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DNA vaccines for infectious diseases and cancer have been
explored for years. To date, only one DNA vaccine
(ZyCoV-D) has been authorized for emergency use in India.
DNA vaccines are inexpensive and long-term thermostable,
however, limited by the low efficiency of intracellular delivery.
The recent success of mRNA/lipid nanoparticle (LNP) technol-
ogy in the coronavirus disease 2019 (COVID-19) pandemic has
opened a new application for nucleic acid-based vaccines. Here,
we report that plasmid encoding a trimeric spike protein with
LNP delivery (pTS/LNP), similar to those in Moderna’s
COVID-19 vaccine, induced more effective humoral responses
than naked pTS or pTS delivered via electroporation.
Compared with TSmRNA/LNP, pTS/LNP immunization
induced a comparable level of neutralizing antibody titers
and significant T helper 1-biased immunity in mice; it also pro-
longed the maintenance of higher antigen-specific IgG and
neutralizing antibody titers in hamsters. Importantly, pTS/
LNP immunization exhibits enhanced cross-neutralizing activ-
ity against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants and protects hamsters from the chal-
lenge of SARS-CoV-2 (Wuhan strain and the Omicron BA.1
variant). This study indicates that pDNA/LNPs as a promising
platform could be a next-generation vaccine technology.

INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic is caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its
rapidly evolving variants. Although numerous COVID-19 vaccines
have been used in humans, the rapid mutation of the virus causes cur-
rent vaccines to become ineffective. Nucleic acid vaccines, such as
mRNA or DNA vaccines, could be developed in a short period, allow-
ing for a rapid response to emerging infectious disease outbreaks. In
storage, DNA vaccines are more stable than mRNA vaccines, making
them easier to distribute to developing countries. Furthermore, the
rapid mass production of DNA vaccines can result in the production
of a vaccine for circulating COVID-19 variants. However, the most
significant obstacle that DNA vaccines must overcome is the lack of
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an effective delivery system. DNA vaccines have been delivered using
a variety of methods, including liposomes,1,2 polymers,3–5 needle-free
biojets,6,7 and electroporation.8–10 The majority of COVID-19 DNA
vaccines are still in clinical trials, and only one DNA vaccine
(ZyCoV-D) has received COVID-19 emergency use authorization
in India.11,12 However, the low efficacy (66.6%) of ZyCoV-D indi-
cated that the efficacy of next-generation DNA vaccines needs to be
improved. Many researchers are currently using electroporation to
deliver DNA vaccines. Because DNA vaccines delivered by electropo-
ration are highly efficient, this approach can induce strong humoral
and cellular immune responses against SARS-CoV-2.13–15 However,
the disadvantage of electroporation is that it necessitates the use of
an electric device, which is inconvenient and must be approved by
regulatory authorities. Although electroporation of DNA vaccines
may be useful for vaccination in a small population, it is difficult to
apply to mass vaccinations. Thus, there remains a need for the devel-
opment of effective and easily administered DNA vaccines.

The viral DNA delivery system is highly efficacious and has been
utilized in clinical studies for a long time.16–18 In addition, adeno-
virus-delivered DNA vaccines against COVID-19 have been
approved, including chimpanzee adenovirus (AstraZeneca),19,20 hu-
man adenovirus type 5 (CanSino),21,22 and type 26 (Janssen).23,24

However, a limitation exists regarding the development of anti-viral
vector antibodies, which reduces booster efficacy.25 In this field,
non-viral delivery systems for DNA vaccines are becoming more
compelling. Nanoparticles (NPs) are typically less than 200 nm in
size, which makes them a promising nonviral delivery system for
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Figure 1. LNP delivery facilitates pDNA-encoded protein expression in vitro

and in vivo

(A) The 293T cells were incubated with 2 mg CBGr99-expressing plasmid (pCBGr),

either naked plasmid, encapsulated by LNP or polyjet for 72 h. The relative light units

(RLUs) measured by spectrum meter represent the luciferase activity expressed

from the indicated combinations, respectively. (B and C) BALB/c mice (n = 4/group)

were i.m. injected with 2 mg and 10 mg CBGr99 encoding mRNA or pDNA. The

luciferase activities that derived from CBGr99 expression at the injected sites on

mice weremonitored by IVIS at the indicated time points. The p value was calculated

by two-way ANOVA, *p < 0.05, **p < 0.005, # not significant.
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a wide range of applications.26 In particular, liposomal or polymeric
NPs can encapsulate DNA or small nucleic acids that can then be
used in vaccines or therapeutics.27,28 Although NPs have been devel-
oped for many years, no successful products were released to the
market until lipid NPs (LNPs) were used in mRNA and small inter-
fering RNA products.28,29 LNPs are similar to NPs, but contain an
ionizable lipid that allows mRNA to be released into the cytosol.30,31

The successful use of LNPs in RNA products could be extended to
DNA products. Nonetheless, the formulation of LNPs for DNA may
differ from that of mRNA. Some new LNP formulations for DNA
delivery have been tested.32–34 Based on their LUNAR technology
(Arcturus Therapeutics), Mucker et al.35 used LNPs formulated
with the Andes virus or Zika virus DNA vaccines. In comparison
with DNA alone vaccination, administration of DNA/LNPs can
elicit the production of a 10-fold increased neutralizing antibody
titer in rabbits and nonhuman primates.

