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Abstract

Background: Malignant gliomas remain largely refractory to current therapies, in part because abnormal tumor vasculature and a dis-
rupted blood-brain barrier limit intratumoral drug delivery and cause severe tumor-associated edema. The oncolytic adenovirus KDO1 is
a conditionally replicating adenovirus type 5 with a 27-bp deletion in Early Region 1A (E1A) and a truncated BH3-Interacting Domain
Death Agonist (tBID) expression cassette inserted into the E3 region. This study investigated whether bevacizumab-induced vascular
normalization would enhance the delivery and efficacy of KDO1 in gliomas. Methods: The oncolytic activity and mitochondrial ef-
fects of KDO1 were evaluated in human glioma cell lines using cell viability assays, JC-1 staining, quantitative real-time-polymerase
chain reaction (QRT-PCR), and western blotting for BID/tBID. An orthotopic LN229 nude mouse model was used to assess a sequen-
tial bevacizumab—KDO1 regimen. Mice were randomized to receive PBS, bevacizumab, KDO1, or combination treatment. Body
weight and survival were recorded. Tumor cell proliferation (Ki-67), tumor vasculature (CD31), brain water content (AWater%), serum
biochemistry, coagulation parameters, and organ weights were analyzed to evaluate antitumor activity, edema, and systemic safety.
Results: KDO1 induced robust dose- and time-dependent cytotoxicity in glioma cells and caused marked mitochondrial depolariza-
tion, accompanied by increased BID mRNA expression, loss of full-length BID, and accumulation of tBID. In the orthotopic LN229
model, bevacizumab administered 48 h before KDO01 significantly improved overall outcomes compared with either monotherapy. The
bevacizumab—KDO1 group showed improved preservation of body weight, pronounced prolongation of survival, and the lowest Ki-67
labeling index. This group also exhibited reduced brain water content (A Water%), consistent with sparser CD31-positive vessels re-
sulting from vascular normalization and oncolysis, indicating effective attenuation of tumor-associated edema. Serum liver and kidney
function tests, platelet counts, coagulation indices, and major organ weights were comparable across treatment groups, suggesting no
additional systemic toxicity associated with combination treatment. Conclusions: KDO1 exerts potent tBID-mediated mitochondrial
oncolytic activity against glioma cells. When used as a priming strategy, transient vascular normalization induced by bevacizumab en-
hanced the intratumoral efficacy of KDO1 in an orthotopic glioma model while maintaining a favorable safety profile. These findings
support a simple, sequence-dependent combination approach integrating anti-VEGF therapy with oncolytic virotherapy for the treatment
of malignant gliomas.
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1. Introduction

Malignant gliomas, particularly glioblastomas, are
among the most aggressive primary brain tumors in adults
[1]. Even with current standard-of-care regimens combin-
ing maximal safe resection with radiotherapy and temozolo-
mide, median overall survival rarely exceeds 15-20 months
[1]. Treatment failure reflects not only marked genetic and
phenotypic heterogeneity but also profoundly abnormal tu-
mor vasculature and disruption of the blood-brain barrier.
These vascular abnormalities severely restrict intratumoral
drug delivery and distribution and contribute to pronounced
tumor-associated brain edema [2]. Together, these features
highlight the need for therapeutic strategies that can effi-
ciently kill tumor cells while overcoming vascular barriers
within the brain.

Bevacizumab, a recombinant humanized monoclonal
antibody targeting vascular endothelial growth factor
(VEGF), has been incorporated into glioblastoma man-
agement as an antiangiogenic agent [3]. Clinical trials
have shown that bevacizumab can rapidly reduce con-
trast enhancement and peritumoral edema and improve
progression-free survival, however, its impact on overall
survival is modest, and resistance is nearly universal [4].
The concept of “vascular normalization” provides a plau-
sible explanation for these paradoxical findings. Short-
term, appropriately dosed VEGF blockade can transiently
remodel chaotic, leaky tumor vessels into a more struc-
turally organized and homogeneously perfused network,
thereby improving drug penetration during a limited time
window [5]. However, in malignant glioma, it remains un-
clear how best to exploit this normalization window, par-
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ticularly in combination with biological agents such as on-
colytic viruses, and how treatment sequence and timing in-
fluence therapeutic efficacy.

Oncolytic virotherapy offers a complementary ap-
proach for malignant gliomas by combining selective tu-
mor cell lysis with the potential to activate antitumor im-
mune responses [6]. Among available platforms, aden-
ovirus type 5-based vectors are particularly attractive be-
cause of their well-characterized biology and amenability
to genetic engineering [7]. KDO1 is a recombinant on-
colytic adenovirus derived from adenovirus type 5, en-
gineered with a 27-bp deletion in a conserved region of
Early Region 1A (E1A) to confer preferential replication
in tumor cells. In addition, the E3 region is modified by
deletion of the adenovirus death protein (ADP) and inser-
tion of a truncated BH3-Interacting Domain Death Ago-
nist (tBID) expression cassette [8]. tBID is a potent pro-
apoptotic molecule that translocates to mitochondria and
promotes mitochondrial outer membrane permeabilization,
thereby amplifying intrinsic apoptotic signaling [9]. Pre-
vious studies in non—central nervous system tumor mod-
els have shown that KDO1 and related tBID-armed vectors
induce strong oncolytic effects, mitochondrial apoptosis,
and immunogenic cell death with favorable safety profiles.
However, their activity in gliomas and interactions with ab-
normal cerebral vasculature have not been systematically
characterized [10].

Based on these considerations, we hypothesized that
transient vascular normalization induced by bevacizumab
could enhance intratumoral delivery and antitumor efficacy
of KDO1 in gliomas. Specifically, we postulated that ad-
ministering bevacizumab within an appropriate time win-
dow before local KDO1 injection would reduce vascular
leakiness and tumor-associated brain edema, improve per-
fusion and viral distribution, and thereby potentiate tBID-
mediated tumor cell killing without increasing systemic
toxicity. To test this hypothesis, we evaluated the oncolytic
activity of KDO1 and its effects on mitochondrial function
in human glioma cell lines in vitro. We further used an
orthotopic LN229 nude mouse model to systematically as-
sess the effects of a sequential bevacizumab—KDO1 regi-
men on survival, tumor cell proliferation, brain water con-
tent, and systemic safety. By combining a tBID-armed on-
colytic adenovirus with a clinically available anti-VEGF
therapy, we aimed to provide preclinical evidence for a sim-
ple, sequence-dependent combination strategy to improve
oncolytic virotherapy for malignant gliomas.

