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Serum extracellular vesicles
containing adenoviral E1A-DNA
as a predictive biomarker for liquid
biopsy in oncolytic adenovirus
therapy
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Oncolytic adenoviruses replicate selectively in tumor cells and induce immunogenic cell death, but
predictive biomarkers for early therapeutic response are lacking. This study evaluated extracellular
vesicle-encapsulated adenoviral ELA-DNA (EV-E1A-DNA) as a minimally invasive biomarker for
monitoring responses to telomerase-specific oncolytic adenoviruses OBP-301 and OBP-502. EVs

were isolated from human and murine cancer cell lines and from the serum of treated mice using
ultracentrifugation. EV-associated ELA-DNA levels were measured by quantitative polymerase

chain reaction and found to correlate with cytotoxicity in vitro and tumor regression in vivo. In
xenograft models, serum EV-E1A-DNA levels at 2 days post-treatment showed strong correlations
with final tumor volume and survival, supporting their utility as an early predictive biomarker. In
immunocompetent mice pre-immunized with wild-type adenovirus, free viral DNA was undetectable in
serum due to neutralizing antibodies, whereas EV-E1A-DNA remained detectable. This “stealth effect”
indicates that EVs protect viral components from immune clearance. These results demonstrate that
EV-E1A-DNA is a sensitive and virus-specific biomarker that enables early assessment of therapeutic
efficacy, even in the presence of antiviral immunity. This strategy offers a promising liquid biopsy
approach for personalized monitoring of oncolytic virotherapy and may be applicable to other virus-
based therapies.
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Predictive biomarkers play a crucial role in cancer treatment by identifying patients most likely to respond to
specific therapies, enabling personalized treatment strategies. Circulating tumor DNA (ctDNA), a key component
of liquid biopsy, has attracted attention as a promising biomarker that provides real-time, non-invasive insights
into treatment response and the emergence of resistant mutations, enabling early detection of genetic alterations
and timely therapeutic adjustments™?. Extracellular vesicles (EVs), including exosomes, microvesicles, and
apoptotic bodies, have also been recognized as important biomarkers due to their ability to carry tumor-derived
molecular components such as proteins, nucleic acids, and lipids that reflect the characteristics of cancer cells®>.
EVs originate primarily from endosomal multivesicular bodies (MVBs), which fuse with the plasma membrane
and release their contents into the extracellular environment. Their role in intercellular communication and
their capacity to provide dynamic information about the tumor microenvironment make them promising tools
for monitoring disease progression and therapeutic efficacy. As EVs circulate in bodily fluids, including blood
and urine, they serve as a crucial component of liquid biopsy, offering a minimally invasive approach to tumor
profiling and treatment monitoring®. Notably, EVs can function as carriers of viral DNA; for instance, hepatitis
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B virus (HBV) DNA transmitted via EVs is resistant to antibody neutralization, a phenomenon known as the
“stealth effect™.

Oncolytic virus therapy is an emerging cancer treatment that leverages genetically engineered viruses to
selectively infect and replicate within tumor cells, causing their destruction while stimulating antitumor immune
responses®. Several oncolytic viruses, including talimogene laherparepvec (T-VEC) and teserpaturev, have been
approved for clinical use, and ongoing research is exploring their combination with immunotherapies and
other standard treatments to enhance therapeutic efficacy®!?. We have developed telomerase-specific oncolytic
adenoviruses, including suratadenoturev (OBP-301)!'"13. OBP-301 is currently being evaluated in multiple
clinical trials for various solid tumors, including esophageal, gastric, and hepatocellular carcinomas'®. These
trials are investigating its safety and efficacy as monotherapy and in combination with standard treatments such
as radiation therapy and immune checkpoint inhibitors (ICIs)!>!. In relation to EVs, our previous preclinical
study in mice demonstrated that, in addition to activating antitumor immune responses, tumor-derived EVs
also play an important role in the abscopal effect induced by local OBP-301 therapy'”!%. This study showed that
OBP-301 or its components, such as proteins and nucleic acids, are released from tumors while encapsulated
in tumor-derived EVs, allowing these EVs to transport OBP-301 to distant metastatic sites, where they exert a
therapeutic effect (abscopal effect).