Here, the LNPs with the formulations same as COVID-19 vaccines
from Moderna can also be used to efficiently deliver circular plasmid
DNA into cells for expression of the encoded proteins. Additionally,
we found that immunization with SARS-CoV-2 spike-encoding
DNA/LNPs robustly induces spike-specific antibody production in
various species (mouse, rat, rabbit, and hamster), which is particularly
higher than mRNA/LNPs in hamsters. The neutralizing antibody ti-
ters were sustained for 20 weeks after immunization with DNA/LNPs,
but not with mRNA/LNPs. Hamsters immunized with DNA/LNP
induced immune responses against challenge with SARS-CoV-2
(Wuhan strain and Omicron variant BA.1) and enhanced cross-
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neutralizing activity against BA.5 over mRNA/LNP. These studies
showed that DNA/LNPs could be a new vaccine technology for
emerging infectious disease outbreaks.

RESULTS
Protein expression upon delivery of pDNA/LNPs in vitro and

in vivo

To assess the plasmid DNA delivery efficiency by LNPs, 293T cells
were used for transfection of plasmid DNA encoding luciferase pro-
tein (pCBGr). The luciferase activity in cell lysates was determined by
luminescence measurement after incubated with 2 mg naked pCBGr,
pCBGr/LNP, or pCBGr/polyjet transfection reagent for 24, 48, and
72 h. The lysates for both pCBGr/LNP and pCBGr/polyjet had high
levels of luciferase activity (Figure 1A). However, the lysate for pCBGr
naked DNA in 293T cells had only limited luciferase activity.
Although the luciferase activity for pCBGr/LNP was lower than the
luciferase activity for pCBGr/polyjet at 24 h, the luciferase activity
for pCBGr/LNP had no significant difference compared that for
pCBGr/polyjet at 48 and 72 h. This result indicated that LNP-encap-
sulating DNA could promote the in vitro expression as well as the
commercial transfecting agent polyjet.

In vivo expression of DNA/LNP was compared with that of mRNA/
LNP in mice injected intramuscularly at the hindlimb with 2 mg (Fig-
ure 1B) and 10 mg (Figure 1C) CBGr99-encoding pDNA ormRNA. In
mice injected with 2 mg or 10 mg CBGrmRNA/LNP, the luminescence
signals increased above 1� 107 p/s within 24 h and then progressively
decreased to background levels (3� 104 p/s) within 7 days. In contrast,
continuousmoderate luminescence signals (6� 105 p/s) were detected
in mice injected with 2 or 10 mg CBGr DNA/LNP (Figure S1). The
in vivo luminescence signals show the magnitude of luciferase expres-
sion derived by mRNA/LNP is significantly higher than DNA/LNP.
Nonetheless, DNA/LNP can promote a stable and prolonged protein
expression in vivo for at least one month.

The trimeric spike pDNA/LNP immunization induced robust

humoral responses in rodents

Previously, we designed a recombinant trimeric spike (TS) expression
system to increase protein yield and enhance antiviral humoral re-
sponses.36 We further found the LNPs encapsulating plasmid that en-
codes TS (pTS) was superior to full-length S protein (pS) in producing
anti-spike total IgG in mice (Figure S2A) and hamsters (Figure S2B).
Moreover, either pTS/LNP or pS/LNP immunization elicited a high
anti-S IgG titer in the Sprague-Dawley rat model (Figure S2C). These
results demonstrated that pTS/LNP could efficiently induce the pro-
duction of SARS-CoV-2 S-specific IgG in three rodent models.

To further assess whether pTS DNA/LNP immunization could induce
satisfactory antiviral immunity, naked DNA and DNA delivered via
electroporation were included in the comparison. BALB/c mice were
immunized with pTS, pTS with EP, or pTS/LNP (2 mg or 20 mg) at
a 3-week interval. Serum were collected from 3 to 12 weeks, and
ELISA was used to monitor the kinetics of anti-TS IgG titers. After
boosting, the anti-TS IgG titer for pTS/LNP increased from log
024



Figure 2. DNA/LNP delivery induces humoral immune responses

BALB/c mice (n = 6/group) were immunized with pTS DNA (2 mg or 20 mg) by direct

i.m. injection, electroporation (EP), or LNP at 0 and 3 weeks. (A) The spike-specific

total IgG titers of sera collected from the indicated time points were determined by

antigen-coating ELISA. (B) The sera collected 12 weeks after the first vaccination

was used to determine live-virus neutralization titer. The p value was calculated by

Mann-Whitney test. *p < 0.05.

Figure 3. Comparative kinetics of anti-TS IgG titers induced by mRNA/LNP

and DNA/LNP

(A) BALB/c mice (n = 6/group) were immunized with PBS as control, 2 mg TSmRNA/

LNP, or pTS/LNP at weeks 0 and 2. (B) Rabbits (n = 3/group) were immunized with

50 mg TSmRNA/LNP or pTS/LNP at weeks 0 and 2. (C) Sprague-Dawley rats (n =

4/group) and (D) Syrian hamsters (n = 5/group) were immunized with PBS as

control, 10 mgmRNA/LNP, or TS/LNP at weeks 0 and 2. The spike-specific IgG titer

was monitored by ELISA at indicated time points from 2 to 20 weeks. The p value

was calculated by two-way ANOVA. *p < 0.05, **p < 0.008, and ***p < 0.0005. # Not

significant.
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2.46 ± 0.25 at week 3 to log 4.33 ± 0.2 at week 6. The anti-TS IgG titer
of the pTS/LNP group was sustained from week 6 to week 12 as well as
the 20 mg pTS/EP group, but was higher than that of the 2 mg pTS/EP
group or 2 mg pTS group (Figure 2A). In addition, the neutralizing
antibody titer (NT titer) in serum (week 12) of the 2 mg pTS/LNP
group was significantly higher than that of the 2 mg pTS naked
DNA group and equivalent to that of the 20 mg pTS/EP group (Fig-
ure 2B). These findings indicated that DNA/LNPs could represent
an effective strategy for eliciting a robust humoral immune response.