2. Materials and Methods
2.1 Cell Lines and Culture

Human glioma cell lines A172 and LN229 were ob-
tained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China) and authenticated by short tandem
repeat profiling within 6 months before use. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;

Gibco, Thermo Fisher Scientific, Grand Island, NY, USA,
catalog number 11965092) supplemented with 10% fetal
bovine serum (FBS; Gibco, 16140071, Grand Island, NY,
USA), 100 U/mL penicillin, and 100 pg/mL streptomycin
at 37 °C in a humidified incubator with 5% COs. Cells were
routinely tested and confirmed to be mycoplasma-free.

2.2 Oncolytic Adenovirus KDO1 and Control Virus

KDO1 is a recombinant oncolytic adenovirus type 5
carrying a 27-bp deletion in the conserved E1A region
and an engineered E3 region in which ADP is deleted and
replaced by a tBID expression cassette. A replication-
competent adenovirus with an ADP deletion but without
tBID insertion (M20) was used as the control virus. Vi-
ral stocks were propagated in HEK293 cells, purified by
double cesium chloride gradient ultracentrifugation, and
dialyzed against storage buffer (10 mM Tris—HCI, 2 mM
MgCla, 5% glycerol, pH 8.0). Viral particle (vp) concen-
trations were determined spectrophotometrically at 260 nm,
and infectious titers PFU (Plaque-Forming Units) were de-
termined using plaque assays in HEK293 cells. Viruses
were stored at —80 °C until use.

2.3 Cell Viability Assay

To assess oncolytic activity in vitro, A172 and LN229
cells were seeded into 96-well plates at a density of 5 X
102 cells per well and allowed to adhere overnight. Cells
were infected with KDO1 at the indicated multiplicities of
infection (MOIs; 0.1, 1, and 10) in serum-free medium for
2 h, after which the medium was replaced with complete
growth medium. Cell viability was measured at 24, 48, and
72 h post-infection using a Cell Counting Kit-8 (CCK-8;
Beyotime Biotechnology, Shanghai, China, catalog number
C0037), according to the manufacturer’s instructions. Ab-
sorbance was measured at 450 nm using a microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA), and cell
viability was expressed as a percentage of the mock-treated
control.

2.4 Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential (Aym) was as-
sessed using a JC-1 assay kit (Beyotime Biotechnology,
Shanghai, China, catalog number C2006). LN229 cells
were seeded into 24-well plates, infected with PBS, M20,
or KDO1 (MOI = 1), and incubated for 24 h. Cells were then
incubated with JC-1 working solution at 37 °C for 20 min,
washed with JC-1 buffer, and imaged using a fluorescence
microscope (Leica Microsystems, Wetzlar, Germany). Red
fluorescence (JC-1 aggregates) and green fluorescence (JC-
1 monomers) were recorded. The ratio of red to green flu-
orescence intensity was quantified using ImageJ (version
1.53t; National Institutes of Health, Bethesda, MD, USA)
and used as an index of Aym.
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2.5 Quantitative Real-time PCR

Total RNA was extracted from LN229 cells us-
ing TRIzol reagent (Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA, USA), and 1 pg of RNA was reverse-
transcribed using a PrimeScript RT kit (Takara Bio Inc.,
Kusatsu, Shiga, Japan, catalog number RR037A). Quan-
titative real-time PCR (qRT-PCR) was performed using
TB Green Premix (Takara) on a QuantStudio 6 System
(Applied Biosystems, Thermo Fisher Scientific, Carlsbad,
CA, USA). Primers for human BID and GAPDH (inter-
nal control) were designed using Primer-BLAST. Relative
BID mRNA expression was calculated using the 2724t
method. The detailed gene sequences are listed in Table 1.

Table 1. Primer sequences for qRT-PCR detection of BID
and GAPDH genes.

Gene Primer type Primer sequence

BID Forward 5'-CCAGGCTGTTTGAGGACCTC-3'
Reverse 5-TGTGGGCTGCTTGTCTCTG-3'
Forward  5-GGAGCGAGATCCCTCCAAAAT-3'

GAPDH

Reverse  5-GGCTGTTGTCATACTTCTCATGG-3'

gRT-PCR, Quantitative real-time PCR; BID, BH3-interacting do-
main death agonist; GAPDH, Glyceraldehyde-3-phosphate dehy-

drogenase.

2.6 Western Blot Analysis

Protein expression of BID and tBID was examined by
western blotting. LN229 cells were infected with KDO1
at different MOIs (0, 1, and 10) for 24 h and lysed in
RIPA buffer supplemented with protease inhibitors (Be-
yotime). Equal amounts of protein were separated by
SDS-polyacrylamide gel electrophoresis and transferred
onto PVDF membranes (Merck Millipore, Burlington, MA,
USA). Membranes were blocked with 5% nonfat milk and
incubated overnight at 4 °C with primary antibodies against
BID (ABclonal Technology, Wuhan, China, catalog num-
ber A23234) and (-actin (ABclonal Technology, Wuhan,
China, catalog number AC028), followed by incubation
with horseradish peroxidase-conjugated secondary antibod-
ies. Protein bands were visualized using enhanced chemi-
luminescence (ECL; Millipore, Burlington, MA, USA) and
quantified using ImageJ software.

2.7 Orthotopic Glioma Model and Treatment

All animal procedures were approved by the Animal
Experimentation Ethics Committee of Tongji Medical Col-
lege (protocol code 4704) and were conducted in accor-
dance with institutional guidelines.

Male BALB/c nude mice (4-6 weeks old; Jicui
Biotechnology, Guangdong, China) were anesthetized with
isoflurane and positioned in a stereotactic frame. LN229
cells (1 x 107 cells in 5 uL PBS) were injected into the right
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striatum (2.0 mm lateral and 1.0 mm anterior to bregma, at
a depth of 3.0 mm) at a rate of 0.5 pL/min using a Hamilton
syringe. The needle was left in place for 5 min before slow
withdrawal to prevent reflux.

