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Treatment of advanced stage cancers is extremely challenging,
and more effective systemic therapy is needed. Oncolytic ade-
noviruses (OAds) are one of the most promising anti-cancer
agents. However, systemic delivery of OAd is challenging due
to the low transduction in tumor cells caused by non-selective
distribution and sequestration by non-target organs. To over-
come this issue, we have previously generated a mesothelin
(MSLN)-targeted OAd (AdML-VTIN). Here, we are reporting
the potential of MSLN-targeted OAd as an agent for novel sys-
temic treatment using MSLN-expressing lung and pancreatic
cancer models. The in vivo biodistribution of AdML-VTIN af-
ter intravenous injection showed significantly lower liver
sequestration compared to the wild type of OAd (AdML-
5WT). By day 7, the intratumoral viral copy number of
AdML-VTIN was significantly higher than that of AdML-
5WT. For therapeutic efficacy, systemically injected AdML-
VTIN exhibited statistically significant anti-tumor effects in
both lung and pancreatic cancer xenograft tumor models. In
addition, we tested the effect of preexisting immunity using hu-
man serum. In a neutralization assay, AdML-VTIN was more
resistant to preexisting antibodies, compared to Ad5-WT.
Interestingly, the hemagglutination profile of AdML-VTIN
was also changed. Our results indicate that MSLN-targeted
OAd has great potential to facilitate systemic therapy of
advanced cancers.

INTRODUCTION
Despite recent advances in cancer diagnostic technologies, many can-
cer patients are still initially diagnosed with advanced disease.1,2

Among them, lung cancer is the most common cause of death from
cancer, andmost deaths are associated withmetastatic disease. Unfor-
tunately, more than 50% of newly diagnosed lung cancer patients
have metastatic disease.3 The 5-year survival rate for metastatic
lung cancers is 7%.4 Pancreatic cancer is also an aggressive malignant
disease and is predicted to become the 2nd leading cause of cancer
death before 2030.5 Surgical resection combined with chemotherapy
remains the mainstay of curative treatment for pancreatic cancer;
however, fewer than 20% of patients are candidates for surgery
because the cancer has usually spread beyond the pancreas by the
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time it is diagnosed.6 Therefore, treatment of these late-stage cancers
is extremely challenging, and a more effective systemic therapy is
needed.

Gene therapy/virotherapy strategies show great promise in providing
new options for the treatment of various cancers. One such virus, ta-
limogene laherparepvec (T-VEC, Imlygic, Amgen),7 was approved as
the first virotherapy in the United States for metastatic melanoma
with intratumoral (i.t.) injection. The adenovirus (Ad) is one of the
most widely used viral backbones for the development of oncolytic vi-
ruses (OVs) due to its high in vivo transduction efficiency.8–19 Onco-
lytic adenoviruses (OAds) show an anti-tumoral effect via their i.t.
amplification and strong cytocidal effects in a variety of cancers.20–23

However, the systemic delivery of OAds are challenging due to the
low transduction in tumor cells caused by non-selective distribution
and sequestration by non-target organs, such as liver, and viral inac-
tivation by neutralizing antibodies (nAbs).24,25 The realization of sys-
temic oncolytic virotherapy mandates a more efficient and selective
delivery of the functional viruses to the tumor for sufficient antitumor
effect. The targeting of the OV at the level of infection (transductional
targeting) should therefore potentiate the antitumor effect of OAds by
improving the initial tumor site localization after systemic adminis-
tration, as well as tumor-selective viral replication and spread in the
tumor.

We previously developed a mesothelin (MSLN)-targeted OAd using
an Ad library screening system.26 MSLN is a cell surface glycoprotein
that is highly expressed on several malignant tumors (e.g., lung can-
cer, pancreatic cancer, ovarian cancer, mesothelioma), while little or
no expression has been detected in normal tissues.26–29 The MSLN-
targeted OAd showed not only a selectivity for MSLN-expressing cells
in vitro but also a selective and potent in vivo antitumor effect result-
ing from viral replication in MSLN+ xenografts.26
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Figure 1. Mesothelin-targeted oncolytic adenovirus

(A) Schematic representation of fiber-remodeled adeno-

viruses (Ads). AdML series of the viruses has a wild-type

(WT) E1 gene, a single loxP site replacing the E3 gene, and

targeting motif in the AB-loop regions of the fiber.

(B) Amino acid sequence of mesothelin (MSLN)-targeted

Ad (AdML-VTIN), and non-targeted Ad (AdML-5WT)

fibers.
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Here, we evaluated for the first time the possibility of using MSLN-
targeted OAds for systemic treatment in lung cancer and pancreatic
cancer models. Targeting of MSLN at the level of binding and infec-
tion via the Ad fiber modification results in a strong therapeutic effect
in both lung cancer and pancreatic cancer subcutaneous xenograft
models. The in vivo biodistribution of AdML-VTIN after intravenous
(i.v.) injection showed significantly lower liver sequestration
compared to wild-type (WT) Ad5. Moreover, modification of the
Ad fiber reduced neutralization by preexisting nAbs and hemaggluti-
nation activity of Ad.