TS DNA/LNP vaccination elicit stronger humoral responses than

mRNA/LNP in hamsters

To extensively compare the immunogenicity of the TS DNA/LNP
vaccine with the TS mRNA/LNP vaccine, which encode the
same TS antigen but synthesized as mRNA and encapsulated by using
the same formulation as mRNA-1273 vaccine from Moderna.37 Four
animal models were immunized twice at a 2-week interval with the
indicated dosages of TSmRNA/LNP and pTS/LNP. In BALB/c
mice, Sprague-Dawley rats, and New Zealand rabbits, the anti-TS
IgG titers elevated rapidly within 2 weeks after the second vaccination
of TSmRNA/LNP then decrease to a level similar to pTS/LNP, which
induced an anti-TS IgG level more sustained for long-term pro-
duction (Figure 3). Generally, the pTS/LNP immunization elicited
anti-TS IgG production levels comparable with TSmRNA/LNP
4 weeks after boost vaccination in these animals. Surprisingly, pTS/
LNP immunization elicited significantly higher anti-TS IgG titers
than TSmRNA/LNP in Syrian hamsters, which were sustained at
approximately log 5–6 until week 20 (Figure 3D).

We further analyzed the anti-viral activities of neutralizing antibodies
induced by TSmRNA/LNP or pTS/LNP vaccination. Compared with
pTS/LNP,mice immunizedwithTSmRNA/LNPshoweda significantly
higher anti-TS IgG titer at week 6 (Figure 4A), but only an equivalent
neutralizing antibody titer at week 6 (Figure 4B) and week 20 (Fig-
ure 4C). However, the serum of pTS/LNP immunized hamsters had
Molecu
a significantly higher level of total anti-TS IgG titers (Figure 4D) and
neutralizing antibody titers (Figure 4E) than those of TSmRNA/LNP
group at week 6, and the increased neutralizing antibodies in serum
from the pTS/LNP group lasted until week 20 (Figure 4F). These results
demonstrated that pTS/LNP immunization induced robust humoral
responses, which are comparable with TSmRNA/LNP and particularly
stronger than TSmRNA/LNP in hamsters.

Cellular immune responses to pTS DNA/LNP vaccination

To further characterize the T helper 1 (Th1)/Th2 immunological
profile induced by different types of vaccines, BALB/c mice were
immunized with 2 mg TSmRNA/LNP, pTS/LNP, or TS/alu twice at
a 3-week interval. One week after the last vaccination, splenocytes
were collected and re-stimulated with 5 mg/mL recombinant TS
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 3
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Figure 4. The pTS/LNP immunization induces

robust and long-lasting neutralizing antibodies

(A–C) Balb/c mice (n = 6/group) were immunized with

PBS as control, 2 mg TSmRNA/LNP, or pTS/LNP at

weeks 0 and 2. (D–F) Syrian hamsters (n = 8/group)

were immunized with 10 mg TSmRNA/LNP or pTS/LNP

at weeks 0 and 2. The sera collected from individual

animals at week 6 were used to determine (A and D) the

spike-specific IgG titers by antigen-coating ELISA. The

neutralizing titers were analyzed by TCID50 assay at (B

and E) week 6 and (C and F) week 20. The p value

was calculated by Mann-Whitney test. *p < 0.05,

**p < 0.008 and ***p < 0.0005 were considered

significant; # Not significant.
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protein for 72 h. The concentrations of interferon (IFN)-g, IL-2, IL-5,
and IL-13 in the splenocyte culture supernatant were determined by
sandwich cytokine ELISA (Figures 5A–5D).

These results showed that splenocytes frommice receiving TS/alu pro-
duced relatively high concentrations of IFN-g, IL-2, IL-5, and IL-13 in a
Th1- and Th2-balancedmanner. Compared with TS/alu as a reference,
TSmRNA/LNP-immunized splenocytes could produce a similar level of
Th1 cytokines (IFN-g and IL-2) but lower levels of Th2 cytokines (IL-5
and IL-13), resulting in higher ratios of Th1/Th2 profile (Figures 5E and
5F). The levels of Th1 andTh2 cytokines detected in the TSmRNA/LNP
group were statistically higher than those in the pTS/LNP group. How-
ever, pTS/LNP immunization resulted in the highest ratios of IFN-g/IL-
5 (Figure 5E) and IFN-g/IL-13 (Figure 5F) comparedwith other groups,
indicating a Th1-biased immune response. These results revealed that
the LNP-encapsulated nucleic acid vaccine, especially the pDNA/LNP
vaccine, induced a Th1-biased response.

Immune protection induced by pTS DNA/LNP against viral

challenge in hamsters

To evaluate the protective effect of the pTS/LNP vaccine, hamsters
were immunized with 10 mg TSmRNA/LNP or pTS/LNP at a
2-week interval. The immunized hamsters were infected with
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
SARS-CoV-2 (Wuhan strain) to detect the viral
load in the lung at 3 days post-challenge (dpc),
and lung injury was evaluated by histochemis-
try at 6 dpc (Figure 6A). Moreover, the mean vi-
rus titers in the lungs of hamsters that received
PBS, TSmRNA/LNP, or pTS/LNP were log 10,
log 5, and log 1 (50% tissue culture infectious
dose [TCID50]/mL) at dpc 3, respectively (Fig-
ure 6B). This result indicated that pTS/LNP
immunization more robustly induced virus
clearance than TSmRNA/LNP immuniza-
tion. Accordingly, the histochemistry analysis
showed less inflammation in the lungs of
TSmRNA/LNP- and pTS/LNP-immunized ha-
msters than in the lungs of PBS-treated ham-
sters (Figure 6C). The severity score for pTS/
LNP immunization was zero, which was superior to that for
TSmRNA/LNP immunization (Figure 6D). These results demon-
strated that pTS/LNP induced robust virus inhibition immunity
and protection to prevent lung injury.