Tumor-bearing mice were randomly assigned to four
groups (n = 11 per group): PBS control, bevacizumab
alone, KDO1 alone, and bevacizumab followed by KDO1
(Bev—KDO1). Bevacizumab (Roche, Basel, Switzerland)
was administered intraperitoneally at 10 mg/kg on day 7 af-
ter tumor implantation. KDO1 was administered via stereo-
tactic intratumoral injection at a dose of 1 x 10? viral par-
ticles (vp) in 5 pL PBS on day 9. Mice in the KDO1-alone
group received KDO1 on day 9 without bevacizumab, those
in the bevacizumab-alone group received bevacizumab on
day 7 without KDO1, and control mice received equal vol-
umes of PBS. Body weight and clinical signs were mon-
itored twice weekly; and survival was recorded from the
day of tumor implantation until the humane endpoint was
reached.

At the experimental endpoint, mice were humanely
euthanized by intraperitoneal (i.p.) injection of an overdose
of sodium pentobarbital (200 mg/kg body weight). This
method induces rapid, painless anesthesia, followed by the
cessation of vital functions, ensuring minimal distress to the
animals. Successful euthanasia was confirmed by the ab-
sence of corneal reflexes and respiratory and cardiac activ-

ity.
2.8 Brain Water Content

Tumor-associated brain edema was assessed by mea-
suring brain water content. On Day 5 after KDOI treat-
ment (day 14 after tumor implantation), three mice from
each group were randomly selected and subjected to deep
anesthesia followed by decapitation. The brain was rapidly
removed, and the tumor-bearing and contralateral hemi-
spheres were dissected and weighed to obtain wet weights.
Samples were then dried at 100 °C for 24 h and reweighed
to obtain dry weights. Brain water content (%) was calcu-
lated as:

Water content = (wet weight — dry weight)/wet weight
x 100%

The difference in water content between the tumor-
bearing and contralateral hemispheres (AWater%) was
used as an index of tumor-associated edema.

2.9 Immunohistochemistry

For Ki-67 and CD31 staining, mice were transcar-
dially perfused with PBS, followed by 4% paraformalde-
hyde. Brains were harvested, fixed overnight, paraffin-
embedded, and sectioned at 4 um. Sections were deparaf-
finized, rehydrated, subjected to antigen retrieval (citrate
buffer, pH 6.0), and blocked with 5% bovine serum al-
bumin. Sections were incubated overnight at 4 °C with
primary antibodies against Ki-67 (Abcam, Waltham, MA,
USA, catalog number ab15580) or CD31 (Abcam), fol-
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lowed by incubation with HRP-conjugated secondary an-
tibodies. Immunoreactivity was visualized with DAB sub-
strate and counterstained with hematoxylin. The Ki-67 la-
beling index was calculated as the percentage of Ki-67-
positive nuclei counted in >5 random high-power fields per
tumor. CD31 staining was evaluated to assess vascular dis-
tribution in the same tissue sections.

2.10 Serum Biochemistry, Coagulation and Organ Weights

To evaluate systemic toxicity, blood samples were
collected from the retro-orbital sinus at the experimen-
tal endpoint. Serum levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), and creatinine (CREA) were measured us-
ing an automated biochemical analyzer (Cobas 8000 Mod-
ular Analyzer; Roche Diagnostics, Switzerland). Platelet
counts (PLT) and prothrombin time (PT) were measured
using hematology and coagulation analyzers, respectively.
Major organs, including the brain, liver, and spleen, were
excised and weighed.

2.11 Statistical Analysis

Data are presented as mean =+ standard error of the
mean (SEM) unless otherwise stated. Comparisons be-
tween two groups were performed using unpaired two-
tailed Student’s #-tests. Comparisons among multiple
groups were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Survival
curves were generated using the Kaplan—-Meier method and
compared using the log-rank (Mantel-Cox) test. Statisti-
cal significance was defined as p < 0.05. All statistical
analyses were performed using GraphPad Prism 10 (version
10.0.3; GraphPad Software, San Diego, CA, USA).

3. Results

3.1 KDO1 Design and Oncolytic Activity in Human
Glioma Cells

To generate a conditionally replicating oncolytic ade-
novirus, KDO01 was engineered with a small deletion in the
conserved region of E1A (A920-926 bp) and with replace-
ment of ADP in the E3 region by a tBID expression cassette
(Fig. 1A).

We first examined the intrinsic susceptibility of hu-
man glioma cells to KDO1. Infection of LN229 cells with
increasing MOIs of KDO1 (0.1, 1, and 10) resulted in a
clear dose- and time-dependent reduction in cell viability
(Fig. 1B). Even at an MOI of 0.1, KDOI significantly re-
duced cell viability compared with controls at 48 and 72 h.
At an MOI of 10, viability decreased to a small fraction of
control levels by 72 h (p < 0.01). A similar pattern was
observed in A172 cells (Fig. 1C), with significant loss of
viability at MOIs >0.1 over time, although the extent of cy-
totoxicity was slightly less pronounced than in LN229 cells
at equivalent doses. Collectively, these results indicate that
KDO1 exerts potent dose- and time-dependent oncolytic ac-
tivity against human glioma cell lines in vitro.

3.2 KDOI Triggers tBID-mediated Mitochondrial
Dysfunction in Glioma Cells

To investigate whether KDOI exerts cytotoxicity
through mitochondrial apoptosis, we first assessed mito-
chondrial membrane potential using JC-1 staining. In
LN229 cells treated with PBS, strong red JC-1 aggregates
and weak green fluorescence were observed, indicating an
intact mitochondrial membrane potential (Fig. 2A). Infec-
tion with the control virus M20 caused a moderate increase
in green fluorescence and a reduction in red aggregates,
whereas KDO1 infection led to a marked loss of red fluores-
cence with predominantly green staining, consistent with
mitochondrial depolarization. Quantification of the JC-
1 aggregate/monomer ratio confirmed that KDO1 induced
significantly greater disruption of the mitochondrial mem-
brane potential than M20 (Fig. 2B).

