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Adjuvant DNA vaccine pPNMM promotes enhanced specific immunity and anti-tumor

effects
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ABSTRACT

DNA vaccines containing only antigenic components have limited efficacy and may fail to induce
effective immune responses. Consequently, adjuvant molecules are often added to enhance immuno-
genicity. In this study, we generated a tumor vaccine using a plasmid encoding NMM (NY-ESO-1/MAGE-
A3/MUCT) target antigens and immune-associated molecules. The products of the vaccine were analyzed
in 293 T cells by western blotting, flow cytometry, and meso-scale discovery electrochemiluminescence.
To assess the immunogenicity obtained, C57BL/6 mice were immunized using the DNA vaccine. The
results revealed that following immunization, this DNA vaccine induced cellular immune responses in
C57BL/6 mice, as evaluated by the release of IFN-y, and we also detected increases in the percentages of
nonspecific lymphocytes, as well as those of antigen-specific T cells. Furthermore, immunization with the
pPNMM vaccine was found to significantly inhibit tumor growth and prolonged the survival of mice with
B16-NMM*-tumors. Our data revealed that pPNMM DNA vaccines not only confer enhanced immunity
against tumors but also provide a potentially novel approach for vaccine design. Moreover, our findings
provide a basis for further studies on vaccine pharmacodynamics and pharmacology, and lay a solid
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foundation for clinical application.

Introduction

Global cancer epidemiological statistics (GLOBOCAN) indi-
cate that the number of new cancer cases per year will increase
to 20 million by 2025." In this regard, considerable efforts have
been expended in areas such as mechanism identification,
cancer prevention, and therapy development. Along with sur-
gery, radiotherapy, and chemotherapy, immunotherapy has
been identified as the fourth major type of tumor treatment.
Immunotherapy can contribute to activating the immune sys-
tem and prime immune cells to recognize and clear tumor
cells.>* However, although checkpoint-like monoclonal anti-
bodies and CAR-T are recognized as representative
approaches of tumor immunotherapy, the efficacy of these
treatments has been questioned in some cases, and their appli-
cation can be hindered in patients with abnormal baseline
immune status.*

DNA vaccination has been shown to induce CD4+ (Thl)
and CD8+ cytotoxic T lymphocyte (Tc) immune responses,®’
and recombinant DNA vaccines have been established offer
advantages and novel avenues for cancer therapy. In contrast
to recombinant bacterial/viral vaccines, DNA vaccines con-
sist exclusively of plasmids. When transfected into cells, these
plasmids generate an immune response by expressing the
antigen genes they carry. DNA plasmids are safe, readily
manufactured, stored, and delivered, and conducive to the
rapid evaluation of a range of target antigens.® ' In addition,

DNA vaccines can be readily modified and their immuno-
genicity can be enhanced by adopting various approaches.''

However, although compared with other treatments, DNA
vaccines have potentially superior anti-tumor specificity and
immune memory,'” the immunogenicity conferred by vac-
cines containing only tumor antigens is often limited and
generally induces only a weak immune response.
Consequently, adjuvant molecules are often used to boost the
immunogenicity and therapeutic efficacy of these vaccines.
Nevertheless, adjuvants generally provide only limited
improvements, and the immunogenicity obtained using DNA
vaccines remains poor in large animals and humans, which can
probably be attributed to the low uptake of plasmids by anti-
gen-presenting cells (APCs), thereby resulting in low levels of
antigen expression.'”

In recent years, interest in therapeutic tumor DNA vaccines
has undergone something of a resurgence, with promising
results being obtained.'*'> Tumor vaccines can deliver tumor-
targeting antigens into the human body to stimulate specific
immune responses against tumor cells. Given that tumor
immunotherapy is primarily dependent on the cytotoxic
T lymphocyte (CTL) reaction, which does not significantly
affect normal tissue and cells, it is generally considered rela-
tively safe.