pTS DNA/LNP induces protective immunity against BA.1 variant

challenge

To further assess the protective efficacy of the pTS/LNP vaccine
against variant of concern (VOC) infection and associated illnesses,
another spike protein from the Omicron BA.1 variant (TSomi), which
contains the same modification as TS, was also included in the com-
parison. In this study, Syrian hamsters were immunized with 2 mg
TSomi mRNA/LNP, pTSomi/LNP, or pTS/LNP twice at a 2-week in-
terval and subsequently challenged by the SARS-CoV-2Omicron BA.1
variant through intranasal infection (Figure 7A). Serum from each
group of immunized hamsters was collected at week 6 before the viral
challenge and subjected to assessment of the titers of total Omicron TS
protein (TSomi)-binding IgG Figure 7B) and the titers of neutralizing
antibodies against the Omicron BA.1 variant (Figure 7C).

The mean anti-TSomi IgG titers in serum from hamsters vaccinated
with the PBS control, TSomi mRNA/LNP, pTSomi DNA/LNP, or
pTS/LNP were log 1.38, log 3, log 4.78, and log 4.7, respectively



Figure 5. The pTS/LNP immunization induces Th1-

bias cytokine profiles in murine

BALB/c mice (n = 6/group) were immunized with PBS as

control, 2 mg TSmRNA/LNP, 2 mg pTS/LNP, or 2 mg TS

protein formulated with 150 mg Al(OH)3 gel at weeks

0 and 3. The immunized mice were sacrificed at week 4

and the splenocytes were collected to re-stimulate with

TS protein (5 mg/mL) for 72 h. The cytokines (A) IFN-g,

(B) IL-2, (C) IL-5, and (D) IL-13 in the culture

supernatant of indicated groups were determined by

sandwich ELISA. The (E) IFN-g/IL-5 and (F) IFN-g/IL-13

ratios were calculated from the concentrations of IFN-g,

IL-5, and IL-13 from individual mice. A ratio of >1

represented a Th1 bias. The p value was calculated by

Mann-Whitney test. **p < 0.008 were considered

significant.
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(Figure 7B). Both the anti-TSomi IgG and BA.1-neutralizing antibody
titers (Figure 7C) in the serum of the pTSomi/LNP group were remark-
ably higher than those of the TSomi mRNA/LNP group. Moreover,
hamsters that received pTS/LNP immunization also generated anti-
TSomi IgG equal to pTSomi/LNP group and BA.1-neutralizing anti-
bodies similar to TSomi mRNA/LNP group 4 weeks after the boost
vaccination.

After Omicron BA.1 variant challenge, the hamsters in the PBS con-
trol group exhibited a relatively high viral load in the lung (log 4–7
TCID50/mL) at 3 dpc (Figure 7D) and significant body weight loss
at 4 dpc (Figure 7E). TSomi mRNA/LNP vaccination protected ham-
sters from weight loss and successfully suppressed viral replication in
two of four hamsters, but the other two hamsters still had a high viral
load (>log 5 TCID50/mL). However, the hamsters in both groups
vaccinated with pTSomi DNA/LNPs or pTS/LNPs did not experience
any weight loss within 6 dpc (Figure 7E) and completely controlled
the viral load in their lungs below the detectable limit (Figure 7D).
These data support that pTS/LNP immunization can induce protec-
tive immunity, as well as pTSomi/LNP immunization to prevent Om-
icron BA.1 VOC infection in hamsters.

The pDNA/LNP immunization enhances cross-neutralizing

activities over mRNA/LNP in hamsters

To verify the ability of DNA/LNPs vaccines to elicit neutralizing an-
tibodies against different SARS-CoV-2 VOCs, hamsters were immu-
nized with 10 mg TSmRNA/LNP, pTS/LNP, TSomi mRNA/LNP, or
Molecular Therapy: Methods
pTSomi/LNP at weeks 0 and 2. Serum collected
at week 6 from individual hamsters was assessed
by TCID50 neutralization to determine the titers
of neutralizing antibodies. These results re-
vealed that immunization of pDNA/LNP en-
coding either TS or TSomi induced significantly
higher serum NT titers against Omicron BA.1
and BA.5 than its mRNA/LNPs (Figures 8A
and 8B). To our surprise, pTS/LNP immuniza-
tion induced NT titers against BA.1 that were
equivalent to Tsomi mRNA/LNP, whereas NT titers against BA.5
were significantly higher than Tsomi mRNA/LNP.

Notably, the results of serum neutralization assay of Wuhan-TW04
showed that the pTS/LNP immunization elicited high nAb levels
(mean NT titer, 320 ± 0), which had 3.75-fold and 5.5-fold reduction
compared with those against Omicron BA.1 and BA.5, respectively.
However, TSmRNA/LNP-immunized hamsters had serum NT titers
against Wuhan-TW04 (mean, 220 ± 83), which were 8- and 16-fold
lower in neutralizing Omicron BA.1 and BA.5, respectively.
(Figures 8C and 8D). In addition, the serum NT titers of hamsters
receiving TSomi mRNA/LNP or pTSomi/LNP, as measured by
neutralization assay of SARS-CoV-2 Omicron BA.1, were decreased
by 10.25-fold and 7.25-fold, respectively, when they measured by
Omicron BA.5 neutralization (Figure 8E). Similar results were repeat-
edly observed from these studies, hamsters immunized with mRNA/
LNP had more significant decreases in serum NT titers against
different VOCs than those immunized with DNA/LNP. These find-
ings suggest that DNA/LNP-induced neutralizing antibodies are
more resistant than mRNA/LNP when they encounter variants that
escape neutralization.