Given that KDO1 encodes tBID, we next examined
BID/tBID expression. KDO1 infection increased BID tran-
script levels in a dose-dependent manner (Fig. 2C). At the
protein level, full-length BID was progressively reduced,
whereas tBID accumulated with increasing MOIs of KDO1
(Fig. 2D,E), indicating efficient expression and processing
of the tBID cassette. Taken together, these data demonstrate
that KDO1 potently activates the BID—tBID pathway and in-
duces profound mitochondrial dysfunction in glioma cells,
consistent with engagement of the intrinsic apoptotic path-
way.

3.3 Bevacizumab Priming Significantly Enhances the
Antitumor Efficacy of KDOI in the LN229 Orthotopic
Glioma Model

As shown in Fig. 3A, we evaluated the effects of beva-
cizumab combined with KDO1 using a sequential treatment
schedule in a nude mouse LN229 intracranial xenograft
model. On day 0 (D0), LN229 cells were inoculated into the
brain by stereotactic injection; on day 7 (D7), mice received
an intraperitoneal injection of bevacizumab or PBS; and on
day 9 (D9), KDO1 or PBS was administered via stereotac-
tic intratumoral injection. This design generated four treat-
ment groups: PBS, KDO1, bevacizumab, and KDO1 + be-
vacizumab, and animals were monitored until death.

Body weight changes were compared among groups
as an indirect measure of systemic toxicity and overall con-
dition. Throughout the observation period, mice in the
PBS and KDO1 groups showed a gradual decline in body
weight, whereas body weight in the bevacizumab group re-
mained largely stable. Notably, in the combination group,
body weight did not decrease and was consistently higher
than that in the PBS and KDO1 groups from D10 onward
(Fig. 3B). On D14, D21, and D28, body weight in the KDO1
+ bevacizumab group was significantly higher than that in
the KDO1 monotherapy group (p < 0.05), indicating that,
at the doses used, the combination regimen did not increase
systemic toxicity and was associated with better clinical sta-
tus than KDO1 alone.
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Fig. 1. Structure of KD01 and its oncolytic activity in human glioma cells. (A) Schematic representation of KDO1. A 27-bp deletion
was introduced into the conserved region of E1A (A920-926 bp), and the ADP in the E3 region was deleted and replaced by a tBID
expression cassette. (B,C) Cell viability of human glioma cell lines LN229 (B) and A172 (C) after infection with KDO1 at the indicated
multiplicities of infection (MOI 0.1, 1, and 10) or mock infection (Control). Cell viability was measured using the CCK-8 assay at 24,

48 and 72 h post-infection and expressed as a percentage of the corresponding control. Data are presented as mean += SEM (n = [6]);

statistical significance between the indicated groups is shown as **p < 0.01 and ***p < 0.001. ADP, adenovirus death protein; tBID,
truncated BID; MOI, multiplicities of infection; CCK-8, Cell Counting Kit-8.

Kaplan—Meier survival analysis further confirmed that
KDO1 combined with bevacizumab significantly prolonged
survival in tumor-bearing mice (Fig. 3C). Animals in the
PBS group developed neurological deterioration shortly af-
ter implantation and died sequentially. Bevacizumab or
KDO1 monotherapy delayed death to some extent, but sur-
vival curves declined rapidly. In contrast, the survival curve
of the KDO1 + bevacizumab group shifted markedly to the
right, with most mice surviving longer than those in the
three control groups. Log-rank testing revealed statistically
significant differences between the combination group and
the KDO1, bevacizumab, and PBS groups, indicating that
sequential bevacizumab priming markedly enhanced the in
vivo antitumor efficacy of KDO1.

Tumor cell proliferation was next assessed using Ki-
67 immunohistochemistry. In the PBS group, strong brown
nuclear Ki-67 staining was diffusely distributed throughout
the tumor, resulting in the highest Ki-67 labeling index. The
proportion of Ki-67—positive cells was clearly reduced in
both the KDO1 and bevacizumab groups, although numer-
ous positive cells remained. In the KDO1 + bevacizumab
group, Ki-67—positive cells were markedly decreased, with
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only scattered weakly positive nuclei and much lower over-
all staining intensity. Semi-quantitative analysis showed
that the Ki-67 labeling index was lowest in the combina-
tion group and was significantly lower than that in the PBS
and monotherapy groups (Fig. 3D).

To evaluate the effect of combination therapy on
tumor-associated brain edema, we measured the difference
in water content between the tumor-bearing and contralat-
eral hemispheres (AWater%). Quantitative analysis re-
vealed that A Water% was highest in the PBS group, slightly
reduced in the KDO1 and bevacizumab groups, and signif-
icantly lower in the KDO1 + bevacizumab group compared
with all three control groups (p < 0.05, Fig. 3E). These find-
ings indicate that bevacizumab priming not only enhances
the survival benefit of KDO1 but also cooperatively alle-
viates tumor-associated brain edema, likely contributing to
the improved overall condition of treated animals.