In the present study, based on the hypothesis that greater proliferation of OBP-301 within the tumor and
an enhanced therapeutic effect lead to greater release of OBP-301 or its components encapsulated in tumor-
derived EVs into the bloodstream, the usefulness of liquid biopsy targeting adenoviral E1A-DNA, one of the
components of OBP-301 encapsulated in tumor-derived EV's and released from OBP-301-treated tumor cells, as
a predictive biomarker for OBP-301 therapy was investigated. The concept of using the DNA of the therapeutic
virus, rather than patient-derived DNA, as a predictive biomarker is an innovative and unprecedented approach,
which appears to be a distinctive feature of oncolytic virus therapy as a biological agent. The findings of this study
are expected to pave the way for the development of personalized medicine in oncolytic virus therapy.

Results

Oncolytic adenoviruses are encapsulated within EVs and secreted

Transmission electron microscopy (TEM) demonstrated that, though EVs were observed in multivesicular
bodies (MVBs) in HCT116 cells, viral particles were detected within EVs in HCT116 cells treated with OBP-
301 (Fig. 1A). These viral particles were secreted into the culture media encapsulated within EVs, although
free, non-encapsulated viruses were also detected in the surrounding environment (Fig. 1B). Dynamic light
scattering (DLS) showed that both control EVs and EVs collected after OBP-301 treatment (301-EVs) were
approximately 100 nm in size across all human colon carcinoma cell lines (HCT116, SW480, HT29, and RKO)
(Fig. 1C). Western blot analysis of EVs demonstrated that, though CD9 and CD81, representative EV markers,
were detected in both control EVs and 301-EVs from all cell lines, adenoviral E1A protein expression was
observed only in 301-EVs. The strongest E1A expression was found in HCT116, followed by SW480 and HT29,
with minimal expression in RKO (Fig. 1D, Supplementary Fig. SIA). When the amount of EIA-DNA in both
intracellular EVs and EVs present in the culture supernatant was measured after OBP-301 treatment, focusing
on HCT116 (which showed high E1A expression in EVs) and RKO (which showed weak expression), high levels
of E1A-DNA were detected in both intracellular and supernatant EVs in HCT116, whereas both were low in
RKO, demonstrating a correlation (Fig. 1E). A similar evaluation using the murine pancreatic cancer cell line
PANO2 and the mouse-adapted OBP-301 variant, OBP-502, showed that viral particles were detected within
EVs collected after OBP-502 treatment (502-EVs). The 502-EVs, approximately 100 nm in size, also contained
E1A proteins (Fig. 1F-H, Supplementary Fig. S1B). These findings suggest that oncolytic viral particles and their
components are secreted encapsulated within EVs following treatment, and that the amounts of virus and its
components vary among cell lines.

Extracellular vesicle-encapsulated E1A-DNA levels are significantly correlated with the
cytotoxicity of OBP-301 in vitro

To examine the correlation between differences in extracellular vesicle-encapsulated E1IA-DNA (EV-E1A-DNA)
levels and the therapeutic efficacy of OBP-301, HCT116, SW480, HT29, and RKO cells were treated with various
doses of OBP-301, and the levels of EV-E1A-DNA released into the culture supernatant were measured by
polymerase chain reaction (PCR). In HCT116, SW480, and HT29 cells, the amount of EV-E1A-DNA increased
proportionally to both the occurrence and magnitude of the therapeutic effect. In contrast, in RKO cells, in which
little to no therapeutic effect was observed, EV-E1A-DNA was also barely detectable (Fig. 2A). Similarly, when
the correlation between EV-E1A-DNA levels and the therapeutic efficacy of OBP-301 was evaluated over time
in these cell lines, a consistent correlation was observed (Fig. 2B). A similar correlation between the therapeutic
efficacy of OBP-502 and EV-E1A-DNA levels was observed in PANO2 cells (Fig. 2C, D).

