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ABSTRACT
Genetic optimization of Nucleic Acid immunogens is important for potentially improving their immune 
potency. A COVID-19 DNA vaccine is in phase III clinical trial which is based on a promising highly 
developable technology platform. Here, we show optimization in mice generating a pGX-9501 DNA 
vaccine encoding full-length spike protein, which results in induction of potent humoral and cellular 
immune responses, including neutralizing antibodies, that block hACE2-RBD binding of live CoV2 virus 
in vitro. Optimization resulted in improved induction of cellular immunity by pGX-9501 as demonstrated 
by increased IFN-γ expression in both CD8+ and CD4 + T cells and this was associated with more robust 
antiviral CTL responses compared to unoptimized constructs. Vaccination with pGX-9501 induced sub-
sequent protection against virus challenge in a rigorous hACE2 transgenic mouse model. Overall, pGX- 
9501 is a promising optimized COVID-19 DNA vaccine candidate inducing humoral and cellular immunity 
contributing to the vaccine’s protective effects.
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Introduction

SARS-CoV-2 is a single-strand positive-sense RNA virus that 
encodes multiple structural antigens including the entry relevant 
spike antigen, nucleocapsid, membrane protein, and E protein1, 
as well as multiple non-structural antigens. The spike proteins 
prime function is related to attaching itself to the host target cell 
receptor facilitating cell entry to initiate infection. Spike is com-
posed of two distinct subunits, namely S1 which includes the 
receptor-binding domain (RBD) and the S2 entry domain com-
posed of the transmembrane region of the Spike Ag. The two 
subunits provide the entry functions of the virus including 
receptor binding the angiotensin-converting enzyme 2 
(hACE2) receptor for cell entry and infection.2 Therefore, the 
spike protein represents an ideal immunogen candidate. 
Neutralizing antibodies that blocks the binding of RBD to 
hACE2 inhibit virus infection,3 amino acid mutations within 
spike protein can affect the infectivity and stability of virus4 as 
has been observed in the variants of concern (VOC).

Technologies for developing vaccines against the COVID- 
19 include a spectrum of inactivated virus, subunit proteins, 
mRNA, or recombinant viral vector-based approaches as well 
as DNA vaccine approaches. DNA vaccine represents an 
important platform that is highly scalable, cost-effective, 

thermally stable, and simple to administer.5–7 Important stu-
dies demonstrated that optimized DNA vaccines induce both 
binding and neutralizing antibody responses against recent 
EID viruses including SARS, Ebola, Middle East respiratory 
virus (MERS), Zika virus, and SARS-CoV28–11 along with 
T cell responses. Most recently, ZyCoV-D of India advanced 
a three dose approaches that demonstrated that this COVID-19 
DNA vaccine was safe, well tolerated, and immunogenic in 
Phase 1/2 trials and achieved a 67% efficacy in Phase III against 
COVID-19 cases caused mainly by the delta-variant SARS- 
CoV-2 circulating in India at the time of the trials, a very 
important outcome.12 Further advancement of DNA vaccine 
technology by more efficient delivery as well as through genetic 
optimization is important to allow for lower dosing and faster 
immunization schedules. Here, we describe studies of pGX- 
9501 optimized DNA vaccine compared to a genetically non 
optimized construct efficiently delivered by the well-tolerated 
Cellectra system and show that pGX-9501 induce robust 
humoral and T cell immunity in a short two dose formats. 
These studies also show robust protection from challenge in 
a rigorous ACE2+ mouse lethal challenge model. These data 
are highly supportive of the continued advanced development 
of this important vaccine candidate for SARS-CoV2.
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Methods and materials

Animal experiments

Female, C57BL/6 mice (6–8 weeks of age) and BALB/c mice 
(6–8 weeks of age) were purchased from Beijing Vital 
Laboratory Animal Technology Co., Ltd. (Beijing, China) and 
Shanghai Jiesjie Laboratory Animal Co., Ltd. (Shanghai, 
China), which were kept in SPF condition. hACE2 transgene 
BALB/c mice were from the Institute of Laboratory Animal 
Sciences, CAMS&PUMC. The Experimental Animals 
Committee of SHMC approved all animal experiments.