These data suggest that MSLN-targeted OAds are a very promising
agent for the development of systemic therapy for advanced refrac-
tory cancers.
RESULTS
Distribution of MSLN-targeted OAds

To achieve cancer cell-selective binding and infection for an Ad, we
have generated an MSLN-targeted infectivity-selective OAd in previ-
ous studies via our binding-based screening system with a high-diver-
sity Ad-formatted fiber library.26 MSLN is a cell surface glycoprotein
that is highly expressed in lung cancer, pancreatic cancer, ovarian
cancer, andmesothelioma.26–30 By using our library screening system,
the MSLN-targeted OAd, AdML-VTIN, was isolated.26 AdML-VTIN
has a WT E1 gene, a single loxP site within the E3 region, and the
MSLN-targeting motif (VTINRSA) replacing the primary coxsackie-
virus and Ad receptor (CAR)-binding domain in the AB-loop of the
fiber knob (Figure 1). The resultant virus with loxP site is therefore E3
2 Molecular Therapy: Oncology Vol. 33 June 2025
deficient. AdML-VTIN showed selective bind-
ing and cytotoxicity for MSLN-expressing
pancreatic cancer cells in vitro and in vivo.26

Because the change in the original receptor
binding site was expected to redefine the vector
binding profile of AdML-VTIN, the organ dis-
tribution of AdML-VTIN and AdML-5WT
(Ad with WT Ad5 fiber) was assessed after
tail vein injection of nude mice with MSLN+

subcutaneous tumor at 1 � 1010 vector parti-
cles (vp)/mouse. As a proof-of-concept study,
we used the human lung cancer cell line
A549 and the human pancreatic cancer cell
line AsPC1 in this paper, and both of the cells
generated MSLN+ tumors in nude mice (Figure S1). When AdML-
VTIN was injected into the tail vein of nude mice carrying A549
subcutaneous xenografts, liver distribution was remarkably lower
than that of AdML-5WT at 1 h and 48 h after administration
(Figures 2A and 2B). While there was no statistically significant dif-
ference between AdML-5WT and AdML-VTIN in the tumor at 1 h
(Figure 2A), the viral copy number of AdML-VTIN in the tumor
was about 3 times and 10 times higher than that of AdML-5WT
at 48 h and 7 days, respectively. (Figure 2B). These data indicated
that the OAd with a redesigned AB-loop changed liver tropism
and replicated in the tumor.

Viral distribution in primary mouse liver cells

Next, we investigated the cellular distribution of AdML-VTIN in the
liver tissue. A total of 3 � 109 vp of AdML-VTIN and AdML-5WT
were systemically injected into nude mice. One hour after administra-
tion, we examined the vector distribution of AdML-VTIN and
AdML-5WT to liver parenchymal cells or non-parenchymal cells,
which were isolated by differential centrifugation using Percoll after
collagenase digestion.31 In flow cytometry, Kupffer cells, which are
positive in F4/80, were seen in the non-parenchymal cell fraction,
but not in the parenchymal cell fraction (Figure 3A). Then, we
measured the viral copy number in each fraction by quantitative
PCR (qPCR). The vector distribution of AdML-VTIN to the paren-
chymal cell fraction was significantly lower than that of AdML-
5WT, while the vector distribution of AdML-VTIN to the non-paren-
chymal cell was at a level similar to that of AdML-5WT (Figure 3B).
These results suggest that the redesigned fiber enabled escape from
sequestration by liver parenchymal cells.
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Figure 2. In vivo distribution of the MSLN-targeted Ad

To analyze the vector distribution, 2 � 107 of A549 cells were inoculated sub-

cutaneously into the flank of female nude mice, and 3 � 109 vp of the targeted

or control virus was systemically injected when the tumor diameters reached

5–7 mm. (A) One hour after injection; n = 3. (B) Forty-eight hours after injection;

n = 4. The data were analyzed using a two-tailed unpaired Student’s t test.

*p < 0.05; **p < 0.01.
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Anti-tumor effect of systemic administration and i.t. direct

injection of AdML-VTIN

Next, we compared the anti-tumor effect of AdML-VTIN between
i.v. and i.t. injections using a subcutaneous xenograft model with
an MSLN+ tumor (A549). When tumors reached 5–7 mm in diam-
eter, 3 � 109 vp AdML-VTIN was injected via i.v. or i.t. AdML-
VTIN injection resulted in significant initial tumor volume reduc-
tion as well as longer-term suppression of the tumor growth in
both i.v. and i.t. administrations (Figure 4A). Importantly, no differ-
ence was observed between the antitumor effects of i.v. and i.t.
administrations.
To investigate the replication and i.t. spread of the virus, we per-
formed a separate experiment in A549 tumors with the same setup.
Tumor samples at days 5 and 8 were assessed for viral copy number
and viral structural protein (hexon) staining. Five days after i.t. treat-
ment with AdML-VTIN, a high level of hexon expression was
restricted to a certain area of the tumor, which is assumed as a needle
track. In the tumor with i.v. injection, although scattered cells showed
strong signal of hexon, we observed weak signal of hexon expression
in a broader area of the tumor (Figure 4B, left). At day 8, both sys-
temic injection and i.t. injection resulted in high levels of hexon
expression. The presence of hexon-positive cells became equivalent
between i.v.- and i.t.-injected groups, and the distribution after i.v. in-
jection appeared more homogeneous in the tumor (Figure 4B, right).