DISCUSSION
DNA vaccines have been continually investigated for emerging dis-
eases due to their high thermostability and ease of manufacture. Un-
like mRNA vaccines, which need to be stored at an ultralow temper-
ature, DNA vaccines can be stored at room temperature for 1
& Clinical Development Vol. 32 March 2024 5
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Figure 6. The pTS/LNP immunization provides full

protection in hamster challenge model

(A) Schematic showing the schedule of animal study.

Syrian hamsters (n = 8/group) were immunized with PBS

as control, 10 mg TSmRNA/LNP, or 10 mg pTS/LNP at

weeks 0 and 2. The immunized hamsters were

challenged with SARS-CoV-2 TW04 via nasal

inoculation at week 6. (B) Viral titers in the lungs of

infected hamsters (n = 4/group) at 3 dpc were

determined by TCID50 assay. (C) Histopathology of

lungs from infected hamsters (n = 4/group) at 6 dpc

was performed by hematoxylin and eosin staining.

Scale bar for the low-magnification image, 2 mm; scale

bar for the high-magnification image, 100 mm. (D)

Pathological severity scores of lung tissue from infected

hamsters. The p value was calculated by Mann-Whitney

test. *p < 0.05 and **p < 0.008.
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year.38,39 Successful DNA vaccines can be delivered to any region of
the world, including low- and middle-income countries. Our report
showed that DNA/LNPs are feasible for a new-generation COVID-
19 vaccine that can efficiently induce antiviral immunity in animals.
In mice, 2 mg pTS/LNP immunization induced anti-TS antibody titers
similar to those induced by 20 mg pTS DNA with electroporation and
higher than those induced by 20 mg naked pTS DNA immunization
(Figure 1B). Accordingly, 2 mg pTS/LNP immunization induced a
level of neutralizing antibodies against SARS-CoV-2 similar to
20 mg pTS DNA with electroporation and significantly higher than
that with 20 mg naked pTS DNA immunization (Figure 1C).

When comparing the immunogenicity of mRNA/LNPs and DNA/
LNPs vaccinations in different animals, we discovered that the ef-
fects of DNA/LNPs varied between animal species. After prime
and boost regimens, the DNA/LNP immunization generally induced
antigen-specific antibody response comparable with mRNA/LNP in
mice, rats, and rabbits (Figure 3). Four weeks after the second vacci-
nation, pTS/LNP immunized mice showed a lower spike-binding
antibody than those from TSmRNA/LNP group (Figure 4A); how-
ever, similar neutralizing antibody titers (Figures 4B and 4C) were
detected in serum of both groups. Interestingly, DNA/LNP immu-
nization significantly increased the titers of both anti-TS antibodies
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
(Figures 3D and 4D) and neutralizing anti-
bodies (Figures 4E and 4F) in hamsters.

The level of antigen expression and the accessi-
bility of the antigen to the immune system are
two aspects that can be considered when discus-
sing the different responses observed in model
animals. The amount of antigen produced after
DNA/LNP injection is mainly determined by
the amount of DNA introduced into cells. Gene
transfer using plasmid DNA has been reported
to be most efficient in skeletal muscle.40 Howev-
er, intramuscular immunization of DNA vac-
cines induces immunity that varies depending on the injection sites.
For example, injection of plasmidDNA into the tibialis anteriormuscle
induced a humoral response stronger than that of the quadriceps mus-
cle.41 The immune responses to the encoded antigen may affected by
several factors that influence the uptake and expression of plasmid
DNA in skeletal muscle. For example, muscle fibers are surrounded
by connective tissues, which vary between different types of skeletal
muscle and may affect the diffusion of DNA within the muscle tissue
or the uptake of DNA intomuscle cells.42 It is speculated that themus-
cle structure of the hamster hindlimb may be more conducive for
plasmid DNA to access themuscle fiber nucleus than that of other spe-
cies, resulting in a greater amount of antigen expression. Therefore, im-
mune responses elicited byDNA/LNP are superior to those induced by
mRNA/LNP in hamsters, but not in mice, rats, or rabbits. In addition,
another possible explanation for this intriguing finding in hamsters is
that the preference of CpGmotifs for Toll-like receptor 9 (TLR9) stim-
ulation varies across species.43 It is well known that the optimal CpG
motifs differ betweenmice and humans,44,45 but there is little informa-
tion regarding which TLR9 agonist sequences are preferred in ham-
sters. These findings suggest that DNA/LNP immunogenicity may be
species dependent. Therefore, differences in immune responses be-
tween species may need to be considered in the evaluation of nucleic
acid vaccines, especially when comparing DNA and mRNA vaccines



Figure 7. pTS/LNP immunization can even elicit effective immunity against

the Omicron BA.1 variant in hamsters

(A) Schematic showing the schedule of animal study. Syrian hamsters (n = 8/group)

were immunizedwith PBS, 2 mg TSomi mRNA/LNP, 2 mg pTSomi DNA/LNP, or 2 mg

pTS/LNP at weeks 0 and 2. The sera collected from these hamsters at week 6 were

used to determine (B) the spike-specific IgG titers by antigen-coating ELISA and to

analyze (C) the neutralizing titers by TCID50 assay. The immunized hamsters were

challenged with SARS-CoV-2 Omicron BA.1 TW/16804 via nasal inoculation at

week 6. (D) Viral titers in the lungs of infected hamsters (n = 4/group) at 3 dpc were

determined by TCID50 assay. The p value was calculated by Mann-Whitney test.

