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Immunotherapy has become a most promising weapon for cancer
treatment; however, tumor antigens generally exhibit low immu-
nogenicity, limiting its effectiveness. In contrast, viral infections
efficiently trigger innate and adaptive immunity. This is attributed
to the high immunogenicity of microbial antigens and also to the
activation of pattern recognition receptors such as retinoic acid-
inducible gene-I (RIG-1). Upon recognizing viral RNA, RIG-I induces
secretion of type-| interferons (IFNs). Type | IFNs not only invite
antiviral effects but also plays an effective role in cancer immu-
notherapy. Therefore, activation of RIG-1 by the ligands has gained
attention as a novel cancer immunotherapy in recent years. Virus-
associated RNAs (VA-RNA | and VA-RNA II) are non-coding small
RNAs generated from the adenovirus genome. VA-RNA | strongly
activates RIG-1, leading to type-l IFN production. In this study,
plasmid DNAs encoding both VA-RNA | and 1l [pDNA(L,11)] or only
VA-RNA | [pDNA(I)] were prepared, and their IFN inducing and anti-
tumor effects were investigated. In culture cells, introduction of
pDNA(l,11) or pDNA(I) effectively induced both IFN-a and IFN-$ pro-
duction. Both plasmids significantly inhibited tumor growth in
mice. pDNA(l) exhibited superior IFN-inducing and anti-tumor
effects compared to pDNA(LIl). VA-RNA | gene administration
holds promise as a novel anti-tumor immunotherapy strategy.

Introduction

In recent years, immunotherapy using immune checkpoint
inhibitors has gained attention and emerged as a promising
tool for cancer treatment. However, the effectiveness of this
therapy is often limited by the low immunogenicity of tumor
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antigens, posing a challenge to establish effective anti-tumor
cellular immunity through immunotherapy.™” In contrast, cel-
lular immunity is efficiently induced in response to viral infec-
tions, partly attributed to the high immunogenicity of
microbial antigens, which allows immune cells to readily
identify them as foreign and dangerous. In our previous
research, to overcome the difficulty in establishing anti-tumor
immunity owing to the low antigenicity of tumor antigens, we
introduced plasmid DNAs encoding the strong tuberculosis
antigens ESAT-6 or Ag85B into tumors as artificial neoanti-
gens. Those plasmids effectively stimulated the immune
system and suppressed tumor growth,>* demonstrating signifi-
cant clinical effects not only in mouse models but also in
animal clinical studies involving dogs.

In addition to the strong immunogenicity of microorgan-
ism antigens, another crucial factor for efficient induction of
adaptive immune responses against viral infections is acti-
vation of pattern recognition receptors (PRRs), such as retinoic
acid-inducible gene-I (RIG-I) and its analogs (RIG-I-like recep-
tors, RLRs), as well as toll-like receptors (TLRs).” These recep-
tors detect pathogen-associated molecular patterns that trigger
innate and adaptive immune responses against microbial
infections. RLRs are one of PRRs that detect the pathogenic
RNA species generated during infection by RNA viruses, DNA
viruses, and certain bacteria. Upon recognizing non-self RNA
derived from these microbes, RLRs initiate responses such as
secreting type-I interferons (IFNs), activating macrophages
(M®s), dendritic cells (DCs), natural killer cells (NKs).>®

These RLR-mediated responses not only contribute to the
antimicrobial effect but also lead to various effective responses
in anti-tumor actions, including tumor cell death and acti-
vation of both the innate and adaptive immune systems.”
Based on these responses, novel strategies for anti-tumor
immunotherapy involving RLR activation by RIG-I agonists
have been proposed in recent years. Jacobson et al. successfully
inhibited tumor growth via intratumoral administration of a
synthetic RIG-I ligand in a mouse model carrying CT26
colorectal cancer cells.® Phase I/II trials using a synthetic RNA
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oligonucleotide, RGT100, which activates RIG-I as RIG-I ago-
nists, are currently underway in patients with advanced or
recurrent tumors (NCT03065023).°