We also subsequently assessed the virus DNA copy number by E4
qPCR. Although the amount of virus in the tumor with systemic in-
jection was lower than that with i.t. injection at earlier time points
(days 1 and 5), the virus copy number in the i.v.-administered group
reached the same level of that in the i.t. group at day 8 (Figure 4C).

These results suggest that systemic injection of the MSLN-targeted
OAd is equivalently effective compared to an i.t. injection.

Anti-tumor effect of AdML-VTIN versus non-targeted AdML-

5WT with systemic injection in MSLN+ tumor model

We compared the antitumor effect of MSLN-targeted OAd (AdML-
VTIN) and non-targeted OAd (AdML-5WT) in an A549 subcutane-
ous xenograft model. AdML-VTIN and AdML-5WT were systemi-
cally injected into A549 tumor-bearing nude mice. AdML-VTIN
via i.v. injection showed tumor shrinkage starting from day 5 and
showed the lowest tumor volume for days 8–19. The tumor volume
of the AdML-VTIN-treated group was significantly lower than that
of AdML-5WT at day 26 (Figure 5A).

Next, we compared viral replication and i.t. viral spread after systemic
administration. We performed the same experiment separately to
avoid affecting the tumor volume analysis. Expression of viral struc-
tural protein (hexon) in tumors was analyzed at day 5. The staining
for hexon in the tumor revealed a significant viral distribution in tu-
mors treated with AdML-VTIN at 5 days after administration, while
that of AdML-5WT was barely detectable (Figure 5B). The virus copy
number in treated tumors was analyzed by qPCR on days 2 and 5 after
systemic injection of the viruses. The viral copy number of AdML-
VTIN at day 5 was noticeably higher than that of AdML-5WT
(Figure 5C). These data indicated that viral replication of MSLN-re-
targeted OAd was higher compared to non-targeted AdML-5WT in
correspondence with the systemic anti-tumor effect. These experi-
ments also confirmed the selectivity and potency of the MSLN-tar-
geted OAd via systemic administration.

Multiple administrations of MSLN-targeted OAd suppressed

regrowth of tumors

Interestingly, the plot of individual tumors treated with AdML-VTIN
showed that 4 out of 10 tumors showed complete disappearance,
Molecular Therapy: Oncology Vol. 33 June 2025 3
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Figure 3. Viral distribution in liver cells

(A) Image of isolated cells: parenchymal cell fraction (top) and non-parenchymal cell fraction (bottom). Flow cytometry analysis with anti-F4/80 showed signals in the non-

parenchymal population (Kupffer cells). (B) Viral copy number in each fraction was analyzed by qPCR. The results are shown as E4 copy number per 20 ng DNA. The data

were analyzed using a two-tailed unpaired Student’s t test. ****p < 0.0001; n = 3.
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while the remaining tumors showed temporary growth suppression,
indicating regrowth of the tumors (Figure S2A). All tumors treated
with AdML-VTIN were continuously observed. At day 47, when
the average of all tumors reached a volume of 500 mm3, repeated in-
jections of AdML-VTIN against regrown tumors were started.
AdML-VTIN via i.v. injection (3 � 109 vp/mouse) was performed
on days 47, 61, 68, 75, and 82. The growth of four out of six tumors
was significantly suppressed (controlled with repeated AdML-VTIN
injection [Figure S2B]). A successful anti-tumor effect at a low dose
indicated that an OAd with a targeting motif in the AB-loop had
the ability to facilitate systemic therapy.

Anti-tumor effect of systemically injected AdML-VTIN in a

pancreatic cancer model

To investigate the treatment effects in pancreatic cancer, we assessed
the anti-tumor effect of AdML-VTIN in the human pancreatic cancer
cell line AsPC1. The analyses of the MSLN expression levels and CAR
by flow cytometry and immunohistochemistry (IHC) revealed that
AsPC1 expressed both MSLN and CAR (Figures 6A, S1, and S4).
As expected from this, both AdML-5WT and AdML-VTIN showed
cytocidal effects in vitro, and the effect of AdML-5WT was slightly
stronger from crystal violet staining of the attached cells (Figure 6A).
For in vivo comparison of the anti-tumor effect of the OAds, AdML-
VTIN and AdML-5WT were systemically injected into AsPC1 xeno-
grafts when tumors reached 3–5 mm in diameter. In contrast to the
in vitro analysis, i.v. injection of AdML-VTIN showed a strong inhi-
bition of tumor growth compared to AdML-5WT (Figure 6B).
4 Molecular Therapy: Oncology Vol. 33 June 2025
Next, we compared the viral replication after systemic administration
in a pancreatic cancer model. We performed a separate experiment in
AsPC1 tumors with the same setup, and the tumor samples were as-
sessed for viral copy number in the tumor by qPCR of the E4 region at
5 and 10 days after systemic injection. Virus replication of AdML-
VTIN at both day 5 and day 10 were more than 23 and 12 times
higher than that of AdML-5WT, respectively (Figure 6C). These
data indicated that MSLN-retargeted OAd showed enhanced thera-
peutic effect compared to non-targeted OAd in systemic therapy in
a pancreatic cancer xenograft model.

