization. Therefore, it is
highly likely that GBPD060may provide suitable protection against
SARS-CoV-2 in human with a single dose of injection. A single dose
for effective immunization against SARS-CoV-2 will be highly
rewarding in terms of satisfying mass vaccination to the global
community to stop unwanted death and restore normal life; an
immediate clinical trial is therefore necessary that can reveal the
fact and opportunity.

The early vaccine development initiatives were taken before the
G614 variant became predominant. Therefore, there are no specific
vaccine tested so far in humanwith G614 variant-relatedmolecule.
It has been shown that immunization might not have any role for
selection of D614 or G614 variant [33–34]. Studies with the sera
obtained from COVID-19 patients showed variable results regard-
ing the neutralization propensity of D614 and G614 genotype.
With 88 sera from a high-incidence community, Hicks et al.,
showed that antibody pool did not differentiate between D614
and G614 binding [14,35]. However, a few data point stayed out
of the correlation trend in their study, which might be linked with
the functional variations associated with the SARS-CoV-2 variants.
Korber et al., with 6 convalescent sera, showed that D614 and G614
both types of VSV-pseudovirus can be inhibited by the sera;
though G614 and D614 showed little variation in their responses
to the assay [13]. They further showed that the G614 genotype pro-
duced higher titers against pseudoviruses from in vitro experi-
ments. The variations observed in both of the studies might not
be just a coincident rather suggesting potential differences in
9

modus operandi between the G614 and D614 variants. The proposi-
tion is supported by the Huang et al.; they have showed that 7% of
the convalescent sera out of their 70 samples failed to neutralize
G614 variant of pseudovirus [36]. All of these studies did not iden-
tify whether the subjects were infected by either D614 or G614
variant, which could have revealed better insight for the correla-
tion of the observation.

The roles of G614 mutation on constitutive infection have been
attributed to its conformational change. It has been proposed that
the –COOH group of D614 forms hydrogen bond with the –OH
group of T859 across the S1/S2 interface, which cannot form in
G614 [13]. On the contrary, structural modeling studies revealed
that ‘‘the D614G substitution creates a sticky packing defect in
subunit S1, promoting its association with subunit S2 as a means
to stabilize the structure of S1 within the S1/S2 complex [26]. In
other words, the D614G mutation in fact promotes the S1/S2 asso-
ciation and stabilize the spike [26]. The finding is in accordance
with the observation that G614 has a greater stability originating
from less S1 domain shedding and greater accumulation of the
intact S protein into the pseudovirion [25]. It has also been
reported that G614 mutation promoted the interaction of two of
the three S glycoprotein chains with the RBD, whereas only one
chain from D614 interacts with RBD [21]. This interaction creates
favorable conformation of the RBD to its partners resulting higher
access for effective binding and infection.

Predecessor SARS-CoV virus entry and infection was shown pro-
moted by protease-mediated processing of the spike protein [37].
It has been postulated that SARS-CoV-2 also likely be adopting
such properties by acquiring G614 genotype by incorporating pro-
tease processing site [38]. Consequently, it has been shown that
indeed G614 protein has been cleaved by serine protease
elastase-2 more efficiently than the D614 variant [36]. They further
showed that G614 pseudovirus infection of 293T-ACE2 was poten-
tiated in the presence of elastase-2, which can be blocked by elas-
tase inhibitor. These findings corroborate the fact that G614-
targetted vaccine is necessary.

Two prominent antigenic sites on the S-protein have been pro-
posed those are spanning 614 position: V595-D614 and D614-
A647 [39,26]. The role of V595-D614 domain is not known but
the D614-A647 is a dehydron wrapped intramolecularly by resi-
dues D614, V615, T645, R646 and A647, and forms a salt bridge
with D614. The salt bridge contributes to stabilize D614-A647 in
the uncomplexed S1 and inhibits the S1/S2 association. G614
diminishes the salt bridge formation and S1/S2 association result-
ing interaction with the RBD to facilitate higher infection [26].
Therefore, blocking of G614 with a specific antibody would inhibit
such acquired fitness of SARS-CoV-2. ‘GBPD060’ immunization has
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produced a pool of antibody that covers the whole length of the
spike protein suggesting that highly likely relevant antibody-mix
against these domains have been developed. Since relevant
domains are highly glycosylated therefore, we could not obtain
homotypic peptides for definitive characterization of the purified
antibody pool against these predicted antigens. Further study will
be attempted to reveal the relevant scientific aspects. Nevertheless,
the findings clearly demonstrated that ‘GBPD060’ is safe for in vivo
administration, and elicits balanced and stable cellular and
humoral response that neutralize SARS-CoV-2 spike protein-
mediated infection. Currently, we have been preparing for the
phase-1 clinical trial. Appropriate clinical trial will reveal further
insight regarding the significance of G614-targeted vaccine for
the efficient management of COVID-19 pandemic.

The recent metadata analysis on more than 5000 clinical sam-
ples revealed that 100% of the second-wave of infection has been
associated with G614 variant, which is emphasizing the need for
G614-targetted vaccine for managing this uncontrolled infection
[12]. Therefore, the rapid transition of the 1st G614-targetted vac-
cine ‘GBPD060’ to clinical trial would be highly rewarding.

5. Data availability
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