In the present study, we focused on “virus-associated
RNA-I” (VA-RNA I) as a factor that activates RIG-I. VA-RNAs
were first detected in cells infected with adeno-virus (Ad) in
1966;'° they are non-coding small RNAs of approximately 160
nucleotides generated by RNA polymerase III (POL III) from
the Ad genome. Most human Ads, including Ad2 and Ad5,
encode two distinct VA-RNA transcripts, VA-RNA I and II,
which exhibit specific biological activities."' For example,
VA-RNA I binds to the double-stranded RNA-activated protein
kinase (PKR) and inhibits its function.’” PKR is a serine/tyro-
sine kinase that plays an important role in response to viral
infection."”® VA-RNA 1II binds to and inhibits activity of RNA
helicase A.™*

Besides these characteristic functions, VA-RNA I is known to
strongly activate RIG-I, leading to type-I IFN production.'® As
mentioned above, the gene of VA-RNA I can be transcribed by
POL III without requiring a promoter. DNA coding VA-RNA I is,
thus, expected as a novel RIG-I-stimulating cancer immu-
notherapy agent. In this study, plasmids encoding both
VA-RNA I and II [pDNA(LII)] or only VA-RNA I [pDNA(I)] were
constructed, and type-I IFN induction function of the plasmids
were investigated in cultured cells. Tumor growth-inhibitory
effects of the plasmid DNAs in mouse models was also exam-
ined using our DNA/polyethylenimine (PEI)/polyanion “ternary
complex transfection system”.>'® Chondroitin sulfate sodium
salt (CS) was used as polyanions in the in vivo experiments.
The addition of chondroitin sulfate changed the positive
charge on the surface of the DNA/PEI complex into negative,
significantly reducing cytotoxicity.> DNA/PEI/CS ternary
complex was very stably dispersed, and they could be freeze-
dried and re-hydrated without apparent aggregation or loss of
transfection ability. These properties enabled the preparation
of a concentrated suspension ([DNA] = 400 pg mL™") of very
small pDNA complex particles (~200 nm), by preparing the
complexes at highly diluted conditions, followed by conden-
sation via lyophilization-and-rehydration procedure. The re-
hydrated very small complexes obtained by this method
achieved a fairly high level of gene expression within tumors.?
The high tumor-specific gene expression and relatively low tox-
icity of such DNA ternary complexes make them promising
candidates for clinical applications in human cancer therapy.
Here we evaluated the potential of the ternary complex com-
prising plasmid DNA encoding VA-RNA I, PEI, and CS as an
anti-tumor immunotherapeutic agent by intratumorally
administering it to syngeneic tumor-bearing mice.

Materials and methods
Mice

In this preclinical experimental study, C57BL/6 and BALB/c
mice were purchased from Sankyo Labo Service, and all the
mice were maintained under pathogen free conditions. The

258 | RSC Pharm., 2025, 2, 257-263

View Article Online

RSC Pharmaceutics

animal experiments were approved by the President and the
Institutional Animal Care and Use Committee of Tokyo
Medical University and were performed in accordance with
institutional, scientific community (no. R5-102 and R6-014),
and national guidelines for animal experimentation and the
animal research: reporting of in vivo experiments guidelines.

Plasmid DNAs

Plasmid DNA, pAdVAntage, encoding both VA-RNA I and II
(pDNA(LIT); 4392 bp), which containing base pairs
9831-11 555 of the adenovirus type 2 genome, was purchased
from Promega (Madison, WI, USA). A plasmid DNA encoding
only VA-RNA I (pDNA(I); 4229 bp) was constructed by deleting
the sequences encoding VA-RNA II in the region from 1036 to
1198 by outsourcing to VectorBuilder Japan Co., Ltd
(Kanagawa, Japan). The plasmid DNA coding green fluorescent
protein (GFP) (pDNA(GFP)) or mouse interferon-§ (pDNA(IFN-B))
was obtained from CLONTECH Laboratories, Inc. (Mountain
View, CA) or VectorBuilder Japan Co., Ltd (Kanagawa, Japan),
respectively. Plasmid DNA containing firefly luciferase gene
(pDNA(Luc)) under the control of a cytomegalovirus promoter
was a kind gift from Prof. Kawakami, S. (Nagasaki University,
Nagasaki, Japan).

Reagents

The Lipofectamine 3000 Transfection Reagent kit and Linear
Polyethylenimine (PEI) (PEI “Max” MW 40000 in a hydro-
chloride salt form, comparable to MW 25 000 in a free base
form) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA) and Polyscience, Inc. (Warrington, PA,
USA), respectively. Hyaluronic acid sodium salt (HA) from
microorganisms was obtained from Nacalai Tesque, Inc.
(Kyoto, Japan). Chondroitin sulfate sodium salt (CS) from
shark cartilage (MW 10 000) was supplied by Seikagaku Co.