The therapeutic effect of AdML-VTIN in the pancreatic cancer

PDX mouse model

We assessed the effect of AdML-VTIN in a more clinically relevant
model of pancreatic cancer by using patient-derived xenografts
(PDXs). To establish the human pancreatic cancer PDX mouse
model, surgical samples of human pancreatic cancer were implanted
subcutaneously into SCID mice. Once PDX tumors were established,
we evaluated the MSLN and CAR expression according to IHC stain-
ing intensity. Unlike the A549 tumor, both PDX tumors have high
levels of MSLN expression, but the expression level of the Ad recep-
tor, CAR, was low (Figures 7A and S3). Experiments were performed
with the PDXs derived from two different patients. When the tumors
reached 5–7 mm in diameter, AdML-VTIN and AdML-5WT were
systemically injected into PDX-bearing animals. After i.v. administra-
tion, only the AdML-VTIN showed significant antitumor effect
compared to the untreated group, and the tumor volume after i.v.
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C Figure 4. Anti-tumor effect of MSLN-targeted OAd

by systemic versus intratumoral injection

(A) The anti-tumor effect of intratumorally or systemically

administered MSLN-targeted OAds was analyzed in an

A549 subcutaneous xenograft model; 3 � 109 vp/tumor

of MSLN-targeted virus (AdML-VTIN) was administered.

Mean relative tumor volume ± SEM; n = 10 per group.

Significance was calculated by one-way ANOVA

analysis followed by Tukey’s multiple comparison test.

*p < 0.05; n = 5 mice for each group. (B) At days 5 and

8, the expression of Ad late gene product (hexon) was

assessed by immunostaining with the fluorescein

isothiocyanate (FITC)-labeled anti-hexon polyclonal

antibody (counterstained with DAPI). Staining and

sections were performed in at least two independent

experiments. Green, Ad hexon protein; blue, nucleus

(original magnification, �40). (C) Viral copy number in

the tumor specimens was analyzed by qPCR on days 1,

5, and 8. Results are shown as the E4 copy number per

20 ng DNA. The data were analyzed using a two-tailed

unpaired Student’s t test. *p < 0.05; **p < 0.01; n = 3

for each time point.
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injection of AdML-VTIN was significantly lower than that with
AdML-5WT (p < 0.05) (Figure 7B). These data suggest that MSLN-
targeted OAd can be applicable for the systemic therapy of human
pancreatic cancer.

The fiber modification of Ad affected neutralization and

hemagglutination activity

We tested the effect of preexisting immunity against the MSLN-
targeted OAd in human serum. In a neutralization assay, cell via-
bilities were measured to examine the impact of human serum on
the in vitro cell lysis activities of fiber-modified OAds. We per-
formed neutralization assay using serum samples from non-cancer
adults from the United States (n = 6). At a 1:4 dilution, 5 out of 6
sera showed more than 50% inhibition of WT Ad5 activity (Fig-
ure 8A). However, only 2 sera showed >50% inhibition for
AdML-VTIN (Figure 8A). These results indicate that a fiber-modi-
fied Ad5 vector can escape the neutralizing immune response in
human serum.

In addition, we evaluated the hemagglutination activity of AdML-
TYML because it has been reported that a major determinant of
hemagglutination is the binding of Ad fiber-knob protein to eryth-
rocyte. Ad5-based Ads with CAR-binding knob showed hemagglu-
tination (Figure 8B). In contrast, our AB-loop fiber modified virus
(AdML-VTIN) or the fiber-knob replacement virus with Ad3
(Ad5/3), which binds to CD46/DSG-2,32,33 did not cause hemagglu-
tination (Figure 8B). This indicates that tropism alternation
based on AB-loop modification is an effective way to avoid
hemagglutination.
DISCUSSION
OAds show an anti-tumor effect via their i.t. amplification and
strong cytocidal effect in a variety of cancers.20–23 However, sys-
temic application of OAd therapy mandates a different kind of effi-
ciency and selectivity of gene delivery, such as organ, and tissue
selectivity at the level of transduction. Additionally, there are several
obstacles for efficient systemic delivery, such as liver sequestration,
nAbs, and stroma. Indeed, Ad vectors injected i.v. into mice are
largely sequestered by the liver, and high-dose treatments can lead
to liver toxicity.25,34–36 One of the reasons for liver tropism is that
hepatocytes express high levels of the primary Ad receptor
(CAR),34,37 and non-parenchymal liver cells (e.g., Kupffer cells,
epithelial cells) also capture viral particles.25 As an inevitable conse-
quence of large sequestration of the Ad by the liver, the amount of
the virus reaching the tumor becomes low, leading to limited in vivo
efficacy of systemic therapy.23 Tumor-selective replication and
lateral spread of progeny vectors in the tumors facilitate a dramatic
augmentation of the therapeutic effect of OAds,9 which can
compensate for loss upon systemic delivery to some extent. For
the targeting of cancer cells, WT Ad is not a practical choice because
many cancer cells have low expression of the Ad primary receptor
(CAR).38 Indeed, our PDX tumors showed low expression of CAR
(Figure S3). To overcome this issue, infectivity-enhanced OAds
with modified fibers have been developed, such as RGD-OAd or
Ad5/3.21 Although these infectivity-enhanced OAds confer
augmented anti-tumor effects in CAR� cancers, including pancre-
atic cancer,8,9,39,40 these OAds are not cancer specific39,41 and
exhibit binding to a variety of normal organs. Even the most
advanced infectivity-enhanced OAds that rely on regulations at
Molecular Therapy: Oncology Vol. 33 June 2025 5
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C Figure 5. Anti-tumor effect of MSLN-targeted OAd