On the basis of long-term research, we have constructed
a technical platform for the development of efficient replication

CONTACT Jingi Yan @ yanjingi1992@126.com; Jiyun Yu @ yujyun@126.com @ Gu'an Dingtai Haigui Biotechnology Co., Ltd., Peptide Valley Biomedical

Incubation Port, Gu'an County, Hebei 065500, China.
*These authors contributed equally to this work.
© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The
terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2023.2202127&domain=pdf&date_stamp=2023-04-20

2 (&) Y.WANGETAL

and expression of DNA vectors, which involves transforming
the pSFV1 vector into the replicon expression vector pSFVKI,
and using the internal ribosomal entry site (IRES) sequence to
design a double cis-trans recombinant expression plasmid based
on the IRES sequence. In this system, the sequence upstream of
the IRES used to express a fusion antigen and the sequence
downstream is used to express the adjuvant. This facilitates the
efficient expression of multiple target genes under the control of
a single promoter, and the antigen and immune adjuvant work
in conjunction to enhance the immunogenicity of DNA vac-
cines. Using this technical platform, we have conducted studies
on prostate cancer'®'” and melanoma (Patent No. Publication
No. CN103215216A),'®" and achieved good results in animal
experiments.

To date, low delivery efficiency has been important factor
hampering the development of DNA vaccines; however, with
its ease of operation and high delivery efficiency, the emerging
technology of electric pulse-mediated gene delivery has largely
contributed to solving this problem. Accordingly, the inclusion
of electric pulse-mediated gene delivery during immunization
enables the effective introduction and enhanced expression of
exogenous genes in vivo.*’

A further prominent problem associated with immunother-
apy is that of immune tolerance caused by homogeneity. To
avoid this phenomenon, we plan to use chimeric genes that
express heterogeneous tumor-associated antigens. With regards
to target gene selection, NY-ESO-1, MUCI, and MAGE-A3 are
currently the focus of considerable interest in cancer immunol-
ogy research. NY-ESO-1 (New York esophageal squamous cell
carcinoma-1) is a cancer-testis antigen (CTA) that is among the
strongest tumor antigens identified to date. It is expressed in
a range of tumor tissues, including malignant melanoma, lym-
phoma, synovial sarcoma, and lung cancer, in which it has been
established to trigger spontaneous humoral and cellular
immune responses. Given its limited expression pattern, it is
generally considered a good candidate target for tumor
immunotherapy.”’ MUCI (cancer-associated mucin 1),
a member of the mucin family, is closely associated with the
protective function of the mucosal epithelium and also plays an
important role in cell signaling. The overexpression, aberrant
cellular localization, and altered glycosylation modification of
MUCI have been demonstrated to be associated with tumor-
igenesis. In addition, it has been established that MUC1 masks
tumor cell antigens, is involved in immune escape, and is
strongly expressed in patients with a diverse range of cancer
types, including breast cancer, lymphoma, lung cancer, and
colon cancer.’>* Similar to NY-ESO-1, MAGE-A3 (melanoma-
associated antigen 3) is also a CTA that, with the exception of
testicular cells, is not expressed in normal human cells, although
is widely expressed on the surface of multiple types of tumor
cells, including melanoma, breast cancer, skin cancer, and lung
cancer cells. Moreover, MAGE-A3 is the most immunogenic
CTA identified to date.”*** Given that these three tumor anti-
gens are highly expressed in cancers such as breast cancer,
lymphoma, skin cancer, thyroid cancer, and melanoma,*®">°
we designed and constructed a novel recombinant plasmid
DNA (pNMM) vaccine carrying these tumor antigens.