(Tokyo, Japan).
Cell culture

Colon 26 mouse colon carcinoma cells were kindly provided
from Dr Koyanagi, Y. (Tokyo Medical University, Tokyo, Japan).
B16 mouse melanoma cells were obtained from RIKEN
BioResource Center (Ibaraki, Japan). The cells were seeded
onto 24-well plates at 1.0 x 10° cells per well, and cultured for
a day in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin G
sodium (100 unit per mL), and streptomycin sulfate (0.1 mg
mL™"). The primary growth medium was then replaced with
300 pL of fresh DMEM with 10% of FBS and the antibiotics.

Gene transfection efficiency in cultured cells

Complexes of pDNAs with a cationic lipid, Lipofectamine 3000
Reagent (LF3000), were prepared as follows: typically,
pDNA(GFP) (1.5 pg) in 75 pL of DMEM was added to 3 pL of
P3000 Reagent (P3000; a manufacturer’s recommended addi-
tive), or 7.5 pL of HA solution ([COOH] = 14.5 mM). LF3000
(2.25 pL) was diluted with 75 pL of DMEM, and mixed with the
DNA solution prepared above. After standing at room tempera-
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ture for 10 min, the pDNA complexes were added to the Colon-
26 or B16 cells (1.5 pg pDNA per well), and the cells were incu-
bated at 37 °C in a 5% CO, incubator. The medium was
replaced with 0.5 mL fresh one with FBS and the antibiotics 6,
24, 48 and 72 h after the transfection. The fluorescence inten-
sity of the wells was monitored (excitation wave-length:
485 nm, emission wavelength: 535 nm) using a multimode
plate reader (Infi-nite200PRO F Plex, TECAN, Switzerland) for 3
days to evaluate gene expression efficiency.

Measurement of type I IFN secretion

DNA/LF3000/HA complexes were prepared using pDNA(LII),
PDNA(I), pDNA(IFN-B), or pDNA(Luc) as described above. They
were added to the Colon 26 or B16 cells (1.5 pg pDNA per
well), and the cells were incubated with the complexes at 37 °C
in a 5% CO, incubator for 6 hours. After removing the trans-
fection medium, the cells were gently washed twice with
0.5 mL of DMEM and 0.3 mL of fresh medium containing FBS
and antibiotics was added. After 24 hours, the culture medium
was replaced with fresh medium containing FBS and anti-
biotics. Following an additional 24 hours of incubation, the
supernatants were collected, and centrifuged at 3000g for
15 min to remove the cells and debris. The concentrations of
IFN-o and IFN-f were measured using corresponding enzyme
linked immunosorbent assay (ELISA) kits (PBL Assay Science,
NJ, USA).

Reverse transcription-PCR (RT-PCR)

B16 cells were transfected with plasmids encoding VA-RNA I,
either pDNA(LII) or pDNA(I). Total RNA was isolated using
Sepasol-RNA I Super G (Nacalai Tesque, Inc., Kyoto, Japan),
and the amount of VA-RNA I was analyzed by quantitative
RT-PCR using the Thermal Cycler Dice Real Time System
(Takara Bio Inc., Shiga, Japan) according to the manufacturer’s
instructions and following the method described in our pre-
vious report.”” Hypoxanthine phosphoribosyltransferase
(HPRT) mRNA was used as a housekeeping gene for normaliza-
tion. The AC, values were calculated by subtracting the C,
value of HPRT from the C; value of VA-RNA I for each plasmid.
The primers used in PCR for VA-RNA-I were designed based on
those reported in Minamitani et al, 2011,'® and their
sequences were as follows: 5-GGGCACTCTTCCGTGGTCTG-3'
and 5-AGGAGCGCTCCCCCGTTGTC-3'.

Evaluation of anti-tumor efficacy in syngeneic mouse models

For in vivo gene delivery, we used a pDNA/PEI/CS ternary
complex gene delivery system with high tumor-specific gene
expression.’® pDNA/PEI/CS ternary complexes (1:12:8 in
charge) containing 50 pug of pDNA were prepared similarly to
our previous studies'® as follows: phosphate buffer (PB) (pH
7.2; 7.0 mM, 2370 pL), aqueous solutions of CS (297 pg in
60 pL) and PEI “Max” (147 pg in 30 pL) were sequentially
added to an aqueous solution of plasmid DNA (50 pg in
40 pL). After a 20 minute incubation period, 10% aqueous
dextran solution (25 pL) was added. The resulting mixture was
frozen at —60 °C and freeze-dried at room temperature to
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obtain a spongy complex, which was rehydrated with 125 pL of
water just before use.