Tumor vascular density was evaluated using CD31
(an endothelial cell marker) staining (Fig. 3F,G). The PBS
group exhibited dense, disorganized CD31-positive ves-
sels. KDO1 monotherapy mildly reduced vascular density,
whereas bevacizumab alone induced a more pronounced
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Fig. 2. KDO01 induces mitochondrial dysfunction via activation of the BID-tBID pathway in glioma cells. (A) Representative JC-
1 staining of LN229 cells treated with PBS, control virus M20 (Del-ADP), or KDO1. Red fluorescence indicates JC-1 aggregates in
mitochondria with intact membrane potential, and green fluorescence indicates JC-1 monomers in depolarized mitochondria (scale bar,
15 pm). (B) Quantification of mitochondrial membrane potential expressed as the ratio of JC-1 aggregates to monomers (red/green) in
LN229 cells after the indicated treatments. (C) Relative BID mRNA expression in LN229 cells infected with KD01 at MOI 0.1 or 1
compared with PBS control, determined by qRT-PCR. (D) Representative Western blot of full-length BID and tBID protein in LN229
cells infected with KDO1 at the indicated MOlIs; -actin served as a loading control. (E) Densitometric analysis of BID and tBID protein
levels normalized to 3-actin. Data in (B), (C), and (E) are presented as mean £+ SEM (n = 3 independent experiments). **p < 0.01, ***p
< 0.001.
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Fig. 3. Bevacizumab priming enhances antitumor efficacy of KDO01 in an orthotopic LN229 glioma model. (A) Schematic of the
treatment schedule. LN229 cells were implanted intracranially on day 0 (D0). Mice received intraperitoneal bevacizumab or PBS on day
7 (D7) and stereotactic intratumoral injection of KDO1 or PBS on day 9 (D9), generating four groups: PBS, KD01, bevacizumab, and
KDO1 + bevacizumab. (B) Body weight changes in each group at the indicated time points. Data are shown as mean = SEM (n =[5]); the
combination group maintained significantly higher body weight than the KDO1 group at D14, D21, and D28. (C) Kaplan—Meier survival
curves for tumor-bearing mice in the four treatment groups. Sequential bevacizumab + KDO1 treatment markedly prolonged survival
compared with PBS, KDO1, or bevacizumab alone (log-rank test). (D) Representative Ki-67 immunohistochemistry of intracranial
tumors from each group (scale bar, 100 um). Strong, diffuse nuclear Ki-67 staining is seen in the PBS group, reduced staining in the
KDO01 and bevacizumab groups, and the weakest staining in the KDO1 + bevacizumab group. (E) Tumor-associated brain edema assessed
as the difference in water content between tumor-bearing and contralateral hemispheres (AWater%). AWater% was highest in the PBS
group, slightly reduced in the KDO1 and bevacizumab groups, and significantly lowest in the KDO1 + bevacizumab group. (F) CD31
immunohistochemical staining of tumor vasculature in each treatment group (scale bar, 100 um). (G) Statistical analysis of CD31-
positive area percentage (n = 5). Data are presented as mean + SEM (n = [3]); ICCI, Intracranial Injection; IP, Intraperitoneal Injection;
IT, Intratumoral Injection. *p < 0.05, **p < 0.01, ***p < 0.001.
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decrease. Notably, the KDO1 + bevacizumab combination
group displayed the sparsest CD31 staining, with only scat-
tered vascular structures, consistent with synergistic vas-
cular remodeling by bevacizumab-mediated normalization
and KDO1-induced oncolytic disruption.

3.4 KD0I1 Combined With Bevacizumab Does Not Induce
Obvious Systemic Toxicity

To further evaluate systemic safety of sequential
KDO1 and bevacizumab treatment, serum biochemical and
coagulation parameters were measured at the study end-
point, and major organ weights were compared among
groups. Serum AST, ALP, and CREA Ilevels remained
within physiological ranges in all groups, with no statis-
tically significant differences between the KDO1, beva-
cizumab, or KDO1 + bevacizumab groups and the PBS con-
trol group (Fig. 4A—C). ALT levels were slightly higher in
the KDO1 and bevacizumab monotherapy groups than in the
PBS group; however, the increase was modest, and ALT
levels in the KDO1 + bevacizumab group were comparable
to PBS (Fig. 4D). These findings suggest that either virus or
anti-VEGF monotherapy may cause mild, tolerable fluctu-
ations in liver function that are not exacerbated by the com-
bination regimen.

PLT and PT values were also similar across all four
groups (Fig. 4E,F), indicating that neither KDO1 nor be-
vacizumab, alone or in combination, significantly affected
coagulation function or platelet production. Likewise, rel-
ative weights of major organs, including the brain, spleen,
and liver, did not differ significantly among the PBS, KDO1,
bevacizumab, and KDO1 + bevacizumab groups (Fig. 4G),
and no obvious organ atrophy or enlargement was observed.

Taken together, these results indicate that sequential
bevacizumab priming combined with KDO1 oncolytic ther-
apy did not induce hepatic or renal injury, coagulation ab-
normalities, or major organ toxicity at the doses and sched-
ules used in this study, supporting a favorable systemic
safety profile for this combination strategy.

4. Discussion

In this study, we systematically investigated the ap-
plication of the tBID-armed, conditionally replicating ade-
novirus KDO1 in gliomas and evaluated the feasibility of
its sequential combination with bevacizumab. We demon-
strated that KDO1 exerts robust, dose- and time-dependent
oncolytic activity against the human glioma cell lines
LN229 and A172, indicating that glioma cells with distinct
molecular backgrounds are highly susceptible to this vector.
Mechanistically, KDO1 infection led to a marked loss of
mitochondrial membrane potential, accompanied by a de-
crease in full-length BID and pronounced accumulation of
tBID, indicating activation of the BID—tBID axis and en-
gagement of the intrinsic mitochondrial apoptotic pathway.
These findings not only confirm effective expression and

functional activity of tBID within the KDO1 backbone but
also provide a molecular basis for the strong oncolytic ef-
fects of this virus.

We therefore focused on the in vivo effects of com-
bining anti-VEGF therapy with KD01. Compared with ei-
ther KDO1 or bevacizumab alone, sequential bevacizumab
plus KDO1 treatment produced a more pronounced survival
benefit in an orthotopic LN229 nude mouse model. Mice
in the combination group exhibited a smaller decline in
body weight, and Kaplan—Meier analysis revealed a signif-
icant prolongation of median survival, indicating that be-
vacizumab priming can markedly enhance the overall ther-
apeutic efficacy of KDO1. At the histopathological level,
Ki-67 staining was weakest in the combination group, with
the lowest proportion of Ki-67—positive tumor cells among
all treatment arms, further supporting the superior antipro-
liferative effect of the combination regimen.

A major cause of treatment failure in gliomas is
the combination of severely disorganized tumor vascula-
ture and blood-brain barrier disruption, which results in
poor drug delivery and pronounced cerebral edema [11,12].
Previous clinical trials have shown that bevacizumab can
rapidly reduce radiographic enhancement and brain edema;
however, its impact on overall survival remains limited,
suggesting that VEGF blockade alone is insufficient to fun-
damentally alter disease progression [13]. The vascular
normalization hypothesis proposes that short-term, moder-
ate inhibition of VEGF can remodel abnormal tumor vessels
into a more orderly and less permeable network, thereby
improving perfusion and drug delivery [14]. In the present
study, sequential administration of bevacizumab and KDO1
significantly reduced water content in the tumor-bearing
hemisphere, with marked alleviation of peritumoral inter-
stitial edema and exudation. These changes were consis-
tent with improvements in body weight and survival and
indirectly support the existence of a bevacizumab-induced
“vascular normalization window” that is conducive to vi-
ral delivery in this model [15]. Administration of KDO1
within this window likely allows more uniform and deeper
viral penetration into the tumor core and infiltrative mar-
gins, thereby amplifying its oncolytic and pro-apoptotic ef-
fects.

