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As pancreatic ductal adenocarcinoma (PDAC) is extremely malignant and refractory, therapeutic options for
this cancer are anticipated worldwide. We isolated vasohihibin-2 (VASH2) and observed its overexpression
in various types of cancer. We then noticed that upregulated expression of VASH2 in patients with PDAC
resulted in a conspicuous reduction in the postoperative survival period and further revealed that the
abrogation of Vash2 expression in pancreatic cancer cells inhibited its growth and metastasis and
augmented tumor infiltration of CD8" cells in the mouse model. We developed VASH2-targeting therapies,
2'4'-BNA-based antisense oligonucleotide targeting VASH2 (VASH2-ASO) as a nucleotide-based therapy,
and VASH2-peptide vaccine as an antibody-based therapy. We also showed that the VASH2-peptide
vaccine inhibited PDAC metastasis in an orthotopic mouse model. Here, we expanded our analysis of the
efficacy of VASH2-targeting therapies for PDAC. VASH2-ASO treatment inhibited the growth of primary
tumors by reducing tumor angiogenesis, normalizing tumor vessels, preventing ascites accumulation and
distant metastasis to the liver and lungs, and augmenting the infiltration of CD8" cells in metastatic tumors.
VASH2-peptide vaccine did not affect the infiltration of CD8" cells into tumors. The present study revealed
that VASH2-targeting therapies are promising options for the treatment of PDAC. VASH2-ASO therapy can
be administered at any stage of PDAC. Because of the increase of CD8" cell infiltration, the combination
therapy with immune checkpoint inhibitors may be an attractive option. The VASH2-peptide vaccine
therapy may be useful for preventing metastasis and/or recurrence after successful initial treatment.
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Molecular targeting therapy is a promising option for

Introduction the treatment of various cancers. Although numerous

Pancreatic ductal adenocarcinoma (PDAC) is the most
malignant refractory cancer. Although surgical resection is
the only possible curative treatment, it is often inoperative
at an advanced and metastatic stage when diagnosed
(Schepis et al. 2023). Moreover, recurrence is common,
even after successful surgery (Schepis et al. 2023).
Although the incorporation of combined cytotoxic chemo-
therapy regimens has substantially improved outcomes, the
overall 5-year survival rate of PDAC is still less than 10%,
and there is an urgent need for the development of effective
treatments worldwide (Salazar et al. 2023).

efforts have been made to establish effective molecular tar-
geted therapies for PDAC, their efficacy is limited (Salazar
et al. 2023). Because most PDAC contain mutant KRAS
(Halbrook et al. 2023), the recent development of KRAS
inhibitors has offered considerable hope for the treatment of
PDACs. However, the efficacy of KRAS inhibitors in treat-
ing PDACs remains unclear (Khan et al. 2023; Gurreri et al.
2023).

We isolated vasohibin-1 (VASH1), which has anti-
angiogenic activity, and its homolog vasohibin-2 (VASH2)
(Watanabe et al. 2004; Shibuya et al. 2006). It is now evi-
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dent that the VASH gene is highly conserved among species.
Lower organisms possess a single ancestral VASH gene,
which has evolved into VASHI and VASH?2? genes in verte-
brates (Sato 2013). While VASHI is preferentially
expressed in endothelial cells, VASH2, which is closer than
VASH]I to the ancestral VASH, is only expressed in the tes-
tes after birth (Sato 2013). However, the expression of
VASH?2 is upregulated in various cancer cells and promotes
cancer progression by acting on both cancer cells and cells
in the tumor microenvironment (TME), such as endothelial
cells (Takahashi et al. 2012; Xue et al. 2013; Kitahara et al.
2014; Suzuki et al. 2017; Norita et al. 2017).

With regard to pancreatic cancer, we have shown that
patients with PDAC with high VASH2 expression have a
markedly shorter postoperative survival period than patients
with low VASH2 expression and have proved that VASH2
is a prognostic factor independent of sex, age, and clinical
stage (Kim et al. 2015). We used LSL-KRas“?""*, LSL-
Trp53R171 and Pdx-1-Cre (KPC) mice, a mouse model of
PDAC, to demonstrate the involvement of Vash2 in PDAC
(lida-Norita et al. 2019). The knockdown of Vash2 expres-
sion in KPC cells did not alter proliferation but significantly
reduced invasive and metastatic activities. We then con-
firmed that the knockout of Vash2 gene in KPC mice signif-
icantly reduced peritoneal dissemination and distant metas-
tases of PDACs in a gene-dosage sensitive manner (lida-
Norita et al. 2019). The involvement of VASH2 in
pancreatic cancer has been reported by others as well (Tu et
al. 2017; Zhang et al. 2018). We therefore regard VASH2
to be an attractive target for the treatment of PDAC.