Colon 26 or B16 cells were subcutaneously inoculated into
female BALB/c or C57BL/6 mice (7 weeks), respectively (1 x 10°
cells per mouse). After 4 days, the pDNA/PEI/CS ternary
complex containing 50 pg of the pDNA was intratumorally
injected twice at 3 day intervals, and the tumor size was
monitored.

Results and discussion

Transfection efficiency of pDNA/LF3000/hyaluronic acid (HA)
ternary complex

We initially examined whether plasmid DNAs, pDNA(LII), or
pDNA(I) could induce IFN secretion in cells. Before these
experiments, we explored efficient methods for introducing
plasmid DNA into cultured cells and expressing these genes.
Currently, the Lipofectamine 3000 Transfection Kit is widely
used as an efficient reagent for gene transfection in cultured
cells. It comprises a cationic lipid, LF3000, and a co-reagent,
P3000 Reagent (P3000). P3000 is recommended to be added to
PDNA to enhance gene expression. However, the composition
and structure of P3000 is undisclosed. Unknown content is
undesirable for experiments in which the culture supernatant
is used later, such as in ELISA. Therefore, we sought an
alternative method for efficient gene transfection without
using P3000. In previous studies on gene transfection using
the cationic polymer PEI instead of the cationic lipids, we
found that mixing HA with DNA before mixing with PEI could
significantly increase and prolong the expression of intro-
duced genes.'®?° Thus, we investigated whether a similar
effect could be achieved by addition of HA to DNA in transfec-
tion with LF3000, using a plasmid encoding GFP, pDNA(GFP).

First, we prepared the pDNA(GFP)/LF3000/HA complexes by
varying the DNA:HA ratio, and examined the expression
levels. The amount of LF3000 was fixed at 2.25 pL per 1.5 pug of
PDNA, according to the manufacturer’s protocol. Cultured
Colon 26 and B16 cells were transfected by the DNA/LF3000/HA
complexes with P : COOH ratios of 1:12, 1: 24, or 1: 36, where P
represents the phosphorus atoms in DNA and COOH represents
the carboxyl groups of HA. As a result, we observed that, on
average, the highest expression was achieved with a complex at
P:COOH = 1:24 (Fig. S1}). In subsequent experiments, we used
DNA/LF3000/HA complexes at P: COOH = 1: 24.

Then transfection efficiency of DNA/LF3000/HA complex
was compared with that of pDNA/LF3000 binary complex or
PDNA/LF3000/P3000 system. In Colon 26 cells, the ternary
complex transfection system consisting of pDNA(GFP), LF3000,
and HA exhibited relatively higher gene expression than the
PDNA/LF3000 binary complex or the protocol recommended
system using P3000 (Fig. 1(a)). In B16 cells, at 24 hours post-
transfection, all three systems showed almost the same level of
fluorescence intensities. In the system using pDNA/LF3000/
P3000, the fluorescence intensity obviously decreased
thereafter. Judging from the fact that a relatively small number
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Fig.1 GFP expression by pDNA/LF3000 (blue), pDNA/LF3000/HA
(orange), or pDNA/LF3000/P3000 (green) complex in cultured (a) Colon
26 mouse colon carcinoma cells; (b) B16 mouse melanoma cells. (n = 4,
mean + SD, *p < 0.05, **P < 0.01, ***P < 0.001; green asterisk: between
pDNA/LF3000/HA and DNA/LF3000/P3000; blue asterisk: between
PDNA/LF3000/HA and DNA/LF3000).

of cells were observed under the microscope in that system, it
may be due to damage to the cells by the strong transfection
reagents. On the other hand, rather higher fluorescence emis-
sion was observed at 48-72 hours post-transfection in the
other two systems (Fig. 1(b)).