To further enhance the immunogenicity of the developed
vaccine, in addition to the aforementioned antigenic genes we

also introduced adjuvants with cellular co-stimulatory mole-
cules. Relevant studies have confirmed that the tyrosine kinase
receptor 3 ligand (FLT3L) can promote the differentiation and
maturation of dendritic, natural killer, and CTL cells.>!
Interactions between tumor necrosis factor-associated activa-
tor proteins CD40L and CD40 can directly inhibit the growth
of numerous types of cancers, including breast, ovarian, blad-
der, and non-small cell lung cancers,>? whereas GM-CSF can
activate dendritic cells, as well as promoting the proliferation
of Th cells and effector cells,”>** and the binding of CD80 to its
ligand, CD28, can promote T cell proliferation and the secre-
tion of chemokines.”>*® To date, recombinant DNA vaccines
encoding FLT3L,”” CD40L,’®* GM-CSF,” and costimulatory
molecules CD80* have also have been studied and clinically
applied, and in our previous study, we demonstrated that the
application of these molecules could enhance the efficacy of
prostate cancer DNA vaccines.*!

On the basis of findings reported in the literature, we con-
structed a pNMM recombinant DNA vaccine with the objec-
tive of enhancing the efficacy of therapeutic cancer vaccines.
This recombinant pNMM vaccine carries fusion inserts com-
prising tumor-associated genes (NY-ESO-1, MUCI, and
MAGE-A3) and inserts of cytokine and co-stimulatory mole-
cule gene sequences (FLT3L, CD40L, GM-CSF, CD80), and
was constructed as a double cis-trans DNA vaccine based on
IRES sequences. To assess the efficacy of adopting this novel
approach, we used an immunologically healthy mouse model
to evaluate the immunogenic response following DNA vaccine
administration and constructed a mouse melanoma cell line
stably expressing human NMM (NY-ESO-1/Muc-1/MAGE-
A3) to investigate the protective and therapeutic efficacy of
the pPNMM DNA vaccine in B16-NMM*-tumor-bearing mice.

Materials and methods
Ethics statement

Female C57BL/6 mice (6-8 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). All mice were maintained in accordance with
the appropriate Laboratory animal guidelines (GB/T 35,892-
2018 National Institutes of Health Publication No. 85-23,
Revised 1996). The experimental procedures conformed to
international guidelines for the care and use of laboratory
animals and the study was approved by the Animal Ethics
Committee of Gu’an Dingtai Haigui Biotechnology Co., Ltd.

Cell lines and a recombinant NMM protein

293T and B16 cell lines were purchased from the Cell Bank
NICR. The cell line B16-NMM" expressing NY-ESO-1,
MUCI, and MAGE-A3 was previously constructed in our
laboratory. Briefly, NY-ESO-1 (amino acids 157-165), MUC1
(amino acids 1159-1181), and MAGE-A3 (amino acids 1-314)
fusion genes with a 6x his tag fused to the C termini were
synthesized and inserted into the eukaryotic expression vector
PIRES-neo via DNA recombination. B16 cells were transfected
with cationic polymers, and cells stably expressing these three
antigens were obtained based on pressure screening using



G418, and expression of the fusion antigens in B16-NMM"*
cells was confirmed based on western blotting.

Recombinant NMM protein was obtained from Nanjing
Mingyan Biotechnology Co., Ltd. Briefly, NY-ESO-1 (amino
acids 157-165), MUCI1 (amino acids 1159-1181), and MAGE-
A3 (amino acids 1-314) fusion genes with a 6x his tag fused to
the C termini were synthesized and inserted into the prokaryotic
expression vector pET-30a via DNA recombination. Successful
construction of the recombinant NMM protein was verified
based on western blot analysis and endotoxin testing.

The pNMM plasmid construct

In this study, we used the replicon-based vector pSFVKI1 to
construct the pNMM plasmid (Figure 1la). The replication
complex of pSFVKI consisting of the Alphavirus nspl-4 pro-
tein was employed to enhance the efficiency of RNA replica-
tion. The nspl-4 replicase gene promoter sequence
incorporated the CMV early promoter and the target gene
promoter from the 26S subgenome promoter. In addition,
the transcription termination/polyadenylation sequence incor-
porated the SV40 poly (A) tail, and kanamycin was used as the
antibiotic resistance marker.