To address the concern that the observed correlation might be due to the presence of free viruses rather than
EVs, since the material collected by ultracentrifugation may contain both EVs and free viruses, an additional
analysis was performed using ExoCap, a reagent specifically designed for the isolation of EVs, including exosomes,
after ultracentrifugation. Although the EV-E1A-DNA levels decreased compared with ultracentrifugation alone,
the correlation with therapeutic efficacy remained evident, which is particularly important in in vivo studies in
which neutralizing antibodies against adenoviruses are present (Supplementary Fig. S2). These findings suggest
that EV-E1A-DNA levels are significantly correlated with the therapeutic effects of oncolytic adenoviruses,
indicating their potential as a predictive biomarker.
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Fig. 1. Isolation and characterization of EVs. (A) Representative TEM images of HCT116 cells harvested 2
days after treatment with PBS (control) or OBP-301 (50 MOI). The right panel shows a magnified view of

the area outlined by the box in the left panel. Yellow arrows indicate viral particles, and yellow arrowheads
indicate EVs. Scale bar, 200 nm. (B) Representative TEM images of 301-EVs isolated from the culture media
of HCT116 cells. Yellow arrows indicate viral particles, and yellow arrowheads indicate EVs. Scale bar,

200 nm. (C) Particle size of EVs and 301-EVs isolated from the culture media of HCT116, SW480, HT29, and
RKO cells, measured by dynamic light scattering (DLS). (D) Western blot analysis (cropped, full-length blot
images in Supplementary Fig. S1A) of CD9, CD81, and E1A in EVs and 301-EVs isolated from the culture
media of HCT116, SW480, HT29, and RKO cells. (E) qPCR analysis of EIA-DNA in cells or the culture
media of HCT116 and RKO cells collected 2, 24, 48, or 72 h after OBP-301 treatment (50 MOI) (n=3). (F)
Representative TEM image of 502-EVss isolated from the culture media of PANO2 cells. Yellow arrows indicate
viral particles, and yellow arrowheads indicate EVs. Scale bar, 200 nm. (G) Particle size of EVs and 502-EVs
isolated from the culture media of PANO2 cells, measured by DLS. (H) Western blot analysis (cropped, full-
length blot images in Supplementary Fig. S1B) of CD9 and E1A in EVs and 502-EVs isolated from the culture
media of PANO2 cells.

Early-phase serum EV-E1A-DNA levels are significantly correlated with the final antitumor
effects of OBP-301 in immunodeficient mice

When the antitumor effects of OBP-301 against HCT116 and RKO subcutaneous tumors were evaluated in
immunodeficient BALB/c nude mice, a single intratumoral injection of OBP-301 significantly suppressed the
growth of HCT116 tumors, whereas no effects were observed in RKO tumors, consistent with the in vitro findings
(Fig. 3A). After confirming that EVs could be isolated from mouse blood samples using ultracentrifugation, OBP-
301 was administered via intratumoral injection in the HCT116 and RKO subcutaneous tumor models, and EV's
were extracted from blood samples collected 2 days after treatment (Supplementary Fig. S3A). Consistent with
the in vitro results, apart from free virus, EVs containing internalized viral particles were detected in HCT116
tumors by TEM, whereas few such EVs were observed in RKO tumors (Fig. 3B). When serum EV-E1A-DNA
levels were monitored by PCR up to 7 days after OBP-301 intratumoral injection in HCT116 and RKO tumors,
serum EV-E1A-DNA levels increased over time in HCT116 tumors, whereas they remained largely unchanged in
RKO tumors (Fig. 3C). To assess the relationship between early EV-E1A-DNA levels and therapeutic outcomes,
the correlations between the final tumor volume, measured 28 days after a single intratumoral injection of OBP-
301 in HCT116 tumors, and serum EV-E1A-DNA levels collected at 2, 7, and 14 days after treatment were
analyzed (Supplementary Fig. S3B). EV-E1A-DNA levels collected 2 days after treatment showed the strongest
correlation with final tumor volume (r = -0.85, p=0.018), compared with those collected at 7 days (r=0.29,
p=0.52) and 14 days (r=0.55, p=0.20) (Fig. 3D). These findings suggest that serum EV-E1A-DNA levels reflect
the therapeutic effects of OBP-301 in vivo. Notably, the observation that EV-E1A-DNA levels at the early time
point of day 2 after treatment were the most predictive of therapeutic efficacy is of particular significance.