The mice were injected twice via the intramuscular route (i. 
m.) with 25 μg plasmid, and electroporation was followed at 
intervals of two weeks. Serum was collected 14 days after 
the second immunization.

Plasmid preparation

Plasmids of pGX-9501, pVAX1-S-WT, and pVAX1 were trans-
formed into DH5a E. Coli, respectively. A single colony was 
undergone expansion in a one-liter flask for culturing in LB 
broth. Plasmids were extracted, purified by MaxPure Plasmid 
EF Giga Kit (Magen, China), dissolved in saline buffer at a final 
concentration at 1 mg/ml. The purity was measured by an agarose 
gel electrophoresis and a UV detector at a range of 1.8–2.0 
OD260nm/280 nm. Endotoxin in those plasmids was below 30 
EU/mg by LAL test.

Rare codon analysis

The sequence of wild type and the sequence optimized pGX-9501 
was submitted to the GenScript Rare Codon Analysis Tool 
(https://www.genscript.com/tools/rare-codon-analysis). From 
origin organism to expression host, the tool compared the differ-
ence between these sequences by analyzing the DNA sequence 
features including cis-regulatory and negative repeat elements 
that could influence transcription and translation efficiencies 
in vivo.

Antigen-specific humoral immune responses

Enzyme-linked immunosorbent assay (ELISA) was utilized 
to measure the antigen-specific antibody responses induced 
in the animals by the DNA vaccinations against SARS-CoV2 
antigens as previously described. Briefly, 96-well plates were, 
respectively, coated with 0.5μg/ml of pre-S1 (Sino biological, 
40591-V05H1), 0.5 μg/ml of pre-S2 (Sino biological, 40590- 
V08B), and 0.17 μg/ml of RBD (Sino biological, 40592- 
V08B) protein (50 mM carbonate-bicarbonate buffer, pH 
9.6) at 4°C overnight and blocked with 5% BSA in PBST 
(0.05% Tween 20 in PBS) at 37°C for 1 hour. The plates 
were incubated with diluted serum from different immuni-
zation groups for 1 hour at 37°C. Antibodies were detected 
with HRP-conjugated goat anti-mouse IgG (Southern 
Biotech, Birmingham, AL) after the enzymatic reaction was 
developed, the OD values were read at 450/620 nm by an 
ELISA plate reader (Bio-Rad, Hercules, CA).

hACE2-RBD blocking assay

The blockade of hACE2 binding to SARS-CoV-2 RBD in ELISA 
as previously reported.3 Briefly, 96-well plates were coated with 
0.34 μg/ml of RBD protein (50 mM carbonate-bicarbonate buf-
fer, pH 9.6) at 4°C overnight and blocked with 5% BSA in PBST 
(0.05% Tween 20 in PBS) at 37°C for 1 hour. Plates were 
incubated with diluted serum samples from different immuniza-
tion groups for 1 hour at 37°C. Then, 0.12 μg/ml of hACE2 (Sino 
Biological, 10108-H08H) was added and reacted for 1 hour at 
37°C. The Goat anti-Rabbit IgG-HRP (Invitrogen, 32460) and 
Rabbit anti-hACE2 antibody (Sino Biological, 10108-RP01) were 
used to detect the concentration of hACE2 binding with the 
RBD. The following formula calculated the blocking ratio: 
Blocking Ratio = (1-(experimental group/control group)) *100%.

Live virus neutralization assays

Neutralization assays were performed at the Institute of 
Laboratory Animal Sciences, CAMS&PUMC of China. Seed 
SARS-CoV-2 (SARS-CoV-2/WH-09/human/2020) stocks and 
virus isolation studies were performed in Vero E6 cells, which 
are maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, Invitrogen, USA) supplemented with 10% fetal 
bovine serum (FBS), 100 IU/mL penicillin, and 100 µg /mL 
streptomycin, and incubated at 36.5°C, 5% CO2. Virus titers 
were determined using a standard 50% tissue culture infection 
dose (TCID50) assay. Serum samples collected from immu-
nized animals were inactivated at 56°C for 30 min and serially 
diluted with a cell culture medium in two-fold steps. The 
diluted samples were mixed with a virus suspension of 100 
TCID50 in 96-well plates at a ratio of 1:1, followed by 2 h 
incubation at 36.5°C in a 5% CO2 incubator. 1*104 Vero cells 
were then added to the serum-virus mixture, and the plates 
were incubated for 3–5 days at 36.5°C in a 5% CO2 incubator. 
Cytopathic effect (CPE) of each well was recorded under 
microscopes, and the neutralizing titer was calculated by the 
dilution number of 50% protective condition.