A bicistronic pPNMM DNA tumor vaccine, consisting of
tumor-associated antigens (NY-ESO-1, MUCI1, and MAGE-
A3) and adjuvant co-stimulators (FLT3L, CD40L, GM-CSF,
and CD80), was constructed based on the IRES sequence. The
upstream transcription product of the IRES was an FLT3L-NY
-ESO-1-MUCI1-MAGE-A3-CD40L fusion protein (referred to
as FLT3L-NMM-CD40L), which was mainly expressed on cell
membranes, whereas downstream transcription mainly tran-
scribed GM-CSF-CD80. A designed cleavage protease
sequence was inserted between GM-CSF and CD80 sequences,
such that both proteins could retain their natural structure
(GM-CSF for secretion and CD80 for membrane expression)
(Figure 1b). For details of the recombinant plasmid construc-
tion procedure, please refer to the published patent
(201810908222.1).** In addition to the pNMM plasmid, we
also constructed control adjuvant plasmids (pSFVK1- FLT3L -
CD40L-IRES-GM-CSF-CD80) (Figure 1c) and an antigen
plasmid (pSFVK1-NMM) (Figure 1d).

In vitro expression of the construct

293T cells were transfected with the pNMM plasmid using
jetOPTIMUS® DNA Transfection Reagent (Lot# 0000000672;
Polyplus) following the manufacturer’s instructions. After 6
h, the medium was replenished with fresh DMEM medium
and zVAD-FMK (InvivoGen, Cat. No. 6307-43-02, a pan
caspase inhibitor that blocks apoptosis). Forty-eight hours
later, the culture medium and cells were harvested for
further protein analysis. For western blotting, cells were
treated with RIPA cell lysis buffer and equal amounts of
total protein were separated on 10% SDS-PAGE gels and
thereafter transferred to PVDF membranes. Membranes
were blocked with PBST containing 5% skim milk for 1h
at room temperature (RT), then rinsed and incubated over-
night with mouse anti-human MAGE-A3 antibodies at 4°C.
The following day, the membranes were rinsed and
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incubated with horseradish peroxidase-labeled goat anti-
mouse IgG for 1h at RT. The membranes were visualized
using an ECL western blotting system (Tanon). For flow
cytometry analysis, transfected cells were pelleted and rinsed
twice with pre-chilled buffer (1 xPBS+2% fetal bovine
serum) prior to resuspending in 0.5 mL pre-chilled buffer.
Following incubation with PE-labeled anti-human CD40L
monoclonal antibodies (Cat. No. 310806; BioLegend,) and
PE-labeled anti-human CD80 monoclonal antibodies
(305208; BioLegend,) on ice for 30 min in the dark, the
expression of CD40L and CD80 was measured by flow cyto-
metry. For meso-scale discovery electrochemiluminescence
(MSD-ECL), culture medium from the transfected cells was
added to a 96 well-plate using an MSD kit (K151RID-1)
according to manufacturer’s protocol. Following incubation
and rinsing at RT, the GM-CSF signals of samples in the
plate were measured using an MSD device (Meso QuickPlex
SQ 120).

Immunization

Female C57BL/6 mice (6 to 8 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
The mice were vaccinated three times at 7-day intervals via
intramuscular injection into the quadriceps femoris.
Immediately after injection, multiple electrical pulse stimula-
tion was performed at the injection site using an in vivo gene
transducer operated using following parameters: voltage, 60 V;
pulse time, 50 ms; and pulse frequency, 1 Hz. Each stimulation
was repeated six times.

Interferon (IFN)-y ELISPOT assay

For immunogenicity experiments, mice were divided into five
groups, namely, negative control, empty vector, adjuvant, anti-
gen, and antigen plus pPNMM groups (Figure 2), each of which
comprised 8 to 10 mice. One week following the final vaccina-
tion, spleens were extracted from the immunized mice and
macerated with grinder in a Petri dish. Splenocytes were col-
lected by centrifugation using a lymphocyte separation medium
(Dakewe Biotech Co., Ltd.) following the manufacturer’s man-
ual. An IFN-y ELISPOT assay was performed according to the
manufacturer’s protocol (Mabtech, Sweden). Briefly, freshly
isolated splenocytes (4 x 10° cells/well) were added to plate
wells and incubated with 2 ug/well recombinant NMM protein
for 20 h. Each assay was performed in triplicate. The plates were
counted and analyzed using an ELISPOT Reader (CTL, USA).