*p < 0.05 and **p < 0.008; # Not significant. (E) Body weight change (%) of the

infected hamsters (n = 4/group) was daily recorded until dpc 6. The p value was

calculated by two-way ANOVA. *p < 0.05 and **p < 0.008. ns, not significant.
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in preclinical studies. In addition, understanding why DNA/LNPs are
superior to mRNA/LNPs in hamsters could be useful in the future
development of nucleic acid vaccines. Since we have shown potential
of DNA/LNPs vaccination, these results may provide a new insight
for next-generation vaccine development. Furthermore, clinical data
of DNA/LNPs immunization are critical in future applications.
Molecu
In addition, we compared the T cell responses elicited by vaccination
with DNA/LNP, mRNA/LNP, and recombinant protein formulated
with aluminum adjuvant. Aluminum hydroxide is a well-known Th2-
biased adjuvant that promotes the production of high levels of the
Th2 cytokines IL-5 and IL-13, which were shown to be significantly
lower in the mRNA/LNP and DNA/LNP vaccinated groups
(Figures 5C and 5D). Since mRNA/LNP has been documented to
induce Th1/Th2-balanced immune responses,46,47 the ratios of Th1/
Th2 cytokines were not high after recombinant spike protein stimula-
tion in the mRNA/LNP immunization group (Figures 5E and 5F).
Although the pTS/LNP vaccine elicited a relatively low IFN-g and
IL-2 response when compared with the TSmRNA/LNP vaccine in
mice 1 week after the booster, the DNA/LNP vaccine elicited Th1-
biased immune responses similar to those induced by naked DNA
vaccination.14,48 In hamsters, cellular immunity was also observed
with a greater preference forTh1 responses in theDNA/LNPvaccinated
group thanmRNA/LNPgroup (Figure S3).TheTh1-biased immune re-
sponses can induce the production of higher levels of cytotoxic T cells,
which are important for virus clearance49,50 and tumor killing.51–53

mRNA/LNP vaccines against COVID-19 have been shown to induce
potent immunity to protect hamsters from viral infection.54–56 Inter-
estingly, DNA/LNP immunization provided greater protection than
mRNA/LNP immunization in hamsters challenged with SARS-
CoV-2 Wuhan strain (Figure 6) and Omicron BA.1 (Figure 7). At 3
dpc, mRNA/LNPs partially inhibited viral replication in the lung of
hamsters, whereas there was no detectable viral load in the lung of
DNA/LNP-immunized hamsters (Figures 6B and 7D), despite the
fact that pTS/LNPs did not induce neutralizing antibodies against
Omicron BA.1 as effectively as pTSomi/LNPs (Figure 7C). The
inflammation in the lung after virus challenge was still mild in the
mRNA/LNP immunization group, but there was no inflammation
observed in the DNA/LNP immunization group (Figures 6C and
6D). The results were better than those for previously reported
DNA vaccines in hamsters.14,57,58

There are some limitations to this study. We mainly compared the
immunogenicity of mRNA/LNP and DNA/LNP by evaluating hu-
moral responses and neutralizing antibodies, which are the most
important criteria for prophylactic vaccines. DNA-based vaccines
are also able to induce robust cytotoxic T lymphocyte response to
eliminate infected cells by recognizing spike-specific epitopes.59,60

Mutations emerging on the spike of variants can easily escape from
antibody neutralization, whereas most linear T cell epitopes are
conserved in VOCs.54,61 However, due to the scarcity of hamster-spe-
cific antibodies developed for immunological research, we could not
comprehensively investigate the differences in vaccine-induced cell-
mediated immunity between mRNA/LNPs and DNA/LNPs in ham-
sters. In vaccine safety assessment, 10 mg and 50 mg DNA/LNPs and
mRNA/LNPs were used to compare their effects on hamsters and rab-
bits, respectively. Either injected by DNA/LNPs or mRNA/LNPs, we
did not observe abnormal physiologic changes in animals. However,
the DNA/LNP vaccine platform still needs more safety testing before
going into clinical trials.
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Figure 8. The pDNA/LNP immunization induces

higher cross-neutralization titers than mRNA/LNP

Syrian hamsters (n = 8/group) were immunized with 10 mg

of indicated vaccine at weeks 0 and 2. Serum collected at

week 6 was used to determine neutralizing titers against

(A) Omicron BA.1 and (B) BA.5 variants by TCID50 assay.

(C–E) The pairwise comparisons of the NT titers between

Wuhan-TW04, Omicron BA.1, or Omicron BA.5. Each

symbol represents an individual hamster. Each line links

two symbols of the same hamster, which represents NT

titers measured by two VOCs neutralization assays. The

numbers above the brackets are the average reduction

fold of the NT titers between two indicated virus strains.