Flow cytometry

Single suspension cells from spleens and lymph nodes collected 
14 days after the second immunization were prepared and 
stimulated with 10 μg/ml peptides at 37°C for 5 h. Cells were 
stained with viability dye eflour780 in PBS for 15 minutes on 
ice followed by washes twice with PBS supplemented with 2% 
FBS. To detect cell surface antigens, cells were stained with 
fluorochrome-tagged antibodies, as shown in the following 
table for 15 minutes on ice. To detect intracellular cytokines 
or intranuclear transcription factors, cells were fixed and per-
meabilized using an intercellular cytokine staining kit 
(Biolegend) or a commercial transcription factor staining kit 
(eBioscience). All stained samples were run on LSRFortessa 
(Biolegend) and analyzed by FlowJo (TreeStar).

SARS-CoV-2 spike protein peptide pool

COVID-19 spike RBD peptide pools (SARS-CoV-2 Spike pro-
tein 258–518aa) published previously13 was used for the study.
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Cytotoxic lymphocyte (CTL) killing ability

Single suspensions of splenocytes from naïve syngeneic mice 
were diluted to 1.5*108/ml by RPMI1640 with 10% FBS and 2% 
Penicillin and Streptomycin, respectively, pulsed with or with-
out 5 μg/ml peptides as mentioned above at 37°C. After 4 
hours, a higher concentration of eflour450 (eBioscience, 65– 
0842-85) at 5 mM was used to label pulsed peptide cells. Cells 
without peptide-pulsed were labeled with a low concentration 
of eflour450 at 0.5 mM at room temperature in the dark. After 
being rinsed by PBS three times, 4*106 of labeled and peptides- 
pulsed cells and another equal number of labeled cells without 
peptide-pulsed were adoptive transferred by tail vein injections 
into mice previously immunized with different vaccines, 
respectively. Six hours later, the percentage of labeled cells 
was detected with LSRFortessa flow cytometry (BD) and ana-
lyzed by FlowJo (TreeStar). The following formula calculated 
the specific cell lysis: Specific cell lysis ability = (1-(percentage 
of cells incubated with peptide/percentage of cells incubated 
without peptide)) *100%.

SARS-CoV-2 challenge study

SARS-CoV-2 (SARS-CoV-2/WH-09/human/2020/CHN) 
was isolated by the Institute of Laboratory Animal 
Sciences, CAMS&PUMC. Immunized hACE2 transgenic 
mice14 were infected with SARS-CoV-2 (106TCID50) via 
the nasal route in a volume of 100 μl 7 days after the 
final immunization. Five days after infection, the lung was 
harvested for measuring virus loads by qPCR and H&E 
staining. Before the challenge, serum was collected for 
ELISA to evaluate the neutralizing antibody levels. After 
the challenge, daily weight loss was monitored until the 
animal was sacrificed at day 5 post-infection (5 dpi).

Statistical analysis

The statistical analysis methods and sample sizes (n) are 
specified in the results section or figure legends for all quan-
titative data. All values are reported as means ± sem with the 
indicated sample size. No samples were excluded from the 
analysis. The difference among and between groups was 
determined by ordinary one-way ANOVA and Turkey test, 
respectively. P values less than 0.05 were considered statisti-
cally significant. All animal studies were performed after 
randomization. Statistics were performed using GraphPad 
Prism 7 software. In all data *p < .05, **p < .01, ***p < .001, 
and ****p < .0001.