Evaluation of the non-T cell response

One week following the final vaccination, splenocyte suspen-
sions were transferred to tubes. To tubes containing 1 x 10° cells
splenocytes, we added an antibody cocktail (CD45+ CD3+
CD11a/CD11¢; CD45 (56-0451-82; Thermofisher), CD3 (47-
0031-82; Thermofisher), CD11la (101120; Biolegend), and
CDll1c (117349; Biolegend)). Following incubation at RT in
the dark for 20-30 min, the cells were washed and analyzed by
flow cytometry.
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Figure 1. Map of the recombinant plasmid pNMM vaccine and expression pattern of control plasmids. (a) A schematic diagram of the plasmid pNMM vaccine

(b) Expression pattern of the fusion gene and costimulatory molecules (p0NMM). (c) Expression pattern of the control adjuvant plasmids. (d) Expression pattern of the
control antigen plasmids.
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Figure 2. A schematic diagram of the experimental animal groups used in DNA vaccine immunogenicity experiments.

Protective and therapeutic vaccinations

For an evaluation of protective vaccination, mice were divided
into the following three groups: blank control, negative con-
trol, and pNMM groups. B16-NMM" cells (3 x 10*) were sub-
cutaneously inoculated into the backs of mice on day 7
following the final immunization (please refer to the immuni-
zation regimen shown in Figure 2). When palpable, the length
and vertical short diameter of the developed tumors were
measured at 2-day intervals using a vernier caliper. Tumor
volumes were calculated using the following formula:

Tumor volume (mm?) = 0.5 x length diameter
x short diameter?

On the basis of the values thus obtained, we constructed
growth curves for an assessment of tumor development.
Tumor tissues were also weighed and the rate of growth
inhibition was calculated using the following formula:

Tumor growth inhibition rate (%) = (average tumor weight in
blank group - average tumor weight in experimental group)/
average tumor weight in blank group x 100%.

All tumor-bearing mice were euthanized when the tumor
volume had reached 2000 mm?, or if ulceration was present
or the mice showed any signs of discomfort.

For an evaluation of therapeutic vaccination, mice were
divided into two groups, namely, a blank control and
a pNMM group. B16-NMM" cells (3 x 10*) were subcuta-
neously inoculated into the backs of mice and 3 day post-
inoculation, the mice were immunized with 1 pg of pPNMM
plasmid (Figure 2). The length and short vertical diameter of
the developing tumor were measured at 2-day intervals using
a vernier caliper. Values for tumor volume and growth inhibi-
tion were obtained as described for our evaluation of protec-
tive vaccination. All tumor-bearing mice were euthanized
when the volume of tumors reached 2000 mm?, or if ulceration
was present or the mice showed signs of discomfort.

Statistical analysis

For statistical analyses, we used GraphPad Prism 8 software.
The results are expressed as the means + standard deviation.
Differences between two groups were analyzed using Student’s
t-test, and differences among three groups were evaluated
based on single-factor analysis of variance. Survival curves
were constructed using the Kaplan - Meier method, and dif-
ferences were assessed using a Log rank test. Levels of statis-
tical significance were set at the following p values: *p <.05;
**p <.01; and ***p <.001.

Results
In vitro expression of the pNMM construct

In this study, we constructed a novel plasmid DNA (pNMM)
recombinant carrying three tumor antigens (NY-ESO-1,
MUCI, and MAGE-A3) and co-stimulatory molecules. To
confirm expression, we transiently transfected 293T cells
with the pPNMM plasmid. Cells were harvested 48 h later and
protein expression was assessed by western blotting. As shown
in Figure 3a, the expression of the fusion protein (FLT3L-
NMM-CD40L) was detected using specific anti-human
MAGE-A3 antibodies.