Scientific Reports |

(2025) 15:38590 | https://doi.org/10.1038/s41598-025-22389-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cell viability

1.5 ,

Cell viability

1.5 ;

Cell viability

0.5 4

0.5 A

-
L

=]
G
L

Q

SN 6PN SSS SN 6O SSS SN 69N SSS SN 6O PSS S
S LSS S LSS S LSS S PSS S

N

HCT116 - - Sw480 - - HT29

PANO02 r3 1.5 4 PANO02 r3

A
X
o
=

(x108)

4
4
1
»
E1A-DNA copy number

I T L L2
— -l—v—Ll =-to

HCT116 r — Sw480 r — HT29 r RKO r6

(%108)

E1A-DNA copy number

SO TN T

s -} _III_ I

day1 day2 day3 day4 day5 day1 day2 day3 day4 day5 day1 day2 day3 day4 day5 day1 day2 day3 day4 day5

D = Cell viability

H E1A-DNA

(x108)

E1A-DNA copy number

(x108)

N
E1A-DNA copy number

Cell viability
o
o

Lo 0 - r 0

O P .S S day1 day2 day3 day4 day5
NI MR

(Mol

Fig. 2. Correlation between OBP-301 cytotoxicity and EV-E1A-DNA levels in vitro. (A) Cell viability (line
graph) was assessed in HCT116, SW480, HT29, and RKO cells 2 days after OBP-301 treatment at the indicated
doses (n=5). E1A-DNA levels (bar graph) in EVs isolated from the culture media in the same experiment
were measured by qPCR. (B) Cell viability (line graph) was assessed in HCT116, SW480, HT29, and RKO cells
at the indicated time points after OBP-301 treatment (50 MOI) (n=5). E1A-DNA levels (bar graph) in EVs
isolated from the culture media in the same experiment were measured by gPCR. (C) Cell viability (line graph)
was assessed in PANO2 cells 2 days after OBP-502 treatment at the indicated doses (n=>5). E1A-DNA levels
(bar graph) in EVs isolated from the culture media in the same experiment were measured by qPCR. (D) Cell
viability (line graph) was assessed in PANO02 cells at the indicated time points after OBP-502 treatment (500
MOI) (n=5). E1IA-DNA levels (bar graph) in EVs isolated from the culture media in the same experiment were
measured by qPCR.

Serum EV-E1A-DNA serves as a predictive biomarker of OBP-301 in immunocompetent mice
possessing anti-adenoviral antibodies

OBP-301 and OBP-502 are based on human adenovirus type 5, a prevalent cause of the common cold. As a
result, most adults already possess neutralizing antibodies against this virus, causing free virus released
into the bloodstream after intratumoral injection to be rapidly captured and cleared by antibody-mediated
adaptive immunity. This makes it difficult to use free virus as a predictive biomarker. To generate mice with
neutralizing antibodies against adenoviruses, immunocompetent C57BL/6 mice were injected twice with wild-
type adenovirus at one-week intervals, and blood samples were collected 2, 3, and 4 weeks after the initial
injection (Supplementary Fig. S4A). The presence of neutralizing antibodies in the blood was indirectly assessed
using OBP-401, a green fluorescent protein (GFP)-expressing oncolytic adenovirus. When culture medium
supplemented with blood collected two weeks after the initial injection was used, OBP-401 infection of HCT116
cells was significantly inhibited, suggesting the presence of neutralizing antibodies (Fig. 4A). A similar level
of neutralizing antibodies was also confirmed in blood samples collected three and four weeks after the initial
injection.

Ina C57BL/6 mouse model vaccinated with wild-type adenovirus one or two weeks before PAN02 subcutaneous
tumor inoculation, blood samples were collected over time after OBP-502 intratumoral injection, and E1A-DNA
levels in both serum and EV's isolated by ultracentrifugation were measured by PCR (Supplementary Fig. S4B).
Whereas no significant E1A-DNA was detected in serum, a significant increase was observed in EVs collected on
days 2 and 3 after OBP-502 administration, demonstrating the stealth effect of EV's (Fig. 4B). In the vaccinated
C57BL/6 mouse model bearing PAN02 subcutaneous tumors, the correlation between the final therapeutic effect
of a single OBP-502 injection (day 28) and serum EV-E1A-DNA levels collected on days 2, 7, and 14 after
treatment was evaluated (Supplementary Fig. S4C). The strongest correlation was observed on day 2 (r = -0.79,
p=0.031), compared with days 7 (r = -0.28, p=0.54) and 14 (r=0.01, p=0.97), consistent with the in vitro results
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Fig. 3. Correlation between OBP-301 antitumor efficacy and serum EV-E1A-DNA levels in immunodeficient
mice. (A) HCT116 (n=5) and RKO (n=4) subcutaneous tumors inoculated into immunodeficient BALB/c
nude mice were intratumorally treated once with PBS or OBP-301 (1.0 x 108 PFUs), and tumor volumes were
monitored for up to 23 days after treatment. The bottom images show the macroscopic appearance of tumors
harvested on day 23. *p<0.001. (B) Representative TEM images of EV's isolated from the serum of mice
bearing HCT116 or RKO subcutaneous tumors collected 2 days after OBP-301 treatment (1.0 x 108 PFUs).
Scale bar, 200 nm. (C) BALB/c nude mice bearing HCT116 or RKO subcutaneous tumors were intratumorally
treated once with OBP-301 (1.0 x 108 PFUs), and sacrificed at 1, 2, 3, 5, and 7 days after treatment. Whole
blood was collected each day, and E1A-DNA levels in serum EV's were measured by qPCR (n=3). (D) In
BALB/c nude mice bearing HCT116 subcutaneous tumors, which were intratumorally treated once with OBP-
301 (1.0 x 108 PFUs), blood samples (200 pL) were collected on days 2, 7, and 14 after treatment, and tumor
volumes were monitored until day 28 (n=7). Correlations between serum EV-E1A-DNA levels at each time
point and the final tumor volume on day 28 were analyzed.