We have recently developed VASH2-targeting thera-
pies, 2'-0,4'-C-bridged nucleic acid modified antisense oli-
gonucleotide-targeting VASH2 (VASH2-ASO) as a nucleo-
tide-based therapy (Horie et al. 2023), and VASH2-peptide
vaccine as an antibody-based therapy (Lee et al. 2023). We
also showed that the VASH2-peptide vaccine was effective
in the inhibition of PDAC metastasis in an orthotopic
mouse model (Lee et al. 2023). Here, we extended our
analysis to the efficacy of VASH2-targeting therapies for
PDAC treatment.

Materials and Methods

Murine PDAC cells constitutively expressing firefly luciferase
Murine PDAC cells isolated from LSL-KRas®"*"”*, LSL-
Trp53%727* and Pdx-1-Cre (KPC) mice with a C57BL/6
genetic background (KPC’ cells) and a derivative clone
stably expressing firefly luciferase under the control of a
cytomegalovirus promoter (KPC®™ cells) have been pre-
viously described (Lee et al. 2023). The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

Gene silencing by VASH2-ASO

KPC® cells were seeded in six-well plates at 2 x 10°
cells/well and cultured overnight in DMEM (FUJIFILM
Wako Pure Chemical Corporation, Tokyo, Japan) contain-

ing 10% FBS and 1% penicillin/streptomycin (FUJIFILM
Wako Pure Chemical Corporation) under 5% CO, at 37°C.
The following day, the culture medium was replaced with
antibiotic-free DMEM containing 10% FBS. The cells
were transfected with several different concentrations of
VASH2-ASO using Lipofectamine 2000 reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. Twenty-four hours after transfec-
tion, total RNA was extracted from the cells using the
RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions.

Quantitative real-time reverse transcriptase polymerase
chain reaction (qRT-PCR)

To prepare total RNA, KPC“7 cells (3 x 10°) in six-
well tissue culture plates were harvested and total RNA was
isolated using an RNeasy mini kit (QIAGEN) according to
the manufacturer’s instructions. Complementary DNA was
prepared from the total RNA using ReverTra Ace (ToYoBo,
Osaka, Japan). qRT-PCR was performed using a CFX96
real-time PCR detection system (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instructions.
Relative Vash2 mRNA levels were normalized to beta-
2-microglobulin (B2m) mRNA level. The primer pairs used
were as follows: mouse B2m forward, 5'-GGTCTTTC
TGGTGCTTGTCTCA-3', and reverse, 5'-GTTCGGC
TTCCCATTCTCC-3'; mouse Vash2 forward, 5'-GGAC
ATGCGGATGAAGATCT-3', and reverse, 5'- CTAGAT
CCGGATCTGATAGC-3'.

Western blot analysis

KPC®7 cells were incubated with VASH2-AS0 (10
nM) for 24 h and then harvested from the culture dish using
a scraper in RIPA buffer containing 0.1% sodium dodecyl
sulfate (SDS) (Nakarai, Kyoto, Japan). Protein concentra-
tion was calculated using the DC protein assay (Bio-Rad).
Equal amounts of proteins were separated via SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) and blotted
onto polyvinylidene fluoride membranes (Bio-Rad). The
membranes were then incubated with anti-detyrosinated
tubulin (Abcam, Cambridge, UK) and an appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody.
The bands were detected using the Immobilon Western
Chemiluminescent HRP substrate (Merck Millipore,
Burlington, MA, USA) and LAS-4000 (Fuji Photo Film,
Tokyo, Japan).

Orthotopic mouse model of PDAC

All animal experiments were approved by the Tohoku
University Center for Gene Research and were carried out
according to the guidelines for animal experimentation of
Tohoku University. Wild-type male C57BL/6J mice
(8-week-old) were obtained from Charles River
Laboratories (Yokohama, Japan).

The orthotopic mouse model of PDAC has been previ-
ously described (Lee et al. 2023). Briefly, KPC“™* cells
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were suspended in ice-cold, serum-free DMEM and gently
mixed with an equal volume of ice-cold Matrigel (Corning
Life Sciences, Corning, NY, USA). The mice were anes-
thetized, and a 50 uL of the cell suspension containing 2.5
x 10° KPC®™™ cells was injected to the pancreatic tail
using a 27-gauge-needle. Seven days after implantation,
D-luciferin was intraperitoneally injected and tumor
engraftment was confirmed via in vivo bioluminescence
imaging using the IVIS system.