To detect the secretion of GM-CSF in culture media, we
used the MSD method, which revealed that only the culture
supernatant of 293T cells transfected with the pNMM plasmid
contained GM-CSF (Figure 3b). These findings accordingly
indicated that the GM-CSF sequence of IRES can be success-
fully expressed in the pPNMM plasmid.

To confirm the expression of CD40L and CD80, 293T cells
were harvested 48 h post-transfection and analyzed by flow
cytometry. In cells transfected with the pNMM plasmid we
detected percentage CD40L and CD80 expression of 23.73%
and 5.63%, respectively, as shown in Figure 3c, thereby verify-
ing successful transfection of the plasmid.

Changes in nonspecific lymphocytes and antigen-specific
T cells

Splenocytes isolated from the vaccinated mice and labeled with
antibodies in vitro were subsequently analyzed using flow
cytometry. Observations revealed significant changes in the
number of CD45+ CD3+ CD1la+ and CD45+ CD3+ CDl11c
+ non-T cells (macrophage and dendritic cells) among the
different groups. More specifically, in the treatment naive,
vector control, adjuvant only, antigen only, and pNMM
groups, we detected CD45+ CD3+ CDlla+ percentages of
5.74%, 7.05%, 8.47%, 7.4%, and 8.99% respectively.
Compared with the treatment naive group, there were signifi-
cant increases in the percentages of CD45+ CD3+
CD1la+ cells in the adjuvant only and the pNMM groups
(Figure 4a). Comparatively, we detected CD45+ CD3+
CDl11c+ percentages of 1.36%, 1.54%, 1.73%, 1.42% and 1.9%
in the treatment naive, vector control, adjuvant only, antigen
only and pNMM groups respectively. Compared with the
treatment naive group, the percentage of CD45+ CD3+
CD11c+ cells was significantly higher in the pPNMM group
(Figure 4b). In subsequent analyses of T cells, we found that
compared with the treatment naive, vector control, and
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Figure 3. Expression of the pNMM vaccine in 293T cells. (a) Immunoblot analysis of 293T cells transfected with blank and pPNMM plasmids. 293T cells grown in six-well
plates were transfected with plasmid pPNMM using jetOPTIMUS transfection reagent. Vaccine proteins were probed with mouse anti- human MAGE-A3 antibodies
followed by horseradish peroxidase-conjugated secondary anti-mouse antibodies. (b) Meso-scale electrochemiluminescence (MSD) analysis of supernatants from 293T
cells transfected with blank and pNMM plasmids. GM-CSF signal were detected using an MSD device. (c) Flow cytometry analysis of 293T cells transfected with blank
and plasmid pNMM plasmids. Percentage of CD40L- and CD80-expressing cells among 293T cells transfected with the pNMM plasmid.

adjuvant only groups, there were significant increases in the
percentages of T cells in the antigen only and pPNMM groups
(Figure 4c,d).

Protective efficacy of the pNMM vaccine

To evaluate the efficacy of the pPNMM vaccine against tumor
growth, we immunized a group of five C57BL/6 female mice
with 1 pg of the pPNMM plasmid three times at days 0, 7 and 14.
After completing immunization, B16-NMM" tumor cells were
subcutaneously transplanted into the mice on day 21, and we
subsequently monitored tumor growth (Figure 5a-c). We
accordingly found that on day 28, those mice receiving the
PNMM vaccine were characterized by a tumor inhibition rate
of 78.5% (Figure 5d). Moreover, we recorded survival rates of
10%, 10%, and 50% among mice in the blank, negative control,

and pNMM groups respectively, with corresponding median
survival times of 30.5, 33, and 39.5 days (Figure 5e).