Results

Comparison of expression of optimized vs unoptimized 
spike vaccine sequences

A DNA construct, pVAX1-S-wt, made from the wild-type 
sequence of the full-length spike protein of the SARS-CoV-2 
was subcloned into the starting pVAX1 vector. As previously 
described, the sequence of the spike region was optimized via 
SynCon® technology, synthesized, and cloned into pVAX1 and 
utilized as pGX-950114. The two constructs were transfected 
separately into two batches of 293T cells in parallel under the 
same condition and after 24 hours were subjected to a qRT- 
PCR and Western blotting Analysis to compare their expres-
sion levels. As depicted in Figure 1(a and b), the level of mRNA 
and protein expression of the optimized pGX-9501 vs the wild 
type design was 100x that of the wild-type pVAX1-S-wt. We 
further identified that among the important differences 
between the two sequences were the increased content of of 
negative Cis-elements in the absence of optimization with five 
observed the wild-type construct and just one in the optimized 
pGX-9501 (Table 1) vaccine.

Effects of antibody production and functional assays 
induced by the vaccines

To evaluate the effects of pVAX1-S-wt and pGX-9501 DNA 
vaccines on the abilities to induce specific antibodies, mice 
were injected twice using 25 μg DNA vaccine each time via 
intramuscularly (i.m) at biweekly intervals and followed by 
electroporation by a Cellectra2000 device (Figure 2a). Serum 
IgG samples were serially diluted and tested for binding titers 
against recombinant spike proteins covering RBD, S1 region, 
and S2 region in the extracellular domain (ECD). Levels of 
antibodies taken from pGX-9501 immunized BALB/c, or the 
C57/BL6 animals, were a thousand times higher than those 
induced in the pVAX1-S-WT immunized (Figure 2b). In addi-
tion, these sera were also used to examine the inhibition 
experiment of RBD to hACE2 binding. We observed that 
a higher level of inhibition was achieved from sera immunized 
with pGX-9501 than pVAX1-S-WT (Figure 2c). We therefore 
selected pGX-9501 for further study for its ability to protect 
animals in a lethal challenge model. In these challenge models, 
a minimum of two doses of vaccines are necessary to see robust 
protection in most challenged animals14.

Efficacy of protective response against SARS-CoV-2 
challenge in hACE2 transgenic mice

The goal of a vaccine is to protect the host against symptoms of 
infection and protect the host from disease and their conse-
quences including death by infection of the virus. We exam-
ined the protective efficacy of these DNA vaccine 
immunization(s) in hACE2 transgenic animals in a SARS- 
CoV-2 challenge model (Figure 3a). Following 1 or 2 immuni-
zations of human ACE2 transgenic mice, which are susceptible 
to infection, disease and SARS-CoV2 morbidity, the animals 
were then challenged 7 days after the last immunization. 
Challenge was by the intranasal route using a potent 1*106 

TCID50 of SARS-CoV-2 (SARS-CoV-2/WH-09/human/2020/ 

Antibody Company Clone Lot number

anti-Mouse CD4-APC eBioscience GK1.5 4329627
anti-Mouse CD8a-PerCP/Cy5.5 Biolegend 53–6.7 B219152
anti-Mouse TNFα-PE eBioscience MP6-XT22 438513
anti-Mouse Granzyme B-PE Cyanine7 eBioscience NGZB 4281151
anti-Mouse IFNγ-APC eBioscience XMG1.2 4289683
anti-Mouse IFNγ-BV421 Biolegend XMG1.2 B232596
anti-Mouse CD3e-FITC eBioscience 145–2C11 E00061-1632
anti-Mouse IL-5-PE eBioscience TRFK5 12–7052-82
anti-Mouse IL-13-eFlour710 eBioscience eBio13A 46–7133-82
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CHN). A virus neutralizing assay was performed using serum 
samples from the pGX-9501 immunized animals and the sam-
ples from pVAX1 as the control. The neutralizing level from 
pGX-9501 immunized once was around 1:18 but increased 
significantly after the two immunizations at 1:166, compared 
with the control (Figure 3b). The animals were sacrificed 5 days 
after the challenge for analysis of viral loads and pathological 
changes in the lungs. We observed almost 6log10 reduction of 
viral loads in lungs from mice immunized twice with the pGX- 
9501, showing robust and nearly complete protection against 
SARS-CoV-2 infection, whereas the 1–2 log10 reductions were 
reached in animals immunized once with pGX-9501 
(Figure 3c). Pathological analysis of H&E stained lung tissue 
sections was performed. Compared to control mice the mice 
immunized 2x showed close to normal lung histology with only 
occasional slight interstitial pneumonia changes, and only 2/6 
animals showing even slight infiltration around some blood 
vessels observed. In contrast, the single-dose and control 
groups showed moderate interstitial pneumonia with the 
marked widening of the alveolar septum and a slight infiltra-
tion of inflammatory cells around the vessels (Figure 3c & 
Table 2). After the SARS-CoV-2 challenge, the control mice 
demonstrated marked weight loss. The weight loss was drama-
tically observed from 1 dpi and continued till 5 dpi with 
approximately 5% of their body weight lost. Similar weight 
loss was observed in the single-dose immunization group. On 