We previously reported that HA has multifunctional pro-
perties that improve the gene transfection efficiency of the
PDNA/PEI complex. HA covers the pDNA complex and
recharges its surface potential to reduce the toxicity and unde-
sirable nonspecific interactions.’® Furthermore, the HA
coating enhances the transcriptional activity of plasmid/PEI
complexes. In transfection mediated by polycations, the low
transcription efficiency of DNA/polycation complexes is one of
the significant obstacles to achieving high gene expression
efficiency. Plasmid DNA forms a very tight complex with poly-
cations such as PEI and polylysine, making it difficult for tran-
scription factors to access them, which results in low transcrip-
tion efficiency. We demonstrated that HA had the effect of
loosening the binding in the DNA/PEI complexes by measur-
ing the recovery of fluorescence intensity of YOYO-1-labeled
DNA in complexes with PEL'® It would facilitate the approach
of transcription-factors to the swollen complex, resulting in a
enhanced the transcriptional activity of the plasmid/PEI com-
plexes. HA is thought to have a similar effect on gene
expression mediated by the cationic lipids.

Type-1 IFN production induced by pDNAs encoding VA-RNA I

In this study, we prepared two types of plasmid DNA: one
encoding both VA-RNA I and II as pDNA(LII), and the other
containing only the gene for VA-RNA I as pDNA(I), and their
ability to induce type-I IFN secretion was investigated using
cultured Colon 26 and B16 cells. Soon after adding the DNA
complex, non-specific IFN secretion is occasionally observed
probably due to the stimulation. Therefore, the medium was
replaced with fresh medium 30 hours post-transfection, and
after an additional 24 hours of incubation, the supernatant
was collected to analyze the concentrations of IFN-o and IFN-
using ELISA. pDNAs encoding IFN-f gene, pDNA(IFN-), and
that with luciferase gene, pDNA(luc), were also similarly
evaluated.
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Fig. 2 Type-l IFN production by transfection with pDNA encoding
VA-RNA | and VA-RNA |l (pDNA(LII)), VA-RNA 1 (pDNA()), IFN-p
(pDNA(IFN-p)), or luciferase (pDNA(Luc)) in cultured (a) Colon 26 or (b)
B16 cells. (n = 3, mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001).

Both pDNA(LII) and pDNA(I) effectively induced secretion
of significantly higher level of IFN-a and also of IFN-§ in Colon
26 and B16 cells compared with the cells treated with PBS or
pDNA(luc) (Fig. 2). The IFN-f concentration in the culture
medium of the cells transfected by pDNA(IFN-B) was much
higher than that of the cells treated with pDNA(I,II) or pDNA(I).
This is attributed to the direct induction of IFN production via
the IFN-B gene introduced into the cells. In contrast, pDNA(LII)
or pDNA(I) initially produces VA-RNA I, which subsequently
activates RIG-1, leading to IFN production through a multistep
biological reaction cascade. The need to undergo such complex
and numerous reaction steps may contribute to the relatively
lower IFN-B production efficiency by pDNA(I,II) and pDNA(I)
compared to by pDNA(IFN-f).

PDNA(I) always introduced higher level of both IFN-a and
IFN-B secretion than pDNA(LII). The size of pDNA(I) was 163
bp (approximately 4%) smaller than that of pDNA(LII).
Plasmid size affects nuclear uptake efficiency and gene
expression.”’ The smaller pDNA(I) size may result in higher
VA-RNA 1 expression. Another essential difference between
PDNA(LII) and pDNA(I) lies in that pDNA(LII) encodes genes
for both VA-RNA I and II, whereas pDNA(I) encodes only for
VA-RNA 1. VA-RNA II produced in the cells transfected by
PDNA(LII) might have interfered with the synthesis of IFN,
leading to a reduced secretion level. Biological functions of
VA-RNA 1I are not fully understood. Liao et al. reported that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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VA-RNA 1II binds to an RNA helicase A, and inhibits the heli-
case activity."* This interaction may potentially suppress the
translation of IFN mRNA by sequestering RNA helicase A,
which is known to facilitate efficient translation through its
involvement in ribosome assembly and mRNA stabilization.
RIG-I has a helicase domain and it is essential for recognition
of dsRNA and the downstream signals. VA-RNA II may bind to
the domain and interfere with its functionality. Wakabayashi
et al. reported that mivaRNAII, a microRNA produced through
intracellular processing of VA-RNA II, targets and knocks down
the cullin 4A (CUL4A) gene.>* CUL4A is a component of the
ubiquitin ligase complex, and suppression of CUL4A
expression may lead to an increase in Jun-N-terminal kinase
signalling, which plays a crucial role in the regulation of cellu-
lar processes, including proliferation, and apoptosis.