Therapeutic efficacy of the pNMM vaccine

To evaluate the therapeutic effect of pNMM vaccination
against preexisting tumors, C57BL/6 female mice were inocu-
lated with B16-NMM" tumor cells and 3 day thereafter, we
commenced immunization treatment using 1 ug of the pPNMM
plasmid. Tumor growth in immunized mice was monitored
and is presented in Figure 6a. Compared with the blank con-
trol group, we detected a significant reduction in the volumes
of tumors in the pPNMM group mice as early as the 19th day
post-inoculation (Figure 6b,c). On the basis of measurements
of changes in tumor weight among the mice in each group, we
detected a tumor inhibition rate of 66.12% in the pNMM
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Figure 4. Evaluation of non-T cell response and specific IFN-y-producing T cells. C57BL/6 mice were immunized three times with pNMM plasmid (days 0, 7, and 14). At 7
to 14 days following the final immunization, detection of a CD11a/CD11c non-T cell population by flow cytometry, splenocytes from immunized mice were evaluated
for (a) CD45+ CD3+ CD11a+ and (b) CD45+ CD3+ CD11c expression. (c) Flow cytometry analysis of specific IFN-y-producing T cells. At 7 to 14 days following the final
immunization, splenocytes from immunized mice were analyzed for IFN-y-producing T cells. Representative photographs of the ELISPOT in each group are shown.
(d) Percentage of specific IFN-y-producing T cells from immunized mice in each group. Data are presented as the means £+ S.D. *p <.05; **p <.01 vs. the negative

control.

group mice (Figure 6d). Furthermore, at the end of the assess-
ment period (31 days after tumor cell inoculation), we
recorded survivals of 86.6% and 33.3% among mice in the
PNMM and control groups, respectively (Figure 6e).

Discussion

Although multiple types of tumor vaccine have shown encoura-
ging results in animal experiments, these vaccines have generally
proved to be less effective when assessed in clinical trials.
Accordingly, there is a necessity to further study and identify
effective tumor antigens, as well as co-stimulatory molecules, to

develop more potent vaccines. In this regard, genetically engi-
neered vaccines have been established to have a number of
disadvantages, among which are their instability and weak
immunogenicity. Consequently, a range of alternative methods
of vaccine development have been proposed, including the
incorporation of adjuvants and cytokines within the vaccine
construct. In addition to weak immunogenicity and difficulties
associated with delivery, it has often been questioned as to
whether conventional DNA vaccines would integrate into host
cell genomes. However, given that the self-replication and tran-
scription of replicon DNA vaccines occur within the cytoplasm,
this effectively eliminates the risk of integration into the host cell
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Figure 5. Protective efficacy of the DNA vaccine in a B16-NMM*-tumor model. C57BL/6 mice were immunized three times with 1 ug of pNMM plasmid on days 0, 7, and
14. On day 7 following the final immunization, mice were subcutaneously inoculated with B16-NMM™* cells. (a) Tumor developments were measured at 2- to 3-day
intervals, and the kinetics of tumor growth among immunized mice in the different groups were calculated. (b) The weight of tumors among immunized mice in the
different groups was measured. (c) Rates of tumor inhibition rate among immunized mice in the different groups. (d) Survival curves of immunized mice in the different
groups (different letters indicate significant differences). Data are presented as the means + S.D.

genome, and thereby markedly enhances vaccine safety.”” In
addition, DNA vaccines have structural advantages that facilitate
fusion expression of multiple epitope peptides.'"**
Furthermore, the use of electrical pulses for the introduction
of plasmid DNA overcomes the problem of low transfection
efficiency associated with the inoculation of DNA vaccines, all of
which highlights the promise of DNA vaccines for therapeutic
vaccine development.

To take into account the factors of antigen recognition,
antigen presentation, and full activation of the immune
response in vaccine design, in this study, we used a strategy
based on the co-expression of tumor-specific antigen genes
and adjuvant genes in a double cis-trans plasmid. Initially, we
fused three tumor-associated antigens with the aim of enhan-
cing the rate of tumor cell binding. Given that it has been
established that vaccine adjuvants can enhance specific
immune responses and boost immunogenicity, in addition
to tumor antigens, the pNMM plasmid also expresses intra-
molecular components such as cytokines and co-stimulatory
molecules. Among these, upstream of the IRES sequence, we
expressed a tumor antigen fused with FLT3L and CD40L.