the contrary, we observed that less than 2% of weight loss 
occurred at 1 dpi and rapidly recovered after 2 dpi in the two 
doses of pGX-9501 immunization group (Figure 3e).

Effects of Cell-Mediated Immunity (CMI)

This optimized DNA vaccine has the potential induce CMI due 
to its consistent post-inoculation expression in host cells in 
skin and muscle on multiple cell types allowing for presenta-
tion of the vaccine S Ag via both MHC-I and -II antigens. To 
assess the CMI, mice immunized with either pGX-9501 or 
pVAX1-S-WT in BALB/c and C57/BL6 mice on day 14 after 
the second immunization were used to isolate T cells from 
spleens or Lymph nodes for analyzing intracellular cytokine 
expressions by flow cytometry. As depicted in Figure 4, per-
centages of IFN-γ-expressing CD4 T cells, representing Th1 
response, were higher in both C57/BL6 and BALB/c mice 
immunized with pGX-9501 than that of the other two groups 
(Figure 4a & b). However, expression of IL-5 and IL-13 in CD4 
T cells, representing Th2 response, did not show increases 
among the groups (Figure 4c & d). Levels of IFN-γ and TNF- 
α from CD8 T cells were dominant with close to 1% of CD8 
stimulated cells expressing IFN-γ observed in the spleen and 
LN in the group immunized with pGX-9501 in both C57/BL6 
and BALB/c mice (Figure 5a & b). Expression of Granzyme 
B (Gz-B) in CD8 T cells was observed as robust as obtained as 
the IFN-γ (Figure S1A&S1B). The data support that this is 
a very Th1 immune potent vaccine with high protective value.

Functional CD8 T cells serve as cytolytic killer T cells to 
destroy virally infected host cells, resulting in a sterilizing 
immunity. Since its function can be tested in the in vivo CTL 
assay, we examined the level of specific CTL killing activities in 
these immunized groups. We observed that both BALB/c mice 
and C57/BL6 mice immunized with pGX-9501 obtained more 
robust CTL killing activity against SARS-CoV2 level than the 
other two groups (Figure 5c). In this assay, the wild-type 
unoptimized construct elicited much more minimal activity, 
just above the negative control group.

Figure 1. Comparison of expression and antibody levels of optimized versus non-optimized spike sequences. 293 T cells were transfected by pGX-9501, pVAX1-S-WT, 
and pVAX1 for 48hrs and lysed for RT-PCR analysis (a) and Western blotting (b), respectively. (c) BALB/c mice were immunized with either construct at 25 μg dose by 
using the 3P EP by the IM route. Immune analysis was performed at 2 weeks in an S1Elisa assay.

Table 1. Sequence optimization score of the optimized and wild-type sequences.