Importantly, the enhanced antitumor activity achieved
with the combination regimen was not accompanied by in-
creased systemic toxicity. Serum biomarkers of liver and
kidney function (AST, ALT, ALP, CREA) did not differ
significantly among groups, and coagulation parameters
and platelet counts were unaffected. Consistent with these
findings, no obvious changes were observed in the weights
of major organs, including the brain, spleen, and liver. To-
gether, these results suggest that, at the doses and sched-
ules used in this study, bevacizumab priming does not ex-
acerbate the systemic toxicity of KDO1, supporting further
development of this combination strategy from a safety per-
spective.
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Fig. 4. Systemic safety of sequential KD01 and bevacizumab treatment in tumor-bearing mice. (A-D) Serum biochemical pa-
rameters at the end of the study: AST (A), ALP (B), CREA (C), and ALT (D) in mice treated with PBS, KDO1, Bev, or KDO1 + Bev.
AST, ALP, and CREA remained within the physiological range with no significant intergroup differences; ALT showed a mild increase
in the KDO1 and Bev monotherapy groups but returned to control levels in the combination group. (E,F) PLT (E), and PT (F) among
the four groups, showing no significant effects of KDO01, Bev, or their combination on coagulation function or platelet production. (G)
Relative weights of major organs (brain, spleen, and liver) at sacrifice. No significant differences were observed among groups, and no
obvious organ atrophy or enlargement was detected. Data are presented as mean + SEM (n = [3]). Bev, bevacizumab; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; CREA, creatinine; ALT, alanine aminotransferase; PLT, Platelet counts; PT, prothrombin

time. *p < 0.05; ns, not significant.
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Our findings are also consistent with accumulating ev-
idence supporting the combination of oncolytic viruses with
antiangiogenic or immune-based therapies [16]. Previous
studies have shown that appropriately tuned vascular nor-
malization can facilitate intratumoral viral spread and en-
hance immune cell infiltration into the tumor microenviron-
ment [17]. KDO1 is characterized by tumor-selective repli-
cation, potent activation of mitochondrial apoptosis, and
the potential induction of immunogenic cell death through
tBID expression. In principle, this mode of tumor cell
death, together with improved perfusion and reduced inter-
stitial pressure during vascular normalization, may elicit a
stronger antitumor immune response [18]. Although im-
mune cell infiltration and functional antitumor immunity
were not directly assessed in this study, these potential syn-
ergistic mechanisms warrant further investigation in im-
munocompetent models.

Some limitations of this study should be acknowl-
edged. First, the in vivo efficacy of KDOl and beva-
cizumab was evaluated using a single human glioma cell
line—derived orthotopic nude mouse model. Validation in
additional models, including patient-derived organoids and
glioma stem-like cells, is necessary to improve the gener-
alizability of these findings [19]. Second, assessment of
vascular normalization and edema was based primarily on
brain water content measurements and conventional his-
tology. Advanced imaging modalities, such as dynamic
contrast-enhanced MRI, perfusion imaging, or spatiotem-
poral mapping of viral distribution, were not employed.
Consequently, the precise onset and duration of the vascu-
lar normalization window could not be defined or quanti-
tatively linked to viral delivery [20]. Third, the doses and
timing of bevacizumab and KDO01 administration were em-
pirically selected rather than systematically optimized. Fu-
ture dose—response and schedule—optimization studies may
further enhance therapeutic efficacy or permit dose reduc-
tions [21]. Finally, immune effects are an integral com-
ponent of oncolytic virotherapy [22]; however, our in vivo
experiments were conducted predominantly in immunode-
ficient mice, limiting our ability to fully capture the impact
of KDO1 and bevacizumab on the tumor immune microen-
vironment. Addressing these issues is important in future
studies.

It is also important to consider potential clinical chal-
lenges that may limit the translational applicability of
this regimen. Pre-existing neutralizing antibodies (NAbs)
against adenovirus type 5 are highly prevalent in human
populations and could substantially reduce intratumoral de-
livery and replication of KDO1 by sequestering viral par-
ticles before they reach glioma tissue. Strategies such as
capsid engineering or transient immunosuppression may be
required to mitigate this effect. Additionally, although be-
vacizumab can normalize tumor vasculature in preclinical
models, its penetration across the intact blood-brain barrier
in human gliomas is limited, particularly in infiltrative tu-

10

mor regions with relatively preserved barrier integrity. This
limitation may restrict the induction of a functional vas-
cular normalization window in clinically relevant compart-
ments, necessitating adjunctive approaches, such as blood-
brain barrier-disrupting techniques or convection-enhanced
delivery, to improve bevacizumab distribution within the
brain. These challenges highlight the need for tailored
strategies to bridge preclinical efficacy and clinical appli-
cation.

In summary, this study demonstrates that the tBID-
armed, conditionally replicating adenovirus KDO1 exerts
potent oncolytic activity against glioma cells in vitro and in
vivo, and that bevacizumab-induced vascular normalization
can significantly enhance its antitumor efficacy in an or-
thotopic glioma model while reducing brain edema without
increasing systemic toxicity. These findings provide exper-
imental support for a sequential “anti-VEGF priming plus
oncolytic adenovirus” strategy for malignant glioma. This
approach merits further evaluation in advanced preclini-
cal models and early-phase clinical trials, including its in-
tegration with radiochemotherapy and immune checkpoint
blockade as part of multimodal glioma treatment.