Along with the two immunostimulatory molecules, the
NMM antigen expressed in this way has an enhanced capacity
to synergistically target antigen-presenting cells, thereby
facilitating antigen processing and presentation by dendritic
cells. Furthermore, GM-CSF is expressed with CD80 mole-
cules downstream of the IRES sequence. The expression of
these molecules promotes the proliferation or maturation of
immune cells such as dendritic cells, macrophages, and
T cells, thereby enhancing antigen-specific immune
responses.

In this study, to assess the activation of immune cells, we
used splenocytes isolated from C57BL/6 mice that had been
immunized with pNMM plasmid along with other plasmids
(empty vector, antigen expression only, and adjuvant expres-
sion only), and accordingly detected increases in the numbers
of CD45+ CD3+ CDl11a+ and CD45+ CD3+ CD11c+ expres-
sing cells in the splenocytes of mice vaccinated with pNMM.
Such elevation of the populations of CD45+ CD3+ CD11la+
cells (macrophages) and CD45+ CD3+ CD11c+ cells (dendri-
tic cells) can potentially contribute to the induction of antigen-
specific immune cells. In addition, we detected increases in the
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Figure 6. Therapeutic efficacy of the DNA vaccine in a B16-NMM™*-tumor model. Three days after subcutaneously inoculating C57BL/6 mice with B16-NMM™ cells, the
mice were immunized three times (days 3, 10, and 17) with 1 pg of pPNMM plasmid. (a) Tumor development was measured at 2- to 3-day intervals, and the kinetics of
tumor growth among immunized mice in the different groups were calculated. (b) The weight of tumor from immunized mice in each group was measured. (c) Tumor
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differences). Data are presented as the mean + S.D.

numbers of IFN-y-producing T-cells in pNMM-immunized
mice. Collectively, these findings provide convincing evidence
to indicate that the pPNMM vaccine developed in this is study is
effective in activating an antigen-specific cellular immune
response.

In the tumor prevention model evaluated in this study,
we found that vaccination with pNMM inhibited the
growth of implanted B16-NMM" tumor cells and enhanced
the total survival of treated mice. In the tumor treatment
model, we detected a retardation of the rate of tumor
growth and an overall increase in the survival of mice
receiving the pNMM vaccination. Our findings accordingly
revealed that those mice receiving the pNMM were char-
acterized the strongest T lymphocyte activity and the best
antitumor effect, thereby indicating that the expression of
antigens from a fusion construct incorporating immunos-
timulatory molecules and cytokines could represent
a potentially viable strategy for enhancing the efficacy of
tumor vaccines.

Although on the basis of our comparison between the
pPNMM plasmid and the blank and negative control groups,
we succeeded in confirming the efficacy of the pNMM vaccine,
both with respect to tumor suppression and enhanced survival,
we regrettably obtained no direct evidence to indicate that
adjuvant genes can contribute to enhancing the efficacy of
the DNA vaccine. Accordingly, in follow-up animal studies,
we will conduct more comprehensive comparative evaluations,
in which we will assess the effects of antigen alone and adju-
vant alone plasmids as controls, thereby enabling us to further
determine whether the adjuvant genes harbored in the pPNMM
plasmid can contribute to enhancing DNA vaccine efficacy.
Moreover, we also intend to expand the range of assessed
relevant cell populations, particularly regulatory T cells
(Tregs).

Among the DNA vaccine currently available on the mar-
ket worldwide is ZyCoV-D, a DNA vaccine against COVID-
19 developed in India by Zydus Cadila, which represents
a milestone in the history of DNA vaccine development.*’
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DNA vaccines have the capacity to store vast amounts of
information, and thereby potentially encode large, complex
proteins, or even multiple proteins.*® We accordingly believe
that such vaccines hold considerable promise as anti-cancer
vaccines, and in the near future, we would anticipate
a notable increase in the development and application
DNA vaccines.
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