with systemic injection in an MSLN+ cancer model

(A) The anti-tumor effect of systemically administered

MSLN-targeted and control OAds (3 � 109 vp/mouse)

was analyzed in a A549 subcutaneous xenograft model.

Results are shown as mean ± SEM (n = 10); two-way

ANOVA followed by Tukey’s multiple comparisons test.

*p < 0.05. (B) At day 5, the expression of Ad late gene

product (hexon) was assessed by immunostaining with

the FITC-labeled anti-hexon polyclonal antibody (coun-

terstained with DAPI). Staining and sections were per-

formed in at least two independent experiments. Green,

Ad hexon protein; blue, nucleus (original magnification,

�100). (C) Viral copy number in the tumor specimens was

analyzed by qPCR at days 2 and 5. Results are shown as

the E4 copy number per 20 ng DNA. The data were

analyzed using a two-tailed unpaired Student’s t test.

*p < 0.05; ****p < 0.0001; n = 4 for each time point.
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the level of replication for cancer selectivity were heavily affected by
sequestration in non-target organs (e.g., liver).40,42–44

In this study, we demonstrated that the MSLN-targeted OAd, AdML-
VTIN, escapes liver sequestration and achieves better tumor accumu-
lation. While the amount of i.v.-injected virus in MSLN+ tumors was
initially lower than that of i.t.-injected virus, the viral copy number of
the i.v.-injected group caught up with the i.t.-injected group by day 8
(Figure 4C). Because A549 is known to be a cell line that shows the
strongest virus replication and therapeutic effect by OAds with WT
fiber, the effect of the OAd with VTIN motif replacing the CAR bind-
ing domain is quite impressive. These data suggest that a sufficient
amount of systemically administered AdML-VTIN accumulated in
MSLN+ tumors specifically, and also induced an anti-tumor effect
via viral replication and spreading within tumors.

A major limitation of systemic administration of Ad type 5 is that the
majority of the virus is sequestrated by the liver, causing liver damage
and systemic toxicity.36,45 In terms of liver sequestration, we analyzed
biodistribution of the vectors at an early time point (1 h) and at a late
time point (48 h), because most of the i.v.-administered Ad is cleared
within 24 h.25 Our 1-h data showed that the MSLN-targeted virus,
AdML-VTIN, goes to the tumor in the same amount as WT virus,
because the tumor (A459) has both expressed CAR andMSLN. How-
ever, AdML-VTIN showed significantly higher viral copy numbers in
the tumor at 48 h and 7 days (Figure 2). Although the difference was
not statistically significant, we observed a certain amount of AdML-
6 Molecular Therapy: Oncology Vol. 33 June 2025
VTIN accumulation in the lungs at 48 h,
because MSLN is also expressed on the meso-
thelial cells lining the pleura28 (Figure 2). More-
over, liver distribution of AdML-VTIN was
remarkably lower than that of AdML-5WT at
1 h and 48 h after administration (Figure 2).
These data indicated that AdML-VTIN virus
successfully de-targeted the liver in vivo, and
systemically administrated AdML-VTIN accumulated and replicated
in the tumor site.

We also investigated the detailed mechanism of low liver distribution
of AdML-VTIN. Ad particles reach the liver through the portal vein
and contact most hepatocytes only after passing through the liver si-
nusoids, the walls of which are formed by endothelial cells. Kupffer
cells are located in the space of Disse outside of the sinusoidal
wall.46 Both hepatocytes and Kupffer cells efficiently take up Ad par-
ticles.25,47–49When we separated the parenchymal cells (mainly hepa-
tocyte) and non-parenchymal cells (including Kupffer cells), there
was a significant difference between the WT virus and AdML-
VTIN in the parenchymal cell fraction, but not in the non-paren-
chymal cell fraction. This result suggests that the decrease in the dis-
tribution of AdML-VTIN to CAR-expressing hepatocytes was the
result of ablation of the CAR binding site after replacing the can-
cer-specific motif in the AB-loop of the fiber knob of AdML-VTIN.
Several groups have reported that Ad vectors from which CAR bind-
ing has been ablated do not change the biodistribution of Ad vec-
tors,50–52 because the binding of coagulation factors (e.g., FX, FIX)
to the Ad5 hexon protein plays a major role in hepatocyte transduc-
tion.45 However, several reports note that ablating the CAR binding of
Ad can reduce the liver tropism. Einfeld et al. have reported that CAR
binding-ablated Ad vectors exhibit a 10-fold decrease in liver trans-
duction.53 Koizumi et al. have also reported that the triple-mutant
Ad vector, which ablates CAR, integrin alpha V, and heparan sulfate
glycosaminoglycans (HSG) binding by introducing a mutation in the
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Figure 6. Anti-tumor effect of MSLN-targeted OAd with systemic injection in a pancreatic cancer model