CAI GC%

Negative 
CIS 

elements

Negative 
repeat 

elements

pGX9501 Spike DNA 0.92 53.84 1 0
COVID-19 WT Spike DNA 0.88 51.43 5 0

aCAI (codon adaptation index) was to evaluate the optimized sequence based on 
CIS-regulatory elements, codon usage bias, GC rich and etc. The higher CAI 
value is better for the optimized sequence. 

bCIS regulatory elements was including TATA box, termination signal and protein 
binding sites.
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Discussion

COVID-19 DNA vaccines can drive immune responses in the 
clinic and result in protection from infection,12,13 as was 
recently reported12 using a modest delivery system and 
a three dose vaccine regime. Studies to generate additionally 
advanced DNA vaccines are important for protection of global 
populations and to focus on two dose regimes. In this regard 
COVID-19 DNA vaccine (pGX-9501) has been found to 
induce a significantly high level of immunogenicity in animal 
studies and human trials13 in a two dose regime. Here, we 
examined details of the optimization of pGX-9501 in a robust 
mouse challenge system. Prior to advancing candidate candi-
dates for development of pGX-9501 we observed that design-
ing viral vaccines using wild-type sequence of SARS-CoV-2 
Spike as a DNA vaccine, pVAX-S-wt, induced less potent 
vaccine candidates. We compared the vaccine versions head- 
to-head in this study and observed that the expression level of 
mRNA of the pGX-9501 transfected into culture cells was over 
a hundred times higher than that of the pVAX-S-wt 

(Figure 1a). Such a superior level was also shown from direct 
studies corresponding to the expressed spike protein 
(Figure 1b). The higher expression level translates into 
a more robust vaccine resulting in an increased level of anti- 
spike antibodies, blocking RBD to hACE2 binding and neu-
tralizing activities against live viruses infecting host cells. It was 
surprising to observe the low antibody-induced binding level 
from pVAX-S-wt-immunized BALB/c mice to RBD antigen 
and almost no antibody binding against the S1 protein. This 
inability to induce anti-spike antibodies of pVAX-S-wt was not 
due to a lower amount of plasmid DNA used to immunize 
since both DNA vaccines were delivered using the same dose 
for each immunization. The difference is likely related to a low 
expression level of pVAX-S-wt as shown in Figure 1. 
Furthermore, not only was the induction of antibodies greatly 
enhanced but also the induction of T cells, including CD4 and 
CD8 T cells producing IFN-γ and TNF-α, and killing activities 
were also augmented. Notably, the level of cytolytic CD8 cells 
was increased significantly, demonstrated by the in vivo CTL 
assay, supporting a broader ability for clearance of viral 

Figure 2. Effects of antibody production and functional assay. (a), The scheme of mice immunizations. (b), C57BL/6, or BALB/c mice (N = 6 per group) were either 
immunized with pVAX1 (blue circle) or vaccinated with pVAX1-S-WT (red square) and pGX-9501 (green triangle) intramuscularly, following by electroporation. Serum 
IgG binding titers (mean ± SEM) to SARS-CoV-2 pre-S1, S2, and RBD were measured on day 28. (c), Blocking abilities of RBD binding to the hACE2 with serum samples at 
serial dilutions on day 28. Data shown represent mean blocking efficiency (mean± SEM) for the five mice. Please add in the Single immunization group to the chart as 
well. Including bleeding.
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infection. As T cells are less restricted than neutralizing anti-
bodies, this greater T cell activity would likely be an additional 
advantage for the vaccine to protect against the emergence of 
new VOC. Most impactful, the codon-optimized pGX-9501 
vaccine was highly protective in a lethal ACE-2 transgenic 
mouse model showing protection of the lungs with reduced 
lung pathogenesis in a dose-dependent manner and reduced 
time challenge model.

As the immunogenicity of pGX-9501 has been pre-
viously investigated and published,13 the comparison 
study has not performed. Although optimization of codons 
in a foreign gene could significantly enhance its expression 
in vivo, in general, has been reported, the over hundreds if 
not thousand fold increases in expression from the pGX- 
9501 over the pVAX-S-wt is very impressive and is among 
the more dramatic descriptions of the impact of such 
optimization, suggesting its importance for SARS-CoV2 
DNA vaccines. Rare codon analysis observed that five 
negative Cis-regulatory elements were situated within the 
coding region of wild-type spike versus only one with the 
pGX-950113(Figure 1b). Previous studies reported that 
gene expression can be inhibited by these negative ele-
ments. We reasoned that the decreasing number of nega-
tive CIS-regulatory elements in the optimized pGX-9501 