Treatment with 2', 4'-BNA/LNA-based VASH2-ASO

On day 7 after the orthotopic inoculation of KPC® "
cells, we started treating the mice. Mice were randomly
divided into two groups and administered intraperitoneally
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with 10 mg/kg of 2’, 4-BNA/LNA-based VASH2-ASO or
its control scramble (Scr) twice a week for 4 weeks, i.e., a
total of eight times. On day 34 after the inoculation, mice
were euthanized and examined. The primary tumor weight
and ascites fluid volume were measured. To evaluate
metastasis, the livers and lungs were excised and subjected
to ex vivo bioluminescence detection using an IVIS system.
Bioluminescent signal activity was quantified using Living
Image software (Xenogen).

Treatment with VASH2-peptide vaccine

On days 1 and 15 after the orthotopic inoculation of
KPC®™* cells, the mice were treated with the VASH2-
peptide vaccine. Mice were randomly divided into two
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Fig. 1. Effect of VASH2-ASO on the expression of Vash2 in murine pancreatic ductal adenocarcinoma (PDAC) cells in culture.
A. KPC* cells were incubated with the indicated concentrations of VASH2-ASO or control scramble (Scr), and the
expression of Vash2 was quantified using qRT-PCR. The expression of Vash2 was inhibited by VASH2-ASO in a
dose-dependent manner. Data are presented as the mean + SD for three independent transfections (n = 3). *P < 0.05 by
Student’s t-test. B. KPC* cells were incubated with 10 nM VASH2-ASO or Scr, and the levels of detyrosinated tubulin
(deTyr) and total tubulin were compared via western blotting. VASH2-ASO decreased deTyr levels.
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Fig. 2. Effect of VASH2-ASO treatment on the level of detyrosinated tubulin in the primary tumor.
Primary tumor tissues were immunostained for detyrosinated tubulin. VASH2-ASO treatment markedly decreased

detyrosinated tubulin levels in tumor tissue.
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Fig. 3. Effect of VASH2-ASO treatment on the growth of primary tumor.
A. Tumors were visualized with bioluminescence in vivo imaging prior to euthanization. B. Primary tumors were
obtained and their weights were measured and compared. Quantitative data were presented as box-and-whisker plots.
VASH2-ASO treatment significantly inhibited primary tumor growth.
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Fig. 4. Effect of VASH2-ASO treatment on tumor angiogenesis.
A. Primary tumors were immunostained for CD31 and a-smooth muscle actin (¢aSMA). B. The number of tumor
vessels in the field was compared. Quantitative data were presented as box-and-whisker plots. C. The percentage of
pericyte-covered vessels over the total number of vessels in the field was compared. Quantitative data were presented
as box-and-whisker plots. VASH2-ASO treatment significantly inhibited tumor angiogenesis and enhanced vascular
maturation.
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groups and subcutaneously administered MTG peptide vac-
cine or control KLH. On day 34 after inoculation, the mice
were euthanized and examined. The primary tumor weight
and ascites fluid volume were measured. To evaluate
metastasis, the livers and lungs were excised and subjected
to ex vivo bioluminescence detection using an IVIS system.
Bioluminescent signal activity was quantified using Living
Image software (Xenogen).
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Fig. 5. Effect of VASH2-ASO treatment on ascite acculmation.
Accumulated ascitic fluid was obtained, measured, and
compared. Quantitative data were presented as box-and-

whisker plots. VASH2-ASO treatment significantly
inhibited ascitic fluid accumulation.
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Immunohistochemical analyses