Dash lines indicate the limited NT titers of detection of

10. The p value was calculated by Mann-Whitney test.

*p < 0.05 and **p < 0.008 were considered significant,

# Not significant.
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Although mRNA vaccines have recently emerged as an appealing
alternative to DNA vaccines for COVID-19, the thermal instability
of mRNA vaccines is the major obstacle to global delivery. The
high thermostability and easy manufacturing process are attractive
for developing efficient DNA delivery. The optimal LNP composi-
tions for DNA delivery are still under investigation.34 In particular,
Mucker et al.35 reported that DNA formulated with their lipid deliv-
ery technology platform LNUAR generates >10-fold increased
neutralizing antibody titers while utilizing 10 times less DNA than
naked DNA in trans-chromosome bovines. They found that 1 mg
DNA/LNP vaccination yielded similar levels of neutralizing antibody
compared with 0.1 mg/DNA/LNP vaccination, and the reactogenicity
of 1 mg of DNA/LNP was higher than 0.1 mg DNA/LNP. However,
the current investigation of DNA/LNPs remains limited. The LNP
formulation for DNA delivery is important for filling the gap left by
the mRNA vaccine; thus, the safe and optimal LNP compositions
for DNA delivery may need to be studied intensively in the future.

MATERIALS AND METHODS
Plasmid construction

The DNA vaccine construct expressing the SARS-CoV-2 spike pro-
tein was constructed by insertion of the full-length spike protein
sequence into the NheI and NotI cloning sites of pVAX1 (Thermo
Fisher Scientific).15 To stabilize the SARS-CoV-2 S protein in the
prefusion state, a pVAX-TS (pTS) construct was designed to
encode a TS sequence that contains a “GSAS” replacement at the
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
Furin cleavage site (RRAR), 2P modifications,
and C-terminal fusion with an IZN4 trimeri-
zation domain.36 Another construct encoding
a spike protein from the SARS-CoV-2 Omi-
cron BA.1 variant, which has the name
pVAX-TSomi (pTSomi), also employs the
same modifications described above to stabi-
lize the prefusion state. For mRNA in vitro
transcription, the construct pT7TS (or
pT7TSomi) encoding the TS (or TSomi)
sequence on the pT7ts plasmid (Addgene) was used as the template
for TS (or TSomi) mRNA in vitro transcription.

mRNA synthesis

The pT7TS plasmid was linearized for 4 h with the restriction
enzyme SmaI (Fermentas) as a DNA template for mRNA in vitro
transcription. The linearized pT7TS DNA in 200 mL was recovered
by precipitating it with 40 mL 5 M NaOAc (Invitrogen) and 480 mL
100% EtOH, followed by 30 min of chilling at �20�C. The linear-
ized pT7TS DNA was washed twice with 1 mL 75% EtOH after be-
ing centrifuged at 15,000 rpm for 20 min at 4�C. Following air dry-
ing, pT7TS DNA was resuspended to 1 mg/mL in H2O (Sigma).
A single in vitro transcription reaction of TS mRNA in 40 mL con-
tained 1 mg pT7TS DNA as a template, 5 mM guanosine triphos-
phate, ATP, cytidine triphosphate, and N1-methyl-pseudoUTP
(TriLink, San Diego), 4 mM CleanCap AG 30Ome, 0.002 U/mL py-
rophosphatase (Thermo Fisher Scientific), 1 U RNase inhibitor,
and 10 U/mL T7 polymerase; the reaction was incubated for
90 min at 37�C. The TS mRNA was isolated from the in vitro tran-
scription reaction by using a MegaClear RNA purification kit
(Thermo Fisher Scientific) and resuspended in H2O for LNP
preparation.

LNP preparation

We purchased 8-[(2-hydroxyethyl) [6-oxo-6-(undecyloxy)hexyl]
amino]-octanoic acid and 1-octylnonyl ester (SM-102) in chloroform
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from Cayman Chemical Company. We purchased 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC), cholesterol and 1,2-dimyristoyl-
rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG) from
Merck. The pDNA/LNP and mRNA/LNP formulations were pre-
pared using a modified version of a previously described method.54

Briefly, lipids were dissolved in ethanol at molar ratios of
50:10:38.5:1.5 (SM-102:DSPC:cholesterol:DMG-PEG). The lipid
mixture was combined with an acidification buffer (25 mM sodium
acetate [pH 5.0]) containing pDNA or mRNA at a volume ratio of
3:1 (aqueous:ethanol) using a microfluidic mixer (Precision Nanosys-
tems). The lipid nitrogen-to-phosphate ratio was set to 6. Formula-
tions were diluted 40 times with 20 mM Tris (pH 7.4) and then
further concentrated using Amicon ultracentrifugal filters (EMD
Millipore). The mRNA-LNP formulations were passed through a
0.45-mm filter before administration. The formulated pDNA/LNP
and mRNA/LNP were characterized for parameters such as encapsu-
lation efficiency, particle size distribution, and polydispersity index
(Table S1).

Animal study

BALB/c mice, Sprague-Dawley rats, golden Syrian hamsters, and
New Zealand rabbits were obtained from the National Laboratory
Animal Breeding and Research Center or BioLASCO Co., Ltd.
Mice, hamsters, and Sprague-Dawley rats were used between 6
and 20 weeks of age. Anesthetized mice were vaccinated with a
50 mL of a solution containing 2 mg pDNA/LNP or mRNA/LNP
through injection in the gastrocnemius muscle at the hindlimb.
Blood samples of mice were collected by submandibular vein blood
sampling. Anesthetized hamsters and Sprague-Dawley rats were
vaccinated with 100 mL solution containing the indicated dosage
(2 mg or 10 mg) pDNA/LNP or mRNA/LNP through intramuscular
injection at hindlimb. Blood samples of hamsters and rats were
collected by gingival and tail vein blood sampling, respectively. All
animals were kept at the Animal Center of the National Health
Research Institutes (NHRI) and maintained according to institu-
tional animal care protocols. The animal experimental protocols
were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of the NHRI (protocol Nos.: NHRI-IACUC-109077-A
and NHRI-IACUC-110053-A).