If the lower induction of IFN by pDNA(LII) compared to
PDNA(I) is primarily due to the inhibition of IFN production
by VA-RNA II generated from pDNA(LII), it can be assumed
that the amount of VA-RNA I produced intracellularly would be
the same between cells transfected with pDNA(LII) and those
transfected with pDNA(I). Then, we measured and compared
the levels of VA-RNA I in B16 cells transfected with pDNA(I,II)
or pDNA(I) using RT-PCR. The AC; values of VA-RNA I gener-
ated by transfection with pDNA(III) and pDNA(I) were 6.90 +
0.11 and 7.18 + 0.27, respectively, with no significant differ-
ence between the two plasmids (P = 0.18). These values are
within the range of experimental error, indicating that the
amount of VA-RNA I produced by the two plasmids is essen-
tially the same. Therefore, the difference in IFN expression
efficiency in cells transfected with pDNA(LII) or pDNA(I) is un-
likely to be solely attributable to the amount of VA-RNA I pro-
duced. Whether the difference in IFN-inducing activity
between pDNA(LII) and pDNA(I) is linked to the function of
VA-RNA 1II or its degradation product, mivaRNAII, is still
unclear and remains to be investigated.

Tumor growth suppression by the VA-RNA I-encoding pDNAs

We then investigated the tumor growth-inhibitory functions of
PDNA(LII) and pDNA(I) using syngeneic mouse models. For
in vivo gene delivery, we developed a pDNA/PEI/CS ternary
complex gene delivery system, demonstrating high gene deliv-
ery and expression efficiency, specifically within tumor tissues
over 24-72 h when administered to tumors."® Colon 26 or B16
cells, in which induction of IFN synthesis by pDNA(LII) and
PDNA(I) was confirmed, were transplanted subcutaneously
into BALB/c or C57BL/6 mice, respectively to generate syn-
geneic tumor models. Four days after inoculation, the ternary
complex of pDNA(LII) or pDNA(I) with PEI and CS was injected
twice at 3 day intervals into the tumor, and changes in tumor
size were monitored.

In both Colon 26- and B16-bearing mice, pDNA(LII) and
PDNA(I) exhibited remarkable inhibition of tumor growth, as
shown in Fig. 3. In mice transplanted with Colon 26, these
plasmids encoding VA-RNA I suppressed the tumor size to be
significantly smaller than that of mice treated with saline
throughout the period from day 1 to day 16 after adminis-
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Fig. 3 Anti-tumor effect of pDNA encoding VA-RNA | and Il (pDNA(L11);
GREEN line), VA-RNA | (pDNA(l); orange line), IFN-B (pDNA(IFN-); blue
line), or luciferase (pDNA(Luc); gray line) in mice bearing (a) Colon 26
colorectal cancer cells or (b) B16 melanoma cells. Colon 26 cells or B16
cells were injected on day —4 into BALB/c mice or C57BL/6 mice,
respectively. On days 0 and 4, complexes containing 50 pg of the
pDNAs were injected into mice. (n > 3, mean + SD, *P < 0.05, **P < 0.01,
***P < 0.001; black asterisk: between pDNA(I) and saline; blue asterisk:
between pDNA(I) and pDNA(IFN-f); gray asterisk: between pDNA(l) and
pPDNA(Luc); green asterisk: between pDNA(I) and pDNA(L11)).

tration (P < 0.01). Similarly, in B16-bearing mice, these plas-
mids also resulted in significant tumor suppression, observed
from day 3 to day 13 (P < 0.05). The complex of pDNA(Luc),
which does not encode any cytokines, slightly reduced the
tumor growth. The effect of pDNA(Luc) may be attributable to
the “danger signal effect” of the immunogenicity of the heter-
ologous protein, luciferase. As mentioned in the introduction,
we reported that intratumoral administration of ESAT-6 gene, a
pathogenic antigen from Mycobacterium tuberculosis, has been
found to demonstrate highly effective tumor growth suppres-
sion in syngeneic tumor-bearing mice.>* Administration of
such heterologous animal antigen proteins into tumors
should stimulate the immune system by recognizing them as
“foreign danger signals”, leading to the activation of an anti-
tumor immune response. Since luciferase protein is also an
antigen from a heterologous species for mice, it may have had
a similar effect. Alternatively, the anti-tumor effect of these
plasmid DNA complexes may be partly due to the toxicity of
the DNA complexes themselves. However, the efficacy of
PDNA(Luc) was generally lower than that of pDNA(I) or
PDNA(LII). While no significant difference was observed in
B16 cells, significant differences were detected on multiple
days post-administration in Colon 26 cells, suggesting that
the superior anti-tumor effect of these plasmids encoding
VA-RAN I was most likely due to the anti-tumor function of the
non-coding small RNA, rather than the cytotoxic effects of the
PDNA complexes.