(Fig. 4C). Furthermore, serum EV-E1A-DNA levels collected on day 2 were significantly correlated with survival
(r=0.80, p=0.018), based on the criterion that mice were considered to have reached the experimental endpoint
when tumor volume exceeded 150 mm?® (Fig. 4D). Serum EV-E1A-DNA levels were also significantly correlated
with E1A-DNA levels in the tumor (r=0.93, p <0.001) (Fig. 4E, Supplementary Fig. S4D). These findings suggest
that serum EV-E1A-DNA levels measured on day 2 serve as a useful biomarker for predicting the therapeutic

efficacy of oncolytic adenoviruses, even in the presence of neutralizing antibodies, highlighting their potential
for clinical application.

Discussion

Several features make EV's particularly suitable as predictive biomarkers in cancer therapy. First, EVs are highly
stable in biological fluids such as blood, urine, and saliva, which allows for robust, non-invasive sampling and
longitudinal monitoring'®. Furthermore, EVs provide dynamic and real-time insights into tumor biology because
their contents reflect the molecular characteristics of tumor cells, including genetic mutations and treatment-
induced changes. Second, EV's have the potential to enhance detection sensitivity compared with direct analysis
of whole serum?. Biomolecules of interest, such as tumor-derived genomic DNA and proteins, may be present
in low abundance or masked by background signals in serum. In contrast, EVs can selectively enrich and
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Fig. 4. Correlation between OBP-502 antitumor efficacy and serum EV-E1A-DNA levels in
immunocompetent mice vaccinated with wild-type adenovirus. (A) C57BL/6 mice were subcutaneously
injected twice with wild-type adenovirus type 5 (1.0 x 10° PFUs) on days 1 and 8 (n=3-4), and whole blood
was collected on days 15, 22, and 29. HCT116 cells (5.0 x 102 cells/well in a 96-well plate) were treated with
OBP-401 (1 MOI) for 3 days in the presence of serum diluted 1,024-fold, and GFP-positive spots were
observed using a fluorescence microscope. *p <0.001. (B) Adenovirus-vaccinated C57BL/6 mice bearing
PANO2 subcutaneous tumors were intratumorally treated once with OBP-502 (1.0 x 108 PFUs), sacrificed 1,

2, 3,5, and 7 days after treatment, and whole blood samples were collected each day. The control group was
defined as untreated tumor-bearing mice. E1A-DNA levels in serum and serum EVs were measured by qPCR
(n=3-4).*p<0.001. (C) In adenovirus-vaccinated C57BL/6 mice bearing PAN02 subcutaneous tumors, which
were intratumorally treated once with OBP-502 (1.0 x 108 PFUs), blood samples (200 uL) were collected on
days 2, 7, and 14 after treatment, and tumor volumes were monitored until day 28 (1 =8). Correlations between
serum EV-E1A-DNA levels at each time point and the final tumor volume on day 28 were evaluated. (D) In
the same experiment as in (C), the correlation between serum EV-E1A-DNA levels on day 2 and survival was
evaluated, assuming mice were considered to have reached the experimental endpoint when tumor volume
exceeded 150 mm®. (E) Adenovirus-vaccinated C57BL/6 mice bearing PAN02 subcutaneous tumors were
sacrificed 2 days after intratumoral treatment with OBP-502 (1.0 x 10® PFUs), and tumors and whole blood
samples were collected. ELA-DNA levels in tumors and serum EVs were measured by qPCR (n=3).