(A) The expression level of MSLN and coxsackievirus and Ad receptor (CAR) by flow cytometry. The cytosidal effect of AdML-VTIN was assessed in vitro with a crystal violet

assay in AsPC1 cells at 1.0, 10, and 100 vp/cell (day 6). (B) The anti-tumor effect of systemically administered MSLN-targeted OAd (3 � 109 vp/mouse) was analyzed in

AsPC1 a subcutaneous xenograft model. Data are represented as mean ± SEM; *p < 0.05; one-way ANOVA followed by Tukey’s multiple comparisons test; n = 8–10 per

group. (C) At days 5 and 10, viral copy number in the tumor specimens was analyzed by qPCR. Results are shown as the E4 copy number per 20 ng DNA. The data were

analyzed using a two-tailed unpaired Student’s t test. ****p < 0.0001; n = 6 for each time point.
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AB-loop within the fiber knob, mediated much lower mouse liver
transduction by i.v. and intraperitoneal injection than the mutant
Ad vector containing a mutation in the FG-loop within the fiber
knob.54,55 These research findings are consistent with our results of
liver tropism of the MSLN-targeted OAd with AB-loop modification.

Another difficulty of systemic OAd therapy is preexisting anti-Ad
nAbs. In particular, the high prevalence of a pre-existing nAb
against Ad type 5 in human populations is a major limitation of sys-
temic administration and multiple-dose regimens.56 Although con-
troversy remains regarding the most important Ad capsid proteins
involved in the inhibition of Ad vector-mediated transduction by
nAbs, previous studies reported that Ad-nAbs mainly recognize
three major capsid proteins: hexon, fiber, and penton base.57–59 To-
mita et al., demonstrated that anti-fiber serum significantly inhibited
the in vitro transduction of Ad in A549 cells.60 Anti-fiber antibodies
thus appear to play an important role in nAb-mediated inhibition of
transduction with Ad vectors. Indeed, the fiber-modified OAd was
more resistant to human serum, compared to fiber-unmodified
OAd in an nAb assay (Figure 8A). Although further research is
needed, these data suggest that OAds with a targeting motif in
the AB-loop allow a degree of escape from preexisting Abs and
have a greater capability to facilitate systemic therapy. Interestingly,
the hemagglutination profile of the fiber-modified MSLN-targeted
OAds was also changed. Although the hemagglutination-based con-
ventional Ad group definition using rat and monkey red blood cells
(RBCs) does not tell much about the hemagglutination of human
RBCs, developers of therapeutics for systemic application have
been trying to avoid hemagglutination because the formation of
large particles eliminates the benefit of selective delivery.61 It has
been reported that a major determinant of hemagglutination is
the binding of knob to RBCs.62–65 Our data showed that the Ad5
with AB-loop modification showed far less hemagglutination
compared to WT Ad5. This means tropism alternation based on
Molecular Therapy: Oncology Vol. 33 June 2025 7
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Figure 7. Anti-tumor effect ofMSLN-targetedOAd in

a pancreatic cancer PDX model

(A) The immunohistochemical staining of MSLN in PDX

tumors (original magnification, �5 and �20). (B) The anti-

tumor effect of systemically administered MSLN-targeted

OAd (3 � 109 vp/mouse) was analyzed in PDX tumors

originating from two different patients. Data are repre-

sented as mean ± SEM; one-way ANOVA followed by

Tukey’s multiple comparisons test; PDX-1, n = 9–12 per

group; PDX-5, n = 6–7 per group; *p < 0.05.
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AB-loop modification is an effective way to avoid hemagglutination
(Figure 8B).

In this study, i.v. injection of the MSLN-targeted OAd, AdML-VTIN,
showed statistically significant anti-tumor effects in MSLN+ pancre-
atic tumormodels, as well as pancreatic cancer PDXmodels (Figures 6
and 7). The PDX model in particular represents the tumor microen-
vironments (TMEs) of patients and has been widely used for the eval-
uation of therapeutic regimens.66 Specifically, the TME of pancreatic
cancer is composed of a large stromal component consisting of can-
cer-associated fibroblasts, extracellular matrix, and immune cells with
immunosuppressive features that act as a barrier for drug deliv-
ery.67,68 We think that the tumor stroma acts as a barrier that limits
viral penetration and spread. However, the MSLN-targeting virus
showed strong anti-tumor activity in the pancreatic cancer PDX
model after systemic administration (Figure 7). These data suggest
that MSLN-targeted OAds can overcome the barrier by efficient de-
livery to only target cancer cells without any trapping by tumor
stroma cells.