Figure 3. pGX-9501 protects against challenges with SARS-CoV-2 in BALB/c mice. Mice treated with the vaccine were challenged by SARS-CoV-2 (105TCID50) in a volume 
of 100 μl 7 days after the second immunization (single dose group was challenged by virus 14 days after immunization). Five days after the challenge, Serum was 
collected for anti-s1 ELISA(a), and lung was harvested for measuring virus load by qRT-PCR (b). (c), Mice post vaccination were challenged by SARS-CoV-2 (105TCID50) in 
a volume of 100 μl 7 days after the second immunization (single dose group was challenged by virus 14 days after immunization). Serum was collected for ELISA to 
evaluate the Neutralizing antibody. (d), The histochemistry analysis of lung after H&E staining. €, Daily weight loss were monitored as shown.

Table 2. Analysis of H&E staining of lung and weight loss of mice challenged with 
SARS-CoV-2.

Infiltration of 
inflammatory cells in 

alveolar septum

Infiltration of 
inflammatory cells 
around pulmonary 

vessels
Weight loss 

(%)

Groups None Slight Medium None Slight Medium
Day 5 after 
challenge

1xSSC (Ctrl) – – ++ – + – 5.7
– + – – – – 5.17
– – ++ – + – 6.49
– – ++ – + – 9.66
– + – – + – 7.99
– – ++ – + – 5.77

pGX9501 
(two dose)

– + – – – – −0.11
– + – – + – −0.84
– + – – – – 2.32
– + – – – – 1.26
– + – – + – −0.51

pGX9501 
(single 
dose)

– – ++ – + – 7.13
– + – – + – 6.29
– + – – + – 7.43
– – ++ – + – 4.70
– + – – + – 7.07
– – ++ – + – 4.29
– – ++ – + – 6.60

a“ – ” refer to normal without pathology. 
b“+” refer to mild histopathological change. 
c“++” refer to mild to severe interstitial pneumonia of histopathological change. 
dAt the day 5 after SARS-CoV-2 challenge, the data of weight loss was emerged.
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could account for the higher mRNA and protein expres-
sion over that of wild type in addition to advantages over 
rare codon usage. These data support that wild-type 
sequence of spike antigen of SARS-CoV-2 and its variants 
would not be as efficient for nucleic acid or genetic-based 
vaccine development against COVID-19.

In SARS-CoV-2 infection, neutralizing antibodies are impor-
tant for preventing viral entry and correlates analysis has identified 
that antibodies and T cells are important in the protection from 
disease and progression.15 Antibodies to spike protein are believed 
to be important early in infection in part for controlling progres-
sion of SARS-CoV-2.16,17 More than 11 anti-spike monoclonal 

Figure 4. pGX-9501 promoted a biased CD8 T cell-based Th1-type cytokine phenotype and did not induce a TH2-associated phenotype. Single suspensions of 
splenocytes and lymphoid cells of lymph nodes harvested from C57BL/6 (a) or BALB/c (b) mice immunized were stimulated with 10 mg/mL SARS-CoV-2 peptide pools 
in vitro for 4 to 6 hours, and IFN-γ production from CD4+ T cells was analyzed by flow cytometry in both the C57BL/6 and BALB/c mice strains. Cytokine expression was 
studied using the SARS-CoV-2 peptide pool for immune stimulation.
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antibodies18 including LY-CoV555,19 414–1,18 and CB620with 
high-affinity binding to the RBD and hACE2 binding inhibitions 
are being used to develop therapies for SARS-CoV2 patients 
focusing to their neutralizing potency. We evaluated the specific 

anti-Spike binding antibody and RBD-hACE2 binding inhibition 
ability, of the optimized pGX-9501 that demonstrated 
a significantly higher potency than the native sequence wild-type 
vaccine. The higher levels of expression of the encoded mRNA and 