5. Conclusion

In conclusion, this study demonstrates that the tBID-
armed, conditionally replicating adenovirus KDO1 exerts
potent mitochondria-dependent oncolytic activity against
human glioma cells. In an orthotopic LN229 model, tran-
sient bevacizumab priming significantly enhanced the ther-
apeutic efficacy of KDO1, as evidenced by improved body
weight maintenance, prolonged survival, reduced Ki-67
proliferation, and attenuation of tumor-associated brain
edema, without introducing appreciable systemic toxicity.
These findings support a simple, sequence-dependent com-
bination strategy in which anti-VEGF-mediated vascular
normalization is exploited to improve intratumoral delivery
and antitumor activity of oncolytic adenoviruses in malig-
nant gliomas. Further preclinical and early-phase clinical
studies are warranted to optimize dosing and timing and to
explore integration of this approach into multimodal treat-
ment regimens.

Availability of Data and Materials

The datasets used and analyzed during the current
study are available from the corresponding author on rea-
sonable request.

Author Contributions

WG collected and analyzed whole-genome data, col-
lected experimental data, drafted the initial manuscript, and
prepared the figures. BZ collected experimental data. ZY
collected mouse blood and organ/tissue samples and col-
lated the experimental data. CC analyzed the experimen-
tal data. FY contributed to conception and supervision

&% IMR Press


https://www.imrpress.com

of the study, critical review and important revision of the
manuscript, obtaining funding for the present study. All
authors contributed to editorial changes in the manuscript.
All authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate

All animal experiments were approved by the Animal
Experimentation Ethics Committee of Tongji Medical Col-
lege (Approval No. 4704) on April 6, 2025, and were con-
ducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Acknowledgment

We would like to thank the Animal Experiment Cen-
ter of Tongji Medical College, Huazhong University of Sci-
ence and Technology, for providing the experimental plat-
form.

Funding

This research was funded by the National Key R&D
Program of China (Nos.2022YFC2704204).

Conflict of Interest

The authors declare no conflicts of interest.

Declaration of AI and AI-Assisted
Technologies in the Writing Process

During the preparation of this work, the authors used
ChatGPT (OpenAl, San Francisco, CA, USA) to assist with
translation and to check spelling and grammar. After us-
ing this tool, the authors reviewed and edited the content
as needed and take full responsibility for the content of the
publication.

References

[1] Song KW, Lim M, Monje M. Complex neural-immune interac-
tions shape glioma immunotherapy. Immunity. 2025; 58: 1140—
1160. https://doi.org/10.1016/j.immuni.2025.04.017.

[2] Wang W, Li T, Cheng Y, Li F, Qi S, Mao M, et al. 1dentifica-
tion of hypoxic macrophages in glioblastoma with therapeutic
potential for vasculature normalization. Cancer Cell. 2024; 42:
815-832.e12. https://doi.org/10.1016/j.ccell.2024.03.013.

[3] Tsien CI, Pugh SL, Dicker AP, Raizer JJ, Matuszak MM, Lallana
EC, et al. NRG Oncology/RTOG1205: A Randomized Phase
II Trial of Concurrent Bevacizumab and Reirradiation Versus
Bevacizumab Alone as Treatment for Recurrent Glioblastoma.
Journal of Clinical Oncology: Official Journal of the Ameri-
can Society of Clinical Oncology. 2023; 41: 1285-1295. https:
//doi.org/10.1200/JC0O.22.00164.

[4] Zhang M, Zhu J, Bao Y, Ao Q, Mao X, Qiu Z, et al. Beva-
cizumab in ovarian cancer therapy: current advances, clinical
challenges, and emerging strategies. Frontiers in Bioengineer-
ing and Biotechnology. 2025; 13: 1589841. https://doi.org/10.
3389/1bi0e.2025.1589841.

[5] Li B, Xu D, Zhou J, Wang SC, Cai YX, Li H, et al. Monitor-
ing Bevacizumab-Induced Tumor Vascular Normalization by In-

&% IMR Press

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

travoxel Incoherent Motion Diffusion-Weighted MRI. Journal
of Magnetic Resonance Imaging: JMRI. 2022; 56: 427-439.
https://doi.org/10.1002/jmri.28012.

Zhong L, Gan L, Wang B, Wu T, Yao F, Gong W, et al. Hy-
peracute rejection-engineered oncolytic virus for interventional
clinical trial in refractory cancer patients. Cell. 2025; 188: 1119—
1136.e23. https://doi.org/10.1016/j.cell.2024.12.010.

Long L, Gao J, Zhang R. PTTG1 Enhances Oncolytic Aden-
ovirus 5 Entry into Pancreatic Adenocarcinoma Cells by In-
creasing CXADR Expression. Viruses. 2023; 15: 1153. https:
//doi.org/10.3390/v15051153.

Guo J, Xiong S, Zhang X, Gong W, Si Y, Ma D, et al. Preclinical
Efficacy and Safety of an Oncolytic Adenovirus KDOI1 for the
Treatment of Bladder Cancer. Pharmaceuticals (Basel, Switzer-
land). 2025; 18: 511. https://doi.org/10.3390/ph18040511.

Ren F, Narita R, Rashidi AS, Fruhwiirth S, Gao Z, Bak RO, et
al. ER stress induces caspase-2-tBID-GSDME-dependent cell
death in neurons lytically infected with herpes simplex virus type
2. The EMBO Journal. 2023; 42: el13118. https://doi.org/10.
15252/embj.2022113118.

Dai Z, Si Y, Xiong S, Li Y, Ye J, Gao Q, et al. Chimeric
Ad5/35 oncolytic adenovirus overcome preexisting neutraliz-
ing antibodies and enhance tumor targeting efficiency. Can-
cer Gene Therapy. 2025; 32: 418-436. https://doi.org/10.1038/
s41417-025-00884-x.

XieY, Yang F, He L, Huang H, Chao M, Cao H, et al. Single-cell
dissection of the human blood-brain barrier and glioma blood-
tumor barrier. Neuron. 2024; 112: 3089-3105.¢e7. https://doi.or
2/10.1016/j.neuron.2024.07.026.

Kurdi M, Bamaga A, Alkhotani A, Alsharif T, Abdel-Hamid
GA, Selim ME, et al. Mitochondrial DNA Alterations in
Glioblastoma and Current Therapeutic Targets. Frontiers in Bio-
science (Landmark Edition). 2024; 29: 367. https://doi.org/10.
31083/5.1b12910367.