The primary tumors, liver, and lungs were fixed over-
night with 4% paraformaldehyde, dehydrated in graded eth-
anol and xylene, and embedded in paraffin wax. Tissue
sections (5 um) were prepared for the following immuno-
histochemical analyses. For immunohistochemical stain-
ing, tissue sections were autoclaved in citrate buffer (pH
6.0) for 5 min for antigen retrieval prior to incubation with
primary antibodies. Antibodies against detyrosinated
o-tubulin (Abcam, Cambridge, MA, USA), CD31, and CD8
(Cell Signaling Technology, Beverly, MA, USA) were used
as the primary antibodies. The staining signals were visual-
ized using Histofine Simple Stain MAX PO (Nichirei,
Tokyo, Japan), followed by counterstaining with hematoxy-
lin. For fluorescence immunostaining, antibodies conju-
gated with Alexa Fluor 488 (Thermo Fisher Scientific) were
used as the secondary antibodies. The nuclei were counter-
stained with DAPI (Thermo Fisher Scientific). Tissue auto-
fluorescence was eliminated using the TrueVIEW autofluo-
rescence quenching kit (Vector Laboratories, Peterborough,
UK). Microphotographs and fluorescent images were cap-
tured using a KEYENCE BZ-9000 microscope (Keyence
Corporation, Osaka, Japan).
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Fig. 6. Effect of VASH2-ASO treatment on distant metastases to the liver and the lungs.
The livers and lungs were excised and subjected to ex vivo bioluminescence imaging. A. The representative images are
shown. B. Bioluminescence is shown. Quantitative data are presented as box-and-whisker plots. VASH2-ASO treat-
ment significantly inhibited distant metastases to the liver and lungs.
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Fig. 7. Effect of VASH2-ASO treatment on the infiltration of CD*" cells in primary and metastatic tumors.
A. Primary tumors, metastatic tumors in the liver, and metastatic tumors in the lungs were immunostained for CD*"
cells. B. The numbers of CD*" cells in the field are compared. Quantitative data are presented as box-and-whisker
plots. VASH2-ASO treatment significantly increased CD*" cell infiltration in metastatic tumors.

Statistical analysis

Student’s #-test or Wilcoxon rank-sum test was used to
test for significant differences. Statistical significance was
set at P <0.05.

Results

We have previously designed and selected the best
nucleotide sequence of VASH2-ASO to target human
VASH? gene, which is located in exon 7 (Horie et al. 2023).
The same nucleotide sequence was present in exon 6 of the
murine Vash2 gene, which is common to the two splicing
variants of murine Vahs2 mRNA (Supplementary Fig. S1).
Therefore, we considered that our VASH2-ASO should also
function in murine systems. To test this hypothesis, murine
PDAC cells (KPC*") were cultured with VASH2-ASO. As
shown in Fig. 1A, VASH2-ASO inhibited the expression of
Vahs2 mRNA in a dose-dependent manner. As VASH2 pos-
sesses tubulin carboxypeptidase (TCP) activity (Aillaud et
al. 2017; Nieuwenhuis et al. 2017), we examined the dety-
rosination of a-tubulin and confirmed the knockdown effect
of VASH2-ASO (Fig. 1B). Based on these results, we pro-
ceeded to conduct a therapeutic experiment of PDAC in an
orthotopic mouse model.

We repeated intraperitoneal injections of naked
VASH2-ASO 8 times at an interval of 3-4 days and tested
the therapeutic efficacy in the orthotopic mouse model of
PDAC. First, we evaluated primary tumors.
Immunohistochemical analyses of detyrosinated a-tubulin
showed that the intraperitoneal injection of VASH2-ASO
exerted the knockdown effect in the primary tumor (Fig. 2).
Primary tumor growth was slightly but significantly inhib-
ited by VASH2-ASO treatment (Fig. 3). We immunohisto-
chemically examined the tumor vessels (Fig. 4A) and found
that tumor angiogenesis was inhibited in parallel with tumor
growth (Fig. 4B). In addition, more pericytes covered the
tumor vessels, indicating vascular maturation (Fig. 4C).

We examined the invasion and metastasis of PDAC
cells. Ascites is a sign of peritoneal dissemination, and
VASH2-ASO treatment significantly inhibited the accumu-
lation of ascites (Fig. 5). VASH2-ASO treatment also
inhibited the distant metastasis of PDAC to the liver and
lungs (Fig. 6), although the difference was not significant in
liver metastasis.

We then examined the infiltration of CD8" cells into
the tumors. Immunohistochemical analyses revealed that
VASH2-ASO treatment significantly increased CD8" cell
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Fig. 8. Effect of VASH2-peptide vaccine treatment on the infiltration of CD** cells in primary and metastatic tumors.
A. Primary tumors, metastatic tumors in the liver, and metastatic tumors in the lungs were immunostained for CcD*
cells. B. The numbers of CD*" cells in the field are compared. Quantitative data are presented as box-and-whisker
plots. The VASH2-peptide vaccine treatment did not affect the infiltration of CD*" cells.

infiltration, especially in the metastatic tumors of the liver
and lungs (Fig. 7).