Figure 5. pGX-9501 induces effective specific cytotoxic lymphocyte(CTL) killing activity in vivo with enhanced IFN-g dominated cytokine expression in specific CD8 + T 
cells. Single suspension lymphocytes of spleens or lymph nodes from immunized C57BL/6 (a) and BALB/c (b) mice were stimulated with 10 mg/mL SARS-CoV-2 peptide 
pools in vitro for 4 to 6 hours. Levels of IFN-γ and TNF-α production in CD8 + T cells were measured by flow cytometry. C, Antigen-specific cytotoxic lymphocyte driven 
(CTL) killing ability was evaluated using an in vivo CTL assay. Target cells at 4*106/ml from naïve mice labeled with eFlour450 were incubated with 10 mg/mL SARS-CoV 
-2 peptide pools in vitro for 4–6 h before transferring into immunized mice by the intravenous route. The intensity of eFlour450 peptide labeled target cells were 
compared with the non-peptide labeled negative control cells after 5 hrs by flow cytometry to demonstrate in vivo killing. In vivo killing is only observed in the 
optimized pGX-9501 vaccinated animals.
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protein expression driven by the optimized pGX-9501 provides 
a rationale for the potent antibody induction compared to the 
wild-type constructs.

T cell immunity is indispensable for viral clearance as demon-
strated in animal models infected with viruses like JEV, DENV, 
and recently Zika among others.21–26 In a SARS-CoV infection 
model, enhanced CD8 + T cell results in earlier virus clearance and 
increased survival.27 Clinical data in SARS infected patients show 
better recovery is frequently associated with the development of 
T cell immunity.28 A similarity has been observed in SARS-CoV-2 
infected patients in that COVID-19 patients with low- to mild- 
symptoms showed significantly higher levels of anti-SARS-CoV-2 
CD4 and CD8 T cells versus the lower levels of T cell responses 
commonly found in severe patients including those who progress 
to fatal disease,29,30 and lymphopenia can be accentuated in symp-
tomatic SARS-CoV-2 patients with pneumonia compared with 
those without pneumonia again indicating that T cell immunity 
plays an essential role in protective immunity against disease in 
SARS-CoV-2.2931–33

Activation of Ag-specific T cells was correlated with protec-
tive efficacy induced by some recently developed mRNA vac-
cines (BNT162b2 and mRNA-1273)34 as well as the adenoviral 
vector vaccines including AZD1222.35 In a recent study of 
AD26.COV2.S vaccine, CD8 T cell immunity is responsible 
for providing a broad spectrum of protection controlling 
SARS-CoV-2 variants.36 Several prior studies have reported 
that DNA vaccines can induce high T cell-mediated responses 
in the clinic. Directly relevant, pGX-9501 induced T cell 
responses in mice, monkeys, and humans recently in phase 
I & II studies prior to moving into Phase III trials. Here, we 
observed that mice immunized with the pGX-9501 produced 
a strong induction of T cell immunity framed by induction of 
a Th1 type response including IFN-γ and a vigorous CTL 
activity, and was associated with robust protection of mice 
from SARS-CoV-2. However, there were some limitations of 
this study. The SARS-CoV-2 challenge was only performed at 
Day 14 after the final immunization, which was rapid com-
pared to some other studies with other platforms studying 
SARS-CoV-2 or SARS-CoV vaccine development. For further 
study, the interval between challenge and immunizations could 
be extended allowing for the development of more robust 
memory responses with analysis of B and T cell responses 
performed at that time. Our study found that the pGX-9501 
immunized twice showed a better virus clearance and Lung 
protection than the pGX-9501 immunized once. Similar results 
have been reported for other vaccine platforms.37 This was also 
observed in clinical studies of both mRNA as well as 
Adenoviral vaccines both of which are much more effective 
after subsequent boosting.38–41 In the twice immunized group, 
more robust neutralizing antibodies were induced and likely 
are important for the observed protection.16 Also mice immu-
nized twice showed a more robust IFN-γ and TNF-α induction 
in their T cell response, again which is important in viral 
clearance.23,26,31 In conclusion, the wild-type coding sequence 
is a much poorer immunogen and behaves as a much weaker 
vaccine. Genetically optimized pGX-9501 appears to generate 
a much more robust immune profile and appears to be a highly 

promising DNA candidate vaccine for prevention of SARS- 
CoV-2. Additional clinical development remains important.
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