Antibody titration

The antigen-specific antibodies from immunized animals against the
recombinant trimeric (TS) protein were quantified by using ELISA.
Briefly, 100 mL 4 mg/mL recombinant SARS-CoV-2 TS protein in
0.1 M carbonate buffer (pH 9.5) was coated onto 96-well microplates
by overnight incubation at 4�C. The TS protein-coated plates were
washed twice with 0.05% Tween 20 in PBS (PBS-T) and then blocked
with 3% BSA in PBS at room temperature for 1 h. The serially diluted
serum from immunized animals was transferred into the plates,
which were incubated for another 2 h at room temperature. After
washing the plates with PBS-T, horseradish peroxidase (HRP)-conju-
gated rabbit anti-hamster IgG (cat# ARG23730, Arigo Bio-
laboratories), HRP-conjugated goat anti-mouse IgG (Thermo Fisher
Scientific), HRP-conjugated goat anti-rat IgG (Bethyl Laboratories),
Molecu
or HRP-conjugated goat anti-rabbit IgG (cat# ARG23768, Arigo Bio-
laboratories) was used as the secondary antibody. The assay was
developed by using TMB substrate (Biolegend). The absorbance
was measured by an ELISA reader at 450 nm.

Neutralization assay

The day before neutralization assays were conducted, Vero cells
(2.4� 104 cells/well) were seeded in 96-well plates to develop amono-
layer. Heat-labile nonspecific viral inhibitory substances were inacti-
vated in antisera obtained from immunized animals by heating at
56�C for 30 min. The serum was diluted to a starting concentration
of 1/20 with M199 medium (Gibco), added to a well containing 200
TCID50 of SARS-CoV-2 in 0.2 mL, and incubated at 37�C for 2 h.
Next, the virus-serum blends were transferred to 96-well plates
with a monolayer of Vero cells and incubated at 37�C. Each serum
dilution was tested four times in quadruplicate. After 4–5 days of in-
cubation, the cytopathic effect in each well was defined. The neutral-
ization titer corresponded to the greatest serum dilution that in-
hibited infection in 50% of quadruplicate inoculations. For
calculations, neutralization titers below the 1:20 initial dilution were
given a value of 10.

Cytokine measurements

The production of cytokines by splenocytes was assessed using a cyto-
kine ELISA. Two weeks after the second vaccination, spleens were
harvested from individual mice in each group. Splenocytes were ob-
tained from mesh-homogenized spleens in RPMI-1640 medium
and suspended in LCM containing 10% fetal bovine serum. The sple-
nocytes were cultured with recombinant SARS-CoV-2 TS protein
(5 mg/mL) at 37�C and with 5% CO2 in 24-well plates containing
5 � 105 cells per well. After 3 days, the culture supernatant was
collected to determine the levels of Th1 cytokines (IFN-g and IL-2)
and Th2 cytokines (IL-5 and IL-13) using individual cytokine
ELISA kits (Invitrogen) according to the instructions provided by
the manufacturer.

Viral challenge

Syrian hamsters (n = 8 per group) were immunized with 10 mg
mRNA/LNP or pDNA/LNP at weeks 0 and 2 via i.m. injection. Three
weeks after the second vaccination, these hamsters were challenged
intranasally with 1 � 104 TCID50 of SARS-CoV-2 (hCoV-19/
Taiwan/4/2020) or 2 � 104 TCID50 of SARS-CoV-2 Omicron BA.1
variant (hCoV-19/Taiwan/16804/2021) in a volume of 50 mL under
isoflurane anesthesia. The daily body weight changes of infected ham-
sters (n = 4 per group) were monitored until 6 dpc. At 3 dpc, four in-
fected hamsters from each group were sacrificed for viral load anal-
ysis. To evaluate the viral load in the lung, left lung tissues were
homogenized in 2 mL PBS using a MACS Dissociator (Miltenyi Bio-
tec). Following 5 min of centrifugation at 600�g, the cleared superna-
tant was collected for live virus titration (TCID50 assay).

Histochemistry

Lung tissue samples from infected hamsters were formalin fixed, de-
hydrated, and then paraffin embedded. The wax-embedded tissue
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blocks were sliced into 4-mm sections and stained with hematoxylin
and eosin for pathological assessment. The lung pathology was cate-
gorized as pulmonary consolidation, edema, peribronchiolitis, peri-
vasculitis, and alveolitis, which were evaluated by a clinical patholo-
gist at the NHRI core pathology facility. Pathological scores based
on the criterion described in a previous study36 were used to quantify
the severity of lung tissue lesions. Each animal was assigned a sum
score based on all of the images of the lobes.

Live animal luminescence imaging

BALB/c mice (n = 4 per group) were administrated with 2 mg and
10 mg CBGr99 encoding mRNA or pDNA encapsulated within
LNPs via the i.m. injection in the thigh muscles of the hindlimb.
For the bioluminescence imaging at the indicated time points, the
mice were intraperitoneally (i.p.) injected with the luciferase substrate
luciferin (150 mg/kg, Abcam). After performing 11 min for luciferin
distribution to the target site, mice were transferred into the IVIS
Spectrum instrument’s imaging chamber for luminescence signals
collection. The luminescence or fluorescence intensities in each re-
gion of interest were quantified using the Living Image 3.0 software
(PerkinElmer).

Statistics

All data were statistically analyzed using GraphPad Prism software.
The statistical significance of the mean value between two experi-
mental groups was determined by the two-tailed Mann-Whitney
test. A two-way ANOVA was applied for multiple groups at different
time points; p values of less than 0.05 were considered significant, and
ns indicates not significant.
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