protect these components, thereby improving the signal-to-noise ratio and enabling more sensitive and specific
detection of tumor-associated changes. This enrichment effect is particularly valuable when analyzing low-copy
targets or in early-stage disease, where circulating biomarkers are scant. This characteristic was demonstrated in
the present study (Fig. 4B), in which adenoviral E1A-DNA, as the biomarker of interest, was clearly detected in
serum EVs collected after oncolytic adenovirus treatment, whereas no significant E1A-DNA signal was detected
in whole serum. The modest signal-to-noise ratio observed in Fig. 4B may be related to the limited replication
efficiency of human adenovirus in murine cells compared with human cells, although therapeutic efficacy was
indeed observed in murine tumors, as shown in (Fig. 2C).

The present study demonstrated that adenoviral ELIA-DNA encapsulated in EVs can serve as a robust and
minimally invasive predictive biomarker for the efficacy of oncolytic adenovirus therapy. By integrating in
vitro and in vivo experimental models, including both immunodeficient and immunocompetent mice, EVs
encapsulating viral DNA were shown to be secreted in response to OBP-301 or OBP-502 treatment, and their
levels correlated strongly with therapeutic outcomes. These findings highlight the utility of EV-based liquid
biopsy in monitoring and predicting responses to oncolytic virotherapy, even in the presence of pre-existing
anti-adenoviral immunity. One of the key observations in the present study is that EV-E1A-DNA levels reflect
the extent of viral replication and cytotoxicity across multiple human colon cancer cell lines, as well as in murine
pancreatic cancer cells. This correlation was consistently observed in both dose- and time-dependent settings.
Importantly, these findings were further validated in vivo, in which serum EV-E1A-DNA levels collected after a
single intratumoral injection of OBP-301 or OBP-502 correlated strongly with final tumor volumes and survival.
Notably, serum EV-E1A-DNA levels as early as day 2 post-treatment showed the highest predictive value,
suggesting that this biomarker may be useful for early therapeutic decision-making.

A particularly novel aspect of the present study is the demonstration that EVs enable viral components to
evade neutralizing antibodies, an immunological barrier that often limits the systemic efficacy and detectability
of oncolytic viruses. In immunocompetent mice vaccinated with wild-type adenovirus, free EIA-DNA was
undetectable in serum, whereas EV-E1A-DNA remained readily measurable. This “stealth effect” is consistent
with prior findings in other viral systems, such as hepatitis B virus, and supports the hypothesis that EVs can
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Fig. 5. Schematic Illustration.

protect and stabilize viral nucleic acids in circulation. These findings provide a new mechanistic insight into
the immune-evasive properties of EVs and further support their use in virotherapy monitoring. Clinically, this
approach offers several advantages over traditional tumor biopsies or serum-based assays. EVs are stable in
biofluids, reflect tumor-specific molecular signatures, and can be repeatedly sampled with minimal invasiveness.
Moreover, the use of viral DNA as a biomarker, rather than host-derived ctDNA, represents a novel paradigm that
is unique to oncolytic virotherapy and may be generalized to other viral agents engineered for cancer treatment.
This study has several limitations. First, although the correlation between EV-E1A-DNA levels and antitumor
efficacy was confirmed in murine models, validation using clinical samples is necessary to establish its predictive
value in human patients. Second, whether this correlation will persist following repeated administration of
oncolytic viruses or in combination with chemotherapeutic agents, radiation therapy, or ICIs remains unclear.
Third, whereas this study focused on E1A-DNA, the potential contribution of other viral or host-derived EV
contents, such as proteins and microRNAs, to therapeutic response has yet to be elucidated. Fourth, though
ultracentrifugation was used for EV isolation in this study, its limited reproducibility and scalability may restrict
clinical applicability. More rapid and standardized methods, such as immunoaffinity capture or size exclusion
chromatography, may be required for future clinical use.