In summary, systemically injected MSLN-targeted OAds showed
significantly lower liver sequestration and better tumor accumulation
than non-targeted OAds. Consequently, MSLN-targeted OAds
showed statistically significant anti-tumor effects with systemic
8 Molecular Therapy: Oncology Vol. 33 June 2025
administration. Interestingly, the AB-loop
modification of Ad fiber changed hemagglutina-
tion activity and became less susceptible to pre-
existing nAbs in human serum. Our results
indicate that an MSLN-targeted OAd is a very
promising agent for the development of sys-
temic treatment for advanced cancers.

MATERIALS AND METHODS
Cells and culture

Authenticated human lung adenocarcinoma
A549 cell line was obtained from American
Type Culture Collection (ATCC, Manassas,
VA). We purchased new AsPC-1 cells from
ATCC. After obtaining cells from ATCC, frozen
cell stocks were immediately prepared and
stored in a liquid nitrogen dewar. Cells were
cultured for less than 6 months. Cell line
authentication was performed by ATCC using short tandem repeat
DNA profiles. All cell lines were routinely maintained in ATCC-rec-
ommended conditions and cultured for experiments with Dulbecco’s
modified Eagle’s medium with 4.5 g/L glucose, L-glutamine, and so-
dium pyruvate (Mediatech, Manassas, VA) and supplemented with
10% fetal bovine serum (Hyclone Thermo Scientific, Logan, UT) in
a 37�C and 5% CO2 environment under humidified conditions.

Ad design

The MSLN-targeted Ad (AdML-VTIN) has a WT E1 gene, a single
loxP site within the E3 region, and the VTINRSA motif replacing
the primary CAR-binding domain in the AB-loop of fiber knob.26

The AdML-5WT, control Ad, contains a WT E1 gene, a single loxP
site within the E3 region, andWT fiber of Ad5.26 The resultant viruses
with the loxP site are therefore E3 deficient. The titer of the viruses
was determined by optical absorbance at 260 nm, qPCR, and pla-
que-forming assay.40

Liver cell isolation

Liver parenchymal cells and non-parenchymal cells (including
Kupffer cells) were isolated by collagenase digestion and differential
centrifugation using Percoll (GE Healthcare Biosciences, Pittsburgh,
PA). The detailed protocol was provided by Dr. Kenichi Ikejima
and described in a paper he coauthored.31 Briefly, livers were perfused
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Figure 8. Neutralization and hemagglutination profile of MSLN-targeted

OAd

(A) Neutralization assay by using human serum samples. The percentage of CPE+

wells in the presence of the diluted human serum. Data are shown as scatter dot

plots, including mean and SD error bars. The data were analyzed using a two-tailed

unpaired Student’s t test; *p < 0.05 n = 6 patient serum for each group. (B) Hem-

agglutination profiling of fiber-modified OAds. Ad5-based Ads with CAR-binding

knob showed hemagglutination (Ad5 and Ad5-RGD). Replacement of the knobs

with MSLN-binding motif (AdML-VTIN), or Ad3 (Ad5/3) did not cause hemaggluti-

nation.
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through the portal vein with Ca2+- and Mg2+-free Hanks’ balanced
salt solution (HBSS) containing 0.5 mM ethylene glycol-bis (b-ami-
noethyl ether)-N,N,N8,N8-tetraacetic acid (EGTA) at 37�C for
5 min. Thereafter, perfusion was performed with HBSS containing
0.025% collagenase IV (Sigma-Aldrich, St. Louis, MO) at 37�C for
5 min. After the liver was digested, it was excised and cut into small
pieces in collagenase buffer. The suspension was filtered through
nylon mesh and centrifuged three times at 55 � g at 4�C for 3 min
to collect the pellet and supernatant as the parenchymal cell fraction
and non-parenchymal cell fraction, respectively. The non-paren-
chymal cell fraction was washed twice with HBSS buffer.

Quantitative analysis for the adenoviral copy number

The viral solution was treated with 0.1 U/mL DNase I at 37�C for
15 min for eliminating non-capsidated viral DNA. The DNA was pu-
rified with QIAamp Blood Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instruction. The total viral copy number was
analyzed with E4 primers by SYBRGreen qPCR using the
QuantiFast SYBR Green PCR Kit (Qiagen). Oligonucleotide se-
quences were E4-forward: 50-GGAGTGCGCCGAGACAAC-30 and
E4-reverse: 50-ACTACGTCCGGCGTTCCAT-30.

FACS analysis

For analysis of liver cell separation, separated cells were suspended in
fluorescence-activated cell sorting (FACS) buffer, and stained with al-
lophycocyanin-conjugated anti-F4/80 monoclonal antibody (mAb)
(BioLegend, San Diego, CA) for 1 h on ice. Cells were then washed
with PBS and analyzed on BD FACS Canto II flow cytometer (BD
Biosciences).