We have previously developed the VASH2-peptide
vaccine as an antibody-based therapy targeting VASH2 (Lee
et al. 2023). Because this treatment induced antibodies that
worked from outside the cells, it did not alter the level of
detyrosinated a-tubulin in the primary cancer
(Supplementary Fig. S2). We have shown that this therapy
is effective for the prevention of metastasis, but not tumor
angiogenesis, in PDAC (Lee et al. 2023). Here, we evalu-
ated the effect of the VASH2 peptide vaccine on CD8" cell
infiltration into tumors. VASH2-peptide vaccine did not
affect the infiltration of CD8" cells in primary or metastatic
PDAC tumors (Fig. 8).

Discussion

We developed VASH2-targeting therapies for the treat-
ment of various cancers, including VASH2-ASO as a nucle-
otide-based therapy (Horie et al. 2023) and a VASH2-
peptide vaccine as an antibody-based therapy (Lee et al.
2023). Here, we evaluated the effects of those VASH2-
targeting therapies on PDAC and demonstrated their effi-
cacy in a mouse model.

VASH2-ASO blocks the synthesis of Vash2 protein.
The immunostaining of detyrosinated a-tubulin revealed
that intraperitoneal injection of naked VASH2-ASO exerted
its knockdown effect on PDAC in vivo. Subsequently, we
evaluated therapeutic efficacy. VASH2-ASO therapy
slightly, but significantly, inhibited the growth of primary
tumors in parallel with the inhibition of tumor angiogenesis
and enhancement of vascular normalization. In addition,
VASH2-ASO therapy prevented the accumulation of ascites
and signs of peritoneal dissemination and inhibited distant
metastasis to the liver and lungs. Moreover, VASH2-ASO
therapy significantly increased CD8" cell infiltration, espe-
cially in metastatic tumors of the liver and lungs.
Importantly, the effects caused by treatment with VASH2-
ASO matched well with the KPC mouse model whose
expression of Vash2 was knocked down or knocked out
(Tida-Norita et al. 2019).

VASH2-peptide vaccine induces antibodies that block
the effects of VASH2 from outside cells. Indeed, VASH2-
peptide vaccine did not affect intracellular detyrosinated
o-tubulin in the primary cancer. Our previous study
revealed that the VASH2-peptide vaccine was effective in
inhibiting metastasis, but not angiogenesis, in PDAC (Lee
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et al. 2023). This is probably because the domains of
VASH2 for pro-metastasis and pro-angiogenesis are dis-
tinct, and antibodies induced by the VASH2-peptide vac-
cine preferentially recognize the domain for pro-metastasis
(Lee et al. 2023). Nevertheless, as anti-angiogenic thera-
pies exhibit little benefit in the treatment of pancreatic can-
cer (Craven et al. 2016; An et al. 2023), the lack of angio-
genesis inhibition in the VASH2-peptide vaccine treatment
may not be a weak point for the treatment of PDAC.

Accumulating evidence suggests that PDAC lacks
immune effector cells, such as CD8" cells, within the tumor
tissue, resulting in an immunosuppressive TME, which
might be the major reason why immune checkpoint inhibi-
tors are ineffective (Steele et al. 2016; Muller et al. 2022;
Guo et al. 2023). We have shown that the deletion of Vash2
gene recovers this abnormality, indicating that VASH2 is
one of the principal factors that cause this immunosuppres-
sive TME in PDAC (lida-Norita et al. 2019). Here, we
showed that VASH2-ASO therapy, but not VASH2-peptide
vaccine therapy, increased CD8" cell infiltration, especially
in metastatic tumors of the liver and lungs. These results
suggest that the immunosuppressive TME of PDAC is
caused by the intracellular activity of VASH2, and VASH2-
targeting therapies, especially VASH2-ASO, may be a
promising option for combination therapy with immune
checkpoint inhibitors for PDAC. This concept is currently
under investigation.

In view of the above results, we suggest differential
application of these two therapies for the treatment of
PDAC. VASH2-ASO therapy can be administered at any
stage of PDAC. Normalization of tumor vasculature should
enhance the effectiveness of combination therapies with not
only immunotherapy but also chemotherapy and radiation
therapy (Sato 2011; Yang et al. 2021). The inconvenience
of this therapy is that the effect does not continue for a long
time and requires repeated administration at an interval of
3-4 days. In contrast, the scope of application of the
VASH2-peptide vaccine therapy may be limited. The best
approach is to prevent metastasis and/or recurrence after
successful initial surgical treatment. What is attractive
about this therapy is that long-term effects can be expected
by maintaining antibody titers with a booster.
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