In conclusion, the present findings suggest that EV-encapsulated viral DNA represents a novel, sensitive, and
non-invasive predictive biomarker for oncolytic adenovirus therapy (Fig. 5). This strategy offers strong potential
for clinical implementation in the context of personalized virotherapy, particularly for early response monitoring
and overcoming limitations posed by antiviral immunity. Further clinical validation and mechanistic studies are
warranted to fully harness the potential of EV-based liquid biopsy in cancer treatment.

Methods
Cell lines and culture conditions

HCT116, SW480, HT29, and RKO, human colon carcinoma cell lines, and PAN02, a murine pancreatic
carcinoma cell line, were used in this study. HCT116, SW480, HT29, and RKO cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA), and PANO02 cells were obtained from the
National Cancer Institute (Frederick, MD, USA). HCT116 cells were cultured in McCoy’s 5 A medium; SW480
and HT?29 cells were cultured in DMEM; RKO cells were cultured in MEM; and PANO2 cells were cultured in

RPMI 1640 medium. All culture media were supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (100 U/mL).

Oncolytic adenoviruses

Three different telomerase-specific oncolytic adenoviruses were used in this study (Supplementary Fig. S5).
OBP-301, which contains the human telomerase reverse transcriptase (WTERT) promoter driving the expression
of the adenoviral E1A and E1B genes, selectively replicates in tumor cells while sparing normal cells, thereby
inducing oncolytic cell death. OBP-502, a variant of OBP-301, carries a modified fiber incorporating an RGD
peptide to enhance infection of murine tumor cells by interacting with integrin avp5, which is expressed on
tumor cells. OBP-401, another OBP-301 variant, is engineered to express GFP in infected cells. Multiplicity
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of infection (MOI) and plaque-forming units (PFUs) were used to quantify viral doses in vitro and in vivo,
respectively.

EV isolation and characterization
In in vitro experiments, normal EVs were isolated by ultracentrifugation of supernatants collected after culturing
cells in FBS-free medium for 48 h (EVs). EVs were also isolated by the same process following OBP-301 or OBP-
502 treatment at the indicated doses for 24 h (301-EVs or 502-EVs, respectively). Briefly, the ultracentrifugation
protocol involved centrifuging the collected supernatants at 2,000 x g for 10 min to remove cells and debris,
followed by filtration through a 0.22-um filter and centrifugation at 100,000 x g for 70 min at 4 °C (Beckman
Ultracentrifuge Optima L-70 K). The resulting pellets were rinsed with phosphate-buffered saline (PBS),
subjected to a second ultracentrifugation under the same conditions, and resuspended in PBS.

In in vivo experiments, blood samples were centrifuged sequentially at 1,000 x g for 15 min, 3,000 x g for
20 min, and 12,000 x g for 20 min to remove blood cells and cell fragments, followed by ultracentrifugation at
100,000 x g for 70 min at 4 °C. Subsequent procedures were performed as described for the in vitro experiments.

The morphology and structure of EVs were visualized using a transmission electron microscope (TEM) (H-
7560, Hitachi, Japan). The sizes of EV's were measured using dynamic light scattering (DLS) with a Zetasizer Nano
ZSP (Malvern Instruments, Malvern, UK). Protein concentrations were determined using the bicinchoninic acid
(BCA) assay according to the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, USA).

Cell viability assay

HCT116, SW480, HT29, RKO, and PANO2 cells (4.0 x 10° cells/well in a 96-well plate; n=>5) were treated with
various concentrations of OBP-301 or OBP-502 at different time points. Cell viability was assessed using the Cell
Proliferation Kit IT (XTT) (Roche, Basel, Switzerland) according to the manufacturer’s instructions.

Transmission electron microscopy

For pre-fixation, cell specimens were immersed in 0.1 M PBS (pH 7.4) containing 2% glutaraldehyde and 2%
paraformaldehyde for 16-18 h. Post-fixation was performed in 2% osmium tetroxide for 1.5 h. After washing
with PBS, the specimens were dehydrated through a graded ethanol series and embedded in low-viscosity
resin (Spurr resin; Polysciences, Warrington, PA, USA). Subsequently, 80-nm sections were prepared using an
ultramicrotome (EM-UCY7; Leica, Tokyo, Japan) and stained with uranyl acetate and lead citrate. The specimens
were then examined using an H-7650 microscope.