PDNA(IFN-p) also demonstrated a slight anti-tumor effects.
Although pDNA(IFN-f) induced much higher IFN-p expression
in both B16 and Colon 26 cultured cells as shown in Fig. 2, its
in vivo anti-tumor efficacy was much lower than that of
PDNA(I) or pDNA(LII). For B16-bearing mice, significant differ-
ences were rarely observed. On the other hand, for Colon
26-bearing mice, pDNA(I) or pDNA(LII) consistently outper-
formed pDNA(IFN-) across all days from day 1 to day 16. This
can be attributed to the fact that pDNA(IFN-f) produces solely
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IFN-B, whereas pDNA(I) and pDNA(LII) induce various other
subtypes of type-I IFNs. In mice, 14 subtypes of IFN-a and a
single type of IFN-p have been identified. Although the roles of
each IFN in the anti-tumor effects are not fully understood, the
higher anti-tumor function of pDNA(I) and pDNA(LII) than of
PDNA(IFN-B) may be attributed to the coordinated expression
and cooperative action of these IFNs.

The effect of pDNA(I), which does not express VA-RNA II,
was slightly greater than that of pDNA(LLII), possibly due to the
higher IFN expression efficiency of pDNA(I) compared to
pDNA(LII) (Fig. 2) or the potential unfavorable effects of
VA-RNA II. As discussed earlier, VA-RNA II has been reported to
bind to RNA helicase A and inhibit its helicase activity, poten-
tially suppressing mRNA translation.'* These and other poten-
tial mechanisms previously mentioned may underlie the
reduced efficacy of pDNA(LII). VA-RNA I not only induces
secretion of type-lI IFNs but also inhibits PKR. PKR is
suggested to have both tumor-suppressive and tumor-promot-
ing functions.”® Whether the PKR inhibitory effect of VA-RNA I
positively or negatively influenced tumor growth inhibition
remained unclear.

Almost all mammalian cells secrete extracellular vesicles
(EVs), which act as carriers transporting various substances,
including RNA, DNA, lipids, and proteins.> Groot reported
that RNAs were selectively incorporated into EVs through
mechanisms involving RNA-binding proteins and membrane
proteins.?® Brachtlova et al. found that mivaRNAI, a microRNA
generated from VA-RNA I by Dicer, is present in EVs secreted
by adenovirus-infected cells.>® Given that mivaRNAI is found
in EVs, it is plausible that VA-RNA I itself might also be pack-
aged into EVs, potentially through similar or related mecha-
nisms. Therefore, it is expected that intact VA-RNA I molecule
would also be present in EVs secreted by the cells into which
its gene has been introduced. In our preliminary experiments,
a significant enhancement of type I IFN secretion was
observed in the cultured cells treated with EVs secreted from
the cells transfected with VA-RNA I gene. These EVs could
potentially be taken up by neighboring tumor cells, and the
bystander effect is anticipated to lead to an additional increase
in tumor suppression. Research on cancer therapy using EVs
containing VA-RNA I is currently ongoing, and will be pre-
sented in a separate paper in the near future. The mechanism
underlying the anti-tumor effects of VA-RNA I has not yet been
elucidated. However, it is clear that the VA-RNA-I gene gener-
ates a distinct anti-tumor effect; therefore, VA-RNA I gene
administration is expected to be a promising new therapeutic
approach.

Conclusions

Transfection with pDNAs encoding VA-RNA I effectively
induced IFN-a and IFN-f expression in cultured Colon 26 and
B16 cells. These pDNAs significantly suppressed tumor growth
in syngeneic tumor-bearing mouse models. VA-RNA I gene
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administration can serve as a novel strategy for anti-tumor
immunotherapy.
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