For detection of MSLN expression in AsPC-1 cells, we harvested,
washed, and resuspended the cells in ice-cold PBS. Primary antibody
was added and incubated for 1 h on ice with anti-MSLN mAb
(BioLegend, clone K1). Cells were then washed with PBS, incubated
with Alexa Fluor 488 goat anti-mouse secondary antibody (Invitro-
gen, Carlsbad, CA) diluted to 1 mg/mL for 1 h on ice. Cells were
then washed with PBS and analyzed on the BD FACS Canto II flow
cytometer (BD Biosciences).

IHC for detection of MSLN expression in tumor

Formalin-fixed paraffin-embedded A549, AsPC1, and PDX tumors
were stained with an anti-MSLN mAb (5B2, dilution 1/20; Thermo
Fisher Scientific, Waltham, MA) overnight at 4�C. Signals were visu-
alized with IHC Select HRP/DAB kit (Millipore, Burlington, MA).

In vivo vector distribution

To analyze vector distribution in vivo, 5� 106 of A549 cells were inoc-
ulated subcutaneously into the flanks of female nude mice, and
1 � 1010 vp of the selected virus or control virus was systemically in-
jected when the diameter reached 5–7 mm. Mice were sacrificed 1 h,
48 h, and 7 days after injection. DNA was purified from frozen tumor
tissue using the DNeasy Blood & Tissue Kit (Qiagen), and the adeno-
viral DNA copy number of the E4 region was quantified by qPCR
starting from 20 ng DNA. The animal experiments were performed
in accordance with the institutionally approved animal experimental
protocol.

In vivo therapeutic effect in established tumors

To analyze the anti-tumor effect in an in vivomodel, 5� 106 of A549
or AsPC1 cells were inoculated subcutaneously into the flanks of the
female nude mice, and 3 � 109 vp/mouse of AdML-VTIN virus or
control AdML-5WT virus was injected systemically or i.t. when the
diameter reached 5–7 mm. To establish pancreatic cancer PDX
Molecular Therapy: Oncology Vol. 33 June 2025 9
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models, de-identified fresh human primary pancreatic cancer samples
that were pathologically diagnosed with adenocarcinoma were ob-
tained within 30 min of surgical resection from the Tissue Procure-
ment Facility (University of Minnesota). After dissection and removal
of the necrotic areas, fatty tissues, blood clots and connective tissues
with forceps and scissors, each tumor specimen was cut into
2 � 2 � 2-mm pieces. Immediately following this process, a small
piece of the tumor was implanted subcutaneously in the flanks of
8-week-old NOD/SCID mice (The Jackson Laboratory, Bar Harbor,
ME) and maintained by re-transplantation. When the tumor size
reached 5–7 mm in diameter, 3 � 109 vp/mouse of AdML-VTIN vi-
rus or control AdML-5WT virus was systemically injected. The con-
dition of the mice was monitored daily, and the tumor diameter was
measured twice per week. The tumor volume was calculated as
width2 � length/2.

In a separate experiment under the same conditions, the mice were
sacrificed at various time points. The DNA was purified from frozen
tumor tissues by using the QIAamp DNA Mini Kit, and the adeno-
viral DNA copy number of the E4 region was quantified by qPCR
starting from 20 ng DNA. The expression of adenoviral hexon protein
in the tumor was analyzed by immunostaining.26,69 All slides were
scanned with a 10� objective lens magnification using a Nikon
Eclipse TS100 microscope.
Multiple injection assay

At day 47, when the average of the tumor volume reached 500 mm3,
multiple time point injections of AdML-VTIN against regrown tu-
mors started. AdML-VTIN via i.v. injection (3 � 109 vp/mouse)
was performed at days 47, 61, 68, 75, and 82. The condition of the
mice was monitored daily, and the tumor diameter was measured
twice per week.
Neutralization assay

For the neutralization assay with the MSLN-targeted OAd, A549 (hu-
man lung carcinoma) cells were seeded in to 96-well plates at 5� 104

cells in 100 mL culture media. On the following day, human serum
was heat inactivated at 56�C for 60 min before a serial dilution was
performed in a 96-well tissue culture plate. The serum was serially
diluted and mixed with 100 TCID50 of Ads (Ad5-WT or AdML-
VTIN). After a 30-min incubation at 37�C, A549 cells were infected
with the virus/serum mixture. After 7 days of incubation, the number
of wells that are positive for cytopathic effect (CPE) was scored and
the CPE positivity was calculated.
Hemagglutination assay

Erythrocytes were extracted from blood cells derived from a human
donor, who gave informed consent. Then, 50 mL of 0.5% (v/v) erythro-
cyte suspensionwas layered in eachwell of the concave-bottom-shaped
96-well plate, and 50 mL virus dilutions (1� 1010 vp–2.56� 104 vp in
PBS) was added and gentlymixed into the erythrocyte suspension. The
plates were incubated at 37�C for 2 h to allow sedimentation to occur.
Hemagglutination was assessed visually.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 10,
GraphPad, La Jolla, CA). Comparisons between two groups were
performed using two-tailed unpaired Student’s t tests. Comparison
between more than two groups was performed by ANOVA with a
multiple comparison test. Results are expressed as mean ± SD or
SEM, and differences with p < 0.05 were considered statistically
significant.
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