Western blot analysis

Proteins (20 pg) were electrophoresed on 10% SDS-polyacrylamide gels and transferred onto Hybond-
polyvinylidene difluoride (PVDF) membranes (GE Healthcare UK Ltd., Buckinghamshire, UK). The membranes
were incubated overnight at 4 °C with primary antibodies against CD9 (for human) (1:1000; Invitrogen, cat.
10626D), CD81 (1:1000; Invitrogen, cat. R10367), E1A (1:1000; BD Pharmingen, cat. 554155; San Jose, CA,
USA), and CD?9 (for mouse) (1:1000; Abcam, cat. ab82390; Cambridge, UK). The membranes were then washed
in buffer and incubated with secondary antibodies for 1 h at room temperature. After further washing, the
membranes were visualized using the Amersham ECL chemiluminescence system (GE Healthcare UK Ltd.).

Quantitative polymerase chain reaction (qQPCR) analysis
Total DNA was extracted from cells using the QITAamp DNA Mini Kit (Qiagen, Valencia, CA, USA) following
cell lysis. PCR amplification was performed using 40 cycles of denaturation at 95 °C for 20 s and annealing at
60 °C for 20 s. Data were analyzed using the StepOnePlus real-time PCR system (Applied Biosystems, Waltham,
MA, USA). Primers and probes were predesigned by the manufacturer (Applied Biosystems).

The TagMan E1A probe sequence was 5-CTGTGTCTAGAGAATGC-MGB-3’, and the TagMan E1A primers
were as follows: E1A-F, 5°-CCTGAGACGCCCGACATC-3’; and E1A-R, 5-GGACCGGAGTCACAGCTATCC-
3.

In vivo experiments

All animal experiments were performed in accordance with the protocols approved by the Institutional Animal
Care and Use Committee of Okayama University. All experimental procedures adhered to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. BALB/c-nu/nu mice and C57BL/6 mice were purchased
from CLEA Japan, Inc. Mice were housed in a specific pathogen-free environment in the Department of Animal
Resources of Okayama University.

HCT116 cells (1x10°) and RKO cells (5x 10°) were subcutaneously injected into the flanks of 6-week-old
female BALB/c-nu/nu mice. PANO2 cells (1 x 10°) were subcutaneously injected into the flanks of 6-week-old
female C57BL/6 mice. Treatment was started when the tumors reached a diameter of approximately 5 mm.
The perpendicular diameters of each tumor were measured two to three times per week, and tumor volume
was calculated using the following formula: tumor volume (mm?®)=a x b> x 0.5, where a represents the longest
diameter, b represents the shortest diameter, and 0.5 is a constant used to estimate the volume of an ellipsoid.

HCT116 and RKO subcutaneous tumors were injected intratumorally once with OBP-301 (1.0 x 10® PFUs)
or PBS, and tumor volume was monitored for up to 28 days after treatment. Whole blood was collected from
mice on days 1, 2, 3, 5, and 7 after treatment and subjected to qPCR analysis for serum EV-E1A-DNA (n=3-4).

In experiments evaluating neutralizing antibodies against adenovirus, 6-week-old female C57BL/6 mice were
injected subcutaneously twice with wild-type adenovirus type 5 (1.0x 10° PFUs) on days 1 and 8 (n=3-4).
Whole blood was collected on days 15, 22, and 29. HCT116 cells (5.0 10° cells/well in a 96-well plate) were
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treated with OBP-401 (1 MOI) for 3 days in the presence of serum diluted 1,024-fold, and GFP-positive spots
were observed using an Olympus IX71 microscope.

In experiments using C57BL/6 mice immunized with adenovirus, PAN02 subcutaneous tumors were injected
intratumorally once with OBP-502 (1.0 x 108 PFUs). Blood samples were collected on days 2, 7, and 14 after
treatment, and in vivo monitoring continued through day 28. The correlations between serum EV-E1A-DNA
levels on days 2, 7, and 14 and the final tumor volume on day 28 were evaluated. In the survival analysis, a tumor
volume of 150 mm? was defined as the experimental endpoint, and the correlation between EV-E1A-DNA levels
on day 2 and the survival period was evaluated.

Statistical analysis
Statistical analyses were performed using JMP software (SAS Institute, Cary, NC, USA). Student’s t-test was
used to assess the significance of differences in continuous variables. P values < 0.05 were considered significant.

Data availability
The data generated in this study are available upon request from the corresponding author.
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