Cerretti G, Bosio A, Librizzi G, Pintacuda G, Caccese M, Sal-
valaggio A, et al. Bevacizumab in recurrent glioblastoma: does
dose matter? Our monocentric and comparative experience.
Journal of Neuro-oncology. 2025; 173: 449-456. https://doi.or
2/10.1007/s11060-025-04992-4.

Beylerli O, Gareev I, Kaprin A, Ahmad A, Chekhonin V, Yang S,
et al. Hemorrhagic and ischemic risks of anti-VEGF therapies in
glioblastoma. Cancer Gene Therapy. 2025; 32: 762-777. https:
//doi.org/10.1038/s41417-025-00914-8.

Nowacka A, Sniegocki M, Smuczynski W, Bozilow D,
Ziotkowska E. Angiogenesis in Glioblastoma-Treatment Ap-
proaches. Cells. 2025; 14: 407. https://doi.org/10.3390/cell
$14060407.

MaR, LiZ, Chiocca EA, Caligiuri MA, Yu J. The emerging field
of oncolytic virus-based cancer immunotherapy. Trends in Can-
cer. 2023; 9: 122-139. https://doi.org/10.1016/j.trecan.2022.10.
003.

He T, Hao Z, Lin M, Xin Z, Chen Y, Ouyang W, et al. On-
colytic adenovirus promotes vascular normalization and non-
classical tertiary lymphoid structure formation through STING-
mediated DC activation. Oncoimmunology. 2022; 11: 2093054.
https://doi.org/10.1080/2162402X.2022.2093054.

Wang M, Chen Y, Tian L, Wu C, Chen J, Hu J, ef al. Vascular
Normalization Augments the Antitumor Efficacy of Combined
HDAC Inhibitor with Immunotherapy in Solid Tumors. Can-
cer Discovery. 2025; 15: 1883—-1904. https://doi.org/10.1158/
2159-8290.CD-24-1033.

Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG,
Wong SZH, et al. A Patient-Derived Glioblastoma Organoid
Model and Biobank Recapitulates Inter- and Intra-tumoral Het-
erogeneity. Cell. 2020; 180: 188-204.e22. https://doi.org/10.
1016/j.cell.2019.11.036.

11


https://doi.org/10.1016/j.immuni.2025.04.017
https://doi.org/10.1016/j.ccell.2024.03.013
https://doi.org/10.1200/JCO.22.00164
https://doi.org/10.1200/JCO.22.00164
https://doi.org/10.3389/fbioe.2025.1589841
https://doi.org/10.3389/fbioe.2025.1589841
https://doi.org/10.1002/jmri.28012
https://doi.org/10.1016/j.cell.2024.12.010
https://doi.org/10.3390/v15051153
https://doi.org/10.3390/v15051153
https://doi.org/10.3390/ph18040511
https://doi.org/10.15252/embj.2022113118
https://doi.org/10.15252/embj.2022113118
https://doi.org/10.1038/s41417-025-00884-x
https://doi.org/10.1038/s41417-025-00884-x
https://doi.org/10.1016/j.neuron.2024.07.026
https://doi.org/10.1016/j.neuron.2024.07.026
https://doi.org/10.31083/j.fbl2910367
https://doi.org/10.31083/j.fbl2910367
https://doi.org/10.1007/s11060-025-04992-4
https://doi.org/10.1007/s11060-025-04992-4
https://doi.org/10.1038/s41417-025-00914-8
https://doi.org/10.1038/s41417-025-00914-8
https://doi.org/10.3390/cells14060407
https://doi.org/10.3390/cells14060407
https://doi.org/10.1016/j.trecan.2022.10.003
https://doi.org/10.1016/j.trecan.2022.10.003
https://doi.org/10.1080/2162402X.2022.2093054
https://doi.org/10.1158/2159-8290.CD-24-1033
https://doi.org/10.1158/2159-8290.CD-24-1033
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1016/j.cell.2019.11.036
https://www.imrpress.com

[20] Swamy K. Vascular normalization and immunotherapy: Spawn-

ing a virtuous cycle. Frontiers in Oncology. 2022; 12: 1002957.
https://doi.org/10.3389/fonc.2022.1002957.

[21] Guo G, Zhang Z, Zhang J, Wang D, Xu S, Liu G, ef al. Predict-

12

ing recurrent glioblastoma clinical outcome to immune check-
point inhibition and low-dose bevacizumab with tumor in situ
fluid circulating tumor DNA analysis. Cancer Immunology,

[22]

Immunotherapy: CII. 2024; 73: 193. https://doi.org/10.1007/
$00262-024-03774-7.
Chen Y, Chen X, Bao W, Liu G, Wei W, Ping Y. An on-
colytic virus-T cell chimera for cancer immunotherapy. Nature
Biotechnology. 2024; 42: 1876-1887. https://doi.org/10.1038/
s41587-023-02118-7.

&% IMR Press


https://doi.org/10.3389/fonc.2022.1002957
https://doi.org/10.1007/s00262-024-03774-7
https://doi.org/10.1007/s00262-024-03774-7
https://doi.org/10.1038/s41587-023-02118-7
https://doi.org/10.1038/s41587-023-02118-7
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Cell Lines and Culture
	2.2 Oncolytic Adenovirus KD01 and Control Virus
	2.3 Cell Viability Assay
	2.4 Mitochondrial Membrane Potential Assay
	2.5 Quantitative Real-time PCR
	2.6 Western Blot Analysis
	2.7 Orthotopic Glioma Model and Treatment
	2.8 Brain Water Content
	2.9 Immunohistochemistry
	2.10 Serum Biochemistry, Coagulation and Organ Weights
	2.11 Statistical Analysis

	3. Results
	3.1 KD01 Design and Oncolytic Activity in Human Glioma Cells
	3.2 KD01 Triggers tBID-mediated Mitochondrial Dysfunction in Glioma Cells
	3.3 Bevacizumab Priming Significantly Enhances the Antitumor Efficacy of KD01 in the LN229 Orthotopic Glioma Model
	3.4 KD01 Combined With Bevacizumab Does Not Induce Obvious Systemic Toxicity

	4. Discussion
	5. Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process

